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Theme
Respecting Fragile Places
When exactly does a place become fragile? What qualifies it for “the league of subtle and delicate”, and does
that make it precious? More precious than other places. The answer is almost paradoxical. Fragility is a state
that startles us and yet inspires us at the same time. It provokes our minds for the sake of needs we meet and
the aspirations we raise – whether for a pleasant river bank, or the shade of a tree, whether for a connection to
the past, the contact with community or for the sense of aesthetics, sense of comfort, opportunity of learning,
entertaining, moving... A place can give a lot. Thus, much can be lost. It is a simple mechanism that drives our
evaluation of this very place, as well as a scale to appraise its level of delicacy. This is exactly what fragility is
about – our consciousness of the value that place can provide or deprive us of. Anthropocentric as it sounds,
this is how it works. We preserve, maintain and stimulate potentials of places in regard to our perception of
the threats or opportunities recognized. And yes, compromise is always needed, continuous negotiations
with the thousands of strivings, interests and values that different individuals, public groups and professionals
aspire to. It is therefore the concern of ours – the representatives of spatial disciplines and knowledge – to call
attention to common priorities, and to converge them by the arguments we can provide. These arguments
are crucial for the recognition of fragile points and limits in complex spatial realities, as well as for the level of
respect used to manage these realities. However, the initial question is clearer – a fragile place might be inconveniently sensitive, might demand much more effort to maintain and prudence to design. However this is why
it is precious – because it is essential for our society, because it makes us care, while relentlessly reminding us
of its fragile nature and fleetingness.
The theme invites us, the members of the eCAADe community, to reconsider places that surround us, to
retackle multiple dimensions of their essence and to research the limits of their subsistence. The eCAADe
community, dealing with physical and virtual environments, the education of future architects, using and
advancing technological solutions in the field of architecture, developing curricula, dealing with participation
of users, can look at these questions and search for answers regarding fragility particular to its field. First, it is
an invitation to enhance our awareness, that fragility and delicacy can be expressed anywhere but not everywhere, any moment but hopefully not all of them. Our knowledge and proficiency obliges us to call for sensible and thoughtful decisions; it is also our concern to spread good practice and to comprehensively reflect
the fragileness and delicacy we detect. However, most importantly, we need to develop our ability to discover
and sense fragility, enabling us to respond with the highest level of respect and responsibility.

Tadeja Zupancic, Spela Verovsek, Matevz Juvancic, Anja Jutraz
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Round table
What happened after the “Hype” on
Virtual Design Studios?

What happened after the “Hype” on Virtual Design Studios?
Some Considerations for a Roundtable Discussion
Henri Achten1, Krzysztof Koszewski2, Bob Martens3
1
Czech Technical University in Prague, Czech Republic, 2Warsaw University of Technology,
Poland, 3Vienna University of Technology, Austria
1
http://www.molab.eu, 2http:/www.asknow.eu, 3http://www.tuwien.ac.at
1
achten@fa.cvut.cz, 2krzysztof.koszewski@arch.pw.edu.pl, 3b.martens@tuwien.ac.at
Abstract. XThe issue of collaborative design has been elaborated extensively within the
framework of previous CAAD–conferences. Today, an appreciation for traditional attitudes
and methods can be observed, but interestingly, a mixture of approaches is also noticeable
(computational techniques used in low–tech fabrication environments, for example). This
allows for a round–table survey of the current state–of–the–art focused on experiences
related to distant learning in the architectural curriculum. To make VDS viable, not only are
technological solutions necessary, but so are social (among people) and professional (ways of
behavior) ones. In this round–table we aim to identify critical factors of success (or failure).
Keywords. Education; architectural curriculum; blended learning; collaborative design; VDS

INTRODUCTION AND SOME
PROVOCATIONS

SOCIAL ASPECTS OF THE TEACHING
PROCESS IN VIRTUAL DESIGN STUDIO

This panel will critique current patterns for the teaching
of collaborative design in schools of architecture, including a review of past practices with the potential for
guiding future directions. The round–table itself is limited to short opening statements so as to ensure time
is allowed for the exchange of viewpoints and for conference attendees to weigh in on the issues discussed.
A pertinent issue to be regarded is whether
schools even acknowledge that collaboration is at
the heart of most work in practice. This is because
our students are predominantly meant to work
individually and pay almost no attention to collaboration. Possible solution: Starting with Day One,
students collaborate while also learning to design
themselves. Are we still training “star” architects or
individuals, and do we assume that a good designer
is also someone who can collaborate in a team?

We most likely have to diagnose the causes of all
the hype (as well as its nature) and the reasons for
the relative hush–up we are witnessing in order
to answer questions concerning state–of–the–art
and possible future developments of Virtual Design Studios.
Analogies
The eve of CAAD techniques usage in the early
1980s triggered a belief that computers will soon
replace designers. This straightforward conviction,
although quite common, was not shared by serious
researchers. They were not only skeptical, but predicted different strategies for the use of computer
techniques. This was reflected in the formation of an
attitude relevant to design pedagogy as early as in
the mid–1980s. In Pioneers of CAD (2005), Mitchell
Round Table - eCAADe 29
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points out the importance of students formulating
design issues in computational terms rather than
developing technical skills in software manipulation.
Even if teachers were aware of these statements,
such skills enjoyed much appreciation in the curriculums of many schools for a long time. The last
decade, marked by the rapid development of widely
available computational tools, concentrated mainly
on the idea of parametric, and, more recently, integrated design, helped to prove this claim from twenty–five years ago to be true. All these revolutionary
steps rendered some things possible (advanced process modeling, application of complex geometries,
etc.), but did not eliminate the creative part of the
process—always associated with designer himself.
Far more sophisticated and complex technologies
than those available years ago did not fulfill the predictions of those times. Design activity is of a blended nature and probably always will be.
Shifting these reflections to Virtual Design Studios - which promised not only to facilitate, but in
many cases to simply enable effective distant collaboration in the early 1990s - may lead to certain
conclusions. This fantastic (at that time) possibility
quickly raised expectations for a completely new
quality in the realm of design teaching. The social
importance of it was noted by Mitchell fifteen years
before Facebook (Wojtowicz, Davidson, Mitchell
1992). Such early Virtual Design Studio achievements as conducted in 1993 by Jerzy Wojtowicz
(Wojtowicz 1994) were almost concurrent with the
rise of the WWW, which was justly heralded as a
revolution in communication. Even if we consider
the Internet access speeds of those times - speeds
that resulted in 1MB downloads taking about ten
minutes - this was a revolutionary idea. Possibilities
of synchronous communication, either text- or multimedia-based, enriched learning environments
significantly. Representations of virtual worlds, including in real time, tend to simulate three–dimensional reality and thus narrow the gap between
the real and virtual. But with all these advances
in communication technology, there is still a gap
24
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between the two parties contributing to the process - a teacher and a student - presumably filled up
by a machine. Moreover, if we build our statements
on analogy to CAAD techniques usage, we should
treat Virtual Design Studios as a component of the
teaching process, which must be deemed of equal
importance to others, including face–to–face contact, together formulating a kind of blended learning environment. It should probably be treated as
a successive complementary module, rather than a
radical paradigm of change in design teaching.
Master–Student Relationship
To a certain extent, the architects’ profession has
always been based on a master–student relationship. The sheer amount of knowledge necessary to
practice architecture (most of it being procedural)
justifies the need for contact with an experienced
professional. The question is: What kind of contact is
sufficient, appropriate, and desirable in design pedagogy? Is the form of contact mediated by distant
learning environments equivalent to face–to–face
meetings? There is a need for evaluation.
Direct relations during the studio hours allow
for a more subtle communication process, sometimes based on beyond–verbal means. By its nature,
this contact is much more continuous as compared
to the discrete nature of on–line connections (even if
they are real–time sessions). These on–line sessions
show that both parties (teacher and student) usually
tend to use connection time more efficiently, even if
there is no direct time/cost dependency. Contrary –
we can easily imagine the meaningful silence of the
master browsing through students’ drawings during
face–to–face meeting. There are still many teachers
who treat on–line contacts as somewhat artificial,
even if they are willing to benefit from distant communication technologies. This is reflected in differences between their behavior during studio hours
and in virtual contacts. Activities such as workshops
are sometimes possible in physical environments
only. There are certain means of communication, like
sketching or working on physical models that, even

if supported to some extent by on–line systems, still
perform better through direct interaction. As long as
the virtual studio is so very technology–dependent
there will be issues of the gap between the master
and the student. The mental aspect of this gap may
fade with new generations of teachers, although this
matter will be discussed later.
On the other hand, there are circumstances
where contacts between teacher and student are
possible only via some communication systems. In
this era of a globalized world everyone grasps at the
opportunity to interact with global–level masters.
Also confrontation of different approaches determined by various cultural conditions, barely possible
on a larger scale before, are now at our fingertips.
Again, maybe a mixture of approaches to an
extent as possible is the way for the future. Traditional methods of teaching (sketching, physical
modeling, sensual awareness of material features,
etc.) still attract significant attention that seems to
be growing. This attitude to architectural creation
is much appreciated by a substantial group of contemporary architects.
Socio–Cultural Context
Nowadays, students hardly remember life without
Google, not to mention the WWW. Our culture took
on a pictorial character much earlier with the eve of
TV and high print volumes of color magazines. Today’s
stir, accelerated by real–time perception of simultaneous participation–in–everything, sucked all this
together into an incredible whirl of mixed information of any nature and provenience. Mallgrave (2010)
says after Nicholas Carr: “If the powers at Google, he
offers, are attempting to perfect the search machine
and relieve us of the tedium of knowing just about
anything factual in the world, the down side is that
we have become ‘decoders’ of bits of information
rather than readers with the opportunity to place
this information within context.” There are even more
critical approaches to the web–based generation of
skills that are developed much more as something
consumer–oriented and, concurrently, much less as

something educational. Such findings, even if one
disagrees with them, show some of the background
of current students. The danger of being detached
from physical surroundings is present and should be
taken into consideration while design studio is going virtual. Most students are immersed in a constant
and rapid information flow. This is something that is
hard to compete with. Thus, contemporary Virtual
Design Studios should offer something different.
Part of this difference may be the introduction of a
critical approach to contemporary socio–cultural
reality. There is a strong need for such training for
students, informing them of certain immanent features of computer–based representations (like lack
of sense of scale in virtual environments).
All such remarks have to be made within the
limits of a general attitude of appreciation of the
undeniable benefits of socio–cultural advances
supported (or caused) by communication technology development. The idea of the Virtual Design
Studio could not have come to life outside of this
realm. There is no way back and all approaches denying the importance of such methods are of a fundamentalist nature.
Another aspect to be kept in mind is the pace
of these changes. When we point to the milestones
that formulate the information environment, we realize that it is constantly accelerating. The idea of the
WWW was born in 1992 (VDS was introduced at the
same time), Google emerged in 1998, the Facebook
website was launched in 2004. Thus, we measure
critical changes not by generations, not even by decades. This being the case, there is a much greater
possibility of a “generation gap” between students
and teachers. Comparing this situation that existed
two decades ago, we may claim that ten years’ difference sometimes can be equivalent to a generation
or even more.
Virtual design studios have always laid much
stress on collaborative design. Keeping in mind architectural practice specificity (the master–apprentice relationship, as mentioned before), there is a
need to place it in a larger socio–cultural context.
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It is quite compelling that, with our socio–cultural
formation, we have moved somewhere to the situation, where significant parts of experience and even
knowledge of our students is derived from their
colleagues of more or less the same age. Thus, the
strategies and tools we employ should facilitate (and
somehow control) peer–to–peer information flow.
Such tools, already available in e–learning systems,
are to be developed according to architectural education needs and recent trends (like extremely easy
information sharing on social portals).

BALANCING TECHNOLOGICAL
DEVELOPMENTS AND USER NEEDS
In previous work, developments in collaborative design were classified under seven major
categories. More specifically, they were subdivided in nineteen sub–categories (Achten and
Beetz, 2009). This categorization was based on a
Category

Sub-category

Support

3D Virtual Environments

23

5

Asynchronous applications

6

0

Synchronous applications

10

0

Comprehensive systems

31

6

Community participation

12

1

Tools

47

1

Methodology

Case studies

16

3

Research methodology

20

8

Theory

Design management

23

9

Kind of design

20

7

Design modelling

10

1

Information modelling

7

3

Knowledge modelling

4

5

Model

Technology

Education
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literature review encompassing 324 papers from
the 1983–2008 period. To check the latest developments, we have extended this review to include
the 2009–2011 period so as to identify the latest
developments. We identified 65 papers relating
to collaborative design, which were taken from
21 journals and three conference proceedings.
The following Table shows the papers divided by
category.
3D Virtual Environments are a steady, ongoing
theme within collaborative design. The basic assumption shared by most researchers is that a 3D
representation is something that is understood by
all participants in the design team, and that being
inside an environment helps in understanding the
spatial qualities of a design (Gu et al., 2011, for example). There is less emphasis on the use of avatars
to represent other design participants in some virtual worlds.
Papers 1983-2008

Papers 2009-2011

Representations

9

0

Multi-agent systems

12

5

Technology

25

11

Pedagogical models

20

0

Virtual Design Studios

23

0
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Table 1
Publications about collaborative design in the period
2009-2011.

Asynchronous and synchronous applications
seem to be disregarded, but they are more or less
incorporated in the comprehensive sub–category
systems. Burry and Holzer (2009) use the existing GT
Digital Project to investigate collaboration, where
the ValueLab (Halatsch et al., 2009), IMPROVE (Haase
and Nagl, 2011), and ADVICE (Kocar and Akgunduz,
2010) are specially developed systems. Specifically,
the ValueLab is developed for stakeholder support
(see Kunze and Schmitt, 2010). Crosbie et al. (2011)
outlined how various energy performance tools can
be integrated into collaborative design.
Overall, there is major interest in the more
theoretical foundations of collaborative design.
Case studies are still used to understand the operation of collaborative design (see Ehsani and Chase,
2009, for example) for the use of Second Life. Research methodology involves the effectiveness of
collaborative design—how to measure, compare,
and evaluate it. Gress et al. (2010) focus on collaborative learning and they note that “there is …
an insufficient collection of tools and measures for
examining processes.” Movahed–Khah et al. (2010)
look at computational interaction analysis to partly
automate activity analysis in collaborative design.
LeDantec and Do (2009) use a Grounded Theory–
based protocol analysis to investigate value–transfer between design participants.
Considerable attention is being spent on managing collaborative design. The concept of awareness (of other participants, of the process, and of
team performance) is quite new (Gallardo et al.,
2011, Carroll et al., 2009). Fathianathan and Panchal
(2009) argue that design outsourcing and collaboration decision should also be modeled so that the
ongoing process can be properly supported. A relatively new trend is large–scale collaboration, where
many non–specialists are involved in the creation
process (Adler and Chen, 2011, Juste et al., 2010,
Fathianathan et al., 2009).
Several papers discuss the special characteristics of collaborative design. The concept is trust
and how to achieve it among distant team members

as stressed in Rusman et al. (2009). Ilal et al. (2009)
note that there are still many hurdles to overcome
before a fluent collaborative design process can be
established. Juvancic et al. (2010) focus on the role
of education, communication, and collaboration to
achieve ongoing collaboration both in education
and practice.
In order to develop tools to support collaborative design, models that these tools can use are
necessary. Özener et al. (2010) demonstrate how
4D models can be used in a design studio context
to enhance awareness of building realization by
students. Many attempts are being made to create
ontologies specific for collaborative design (Rajsiri
et al., 2010, Bock et al., 2010, Fioravanti and Loffreda, 2009). Automated annotations of the design
that can then be used as an information model are
investigated by Hisarciklilar and Boujut, 2009 and
Hsieh et al., 2009.
Ren et al. (2011) compare multi–agent systems
with multi–disciplinary design optimization and aim
to show where these two approaches can strengthen
each other. Chu et al. (2009) show how a multi–agent
system can supply various design participants with
different representations of the model, given their
preferences with respect to level of detail. Wang et al.
(2011) demonstrate a multi–agent system in which
the agents also offer suggestions to improve the performance of the system itself.
Finally, many papers deal with the technological foundations required to create collaborative design systems. Collaborative use of advanced
simulation tools requires new technologies to make
these instruments work (Zhang et al., 2010, Wang
et al., 2010). Ma et al. (2009) show an “operation”–
based multi–application oriented collaboration
mechanism that can nearly achieve real–time updates among several programs over a network. Lee
et al. (2010) focus on a design history mechanism
to reduce redundancy and unnecessary overhead
between versions. Koenig et al. (2010) present the
FREAC product model to support flexibility and communication among various programs.
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Although there is no longer any explicit attention being paid to Virtual Design Studios, in many
cases projects in education are used to test technology or comprehensive systems. What is mostly
absent, however, is reflection on pedagogical approaches. There is quite a lot of literature on collaborative learning, but this falls outside the domain of architecture as well as outside our current
discussion.

BLENDED LEARNING IN THE FRAMEWORK
OF THE (VIRTUAL) DESIGN STUDIO
A common characteristic of design studio teaching is established by way of “individual tutoring” in
(small) groups. One design proposition after another is elaborated upon and its progress is predominantly presented verbally. Possible developmental
scenarios are commented and discussed immediately following the presentation of drawings and
sketches, working models, schemes and charts,
etc. As the students participating in the group are
working on similar or related concepts, the discussion—which is by intention open to the whole set
of participants—is most likely to be advantageous
for everybody.
The setting of a design studio is to be regarded
as a kind of market place where information transfer
is highly facilitated, striving for the further development of the design tasks. In the long term, learning
activities are expected to transform information
into sustainable knowledge (Garrison and Vaughan,
2007). Over the course of progressing studies, more
comprehensive and complicated design themes are
tackled and previously collected experiences are
built upon.
Although at some educational sites the architect is still apparently stylized as a fully autonomous acting “Master Builder,” today’s building activities have to be regarded as collaborative
teamwork with a set of hierarchically differentiated roles. Therefore, a splitting of tasks and responsibilities is on the agenda. This is, however, hard
to depict within the framework of architectural
28
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education, as equality prevails among the students participating in a design studio (i.e. absence
of hierarchy). Unfortunately, the key argument of
creating synergies while working in groups often
leads to disappointment and underperformance.
There is hardly time to equipoise and a real risk is
that individual team members may not input accordingly. Furthermore, it may be very hard to isolate the individual contribution. Nevertheless, it
can be agreed that within a setting of architectural
education, students should be able to explore and
learn about communication issues.
Collaboration within the boundaries of an institution and a dedicated design assignment may be
regarded as already being a demanding task, even
more challenging when the singular context is expanded to include other educational sites. Besides
the matter of dislocation, a shift in time may also pop
up. As already stated, these phenomena have been
explored extensively and were particularly boosted
as a topic of study when the Internet emerged. A
dedicated design issue could, for example, be tackled in a certain time slot at different sites and students would benefit from a expanded bandwidth of
opinion as a result of amplified reviewing capacity.
However, not only classical situations were depicted
so far. Sequential procedures of generating design
solutions were also tested. In this case, design stages
were handed over forwards and backwards among
different students.
As we have been examining a period of
nearly three decades, notable progress can be
observed concerning e–learning environments
focused on blended learning. Blended learning is
to be regarded as a didactically meaningful combination of traditional face–to–face instruction
and state–of–the–art e–learning formats (Bonk
and Graham, 2006). The efficiency and flexibility of computer–assisted forms of learning are
combined with the social aspects of face–to–face
communication. But how do virtual and face–
to–face activities interlink? Blended learning
means that real–world face–to–face instruction

is enriched with an additional virtual layer of
tools. Teaching content may be conveyed to a
consuming student through electronic means.
Web–based learning platforms will, in this context, offer the following features:
•• Communication media (chat, forums, etc.);
•• Viewing of content, learning objects and media;
•• Administration of modules (content and relevant documents);
•• User administration (including the option to assigns roles and permissions).
It has to be noted, that the framework conditions of a design studio significantly differ from
other non–exercise–based forms of teaching and
subsequent learning activities. The intrinsic quality
of face–to–face instruction probably lies in a good
blend of immediacy and interaction, which is hard to
trace in a virtualized context.
Notwithstanding, to a certain extent and predominantly in an early stage of the design process,
the use of a mutually cultivate work space might be
useful and can create access to a knowledge base,
represented by way of a collectively developed
analysis in form of a prospering “wiki,” for example.

DISCUSSION
We have attempted to provide an overview of the
developments in VDS and to raise a number of issues
that in our view are central to architectural education: how to properly teach in a VDS setting, what
are we teaching our students, which are the biggest
bottlenecks to tackle, and how can VDS support
the type of blended learning in which students and
teachers alike have the biggest benefit of learning
and teaching. We hope this provides a fruitful basis
for the roundtable discussion.
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Abstract. The intent of this paper is to examine experimental design methods in the field of
architecture and their implementation in academic settings. The projects emerged during
design research studio at the institute of digital design techniques at the university of Kassel
and collaborative workshops with several institutes. The starting point of the teaching concept
was a divergence from the usual methods and ways of thinking, allowing for new, innovative
solutions to emergence during the design process. The main point was a development of novel
spatial modules in coherence with material and structural considerations. The question of
materiality becomes a crucial consideration. The characteristics of different materials used
for models development did not just influenced geometrical possibilities but also intensify,
explore and organize spatial and structural qualities of the projects.
Keywords: Research; Education and Practise; Generative and Parametric Digital Design
Aids, Tools for Construction and Production

INTRODUCTION
The first project I would like to present is emerged
during the workshop in Digital Design & Fabrication in Architecture which took place in Tampere
Technical University. For ten days, participants
from different cities and positions gathered in Tampere. The aim of this workshop is to equip students
with a basic knowledge of parametric / generative
modeling with Grasshopper. The work is divided
into three different phases. At each phase the number of teams shrinks throughout elections of best
ideas. Initial team members operate as project architects in coordinating their teams throughout the

construction phase. Construction is done in three
steps: drawing, CNC milling and constructing. At
the end two projects are realized. One of them is
discussed here.

THE CROSSBREADER
The crossbreader xpores spatial potentials of series
of interlocking, self-simikar components that gradually change their properties according to site-specific influences.
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Phase 1: Rhino- Grasshopper Tutorials
In the first 3 days of the workshop, students are
given a general tutorial in using grasshopper. Afterwards they are able to apply it in realizing personal ideas. The use of Grasshopper plug-in made
possible for students creation ideas from scratch
by enabling a variety of options throughout the
process
Phase 2: Design Competition
At first, ten teams of three are formed. Each team is
given two days to come up with an idea of joining
different parts together without any help of alien
materials. Researching and brain storming are the
main scheme of this stage. Participants are supposed

to inspire themselves from nature, previous workshops and similar constructions.
By experiments with cardboard, they developed
their own ideas. At this stage, each team presents its
joints. Afterwards students are asked to vote for their
three favorite ideas. When elections are made, five joints
are chosen and the others are eliminated. New teams
are now built to improve the joints according to the constructing material. After the testing, another election
takes part to decide which two ideas will be realized.
Phase 3: Construction
Transforming the handmade models into digital
data 16 variations of shapes and sizes are created to
form the final construction (Figure 3).
Figure 1
Workshop results

Figure 2
Workshop impressions
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Figure 6
Production on watercut- jet

Diagramming
The students were experimenting different ways into
creating the final form. A specific volume is chosen
to fit in the given hall. Building this form is only realizable by dividing it into layers. At this point, the idea
was to build the layers in a diagonal direction. The
project is designed as a parametric array of modules,
each of which transforms based on its position in the
overall wall geometry (Figure 4 and Figure 5). This
geometry is governed by a set of points that attach
to the modules at its vertices to create this system. In
this case, the design revolves around a sophisticated
module defined by its end vertices and connective
internal splines.
The repetitive nature of the components allowed
for a fast and time- efficient water-jet cutting. The double nozzles of the water-jet could process two identical
sheets in one go, moreover, up to 7 sheets could be cut
simultaneously by stacking them on top of each other.
A slightly excessive amount of components was quickly
produced to give the montage the flexibility it needed.

The nested data was later used at the watercut- jet to cut the parts precisely as shown (Figure
6). The digital design process used included outputting scaled models, in the form of three dimensional
points, to assess overall form and test the relationship of modules to one another and to the whole.
Due to the flexibility and open-ended nature of the
system the assembly became both site and time
specific. The final result became a dynamic sculpture
with varying optical effects and views (Figure 7).

Figure 3
Module parametric
dimensions
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Figure 4
Module “clouds”, global system

Figure 7
Final installation
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THE CURTAIN
The research for this installation was done in collaboration with the Center for Interdisciplinary Nanostructures Science and Technology (CINSaT). Combined investigations influenced the original idea
of form finding as a generative tool to design and
produce the form. In CINSaT collaboration, relations
between growth and form could be considered at
the different spatial scales and levels of abstraction
(Figure 8). For example, the growing thin tissue of an
organ could be viewed as an assembly of individual
cells or approximated as a continuous surface. A variety of analytical drawings and experiments were

presented by the students which include regular arrays and random patterns.
Scripting
The design of the installation wall began with analysis
of the drawings and images done in CINSaT collaboration creating a catalogues of rules for structural transformation. The base cell unit was parametrically simplified into the polygonal geometry defining the rules
of transformation using Grasshopper (RhinoPlug-in)
as a scripting tool (Figure 9 and Figure 10). Any changes made to the geometry of the cell regenerates the
shape of the system (Figure 11 and Figure 12).

Figure 8
Natural model research (a)
SEM picture of labellum (b)
natural probe system drawing

Figure 9 and Figure 10
Module parametric dimensions , Module development
studies
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Figure 11
Final curtain rendering

The main thing we need for a parametric model
was a point cloud on the surface (the global design
system boundary representation .Since one of the
constraints was to enable people to see through the
structure, we construct system of rails.
This spatial system was translated into an arrangement of modules and their resulting surfaces.
Geometrical events such as interweaving, stretching
cross-connecting were deployed to create spatial
complexity and structural stability.

Material and Fabrication
The cells were fabricated in high-density foam on
three axis CNC mill. That also manipulates the technical limitations of CNC milling to produces such
“organic modules” (Figure 13). These were milled
both-sided and in packages of 3 rows to simplify
the process. A set of four rows were fabricated and
then staggered in an overlapping pattern (Figure
14). The fabrication technique carefully managed
size of the router bit with corresponding network
Figure 12
Grasshopper parametric
studies
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cells. At the end the panels were surfaced with several layers of fiberglass composite and varnished.
The question of materials and fabrications are
followed through and studied with great attention.
Physical milling tests were the main factor judging
the pattern and various scales.

Figure 13
Geometry studies (a) wireframe model (b) shaded
preview

Figure 14
Rhino Cam preview milling
steps preview
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CONCLUSION
A brief overview of these results can show that
one of the outcomes of this experimental teaching
method was the augmented understanding that
students achieved about designing on the computer, as well as dealing with materialization and
fabrication techniques.
The greatest challenge was to develop a system of
element definition in space and controlling practically
every single element if we want to. All the variations in
form and type of an element as well as the constant
changes and evolution of the structure led us to it.
It also exposes the process of working to critique
and refine feedback loops in light of complex tools, methods, materials site, and performance considerations.
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Abstract. It has been more than a decade that the first discussions on the integration of
computational technologies into architectural education, especially into the design studios
have been started. Since then, the use of CAD from drafting to complex solid modeling and
manufacturing in design studios has been mostly achieved. Yet, persisting on the discussions
within the same context, mostly focusing on the studio education and CAD/CAM rather than
“CAAD” avoids inquiring other potentials of them as being a learning and implementation
media of different knowledge domains. In this context this papers presents a discussion on
andragogic learning by the integration of simulation technologies to architectural education
to synthesize the fragmented knowledge that provides new learning media.
Keywords. Computer simulation, digital design, architectural education, modeling, modulator.

A GENERAL PERSPECTIVE ON THE MODES
OF LEARNING/TEACHING AND TECHNOLOGY AND ARCHITECTURAL DESIGN EDUCATION: TEACHING DESIGN TO ADULTS
The undeniable impact of information and computational technologies in every field of life, massive
amount of “information and/or knowledge” production and consumption (re)describes the disciplines
and their methods, introduces new fields of interests,
possibility of enormous data handling and number
crunching which eventually force to re-define what
knowledge literacy is and how the learning (and
thus teaching) should be revised. Consequently the

effects of these technologies on the education deserve more consideration of anyone who is an actor
of this process, not only of the education technologists and researchers.
Today it is acknowledged that one of the major problems in education is to teach how to select
and read “knowledge (and information) produced in
bulks. Therefore, the importance of “design of education” or as it is generally termed “instructional design”
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43

has been more emphasized resulting in the evolution of curricula in which technology is an integral
part of it.
In this transformation, the learner profile (adult
rather than child) in the university education should
be well accredited in order to propose appropriate
educational methodologies. One of the foremost figures of modern educational theories, Knowles (1977)
described the major characteristics of adult learners
and principles of “andragogy” as;
“(i)…their selfconcept moves from dependence to self direction, (ii) their growing reservoir of experience begins to serve as a resource
for learning, (iii) their readiness to learn becomes oriented…”

Learning strategies developed based on the andragogy are centered on the following assumptions
as (Bangaoil 2011);
“...the need to know why something should be
learnt, the need to learn by experiencing, the
conception of learning as a problem solving
activity, the influence of priority of the subject
matter on learning...”

The learner centered andragogic model describes the learning process composed of four
main phases: experiencing, processing (reflective
observations), generalizing (abstract conceptualizing), and applying (active experimenters). Kolb and
Boyatzis [1] explain the main characteristic of the
learning cycle as;
“…Experiencing (Concrete experiences): Adults
have a receptive, experience-based approach
to learning, rely heavily on feeling-based judgments, learn best from specific examples and
discussions; Processing (Reflective Observation):
Adults rely on careful observation and learning
best from situations allowing, impartial observation; Generalizing (Abstract Conceptualization):
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Adults learn best from impersonal situations,
from the opportunity to integrate new things
with what is already known, and from theory;
Applying (Active Experimenters): Approach
learning pragmatically, Rely heavily on experimentation and learn best from projects…”

Upon principles of andragogy and the acknowledgement of the learning cycle, several studies on
instructional design, have been conducted giving
way to develop new learning and teaching theories.
Disciplines are in the search of their own methodologies appropriate for their knowledge domains.
Andragogic model also re-defines the role of educator as being a facilitator rather than a teacher organizing/designing the process of learning when the
adults are concerned.
Another important outcome of andragogic
model, for which problems matter more than subjects, is the integration of instructional technologies
relying on the use of hardware and/or software to
the learning/teaching activities in all the levels of
education. Today, complex LMS (learning management system) and simulations customized for the
disciplines involve and evolve education starting
from the primary school to university and then to
life-long education.
Any design process which compromises inspiration intuition and cognition requires not only the
incorporation of diverse knowledge domains but
also development of the “process architecture”, allowing complex relations and feedbacks to achieve
the required design goals and performance. This
complexity of the design process necessitates an educational model responding to the specific requirements of the domain.
Architectural design which has been continuously transforming with computational and informational technologies compels architectural education
more than ever to develop methodologies allowing
handling this “new level of complexity”. In this context, understanding andragogic principles and the
learner profile as defined appears to be promising.

ARCHITECTURAL DESIGN EDUCATION AND
COMPUTATIONAL DESIGN PARADIGM

Table 1
Common simulation software
used in architecture

Architectural design requires both artistic skills and
scientific and theoretical/ academic knowledge that
students needed to be backed up with relevant
courses. It is a common observation that students
have some difficulties to incorporate and/or process their knowledge attained in the complementary courses of their education into design studios.
It can be claimed that “...the more concrete the example, the more effective the learning...” (Dale, 1969)
would be achieved as a common learning/teaching
strategy.
In this point of view providing the learners an
environment in which real experience is happening,
gives them an ability to experiment and learn from
the results of their decisions. The level of similarity
of the simulated experience to the real-world experience will influence the power of this effect/impact.
Simulations and simulation programs has a potential to be used repetitively with different outcomes
focusing on the similar learning goals economically
and without risky and consequence consolidate the
learning process and/or help learners discover their
own gaps within the context of what they need to
know. From this context, this paper, first, inquires
the potentials of simulation software and CAAD as a
learning environment.
Simulation programs developed for analysis of
specific problems like acoustics, structure, thermal
conditions, fluid mechanics and etc. requiring certain expertise in the field of interest, deserve more
consideration in architectural education as tools to
incorporate different knowledge fields provided in
the bulk of education into design studios. Typical
analysis software used in architecture, in relation
with performance and behavior of the buildings
require solid models developed in CAD media to
which students feel themselves close. Besides, the
techno-skills of students also allow them to use
these analysis/simulation programs intentionally
or “instinctively” enabling them to get “some data”
which is mostly “unreadable” due to compartmented

knowledge and lack of “domain knowledge literacy”
which should be developed by/during the education
in the discipline. Then it is worth to re-investigate
such programs which provide an interface to which
students are very familiar with yet requiring having
ability to incorporate their developing knowledge
into design.
Algorithmic thinking with the invent of modern
computers has been first re-structured in the first
computer programs then in the course of time they
generate software architectures embracing different levels of complexities and information through
diverse number of interfaces developed for the endusers. In this sense, simulation software with their
multi-disciplinarily in their nature, both in terms of
their design and in terms of their use as they can be
considered as means forcing end-users to shift their
minds and develop ability to use the whole body of
their knowledge i.e. knowledge literacy.
In this context, understanding the contemporary simulation programs and their “architecture” is
worth to further extend the use of computational
technologies in architectural education. Here, a general taxonomy of typical simulation software used in
architecture is presented in order to further illustrate
how these softwares determine the design process
and process of learning (Table 1).
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The general features of present simulation
software(s) with their numerous libraries, various
data transfer means from one domain to another,
with complex and yet “user-friendly” interfaces have
many potentials to provide means required to teach
novice architecture students and even the professionals through the “models” they developed. The
idea of model in this paper has been used in twofolds: as a computational model to represent the
problematic (Figure 1) and then solid model as the
input for the simulation which necessitates different
level of knowledge and expertise as well as depending on the subject of interest. The modelling cycle of
computational design exhibits a strong resemblance
with learning cycle as shown in Figure 1.
It is necessary to point out that starting with
first object oriented programming, interfaces have
been displaying similarities, and consequently, endusers have been easily adopting themselves to these
interfaces. Beside those generic features of these
programs, the possibility of customization of their
use at some extend by the end-users allow the use
of these tools by various disciplines. Hence, regarding the current levels of software technology and
especially simulation programs and their usability,
discussions related with integration and customization of computational technologies in architectural
education should be continued together with the
explorations of the potentials of such technologies
in architectural education.

There exists various simulation programs fulfilling the same or very similar tasks, having similar
interfaces in interacting with the user, just having
different in terminology/concept in relation with the
field of expertise. Thus as it is discussed previously
the similarities in the interfaces enable end-users to
have some general constructs in any interface and
ability to use them accordingly. This can be regarded
as an opportunity in teaching: having a user -friendly
interface to explore complex subjects.

AS A CASE: THE MODULATOR
In the case of architectural education, using simulations on the design model which is developed in
one of the modeling media and then translated into
analysis/simulation environment, offers students to
incorporate their knowledge. Learning structure,
discussing acoustics or experiencing thermal comfort from the very beginning of design process also
encourage students to integrate design studio with
complementary courses in the curriculum, then to
be acquainted with multi-disciplinary approaches
and collaboration with other disciplines.
In the light of the discussions above, finally,
this paper exemplifies the process through one of
the fourth year computational design studio studies, namely the design of “Modulator” (Figure 2). The
design process and how the simulations affect the
design process and improve the design skills and
knowledge of students have been exemplified.
Figure 1
Modelling cycle (Arslan
Selçuk, Gönenç Sorguç,
2010) and KOLB’s Learning
Cycle [2]
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The term project named as modulator is one
of the assignments of the fourth year digital design
studio focused on computational design and performance based architecture in METU Department
of Architecture [3]. Initially ill-defined design problematic aimed students to define the problem its requirements, identification and definition of variables
and parameters and most of all knowledge domains
to be integrated then the development of the design
process from virtual to physical.
The overall performance of the design was
asked to be (re)evaluated in every phase of the design process. This forced students to develop skills
to incorporate different knowledge domains and to
read and implement the data within the design process containing several feedback and feed forward
relations among the different phases of the design
as well as information/knowledge (re)produced and
(re)implemented. In this iterative process, several
modes of simulations took place, allowing students
as adult learners, to experience the problem through

model generations (simulation of the abstract ideas),
enabling to process the information and knowledge
through simulations (exposing their knowledge domains through simulations), generalization (feeding
back their experience gained in the simulations) and
applying ( end product and new designs).
In the modulator experience, simulations are
not only the media of integration of knowledge
and/or information; but also learning environments
(medium) which responds the requirements of andragogic approach. During the design and manufacturing process of the modulator, three modeling
program in digital medium and three modeling and
manufacturing techniques in physical environment
were experienced. Each tool/medium was used/
served for different purposes. At the beginning
there was a need for better definition of reference
curves. Although for optimization of 3d model and
materialization processes, Rhino with Grasshopper
interface was used primarily for parametric design
purposes (i.e. deciding in number, thickness, spaces

Figure 2
Design Process of Modulator,
Instructor Arzu Gönenç
Sorguç, Res.Asst., Fatma
Zehra Çakıcı, Students Cem
Korkmaz, Belamir Köse,
Fırat Özgenel, Mate Csocsics
(Gönenç Sorguç, Çakıcı, 2011)
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and frequency of ribs and slices), Google Sketch Up
program was used for quick estimate and visualization, SAP for structural analysis, and AutoCAD
for precision of the nesting work. During the process, rapid prototyping model and laser cut models contributed significantly to make decisions on
construction sequence and ease of manufacturing
and construction as well as visualization, materialization and determination of structurally critical
points on the models. Throughout the semester,
students used different design and modeling tools
and media, some of which were very familiar to the
students; however, some others were very new.

In this process, they learned and developed their
grasshopper knowledge, and they produced rapid
prototype and laser-cut models and had the pieces
by water jet for the first time. For each modeling/
manufacturing process, they had to learn rules and
precision of the machines as well as features of the
materials to be used.
The structure of the design process shown in
Figure 3, demonstrates how information/knowledge
have been integrated in each level. In this iterative
agile model of the design, simulations software can
be considered as agents for the “knowledge literacy”
and dissemination of the knowledge.
Figure 3
Software programs-simulation
tools used in the design of
the Modulator (modified from
Sorguç, Çakıcı, 2011)
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Figure 4
Images from the design process of the Modulator [3]

Hence their use by the adults in problem oriented way provides a broad learning environment, allowing the synthesis of diverse knowledge/information in a very structured way. Therefore knowledge
literacy and incorporating what is learnt have been
achieved by the use of them. As a consequence the
use of several simulation technologies and software
provide a media of learning and overcome the compartmentation of knowledge.
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Abstract. Computer programming in architecture seems to be commonplace throughout
the eCAADe Community. Yet, a critical evaluation of a programming course as seen
from a student’s side is still missing. During a week-long programming workshop in a
fellow university, we have been assessing subjective parameters such as mood, quality of
presentation and comprehensibility, comparing these to the actual topics that were covered
at this instance. Our results contribute to understanding architecture students in their quest
towards algorithmical thinking. We are convinced that the discussion given in this paper will
help other teachers to further increase the quality of their lectures. Furthermore, the structure
of our approach may serve as basis for further research into recording student behavior
during programming courses.
Keywords. Teaching, Programming, Assessment.

INTRODUCTION
In recent years, the question of how to bring programming to architecture students has often led
to uncertainty (Leitão, Cabecinhas and Martins,
2010, Bourdakis, 2010, Boeykens and Neuckermans, 2009, Burry, Datta and Anson, 2000, Fricker, Wartmann and Hovestadt, 2008): As advocates
of functional programming rally with those who
prefer imperative programming, people who
prefer one programming language with those
that prefer another, and everyone is at odds with
oneself on how to meet the goals being set forth
for their course, there seems to be a strong wish
for sharing insights on “how to teach architecture students programming”, which has led to a
variety of publications on the topic. One thing
largely missing from the discussion is, however,

a fresh look at the subject from a student’s side.
In the course of a programming workshop, we
have therefore been assessing the subjective
impressions of students, and have compared
these to the actual presented content. Being a
case study, we see our contributions both in the
conducted work (see “Case Study”) as well as the
discussion of the results as actual consideration
points which we believe can help fellow lecturers
improve their courses (see “Discussion”). Given
the perspective that we would like more teachers to conduct student-centered assessments, we
also bring forward a format which we believe can
serve as practical assessment basis, in the form
of questionnaires to be handed to the students
(keyed by us as mood charts).
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RELATED WORK
During the last decade, it has been discussed how
far programming courses support the architecture
students’ way of thinking. Researchers state that it
improves understanding of descriptive geometry
when it comes to representations and relations between the entities (Bourdakis, 2010, Burry, Datta and
Anson, 2000, LaBelle, Nembrini and Huang, 2009, Kajima and Panagiotis, 2008). Typically, programming in
the architecture domain is performed by writing code
(e.g. Visual Basic for Applications, ANAR+ for processing). However, visual programming approaches that
promise to fit the graphical mindset of aspiring architects better are also gaining ground, e.g. Bentley’s
Generative Component and Grasshopper for McNeel
Rhino 3D. The reason for this is reported to be that
algorithmical thinking requires a problem-centered
approach, while architecture usually takes a solutioncentered strategy (Lawson, 2005).
In our case study, we focus on programming by
writing code, targeting the question of teaching quality as seen by architecture students in a workshop environment, using a questionnaire-based approach as
method. To the best of our knowledge, this has so far
not been conducted, although we can find examples of
qualitative thoughts for example in (Knight and Brown,
2010). In detail, we will focus on the different subjects
to be covered in such a course, relating the sequence
given and the time spent on each subject to the comprehension and perceived quality of presentation. It is
safe to say that our report is not generalizeable (given
the number of participating students as well as the
form of survey); we see our contribution as a pre-study,
on which further work can be based. Therefore, we
also cover the shortcomings and address fields where
more effort should be invested when performing a fullfledged study (see “Case Study”).

WORKSHOP DESCRIPTION
The programming workshop was given in November 2010 at the architecture faculty of Istanbul Technical University over the duration of five days. The
content of the course was on programming using
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Visual Basic for Applications in AutoCAD for the sake
of form generation, i.e.:
•• To learn basic constructs of an imperative programming language and use them to generate
geometry.
•• To develop algorithmical thinking by solving a
programming assignment in a studio-like context, in order to learn how to generate form and
automate daily CAAD work routines.
There were 18 students attending, half of which
already had or were in the process of being in a basic
course on PASCAL. As lecture material, a speciallyproduced booklet covering all presented topics was
given to the students, allowing them to revise the
subjects taught and catch up once needing to be
absent for some hours. Furthermore, a description of
the programming assignment was handed out. The
chosen topic was on automated building using a gridbased house-generator, which would call up each student group’s program in order to build a house.
Due to the constrained nature of our schedule,
it was decided to give the introduction to programming in only two days, after which practical work on
the programming assignment would begin. For a
programming lecture, this rather unusual approach
boils down to imposing a very intensive work program in a short time frame, and clarifying topics still
unclear to a student in a face-to-face manner, in parallel to actual work being already done by all others.
The topics covered were the same ones that are
usually given in a standard programming lecture.
However, to meet the time constraints, care was taken to bring two or more topics at the same time (e.g.
learning the basic program structure while getting
introduced to debugging):
•• Debugging a “Hello World” program, variables
(only numbers at first), functions with and without return value, parameters, calculations with
numbers, nesting of calls
•• AutoCAD drawing library (using Object-Oriented
Programming without actually saying so), Booleans and conditions, arrays (static and dynamic)

••

Implementation of a staircase generation program using loops, creation of a user interface
to enter parameters for the staircase program,
strings and string operations, introduction to
Object-Oriented Programming

The final goal and motivation of the workshop
was to present the results of the programming assignment to the dean of Istanbul Technical University’s architecture faculty, as well as to conduct the
case study on perceived quality of each topic given.

CASE STUDY
The survey on teaching perception was conducted using a questionnaire-based approach. At the
beginning of each day, the students were given
a sheet in which they could chart general mood,

comprehension of the presented material and perceived quality of presentation over time, using a fivefold scale (excellent, good, fair, satisfactory, poor). In
order to emphasize deviations from the average case
(‘fair’). The survey sheets, also keyed as mood charts,
were completely anonymous - participation was
conducted on a voluntary basis. Students were told
to sample at the end of each topic, and encouraged
to take additional samples as they saw fit. Furthermore, the noting of sentiments on the graph was
explicitly welcomed (e.g. “11:15 - boring!”), although
very seldom seen. At the end of the day, mood charts
could be thrown into a bin (filled or unfilled). The results were then analyzed and interpreted by correlating the presented topics (of which time and duration
was known) to the mood, quality of presentation and
comprehension at the given instance (see Figure 1).

Figure 1
Analysis of „mood charts“ created during the introductory
programming course. Mood,
comprehension and quality
of presentation are charted
over time. The covered topics
are furthermore entered at the
time of their appearance. The
results clearly show a change
in all supplied measurements
from very excellent marks in
the morning (color-coded as
green) to poor marks in the
afternoon (red).
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For the three days of programming that followed the
two-day introductory course, only mood was measured at discrete times (morning, midday, evening).
The reason behind this was that, since all students
had to work individually, there was no presentation
given and therefore also no comprehension to measure. The assignment itself was presented at the start
of day three, implemented on day 4 and the outcomes presented on day 5.
Observed attitude towards the presented material during the workshop
The first half of day 1 was occupied with “diving in”
and getting fully focused on programming. Presentation was seen excellent, comprehension was generally good. However, as can be seen from the mood
chart, the rapid flow of information lead to a steady

decline in mood, from good (morning) to fair (midday). We see this as being related to the presentation
of functions and parameters, which was given using the concept of “Input-Process-Output” (IPO) and
then mapped to either function (with output into
a variable) or procedure (without output). As mental bridge, a relation to visual programming using
flowcharts and Rhino Grasshopper was given, which
worked remarkably well. The relation to mathematics (e.g. function sin(x)), however, did not have a beneficial contribution to the understanding.
After lunch break, the mood returned to normal values. The presentation of arrays was hard
to digest, it seems, and thus led to a dramatic decrease in comprehension and to a decline of mood
in the afternoon. As soon as practical work with arrays using the AutoCAD drawing library was done,
Figure 2
Upper part: Mood during
the programming assignment. Even though the point
samples at morning, midday
and evening are of limited
significance, one can see that
the trend in Day 4 is significantly different than any of
the other days in the sense
that the mood constantly gets
better. Lower part: (left) Photo
taken during workshop. (right)
Example of a grid-based
house generation algorithm
used in the assignment.
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the mood settled on an average level. The introduction of multi-dimensional arrays which followed
immediately afterwards without giving practical
examples was seen as inadequate, with mood and
comprehension decreasing to poor at around 4pm.
The last lecturing hour, in which Booleans and conditions were to be introduced, was not digestible
any more. Therefore, only an overview followed by
the day’s summary was given, with the intention of
deepening the knowledge in a recapitulation in the
beginning of the next day.
Day 2 started with practical exercises (drawing
geometry), in which conditions and Booleans were
brought in. This approach worked remarkably well,
with all measured parameters being excellent until
midday. The introduction of dynamic (i.e. growable)
arrays led to a mood shift at around 12am, with the
presented content being generally understood, but
not well-received due to the lack of benefits for the
program written. After lunch break, the introduction of loops required the re-writing of a previously
written program and led to a drop in all sampled
values. Either the adaptation of a program was not
sufficiently presented, or the introduction of new
content was not adequate. Between 3pm and 4pm,
an overview over Forms and Strings was given.
Even though this subject was, in our view, already
adapted to the declining attention and mood, it
was nevertheless not well received, with mood
values being at their minimal peak of the day. This
afternoon decline leading to a no-go situation at
4pm is to be investigated in further courses. After a
15-minutes break, a practical example on forms as
well as the end of the day being in close reach, the
mood values increased again.
In day 3, we did not gather enough measurements in order to be able to discuss them here. From
our observations, we saw a generally bad mood,
connected to the rapid pace of the previous days,
which we had to amend by giving individual help to
the students, leading to a significant improvement
over day 4. In day 5, we observed a decline in mood
due to the hand-in stress.

Lessons learned
From our observations during the workshop, there
are several points that are worth consideration in
subsequent courses:
•• The explanation of functions with and without
parameters, with and without return value benefits from a clear analogy to an IPO metaphor,
if which grasshopper is an excellent visual example.
•• Simple data types (strings, Booleans, numbers)
can be handled in a straightforward manner. Arrays, however, are hard to explain - especially in
the multidimensional case. It is probably hard
to imagine the necessity for collections of values, which would otherwise have been taught
in a course dealing with algorithms and data
structures (definitely also a point for further emphasis in a programming lecture for architects).
Objects are naturally observed as “packages of
functions and variables”, with no further explanation neended. This might be as to the nature
of VBA, which exposes all functionality of AutoCAD as objects.
•• As opposed to a bottom-up lesson, which tries
to present all topics independently, we have experienced that is does sometimes make sense
to present a seemingly complex topic right
away and then decompose it into its constituent parts. In this way we were able to present
many concepts in parallel, without losing reference to the overall picture.
Comparing to a full-fledged study
We are aware that the number of participants in our
study is statistically insignificant. The results nevertheless reflect, to a large extent, out own insights
gained through years-long teaching practice, and
can be used as a guidance when setting up a larger
study. Points worth considering when doing so are:
•• The prior knowledge of the students was not asked
in a structured manner (rather by raising hands). It
might be important to sample, for example, who
has had experience in each of the presented topics
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••
••

••

••

before actually beginning the course.
For comparison reasons, comparison groups
will have to be set up.
A fivefold scale offers the opportunity to state
average levels. It might be interesting to exclude this possibility, thus forcing the student
to be explicit.
The assumption that each topic can be sampled
immediately afterwards (i.e. the topic as cause,
the comprehension as effect) is naïve. It might
be interesting to see when each topic has settled (using questions targeted not only at the
last topic given, but at a variety of topics).
As side note, we must mention that the students were of different interests and knowledge
concerning programming, which led to segregation. It might be easier to hold a workshop in an
environment where all students have the same
knowledge (e.g. by the way of establishing programming in a fixed place in the curriculum).

DISCUSSION
During the teaching process of computer programming in architectural design education, the feedback
from the students, their motivations and their learning curves should be taken into consideration by the
lecturers. There should be more explorative studies
about what kind of strategies in teaching computer
programming are crucial for introductory courses.
From our collected data, we can see a direct connection between mood and comprehension, while
the quality of presentation is separate and declines
slightly from the morning to the evening. Topics that
are new or hard to digest must be therefore brought
in the morning. If this is not possible, more time
than usual has to be invested in the afternoons. In
general, recapitulations and exercises are of utmost
importance, due to the nature of architectural work
(solution-centered). However, the format of a workshop might not always allow for such deepening of
knowledge, because of time constraints. Therefore,
establishing an educational scheme that covers all
programming topics while at the same time being
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time-efficient and qualitatively useful as seen from a
student’s side is a field worth researching in.
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Abstract. In this paper we report on ongoing monitoring of the entering situation of students
at our faculty in terms of their computer and CAD skills. By means of an online enquiry
developed by Liverpool and Graz we also investigated the attitudes towards CAD by
architects in practice. Based on these findings, we aim to identify what we should teach our
students in terms of CAD skills.
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INTRODUCTION
CAD education at the university has two main purposes. The first is straightforward skills teaching to
make students competent users of CAD software
which they can use later in practice, and the second
is to give them an informed and critical attitude to
design with computers. Therefore there is always
a balance to strike between practice oriented CAD
teaching and more theory oriented CAD teaching.
The study of architecture takes at least five years. The
computer technology and software have a very fast
development - it sometimes makes the student (and
the teacher) during the studies at the university feel
as a passenger on a fast train. The student expects
from the university, that (s)he will get the contemporary skills for the job after graduation. Nevertheless,
practice is that they start with the new technology
at the beginning of his studies at the university, and
after graduation the newest technology is different.
Without a critical attitude quick adaptation to new
technologies is much harder.
In the Czech Republic there is a strong demand for students to be useful in design studios

right after graduation. The current situation,
how the design offices use CAD software, is
quite specific. There are very big differences in
level of using computers skills. The inquiry of
which we present the results here, shows that
the majority of design offices use CAD as basic
drawing board (65%), and that modern technologies – BIM, rapid prototyping, parametric
design, collaborative design, advanced CAAD,
and multimedia presentation all together make
up 35% within the offices. There is no denying
that training students for this situation is not
productive let alone for when they graduate five
years later.
In this paper we present developments in the
starting situation of students when they begin their
studies (first part). Following, we report from findings
of an enquiry about CAD in practice (second part).
This inquiry is based on the online survey created by
Knight and Dokonal (see Dokonal and Knight, 2007,
and Knight and Dokonal, 2009), held earlier in the UK
and Austria.
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ONGOING ENQUIRY: STARTING SITUATION IN EDUCATION
Since 2006 we hold an inquiry among students to
take stock of their computer use just before starting their studies. From this inquiry we can see that
each year there is an increase in terms of computer
use and available skills. Figure 1 shows the proportion of students who have their own computer. As
can be seen, 97% of the students have their own
computer and can use it as basic equipment in their
studies in the first year. For the rest of the students,
or for the use of specialized software, our faculty
offers workstations in three computer labs - these
labs are also used for teaching and instruction.
Figure 2 shows that the majority of students have
a notebook rather than a desktop computer. Even
though there is a price difference students seem to
prefer the mobility that a notebook offers. Indeed, we

can observe that the notebook is a constant item in
the student’s “luggage,” almost as ubiquitous as keys,
mobile phone, wallet, and handkerchief. For us this is
significant because it indicates an attitude in which
the computer is no longer a ‘special thing’ but really an
everyday application. The same can be inferred from
Figure 3 as well, where we asked for computer activity in basic school and high school. Again a steady increase can be observed (35% increase).
It is clear that the new generation lives with
computers (in the rather exceptional year 2008
probably a very interesting game for teenagers was
released) as we see a steep incline of activity in basic
school. Finally we also see a correspondence with
the following Figure 4, which indicates the proportion of students who have zero experience of CAD.
There the drop is also steady although less dramatic
(from 72% in 2006/07 to 68% in 2010/11).
Figure 1 (right)
Ownership of own computer.
Figure 2 (left)
Breakdown of ownership to
type of computer.

Figure 3 (right)
Start of computer
exploitation.

Figure 4 (left)
Zero experience of CAD.
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In the first year of their studies, the students
have an obligatory program of two semesters where
they study AutoCAD and basic skills in 3D modeling
as SketchUp and rendering in 3DStudio Max Design.
There are no optional courses in the first year, and
because of the large number of students, they are organized in classes simply based on their name. Only
in the second year and later can the students choose
more specific software in their studies. We organize
many meetings and lectures about possible directions
in CAAD, and offer a wide range of courses in various
programs. Figure 5 shows the students’ preference at
the end of the first year, which program they would
like to continue with. At the conference in Ljubljana
we will present the latest data from this study year.

and addressed about 1000 architects through the
memberships of Czech Chambers of Architects. We
only asked architects who have their own design office. Of specific interest to us in this inquiry was the
response to the questions alongside with the age of
the respondent. From studying these reactions we
hope to predict or anticipate what the contemporary
student of the first year may expect after graduation.
We received 106 completed and valid reactions.
As can be seen from Figure 6, there is only
a small group of young respondents that have
their own design office. The other age groups are
well balanced - there is no dominant group in the
respondents.

SECOND INQUIRY: ATTITUDES TOWARDS
CAD IN PRACTICE

For the majority of architect’s offices in the Czech
Republic it is the case that CAD is used simply as an
electronic version of the drawing board. Over the
age ranges agreement with this statement is 84%
(age 20-29), 58% (age 30-39), 54% (age 40-49), and

In order to take stock of the current attitude in
practice towards CAD, we have applied the online
enquiry developed earlier by Dokonal and Knight

We use CAD as an electronic drawing board

Figure 5 (left)
Student preferences of
programs in continued
studies (following first year
with AutoCAD, SketchUp, and
3DStudio Max Design).
Figure 6 (right)
Age of respondents.

Figure 7
We use CAD as an electronic
drawing board.
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63% (age 50-). It is interesting to notice that the oldest age group is active with the use of CAD.

and that they do not intend to hold on to established practice just like that.

CAD is used as a tool alongside “traditional” methods of sketching and modeling

How many hours a week do you spend
using a cad package?

Design offices use a mix of media in the design process - not only CAD but also sketching and scale
models. Over the age ranges agreement with this
statement is 83% (age 20-29), 42% (age 30-39), 61%
(age 40-49), and 42% (age 50-).
As a practice we are open to new ideas and
technologies to use in the design process
With this question we aimed to investigate the
willingness to change or adapt the current design
process in the design offices. We have to note that
the willingness does not indicate concrete change
in an office. Nevertheless, as can be seen from Figure 9 there is strong agreement with the statement:
83% (age 20-29), 73% (age 30-39), 84% (age 40-49),
and 73% (age 50-). It seems in all cases that the
Czech design offices are indeed open for change,

As can be seen from Figure 10, Czech architects spend
a lot of time using a CAD package: all day (50 hours or
more) has agreement with 14% (age 20-29), 17% (age
30-39), 0% (age 40-49), and 24% (age 50-), and a substantial amount (more than half a day per day) for the
age groups: 72% (age 20-29), 66% (age 30-39), 52%
(age 40-49), and 42% (age 50-). The amount seems to
be out of proportion with the reaction to “CAD is used
as a tool alongside ‘traditional’ methods of sketching
and modeling” - perhaps there is a slight inconsistency here. Nevertheless it raises the question whether
practice could (or should) become more effective. 49
Hours means that it is 9 hours per working day. Due to
the economic crisis many small architectural office in
Czech Republic had to close. Perhaps here lies a challenge for our students, to make work more effective.

age 20-29

age 30-39

age 40-49

age 50-

Figure 8 (left)
CAD is used as a tool alongside “traditional” methods of
sketching and modeling.

age 20-29

age 30-39

age 40-49

age 50-

Figure 9 (left and right)
As a practice we are open to
new ideas and technologies to
use in the design process.
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Is training available to you?
We see that the majority of architects learn to work
with CAD software in an informal way (meaning no
official training or following paid courses). In our view
this means that most likely practice works “demanddriven” - an architect gets confronted with a (new)
software and aims to learn as (s)he goes along. Problems are solved ad-hoc, or consulted with colleagues
(in house: 9%). We feel that in this way a lot of potential of CAD simply is not used because the professionals are not aware of the latest developments, advances in research, or application in practice. It would be
advisable to investigate in more detail how practice
actually deals with the informal training.
Which system is preferred by students 2006/10?
Additionally to the attitudes towards CAD questionnaire, we also monitor the students’ preferred
system throughout the years. The diagram in Figure 12 leaves out AutoCAD because they get it in
the first year of study. There is a fairly strong focus
on visualization (3DStudio Max Design), followed
Figure 10
How many hours a week
do you spend using a CAD
package?

age 20-29

Figure 11 (left)
Is training available to you?

Is training available to you?

by ArchiCAD and Rhinoceros. Parametric design is
virtually unknown (and therefore not desired) by
the students.
Which CAD system is predominantly used in the
practice?
In Czech practice AutoCAD is the clear market leader, with an additional strong presence by ArchiCAD.
SketchUp has become increasingly popular as it
obviously fills the gap between concept generation
and more detailed production work in later stages.

DISCUSSION
From the results gained from the two surveys (starting situation in education and attitudes towards
CAD) we can see a fairly conservative situation in
practice which is receiving an increasing inflow of
young architects that are more and more computer
oriented. A lot of time is spent in practice with CAD
software, but perhaps the effectiveness could be
increased. Practice seems to be unwilling (or unable to finance) life-long learning. This means that

age 30-39

Which system is prefer by
students 2006 -2010

age 40-49

age 50-

Which CAD system is predominantly used in the practice?

Figure 12 (center)
Which system is preferred by
students 2006/10?
Figure 13 (right)
Which CAD system is predominantly used in the practice?
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innovations are only slowly entering the design process (even though architects are willing to consider
them). Here we feel there is an important role for
the young graduates that will enter practice. We hypothesize that if people will structurally spend more
time keeping up to date with current developments,
that it will be beneficial to current practice. In our research and education work this is indeed what we
aim to achieve (Matějovská and Achten, 2007, 2008).
The inquiry has shown that the main stream
in Czech design studios is AutoCAD and electronic
drawing board. The fast improvement of skills in CAD
was in 90’ies of last century after the Velvet revolution
following the huge boom of computer ownership
and use, as well as using the new technologies in the
design offices. After that we can see a steady increase
in the use of CAD in practice, and a faster increase in
the generations that enter the university. The goal of
teaching CAD in our local situation therefore is on the
one hand practice oriented (students have to be able
to function in practice immediately after graduation),
but we also aim to give them a more critical approach
and an attitude towards life-long learning.
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Abstract. In this paper we report on a PhD research project that has just started. The main
question of the research deals with improvement of architectural education, and we are
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INTRODUCTION
In this paper we report on a PhD research project
that has just started. The main motivation of the research is to identify ways how to improve architecture education. In particular our concern is to study
the potential of CAD in this respect. CAD has undoubtedly changed (and is still changing) both practice and education. Students are experimenting with
parametric design, generative design, use programs
like SketchUp for ideation, collaborate using Internet
and exchange models by means of BIM. We also see
some constants however. The design studio remains
the main pedagogical strategy to teach students
design, and most of the time software is taught in
separate classes on the level of skills (press this button to achieve ‘x’). Nevertheless, design studios with
fully integrated CAD/CAM have been established
world-wide.
Improvement of architectural education is a
very wide area, and it faces a number of research
methodological difficulties. General skills of designers and design students have been studied early

on (see for example Cross 1990 and Lawson 1990).
Work on learning styles and design performance
has been investigated by Demirbas and Demirkan
(2003) and Kvan and Yunyan (2005). Angulo (2006)
compared the learning outcome of students using Elearning tutorials. Kvan and Song (2005) investigated
at the meta-level of learning loops the performance
of students in particular in collaborative teams.
Matějovská and Achten (2008) aim to identify working strategies of students working with CAD.
Research on improvement of education is quite
ambitious and not without research methodological
problems. One issue for example is what counts as
an improvement: is it the speed of learning a particular skill, the efficiency by which a certain task is
performed, the ability to explain some concept, or
something other? In a design context, will an improved educational strategy lead to better design
by the students, or should we look at the proportion
teacher-student contact hours, or the number of design variations generation, the depth of an analysis,
CAAD Curriculum - eCAADe 29
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or the quality of a presentation? Even when it is possible to establish some metric along which to measure improvement, there will be issues of interpretation what the results actually mean.
The preliminary focus in our research is twofold:
to look at the ideation and concept generation phase
of the design process and to look at the way students
communicate and share their ideas between themselves and with their teachers. Furthermore our interest lies in the tools by which students generate
and communicate ideas - i.e. the sketch, model, and
so on. Our intuition is that there is a lot to be gained
in these areas. To get ourselves oriented in this area,
we set out a number of ‘probes’:
•• Literature review on the role of sketching in the
ideation and concept generaiton phase.
•• Study the ideation and concept generation process of students in a design studio.
•• Post on online inquiry for students about their
use of sketching and modelling in design.
Additionally, we were fortunate enough to obtain a grant for collaboration between our faculty and
ETH Zürich. During that period we will be working at
the ValueLab and undertake a number of experiments
of collaborative design between ETH and ČVUT.

PROBE 1: Literature Review
Several articles related to sketching were reviewed,
to anchor the presumption, that it is not possible to
bypass it in the architectural praxis and thus education. In the next 6 paragraphs we will try to summarize the main points of the sketching process, which
impede using regular CAD programs at the front
edge of designing. All writers, whose thoughts we
describe distinguish between creative sketching and
sketching in communication. For the first mentioned
they use the term “visual thinking.”
Nature of drawing ability
The ability to draw precedes the ability to speak. It is
not so, that a child would draw exactly what it wants
to draw. It enjoys creating marks on paper and let’s
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itself be inspired by what it sees. When it creates
something that it likes, the child starts repeating that
line or dot on the paper within a system. It is learning
to draw. In the age of approximately three years the
child starts to draw exact objects, but if it reminds of
something totally different in the middle of the process, the child finishes something else. For example
the child starts to draw a fish, but if it reminds him/
her of a leaf, it finally ends up as a leaf. Later the child
starts speaking, which it is practicing every day, and
most likely the amount of drawing lessens. Therefore
to be able to use sketching as a visual thinking tool
it needs to be practiced and developed the same as
other skills, in our focus the usage of a CAD tool.
Psychological background - brain borders
We accept the well known statement that a human
brain has a limited ability to save chunks of information and that it ends with the number 7+–2. The so
called Short Term Memory STM, which is fast enough
to help us operate information (like Ram) has this limited potential and therefore we need to make notes
when solving a complex problem. Designers usually
make visual notes: sketch, draft, text, dimension, and
calculate Ullmann (1990). They extend their memory
via some external medium which more or less creates
a restriction to the transformation of the vision in mind
to the representation (picture) in reality. Therefore the
more facile the medium works, the more data would
be recorded Ullmann (1990). If there are any process
obstructions in the visual thinking activity, the information recording is too slow to work positively.
Interactivity
As mentioned above, sketching is not only a one way
record of inner view, it is an interactive process of
seeing – drawing – seeing (Goldschmidt, 1994). This
cycle resembles more a brain activity like creativity
than straightforward perception. Designers surely
need a lot of inspiration, which can be achieved by
external inspiration boards, but the best inspiration
for further creativity is their own sketch. It is like
playing the game of association, where your partner

guesses the associated word to one you say. Creative
sketching is like playing the intuitive association
game in pictures with yourself. In addition, one reads
off the sketch more information than was invested in
its making Goldschmidt (1994).
Personal visual language
Designers use very informal way of making notes,
they evolve through the years of sketching their own
shortcuts (Goldschmidt, 1994) and level of abstraction
(Ulmann, 1990), which is useful only for them and it is
not transferable to anybody else or it is not generalizable so that CAD systems would be able to substitute
it. The advantage of sketching in architectural design
process is the speed, which is very important in facilitating the transformations (Tovey, 2002), and easiness
of the activity. Even though design sketches are different to drawing from the object, designers must sketch
quite intensively to be good at it. We do not need to
learn the basics, though we think designers need to
practice their drawing expression skills. Another thing
which we may notice is the development of a personal visual language or style which distinguishes one
designer from another.
Mistakes and incompletion
We spoke about the interactivity above and together
that we know that what the designers see in their
head is not the same what they than see on “paper”,
we can assume there might be some vision-reality
transformation defects. If the designers are expected
to find new forms and solutions to the problems
that in most cases overwhelm them, it is profitable
to leave some space for mistakes in the beginning
of design process. We know that many new scientific
discoveries were made by accident or failure. (E.g.
the vaccination principle invented by Louis Pasteur
and his research made on rabies).
Incompletion has the same potential as mistakes. It leaves space for imagination and in this way
provokes the designer to create more variants. CAD
systems do support neither mistakes nor incompletion, on the other hand they are programmed

to repair incorrect drawings and to finish started
actions.
Medium
Although there is the offer of many types of tablets,
which support the transmission of sketches into
program files, many designers stick to the very traditional paper and pen(cil). Is there also the strong
familiarity, based on the experiences from childhood, which remains till adult age? We know that
the medium used also influences the visual thinking
process as well as other outer conditions. We have
not examined yet designing with a tablet, although
we expect many problems using it in architectural
design. One of the expected problems is zooming
within the concept sketch, which might cause the
loss of sense of measure.

PROBE 2: Observation in Design Studio
The second ‘probe’ that we set out was to observe
students in a design studio on their ideation and
concept generation activities.
Task
For one semester we had four Bachelor students in
the second and third year of their studies and one Phd
student to design a multifunctional house with a Nomad Office inside. They did not know they would be
observed and we did not influence them in the way
they designed. We followed the three phase design
studio teaching schema: (1) analysis, (2) object design,
and (3) interior design (1:1 model). The task started
with editing the building functional framework introducing this new function for a city multilevel building.
After finishing the functional diagrams and having
found the optimal place in Prague the students were
asked to design the buildings themselves. The buildings were to be sustainable and point to the fact that
they house a nomad office, which, as a principle, was
claimed to be also sustainable way of office working.
It was all meant to be a so called “Gesamtkunstwerk”
so at the end of semester a piece of interior was expected together with the whole project.
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Design process of the students
In the first phase ‘analysis’ the students were able
to draw the diagrams of the functions by hand and
then they transformed them into computer schemas. Additionally they became acquainted with the
Moodle learning environment through which they
communicated the results. After finishing the initial
Nomad Office problem research the students started
the work of designing. Three students (ABC) brought
computer made pictures and showed them on the
screen by the first consultation, one (D) student
made an overall concept sketch (see Figure 1) and
one (E) student a situation layout sketch.
At the consultation, all of them were asked to
edit their designs and to produce variants of the initial idea. Within one month, the students A-D who
worked on PC were not able to produce any variant
to their initial idea (see Figure 2). Student E was drafting and sketching by hand and was able to react on
our arguments.

or sketch. As long as the students did not even make
notes of what was criticized, their design would not
change till next consultation. The student E did not
use the computer until her design was obvious and
the layouts were solved. For representation of the final form she used a physical scale model. Student E
developed her project to the best details and ended
up with satisfactory project solution. Students A and
B did finish the projects, but the layouts were problematic. Student A, who was the oldest and most
skilled in programs, had also the least problems of
facilitating changes, but even in his case was not
able to make these changes in parallel to the consultation. Student C who worked only on computer did
not achieve satisfactory results and seemed also not
to be satisfied with it. Student D had not overcome
the initial abstract sketch level till the final presentation (see Figure 3). All students were also claiming
they needed special conditions to be able to design:
music, interior, atmosphere, light (or night).

Description
The communication with the non-sketching students was disabled through the absence of a medium, where drawn comments are possible. When they
presented their designs through screen, neither the
teacher nor they we able to change on the spot even
the minimal amount of design features. Nobody was
that skilled in the programs to be as fast as speech

PROBE 3: Enquery
As a third probe we set out an online enquiry for students to comment on their media use in the design
process.
Characteristics of the questionnaire
A 14 question on-line answer sheet was constructed
and placed on a private web page. Beginning with
Figure 1
Basic concept sketch made by
student D.

Figure 2
Student D’s initial idea in 3D
rendering.
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Figure 3
Student D’s final presentation.

and therefore the teachers are looking for a tool,
which enables sketching on computer. The most interesting temporary result says that nobody uses a
tablet for concept sketching (contrary to for example
graphic designers or industrial designers). We can
only guess why: is it because of the price? Are the
students so conservative in using paper? Or is it the
features of the paper that attract the designer’s eye
and hand?
the age, we asked the respondents about their attitude to hand sketching and Computer Aided Designing. In the end we asked them about their opinion on new Czech architecture and allowed them to
comment on any topic from the sheet.
The goal of the enquiry was to find out the present stage of sketching activity of the students at FA
ČVUT Prague and their attitude to CAD in the design
process. The enquiry was online only because it was
targeted to students in Bachelor and Master studying program, who live on the web a lot.
Preliminary results
The main question was, if the students think, that
CAD designing could replace sketching. Until now,
10% of respondents think it could. This is the answer
of those students, who use the computer more than
hand sketching and their CAD knowledge is proficient. Nevertheless 100% students still matched
the box “Yes, I am sketching.” Most students would
sketch in the beginning of the project to make their
inner vision clear. Most students also think they
would appreciate training in sketching.
Among expected results from this questionnaire was the ratio of age and level of education and
the sketching ability. We observe that no matter how
young students are, they still more or less sketch.
They like designing with the help of the program
they chose to work with, but they would like to be
faster. This supports the above mentioned theory
that CAD tools are still too complicated to work intuitively with them.
The new computer generation has definitely
better computer skills than the “draft generation”

PRELIMINARY GENERAL CONCLUSIONS
In the literature review we found arguments which
prove that the process of sketching is inevitable
in the creative design process. We think that we
should respect this and go towards sketching in
the design studio teaching methods using new
technologies.
The aim is to combine creative visual thinking
and communicating the initial concept sketches between students and between students and teachers.
We are focused on sketching and the front edge of
the designing process, though we allow the idea of
optimal fusion of sketching and CAD systems, no
matter if classical or parametrical.
For this purpose different tablets are to be
tested, but maybe some general tablet problems are
awaited to be identified. We want to point out the
advantages of this technology, describe them and
introduce them into the educational process of architectural design.
COLLABORATIVE EXPERIMENTS ETH-ČVUT
We were fortunate enough to obtain a grant for a
stay at ETH Zürich, which allows us to work at the ValueLab and do collaborative design projects between
ETH and ČVUT. Two groups of students will cooperate on one project via distant communication.
The way they behave in the terms of sketching will
be observed and the creative and communication
sketching practices will be combined to produce
interesting results. The point is at which stage the
students switch to computer modeling and if they
would, how it affects the project evolution.
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Zürich-Prague connection
The facilities at ETH Zürich in the Value Lab are stateof-the-art systems for collaboration, consultation,
and education (Halatsch, Kuntze and Schmitt 2009).
Even though the systems are high-level, they are
designed to work together with parties who do not
have such high-end equipment available. Therefore
it is possible to evaluate both the effect of Tabletop
and Replay at ETH Zürich in collaboration with ČVUT
Prague. For ETH Zürich it has the benefit that the
range of possibilities of the Value Lab can be tested,
and for ČVUT Prague it has the benefit that people
can become acquainted with the advanced technologies available in the Value Lab.
During the period at ETH, we aim to set up four
experiments:
1. Stand alone experiment Replay and Tabletop at
ETH Zürich. The purpose of this experiment is to
become acquainted with the ValueLab and the
available infrastructure. We will try it for team designing and presentations, and identify the conditions for successful collaboration (which types
of collaboration and what kind of topics, range
from small scale designs to urban planning).
2. Online experiment ETH Zürich- ČVUT Prague.
The purpose of this experiment is to test the
communication channels, which regular technology (Skype, touchpad, video making programs, etc.) can be used with ValueLab. Student groups in ETH and Prague will function in
a pilot design project to make the first breakthrough. We aim to determine the required
level of design and CAD skills to work successfully in this context.
3. Stand alone experiment at ETH Zürich. The purpose of this experiment is to develop the way of
using the technology in some other way than
usual, and to specify the topic for a collaborative design seminar based on the conditions at
ETH. In this experiment we will set up the concrete topic for the final experiment and prepare
it for the students.
4. Online experiment ETH Zürich- ČVUT Prague. The
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purpose of this experiment is to have a collaborative design studio with a real topic. Possible topics
may be sustainable modern architecture in historical cities such as Prague, addressing the garbage
problem of the planet, representing Switzerland
in the Czech Republic, or other). The whole project
will be recorded and analyzed.
Expected results of the experiment
From the experiments we hope to gain well-founded
insight in the communication processes between
students in collaborative design settings. We will
study their ways of communication, the media that
are used, and the impact of the technology in the design process. On the technological level we hope to
understand what technologies work well together.
On the pedagogical level we hope to establish a productive strategy for such collaboration.
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Abstract. This paper presents a lecture methodology using pattern based and algorithmic
design principles for an introductory architectural design course aimed towards students who
are not oriented in design practices but in natural sciences. This methodology is built upon
eights interconnected steps, starting with analytical pattern extraction from nature - from the
unique texture and structure of a plant (seed or fruit) and also from its lifecycle and relation
to the existing habitat. The steps include abstract pattern making with the use of software
tools and material building of abstracted geometries as standalone structures. Throughout
these steps, principles of information design field is demonstrated to improve students’
abilities to analyze visual information.
Keywords. Pattern; Parametric Design; Design Education; Information Design.

INTRODUCTION
Acceptance procedure for Turkish universities is based
on a nation wide exam, organized once every year.
This examination tests students’ natural and social science knowledge through analytical questions, which
are not prepared to evaluate skills or knowledges that
a certain discipline may require. In our case, to be enrolled in an architectural department, students need
an accumulated maths, physics and literature average
grade. Hence, the education system encourages students to study for this examination during their last
years of their pre-university years.
Given the circumstances, most students start
their education with a lack of basic artistic and design skills and insights. Our attempt is to shift this
disadvantage to establish an algorithmic pattern
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based design methodology that accounts students’
solid foundation in natural sciences - such as biology,
physics and mathematics.
Pattern and algorithmic thinking has always been
within the human experience of nature and their contribution to the world (Morrison, 1966). Basic embroidery
techniques and their industrial productions are examples of the mechanization of the digital abstraction of
the human mind. The introduction of the computer
created a new conception on the notion of modularity
with a reinterpreted look into the nature. The works of
Fuller and Otto opened up a strong dialogue between
the digital and the analogue, which encompasses the
active forces of nature and the strong repetitive computing capacity of the computer (Cook, 2004).

Digital design tools and methodologies have
been part of advanced architectural design courses. We present a possible bridge between student’s existing knowledge and capabilities with
the current design notions and criteria to form
a framework that combines cognitive depiction
of nature – their reinterpretation of what is taking place in nature and the design research cycle.
Our methodology is an analogical approach that
maps existing knowledge and experience of patterns and behaviors in the nature to the design of
the physical / digital patterns and behaviors in our
man made environment.
The next sections will describe the concurrent
curriculum and students’ skills and motives, then introduce eight (ordered) steps. The paper shows the
results with sample works and projects exhibited at
the end of fourteen weeks period. Finally the process is evaluated with possible rearrangements and
suggestions.

CURRICULUM, INITIAL SKILLS AND MOTIVES OF THE STUDENTS

Figure 1
Timeline of the course in fourteen weeks (from the bottom)
divided into steps (from the
top). (A) represent the sequential order of the steps, (B) represent the actual order where
each step keeps contributing
during the course

The studio that our methodology took part is called
“Introduction to Architectural Design”. It is coordinated by the Digital Design Studies Department of
Yıldız Technical University - Istanbul. Tutors of this
course were briefed to work with abstractions, patterns and one-to-one material experimentations.
The rest of the curriculum consists of introduction to
building techniques, basic design, technical drawing
and architectural history.
To obtain an overall idea from attending students about their skills and motivations, a questionnaire is handed out on the first day. The results
showed that out of the thirteen students:
•• Only two students were willing to study architecture prior to the university exam,
•• Seven students were positive that they wanted
to be part of the education but were not really
aware of what they would learn,
•• And two students were very unhappy and
thought of retaking the university exam, al-

••
••
••
••

though they were willing to try out anyhow.
In other facts:
One student had drawing lessons in her previous education
One student was fluent in German and two students had English as their secondary languages
Three students knew basic crafting knowledge
through their parents’ work practices.

LECTURE METHODOLOGY
In the following subsections, eight steps that the authors of the paper followed during the course will be
presented. These steps consist of principles followed
by assignments, where the former took place in
classrooms as lectures, discussions and student presentations on a given subject, the latter were short
or long term projects that required field studies, material experimentations, analog and digital drawings
and models.
The amount of time that is spent for each step
differed according to the difficulty of the subject
(which was measured from the feedbacks during the lectures) and workload for assignments.
Although these steps are ordered and presented
sequentially during the course, subject wise they
are interconnected and do not designate specific
beginning and ending times or boundaries. Thus,
each step completes another and is valid throughout the whole course. [Figure 1]
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STEP ONE - Information design as metalanguage (principle)
Visual representation of information is the basic tool
of communication in the design process. These representations can reflect mechanisms, processes, narratives, and causes and effects to reason about, communicate, document and preserve knowledge (Tufte,
1997). Therefore, they are the metalanguage of design, as well as the communication tool between designers and others. When this visual language is well
designed (not only visually but also in a informally
structured way), it becomes the design dialogue and
the design itself, hence information design. All the following steps considered information design discipline
as a foundation, which helps how to make sense of
the (chaotic and orderly) information that surrounds
us, and generate viable arguments in a given context
(Dervin, 1999).
During the course, many information design
methods - such as labeling, small multiples, layering,
or color coding (Tufte, 1990)- were introduced. These
methods helped students to better understand the
subjects or systems that they are analyzing and explain them clearly to others.

To build-up on this principle, as a short exercise, students were asked to visualize their experiences as a commuter in the city. They were required to collect their own data in a given neighborhood by counting repetitive elements of their
choice and map their trajectory to describe a topic
or a process. [Figure 2]

STEP TWO - Domain of the grain: Visualization of plants in various scales
(Assignment)
There is a thick fraction of groups with digital design
strategies that focus on biomimetic concepts as a
ground analogy. These concepts are based on the
study of nature’s features and functions, and then
imitating these designs and processes to solve human problems. (for example, studying a leaf to invent
a better solar cell is an example) [1] This is a “look out
for an analogous pattern to find a solution” approach
and the one-to-one correspondence in a majority of
the cases may extend a risk of gimmick in education:
the risk of “looks like, behaves aloof”. Therefore in the
course of education, gearing towards the relationships between forms, organizations and processes is
crucial. (Weinstock, 2010)
In our methodology, we asked the students to
work almost as a zoologists and draw/visualize a
grain, a seed or a crop, using their hand drawing
skills. Students picked their own plant and analyzed it from the seed itself to its upper and lower
scales, where 100x would be the field, and .001x
would be the cell arrangements on various parts
of the plant. This exercise was effective in understanding the scales of existence, organization of
systems in different scales, the logic of alignment
and sequence. [Figure 3]

STEP THREE - Abstraction as means of
construction: Similarity in classification
and behaviour but not in appearance
(Principle)
The two dimensional geometrical drawings of different scales of the grain were neither efficient in
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Figure 2
A travel path along the
Bosphorous: Yellow line is
travelled on foot, red line by
tram. Images in the circles are
point of interests (landmarks)
and colour coded dots along
the path are objects that are
counted during the travel.

Figure 3
An example of sunflower seed
(left) and its roots (on the
right). A study on measurements of lengths and angles.

describing the behaviors of the plant, nor in comparing the grains to one another or reconstructing
them. Therefore students were introduced to the notion of abstraction. Abstraction of the relations between the quantities of certain elements of the grain
were translated into ratios that described the plant.
For example, the root length compared to the height
of the tree as a ratio, or to the corresponding widths.
To figure out such relations involved abstraction and
use of diagrams.

STEP FOUR - Emergence: Visualization
and sample construction of patterns and
behaviours in specific levels of existence
in the organism (Assignment)
The study of the grain and its domain is the study of
the processes that involved within the plant at one
scale, as well as its lifecycle. Relatively, “emergence”
reflects the study of any repetitive component or behavior of the plants to define what qualities we could
characterize in that structure.
Students were first required to create digital
patterns on Processing scripting environment [2]
(using a custom application developed by the authors) that would mimic their plants’ details in ratio
or geometry. Then, they were asked to model the
behaviors and the patterns within the grain in analogue media -using plaster as a time-based form
making material, ropes, cardboard and balloons.
As an example, a pyramidal arrangement of blown
ballons were tied to woven ropes in order, chorded,
then plastered under gravitational pull as a model
of a tree structure. Repeated with changing variables, this experiment is practical in assessment of
the qualities of a model, the notions of representation, animation and simulation. [Figure 4]

STEP FIVE - Range, limits and relativity in
patterns (Principle)
If you would geometrically double the size of a
horse, what you get will be a problematic beast
(Waddington, 1966). Regarding this anecdote, an
important discussion emerged: Which features
CAAD Curriculum - eCAADe 29
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and variables of the design elements (plants in
this case) were interchangeable or alterable and to
what limit? The rational description of species or a
model lies directly in the order of its features and
their activities. The exercises let the students realize
adaptive reasoning behind pattern based parametric design. The fact that magnolia tree is different
in China than in America, the limit in the climate
zone, and the range that describes ‘magnolia-ness’,
prepare the student in the following way: When designing an element, the design of its adaptive variations is part of the process.

STEP SIX - Structure in a systemic sense
and qualities (Principle)
In the study and abstraction of the patterns and
behaviors of the plant as a metaphor, the focus is
in the understanding of structure as an outcome
of the repeated behavior and component. The notion of structure in the systemic sense is the quality that defines the grain specifically resistant to
certain forces and has specific affects in different
environments. This is a wide spectrum of qualities, from color to sound absorption, from impermeability to endurance. As an example, a student
who examined banana pointed out how its leaves
were slotted to uphold winds, how in time they
dried up, solidified, and intricately woven to perform as a tall trunk. This is an important shift for
the students to understand structures and features that are directly definable in patterns and
behaviors.
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STEP SEVEN - Naissance: Digital and
material experimentation for structural
qualities (Assignment)
In this step, the aim was to directly experiment in
the workshop with materials and model in digital
platforms, using Sketchpad [3], Rhinoceros [4], and
GEM [5]. Within the cognitive framework, students
carried forward from the abstract constructions
they had modeled out of the plants into construction of patterns with plaster, timber and paper.
Hence, the focus was on the ranges and limits of
materials, ways of bondage and repetition. Some
students tried to reveal a certain behavior and
forced the material to align, some experimented on
how the material would behave in various arrangements. Studio sessions consisted of successive trials and errors, constant assessments of patterns (in
most cases, symmetry, porosity, and roughness), of
the components, its modular setup and the behavior of the whole. [Figure 5]

STEP EIGHT - Parameters of exchange as an
order of generation and growth (Principle)
During the previous step, students experienced the
essential differences between the digital and physical platforms of design. What one could achieve easily in one realm, was not actually relevant in the other.
One basic contrast is the concepts of exchange and
continuity, which is usually defined as the lack of
gravity. However, exchange between organs or elements -for example exchange of minerals, energy, or
force- is basically the major difference. In life, what
keeps a plant in order is partly the trajectory that is
set between the exchange of minerals from earth in
one end and the exchange of sunlight and air in the
other. In short the exchange of energies as a matter
of structure and form is quintessential in physical
realm. [Figure 6,7]
Instead of a dichotomy of digital and physical,
the focus is more on the digital in the physical and
the physical in the digital. To be more precise, digital
platforms are practical in the exchange of information that is most relevant in the form and structure

Figure 4
Parametric measurements of
a pattern sample and its material production production.

Figure 5
An example of interconnected
cylindrical system and variations of its multiples.

Figure 6
Showing an example of
modularity: using one module
to create a larger set.

of our physical constructs and their adaptation to
surroundings. Digital platforms effectiveness in carrying out growth patterns that are achieved with a
set of rules that define simple recursion relations
of modules or components (Ulam, 1966), and therefore enabled the students to design of behaviour,
and variations.

DISCUSSION
The main challenge that we encountered during the
course was students’ perplexity towards the abstract
correlations that we tried to establish between architectural features and natural forms and systems.
We observed that most students were reluctant in
the first several weeks and uneasy about not learning design methods and model creation. From our
discussions, we found the majority of the students
were expecting to learn practice based design skills
from an architectural design course, while not being
completely aware of what architectural design is. We
deduced that this was a side effect of focusing on
analytical knowledge during their prior education
which caused a weakness in conceptualization and
abstract thinking skills. We tried to augment these
skills through information design practices - sketching, diagramming, mapping.
Regarding the end-of-the-year student questionnaire, eight out of thirteen of the students

thought that their perceptions were changed in the
end of the course, and eleven of them claimed that
the studio achieved its goals in learning abstraction,
patterns and material experimentations.

CONCLUSION
Architectural drawing is shifting away from plan
and section to a more diverse information production platform (McGrath, Gardner, 2007). By setting
up our methodology, we tried to create a narrative
and a discourse that enables students to think and
respond to any structure in terms of concepts such
as porosity, roughness, and symmetry. The major advantage of the syllabus was that the students were
able to work in analogue and digital media interchangeably in an abstract context, and achieved to
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Figure 7
On the left side, a computer
aided design (CAD) model,
and on its right the material construction made up
by smaller parts shown in
figure 6.

design and evaluate (tectonic or material) structures
as a performance of pattern. Hence, we suggest that
information design is elementary in design education, and that analogy from nature is useful in sustaining criteria for comparison rather than a design
basis or inspiration.
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Abstract. This paper describes public space patterns (PSP) used as basic elements of the City
Information Modelling (CIM) model proposed within a larger research project that aims to
develop an urban design support tool.
Keywords. Urban Patterns, CIM, Description Grammars, Ontologies.

INTRODUCTION
This paper describes public space patterns used as
a basic structure of a City Information Model (CIM)
developed within a larger research project, called
City Induction, aimed at developing a tool for urban
design (Duarte et al., forthcoming 2011). The design
tool is composed of three modules. The first module
called the formulation module, analyses geographic
spatial information in order to provide a description
of the context and formulates the descriptions of the
programme requirements for that particular context.
The descriptions are provided in the form of urban
ontologies (Teller et al, 2007) and spatial rules encoded into description grammars (Stiny, 1981). The second module, the generation module, uses discursive
grammars (Duarte, 2001) replicating urban design
moves for the production of design alternatives. A
discursive grammar is composed of a programming
grammar setting the specifications for some design
move, a generation grammar to generate the design
moves, and a set of heuristics to guide the generation rules into fulfilling the specifications defined
by the programming grammar. Both the generation
and the programming grammar are composed of a

description grammar and a shape grammar (Stiny
and Gips, 1972). The shape part in the programming
grammar can be empty. An evaluation module tests
the solutions against the requirements in order to
validate the design options.
The CIM model supports the communication
between the three modules using a common ontology with semantic descriptions of the components
of urban patterns. The main purpose is to provide
semantic and computer-readable descriptions of urban patterns as a repository of coded information,
to suport the generation of urban programs and
design alternatives by the participants of the urban
design process. The CIM concept borrows some of
its principles from the BIM one: “A Building Information Modelling (BIM) comprise a system that aims at
incorporating all aspects of design from geographic
information, to building geometry, to component relationships, and finally, to the quantities and properties of the building components.” (Montenegro and
Duarte, 2009) It utilizes cutting edge digital technology to establish a computable representation
of all the physical and functional characteristics of
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a building and its related project/life-cycle information (Ashcraft, 2008). In the case of CIM the model, it
refers to a city instead of a building. A City Information Modelling consists in the process of creating a
computer readable model of knowledge and standard specifications regarding the urban environment
and the process of its development.

PUBLIC SPACE PATTERNS
In the present paper, we focus on the descriptive
structure of public space patterns (PSP). Descriptions in PSPs are used to characterize both the existing urban environment, the urban intervention
programme, and the designed environment. Description rules in the formulation model generate
the urban programme descriptions from the urban
environment ones.
Public space patterns are here described as
the outdoor living spaces of urban communities.
Moughtin (2003) described them as “the most important elements of city design.” These spaces are
basically streets, squares, plazas, promenades,
parks, crossroads, and so on. The paper will focus
on squares and plazas and their description components that are needed to define the requirements in
an urban programme.
In short, PSPs can be described according to:
1. Their operative structure (the way they emerge
from the context until they take a definitive geometry);
2. Their five dimensions (see Figure 2);
3. The rules for placing them (selection and locating rules that answer the questions: which patterns shall we use and where shall we locate
them?).
Public space patterns and their operative structure
The modelling of PSP patterns is supported by an algorithm that connects three components of urban
design:
1. The urban context and its interpretation for devising the development vision which will structure the urban programme;
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2.

3.

The urban programme which consists in the
description of the patterns’ goals guided by the
development vision and aiming at providing
semantic data to feed the generation of urban
form; and
The generation of urban form which is the set
of design rules used to generate urban designs from the specifications of the urban programme.

The integration of these three components permits one to select and locate adequate PSPs on the
intervention site.
Figure 1shows the main components of PSPs.
The urban design workflow encompasses three
phases. Pre-design Phase 1, which is a context
analysis phase aimed at defining a development vision expressed through conceptual patterns. These
patterns correspond to generic representations of
ideas for the development of a certain urban area
at an early stage of the planning process. Pre-design
Phase 2, in which description grammars are used to
interpret the specifications set in the development
vision and generate the urban programme from
the context by manipulating formulation patterns.
Formulating patterns are also encoded into description rules which read the description of the existing urban environment and generate appropriate
specifications that make up the urban program. The
Figure 1.
Diagram showing the information flow between the
formulation (context and
programme) and the generation phases.

generation phase uses generation patterns which
correspond to recurrent design moves. Designs are
defined by the progressive application of generative
design moves following the specifications of the urban programme. The generation patterns recognize
occurrences in the context and specifications of the
urban programme for which a design is generated
through the application of a set of compound rules
replicating an urban design move. Designs are obtained by composing multiple design moves.

Figure 2
The different dimensions of
public space patterns.

Public space patterns dimensions
A PSP is multidimensional. It contains data associated
with five main concepts: 1. City Objects, 2. Function, 3.
Material, 4. Morphology, and 5. Mobility. Each concept
corresponds to a pattern’s descriptive attribute.
Let us consider the example of a public square.
This space can contain several elements such as a
fountain, a sculpture or/and a kiosk. These are “City
Objects” that are part of the spatial structure. The
square can embed associated “Function(s)” (e.g. leisure / playground, etc.) and the surfaces and components associated with tem can be made of specific “Material(s).” Krier’s (1979) and Moughtin (2003)
morphological definitions can provide descriptions
for the “Morphology” and “Mobility” concepts. For
instance, a square can be a slightly twisted rectangle
and have four corner entrances.
We used a number of different ontologies to express the dimensions of PSPs because an ontology
is a knowledge models with very a clear hierarchy of
classes, which facilitates the description of the pattern’s components. In addition, an ontology allows
one to add descriptive attributes of classes and their
instances. A computational ontology editor like Protégé (Sintek et al, 2001) allows one to import ontologies developed for a specific model or shared by the
Web community. This type of editor also permits one
to merge several ontologies from different sources
into a more complex ontology that structures the
knowledge base. This feature allows one to replicate,
very directly, the concept of integrating different dimensions into a single pattern.

In practical terms, each of the PSPs main concepts is modelled using the OWL 2.0 ontology editor. The advantage of using the OWL language lies
in its specific hierarchical structure of concepts and
classes, which permits the use of advanced inference
mechanisms. (Montenegro et al, 2011) OWL 2.0 editors like Protégé makes use of reasoners to infer data
from the hierarchical structure of classes of ontologies, making the underlying concepts explicit and
allowing the emergence of new concepts. The reuse
of shared ontologies based on the semantic web
language facilitates the development of knowledge
models.
Let us focus on the group of core ontologies
that were used to model the descriptions of the public space patterns (Figure 2):
1. For the “City Objects” and “Functions” dimensions we used the LBCS, a land-use standard
modelled as an ontology for 4CityPlan using
OWL 2.0. More information on this subject can
be found in Montenegro et al. (2011)
2. For the “Materials” dimension, we used the
CityGML standard, (Kolbe et al., 2005) a land-
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3.

4.

use standard concerning the representation of
3D city objects. This shared ontology also was
modelled using OWL 2.0;
For the “Morphology” dimension, we used the
PSP basic ontology which is under development
(its taxonomic structure is shown in Figure 4);
For the “Mobility” dimension, we used the Soft
Mobility ontology (Metral et al, 2010), albeit it
was necessary to extend its domain concepts to
fulfil specific aspects of the patterns.

Public space patterns location
PSPs are selected and located on the intervention
site according to a set of rules. This selection/location
problem is similar to the “Facility Location” problem
[1]. This problem, also known as location analysis, has
been the focus of a branch of operations research and
computational geometry concerned with the mathematical modelling of finding the optimal placement
of facilities, in order to minimise transportation costs,
avoid placing hazardous materials near housing, outperform competitors’ facilities, etc.
The PSP location problem type is as follows:
given a set of public space patterns and a group of
people who can be served from such patterns then
identify:
1. which public space patterns should be used; and
2. which groups of people should be served from
which public space patterns in order to minimise the total cost of serving all people and to
maximize their quality of living.
Figure 3 shows a graphical representation of the
problem (left) and one possible solution (right).
The PSP placement problem may be complicated by other factors like people being served by
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more than one PSP. For instance, some people might
use different PSPs depending on the way PSPs are
combined with certain public facilities. For some
people, it may be more interesting to use a slightly
more distant square in combination with a needed
facility than the closest square alone.
These factors may have a smaller impact
in the case of facility placement like a school or
a health centre. Squares and other types of public outdoor space enclose additional placement
problems. Since such spaces are an integrate part
of the territory, they reflect not just the population’s needs (resident or/and transient) but also
other factors, like their geographical location or
historical value, which may transform them into
focal points or landmarks and, therefore, into
urban attractors. This means that PSPs location
data depend on population density as much as
on certain features of the territory like specific
topographical features, the presence of historical
buildings, and other site features.
The solution to the PSPs location problem can
be informed by Alexander’s pattern concept (1977),
namely, the feature described in Section 8, which
concerns the relations among patterns of different scales and types. Following Alexander’s pattern
definition, public space patterns have the following
characteristics: 1) all patterns have the same format,
2) patterns are illustrated with an archetypical example of the problem, 3) each pattern has an introductory section that specifies the context in which
it may occur or be applied, 4) patterns are defined
by one or two sentences describing the essence
of the problem that they address and solve, 5) the
problem is described in a longer section explaining
the pattern’s context, its validity, and the ranges of
its variation, 6) the solution, the core of the pattern
is given by a set of precise instructions that specify
how to instantiate it, 7) the description of the solution in a diagram with its main components, and 8)
the set of smaller and bigger scale patterns that are
related with the pattern, which helps to complete its
description and identify its affordances.

Figure 3
Diagrammatic representation
of a PSP location problem
(left) and solution (right).

METHODOLOGY
To identify patterns in public space that may be reused in design, four basic methodological approaches are being used:
1. Identification of patterns in a wide range of
cities supported by a literature review (e.g.:
Moughtin, 2003) – ’universal’ high level patterns. The outcome will be a set of patterns that
encode ‘ideal’ principles for the design of cities.
2. Identification of patterns according to sustainability criteria – sustainable patterns. The outcome will be a pattern language to provide diverse levels of quality at the public space level.
(Montenegro, 2010)
3. Identification of patterns from several casestudies using traditional analytic techniques
(manual and visual). The result will be a repository of patterns used in practice to share and
reuse – essentially these are morphological patterns. (Beirão et al, 2011)
4. Identification of patterns extracted from several case-studies using data mining techniques.
This approach allows the identification of local
cultural patterns, as well as the characterization
of the parameters of morphological patterns
(Gil et al, accepted 2011).
Our use of the term pattern follows the concepts
of Alexander et al (1977) and Gamma et al. (1994).
Our goal is to identify the description components
of patterns that are needed to generate adequate
urban design programs and solutions. The four approaches mentioned above permit the systematic
identification of the high level description of an urban environment, which defines the generic type of
public space; the qualitative parameters that affect
sustainability; the morphological descriptors of public space patterns, which are essentially geometric
parameters; and the semantic properties of such
parameters, which permit to relate their values with
morphological qualities of the public space. These
objectives are encapsulated in the five dimensions
of PSPs and represented in the overall ontology,

which helps to make explicit to the designer the relations among these dimensions.
On the morphological level six types of public
squares have been identified so far and were used to
model the corresponding pattern for reuse in design.
Five types result mainly from planned processes and
the remaining results from non-planned ones. The
six types are Sq1- a main plaza, a structuring square
specifically designed with this purpose and which
can have different but well-defined shapes, such
as circle, a square or distortions of these shapes as
highlighted in Krier (1979); Sq2 - a square that results from the subtraction of a block in a grid (e.g.:
the Rossio square in the Manuel da Maia’s plan for
the reconstruction of Lisbon): Sq3 - a square that results from the subtraction of part of a block in a grid
(e.g.: public space in front of the Seagram Building
in New York); Sq4 – a square that results from subtracting shapes from the corners of city blocks in a
crossroad (e.g.: the Barcelona Cerdá´s plan squares);
Sq5 – a square that results from the opening of an
inner courtyard in a block (e.g.: the Spanish Seville
patios; Sq6 - a public space formed out of a remnant
space in an irregular grid (e.g.: typically the mediaeval square).
Our research is focused on the site planning level. Design in this research is defined as a particular
arrangement of patterns which correspond to recurrent design moves where patterns can be customized according to contextual inputs.

DESCRIPTION GRAMMARS FOR URBAN
DESIGN FORMULATION
The intended design support tool uses patterns
for formulating programs and designing solutions.
There are three different kinds of patterns: conceptual patterns, formulation patterns, and generation
patterns.
Friedman (1997) sees urban design as a sequence of decisions that starts at large scale with the
definition of a development vision and continues to
lower scales (neighbourhood) with the specification
of detailed design requirements, which can then
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be developed into specific designs. In our research,
this model was captured, using Alexander’s pattern
structure as described in the previous section, into
three different levels of patterns called conceptual,
formulation, and generation patterns, as shown in
Figure 1, and which address the definition of the
development vision, the formulation of the urban
programme, and the generation of design solutions,
respectively.
In order to become operative, patterns have
the structure of a design machine. (Stiny and
March, 1981) A receptor describes the objects and
events in a context by extracting the properties
and measurements that permit their description
in terms of some fixed set of categories used to
describe urban environment. This means that the
receptor recognizes the occurrence of the pattern.
An effector produces design solutions defined by
shapes and/or symbols that result from the recursive application of rules to the set of contextual descriptions to obtain the urban program and
then the design solution. Each phase indicated in
Figure 1 corresponds to a design machine which
output respectively, development vision, urban
program and urban designs. In Pre-design Phase 1
a design machine processes conceptual patterns;
in Pre-design Phase 2 a linked design machine
processes formulation patterns; and in the generation phase another machine processes generation
patterns. Typically, conceptual patterns produce
the specifications of a development vision, a set
of generic concepts or concept goals to achieve
in the development of a specific site. Formulation patterns start from descriptions of the design
context at the current scale and a set of generic
goal descriptions set at a larger scale (part of the
development vision) and then produce a set of
detailed descriptions of design solutions that are
adequate to the context using description grammars. For instance, descriptions might associate
the need of a park with the existence of a certain
number of people which also is associated with a
certain amount of built floor area within a specific
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cultural context. The rules edited in the ontology
may specify also the weights or probability of
a certain pattern to occur, as well as preferable
relationships with other patterns. The obtained
descriptions correspond to the urban program
requirements. Generation patterns start from the
description of programmatic requirements and
generate a solution using discursive grammar
rules (description and shape grammars).
The generation of public squares requires two
kinds of decisions: (1) the distribution of squares
(and square types) in a grid and (2) which types of
squares to generate, that is, which square pattern to
instantiate. Structural main plazas are located before
the grid is generated. Other squares are applied after
a grid is generated. The cells in a grid, regular or nonregular, can be transformed into blocks or squares.
The distribution of squares is essentially a semantic
issue which is related with contextual features and
sustainable planning criteria. (Barton et al., 2003)
Generation is, therefore, based on the description of
the context for which a theory provides the criteria
to produce descriptions of adequate design goals,
that is, the design. Rules of the first kind (1) establish
the relations between existing situations, locations,
and needs of particular types of public spaces; and
rules of the second kind (2) establish the internal
descriptions of designs for particular types of public spaces. A PSP is instantiated by a shape grammar
which provides a language of designs to generate a
particular square type. The construction of design
languages for urban design is a matter of concern of
the research being developed within the context of
the generation module in the City Induction project.
More information on this subject can be found in
Beirão et al. (2011).

CONCLUSIONS
Urban programs can be inferred from contextual
data using public space patterns (PSP). These patterns enclose a number of complex concepts describing public spaces and relationships among
them. The PSP ontology is capable of finding new

implicit relationships which are difficult to describe
otherwise. The use of a wide range of implicit and explicit rules, concerning by five different dimensions
and drawn from existing standards and spatial studies, can reduce the ambiguity of the selection and location of patterns. It is the exploration of explicit and
implicit relationships that allows the formulation of
the urban program.
The model described in this paper is already
being developed and implemented. This paper
describes the foundations of the model and future
research will continue developing detailing the
model and the implementation. In practical terms,
PSPs are being applied using a series of case studies
to test the semantic information contained in the
pattern location rules. Case studies provide a basis
for the verification of the relationships among patterns. This will help to refine the description rules
for each pattern in a given context, thereby facilitating the development of the rules underlying the
conceptual model.
The integration of patterns descriptions in
ontologies already tested in the 4CityPlan interface (Montenegro et al, 2011) should constitute
a basis for further development of the urban patterns model that constitute part of the core of the
urban design model proposed within the context
of the CityInduction project. The solution of the
location problem will likely require the use of
search algorithms. Future work will be concerned
with the identification of the adequate algorithm
among heuristic, optimization, and reactiveagents methods.
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Abstract. The impact of ubiquitous digital technologies on the analysis and synthesis of our
urban environment is undoubtedly great. The urban topography is overlaid by an invisible, yet
very tangible digital topography that is increasingly affecting our urban life. As W. J. Mitchell
(Mitchell 2005) pointed out, the digital revolution has filled our world with “electronic
instruments of displacement” that “embed the virtual in the physical, and weave it seamlessly
into daily urban life”. The mobile phone, the most integrated mobile device is closely related
to the notion of a digital identity, our personal identity on this digital space. The Bluetooth
is the mainly used direct communication protocol between mobile phones today and in this
scope, each device has its own unique ID, its “MAC address”. This paper investigates the
potential use of recording and analysing Bluetooth enabled devices in the urban scale in
understanding the interrelation between the physical and the digital topographies.
Keywords. Pervasive systems; digital presence; urban encounter; digital identity.

BACKGROUND
The impact of ubiquitous digital technologies on the
analysis and synthesis of our urban environment is
undoubtedly great. The urban topography is overlaid by an invisible, yet very tangible digital topography that is increasingly affecting our urban life. As
W. J. Mitchell (Mitchell, 2005) pointed out, the digital
revolution has filled our world with “electronic instruments of displacement” that “embed the virtual
in the physical, and weave it seamlessly into daily
urban life”. The mobile phone, the most integrated
mobile device is closely related to the notion of a
digital identity, our personal identity on this digital
space. The Bluetooth is the mainly used direct communication protocol between mobile phones today

and in this scope, each device has its own unique ID,
its “MAC address”. Based on previous research (Fatah et al et al, 2006 and O’ Neill et al, 2006 among
others), this paper investigates the potential use of
recording and analyzing Bluetooth enabled devices
in the urban scale in understanding the interrelation
between the physical and the - overlaid - digital topography of the City of Bath.

DATA COLLECTION
The project looks at the use of Bluetooth Wireless
Technologies as a means for detecting the presence
of people at a particular point in an urban context and
tracking their movement between several such points
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Figure 1
Research Methods- Physical
Layer

by tagging their unique mobile phone ID’s, their MAC
addresses . In order to develop a macro scale study
of the chosen urban context, data was collected during four half hour sessions of Bluetooth scanning at 9
specified ‘gates’ (O’ Neill et al, 2006) in the City Centre
of Bath using the Cityware software [1].
Bluetooth technology has two very strong
characteristics that pose both restrictions as well
as potentials in this study. One is the short range
of detection, which is useful for local analysis but
more restricting in the urban scale and the other is
the unique but not personal character of the MAC
address, which is very useful in tracking devices, but
cannot be linked to personal characteristics (with
an exception to the friendly name of the Bluetooth
device, which is out of the scope of our research). Although the effectiveness of the Bluetooth scans in
identifying human behavioural patterns was questioned, our research generally aimed on identifying
the patterns of flow and activity in the City, through
the analysis of the data we collected, and in relation
to spatial and social criteria. Thus this data was also
supplemented by a physical survey on the number
of people entering and exiting these gates during
the allotted half hour slot.

METHODOLOGY
The project aimed to identify patterns of flow and
activity in the city through the analysis of the Bluetooth data collected. To succeed in that the approach had to be supplemented with various additional data related both to the physical and the digital layer. Mapping these properties is important in
identifying and explaining the potentially detected
flow patterns in our collected data. The generation
of several maps of the City helped in visualising
these patterns, such as street categorizations, higher and lower density areas, built and non built plan
and attraction maps on the physical layer, as well as
wireless hotspots and internet cafes in the digital
layer [Figure 1]. Places of interest, like a Cathedral
which acts as a social attractor, or a wireless hotspot, that affects the activity of Bluetooth devices
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Figure2
Research Methods- Digital
Layer

were mapped and further investigated since they
were considered as important drivers of the captured “dynamic field” of the city.
Data visualisations have also been a key factor to the analysis throughout the project. Simple
projections of the scanned data over the physical
topography in relation to time proved to be effective in identifying patterns of flow [Figure 2]. With
the aid of sketches developed in the Processing[2]
programming environment we were able to visualize not only the levels of Bluetooth activity on each
gate but also track the path of a particular MAC address through several of the gates. In terms of relating the scanned data to physical paths, the methodology included an “agent simulation”, part of
the Space Syntax Group methodology, which was
performed using the city map as a substratum and

Figure 3
Persistent Layer- Quantitative
Approach

Figure 4
Persistent Layer – Qualitative
Approach

the Bluetooth data as the parameters defining the
movement. The simulation aimed to propose possible paths taken by individual Bluetooth devices
between their timed appearances at gates. The motion was mainly controlled by the time difference of
each device’s appearance at each gate.
Moreover, we considered implementing the
attractors we mapped on this simulation, as well
as “weight” the paths according to the axial map
of Bath. The paths of the agents represent people
moving throughout the City, and are generated according to the data set and moved according to the
attraction field, therefore giving an essence of the
potential real flow of people around the City, which
also constitutes a direct relation of the otherwise
“abstract” field of scanned Bluetooth devices to the
“concrete” field of physical space.

DISCUSSION
The urban flow analysis is twofold in the scope of this
research. It investigates, on one hand, the patterns
of activity in the local area of the gates described as
a persistent layer, and on the other, the patterns of
movement flow between the gates, as a transient
layer. (Fatah et al 2006). The distinction between
persistent and transient is based on the user’s view,
when the impression of the space is derived from a
static field then it is referred to the persistent layer
and when the impression derives through a movement it refers to the transient one. The overall nature
of a gate as persistent or transient was analysed by
various graphs based on the characteristics mentioned above in order to identify various aspects of
the nature of the gates.
Persistent Layer
The activity of the gate accumulated over a particular
time session was represented with dynamic visualizations as 3D “activity spheres” [Figure 4]. An “activity
sphere” is growing bigger according to the number of
hits shown in the area; busier places tend to have a bigger radius than places which do not have many active
Bluetooth devices. On the overall “Bluetooth activity”

table several patterns were identified such as the displacement of activity between gates at different time
slots, or the alteration of the activity on a specific gate
which drops or rises at specific times [Figure 3].
To define the overall character of each gate,
those data were also enriched by some qualitative
characteristics given by the people at each gate, who
verbally described their subjective experience of the
space (e.g. busy, transient, quiet, well-integrated,
traffic, boring). The answers were then mapped and
correlated to the quantitative analysis.
Some of the findings strongly correlated with
the empirical observations however it became
clear that although the overall character of a gate
was easily identified, there were certain properties
of space that were difficult to name based only on
the quantitative analysis. For example, the level of
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Figure 5
Transient Layer- Quantitative
Approach

activity can be the same between two gates, but
there is no way to identify the type of activity
through the data analysis.
Transient Layer
The visualization for the transient layer consisted of
a path graph between gates and a 3d representation of Bluetooth paths as straight lines. The significant difference from our earliest visualizations was
the use of time as the third dimension. The values
on the z-axis were provided by the time at which
the device was scanned at the gate. The MAC addresses were also colour coded depending on the
time they first appear. This difference was critical in
understanding the significance of the time length
of each path. The slope of a path is depending on
the amount of time passed before a MAC address
reappears in another gate and thus the slope is
a measurement of how fast a path is. Using this
feature of the visualization sketch, an interesting
observation came about, that the slopes of the
paths provide information on the specific transient
character between gates. Comparing the distance
of the gates to the prevailing slope of the relevant
path shows that there is a great difference on the
speed of movement on different paths throughout
the City. The slope of the paths, for example, between gates 8 and 9 is generally very slight, suggesting that this path is a direct transitional one,
while the paths between gates 5, 6 and 7 have generally steeper slopes that suggest that movement
flows between these gates are slower transitional
paths. This correlates also with the number of local
attractors present around these gates and the fact
that they are closer to the city centre. Again specific
patterns of flow in relation to time were identified
through the path graphs [Figure 5].
In that case the movement of the people between the gates is being perceived as a straight
line without taking into account any alterations in
the direction people are moving. Therefore the survey tried to implement a model used by the Space
Syntax group, which is trying to mime people’s
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Figure 6
Transient Layer - Agent
Simulation

behaviour in space based not on the straight connections of diverse points but on locations which act
as attractors for peoples’ movement, an agent simulation program [Figure 6].
The agent simulation was an attempt to simulate the physical urban flow of the City through the
Bluetooth data. For each MAC address, an agent is
generated and pointed to its destination gate which
is provided by the subsequent gate which records
the presence of the same device. Its speed is altered
within allowable range so as to reach that gate within a specific amount of time. What we aimed at was
the projection of the “abstract” Bluetooth field on the
actual topography of the City.
Quantitatively, although we can identify for example that the level of activity is the same between
two gates we cannot identify the type of activity

taking place. These arguments supported the qualitative supplement necessary to a holistic urban
study that accounted for the fact that a physical path
around the City is much richer in information and
that the urban flow is generated by a vast amount
of spatial and social parameters that we are not able
to identify through the quantitative visualisations
alone.
We should also mention that there are several
problems which can occur during the survey, coping mainly with technological limitations in the software that could lead to false results, as for example
the fact that there is an alteration of the Bluetooth
scanning capacity while moving from one place to
another or in busy places, where the software is unable to scan all the devices.
Agents simulation
Since the Bluetooth data is collected at nine prespecified gates, it provides discrete slices of information as a representation of a continuous urban flow.
It lets us know how many people with handheld
devices enter and leave a detectable zone around
a gate at a particular time. Additionally the unique
MAC Ids allow the recognition of a particular handset. But in order to reconstruct from this sliced information, a dynamic urban flow, bridges must be
constructed for the space in between the gates. The
projection of the “abstract” Bluetooth field on the actual topography of the City was what was aimed for.
For this purpose a simple agent system was
considered as a possible method by which movement could be generated in the space between the
gates. Each agent represents an active and detectable Bluetooth device with a unique MAC address.
It has a starting location given by the gate it first
appears at. Sifting through the whole set of data reappearances of particular addresses are grouped as
sets and linked to an agent. Each agent is then able
to collect a series of consequent gates it must appear
at, at specific times, in order to generate a representation of the entire flow possible within the limits of
the data set. The route that it must follow is made of

a series of gates it was detected at in succession. A
large number of devices were seen to be detected
successively at the same gate over a long period
of time. This shows up in previous visualisations as
persistence. In such cases the routes of these agents
would be marked by long series of similar gate numbers ensuring that the agent keeps appearing at the
zone of the gate during that time.
Intrinsic to the nature of agent systems is the
emergence a certain level of unpremeditated motion that allows the bridging of gaps between gate
data to not be defined entirely. As the flow is situated
within an urban context consisting of choices to be
made between physical routes, this methodology
allows for a model which converges on a probable
representation of the dataset as opposed to requiring a deterministic prediction of what the flow could
be. The only parameters that then shape the resulting flow are the start and end points, provided by
the data set, the period of time in which this journey has to be made and the obstructions produced
by the built environment. The agent’s speed within
set limits is indirectly proportional to the amount of
time the agent has left in reaching its destination. A
numbered grid radiating from the destination gate
is the medium of attraction the agent responds to.
Using the number gradations along valid routes
ensured that the agents would avoid stagnating at
dead ends.
The primary distinction this mode of dynamic
representation has to offer over the previously tested visualisation models is its embedment within the
spatiality of the built environment. This enables it
to be easily read as an impression of urban flow. Although it is able to situate itself after lending itself to
certain approximations, patterns generated by the
simulation could then be assessed by comparison
to the other visualisation models. This may reveal
whether the emergent pattern points to a pattern
within the data collected as opposed to being largely caused by the bridging between data sets.
Alternative methodologies that could have
been explored in order to bridge between the gates
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could have been shortest metric distance route
choices or shortest angular distances paths. However the deterministic nature of these alternatives
would have lost out on the possibility of generating
similar yet non-same representations of the same
data which can be achieved by repetitive execution
of the agent model. The setting up of a numbered
grid to control movement however, unexpectedly
exerted more control over the motion of agents in
open spaces than was desired.

CONCLUSION
In understanding how pervasive technologies
can be used to analyse the urban flow of a city
we see the limitations in simulating urban flow
through a modelling of the great variety of spatial, social and environmental factors as opposed
to visualising a previously documented flow.
Nevertheless, the sensing and mapping of this
urban flow with the use of the Bluetooth technology is limited, yet not totally restricted, meaning
that it can provide useful conclusions regarding
the movement and activity of the people in the
urban topography, but it cannot provide meaningful interpretations on subjective and empirical aspects of the urban life. Finally one could
also argue that a further analysis of larger data
sets would set in a denser resolution of gates
through this methodology and possibly yielding
even more interesting results on this interweaving of digital and physical urban flow.
Although Bluetooth pervasive technologies may display limitations when compared with
more accurate tools like GPS tracking, there is one
key advantage to the former. Bluetooth activity as
scanned passively in this exercise signifies a real
and growing digital presence overlaying the physical realm as opposed to an active intervention that
may sometimes be required of other technologies
when used as tools. The main contribution of this
data to a model of movement is a unique identification of the device which may be attributed to the
presence of a single individual. When compared
92

eCAADe 29 - City Modelling

to qualitative analyses these data models may fall
short in richness but one may argue that larger sets
of scan data and simulation of more contextual attractors may help bridge that gap.
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Abstract. This paper aims to present an on going research about the use of digital technology
to improve the production of the Brazilian dwelling program so called “My Home, My life”,
one of the majors current social housing programs in the world, which goal is to build about
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PRECEDENTS
Since March, 2009, it is being held in Brazil one of
the major current dwelling programs in the world, so
called “My Home My Life”.
The goal of this program is to build about 1
million houses for low-income population (0 to $
3,000.00 / month) divided into three subcategories:
1. 0 to $ 300.00 – (90% of the deficit)
2. U.S. $ 301.00 to $ 1,800.00
3. U.S. $ 1,801.00 to $ 3,000.00
After a year of deployment, 408,000 units are already ready to be built, but only about 200,000 units
will be destinated for the subcategory 1 - 0 to US$
300.00 - located in cities and regions far from major
centers where the deficit is greater.
According to Rolnik (2010), it happens due to the
land price, which is much higher in large urban centers

causing a distortion that largely benefits the second income category - US$ 301.00 to US $ 1,800.00 - with the
housing production in the edge of large Brazilian cities,
repeating a wrong model of the past, which contributed to the fraying of the urban fabric of these regions.
The dilema is that the greater demand comes
from sub-category 1 (0 to $300.00) and it is focused
on large cities and metropolitan regions, situated
in many cases in areas of illegal occupation, sometimes at risk, where the traditional building methods
based on the modernist principles of repetitive standards aren’t an appropriated solution.
Thus, in addition to solve the economic–financial variables, the policy of social housing in Brazil
needs to rethink its technological base to face this
specific challenge if the idea is really to address this
serious social demand in the country.
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In that case, advanced digital technologies,
which are already being used in the production of
sophisticated high-tech buildings, emerge as a possible solution.
With this goal, the main funding agency for research and projects in Brazil, FINEP, has built a research
network comprised of seven Brazilian universities:
MACKENZIE, USP, UNICAMP, UFPR, UFRGS, UFBA, UFC.
This research network defined some subprojects to be developed by the participants intending to explore particular skills of each one as BIM,
Immersive Environments, 3D Scan, Rapid Prototype, Digital Fabrication and Generative and Parametric Design.
Thus this paper aims to present our specific task
in this research network which is specially focused
on generative and parametric design.

This research network divided the main subject
into 6 subprojects focused in particular aspects, considering the specific expertise of each institution:
1. Development of interoperability patterns for
BIM use and the development of a special library of dwelling components;
2. Methods of conception and design development;
3. Production management;
4. IPD - Integrated Project Delivery;
5. Building operation management;
6. Management of the research network itself.
To develop these subprojects a general methodology has been defined as following:
•• Documental and references revision,
•• Cases studies;
•• Definition of the state of the art framework of
each subproject issue;
•• Goals definition and respective tasks;
•• Tasks development;
•• Results evaluation;
•• Revision and adjustments of by-products;
•• Public information delivery of the research results.

Figure 1
Typical Brazilian Slum

Our university has been engaged in the subprojects 1, 2 e 4, as we can see below.
Figure 2
Slum at risk area

METHODOLOGY
The main subject of this research is the development
of innovative solutions based on digital technologies to improve the dwelling program “My Home,
My Life”, focusing BIM - Building Information Modeling and other applications to support the design
process management, performance simulation and
buildings operation.
In order to get it, FINEP sponsored about
US$1,561,636.74, being 60% for hardware, software
and related issues purchases and 40% for scholarships. A research team has been created, by a selective process which elected seven universities.
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INTEROPERABILITY PATTERNS FOR BIM
The use of BIM technology in Brazil is emergent, very
recent and we can count only a few relevant examples
in the Brazilian construction chain nowadays.

Figure 3
the result of modernist paradigm of serialization, repetition and standardization:
clumsy urban landscape

Besides the expected difficulties of new technology implementation, the biggest challenge we
have is the necessity to develop a background regulation for classifying all elements and components of
this productive chain.
Indeed, the construction chain in Brazil has
grown without a universal framework reference to
classify services and products engaged in its production and now this has become a relevant obstacle in establishing a reference pattern to foster
the application of the core mechanism of BIM process which is the interoperability of different disciplines and library components which take part in
the design process.
This job has been done, since 2009, by a committee integrated by construction chain representatives, researchers from universities, suppliers representatives and members of govern agencies, like
ABNT - Associação Brasileira de Normas Técnicas
(Brazilian Technical Standards Association) and has
already elaborated the Brazilian BIM standard, based
on ISO 12006-2. Considering this background, this
committee is now elaborating the necessary reference framework to classify the construction chain
elements and components.
Anyway, this committee took as reference to its
job the IFC pattern developed by smartBuilding Alliance and the Omniclass standard. Thus, it is already
possible to start developing the necessary libraries
of components to work with BIM.
Then, taking these patterns as reference, we
are going to develop a special components library
envisaged to social housing, focusing the program
“My Home My Life”. The first step is to check the
work already done which is available at the website
of MDIC - Minister of Development, Industry and
Commerce of Brazil.
Actually, this work must be done in two different levels. One level must be dedicated to the current process and supplies already used in Brazilian
dwelling programs such as structural and masonry
components, doors, windows, etc. The other level
must be dedicated to the new possibilities emerged

since the start of using of generative and parametric
design technology to this kind of production.
This second level, off course, depends on the
results of the development of subproject 2.

METHODS OF CONCEPTION AND DESIGN
DEVELOPMENT
Traditionally the dwelling issue in Brazil has been
faced under the modernist paradigm of serialization,
repetition and standardization.
It means that to respond to the huge demand
coming from low income people, official agencies
responsible for the social housing programs, particularly since the second half of 20th century, have
chosen wide lands far from the center of big cities,
where the land price is less expensive to construct
several large blocks of absolutely identical buildings
which compose a clumsy urban landscape.
Besides this disastrous scenery this policy resulted in a big social cost, once those areas use to
be far from the already existing urban infrastructure
which imposes an additional cost to complement it.
And, what is amazing, the majority of these demands come from people who lives in slums built
close to downtown of Brazilian big cities, in illegal
occupations, near to medium and high class blocks,
where they can find work in simple jobs, as maids,
gardeners, etc., just in order to survive.
Recently, Brazilian dwelling policies tried to face
this challenge starting programs to improve general
conditions of these areas sometimes rebuilding the
existing self-built precarious homes. But, still under
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the modernist paradigm of serialization and repetition, the results are not far from the disastrous urban
scenery already known before.
The point is that instead of considering the specific characteristics of each site, as topography, surroundings and even the existing design of the slum,
this paradigm needs to remodel the area transforming it into a plan terrain to build standard units.
Nevertheless, Duarte (2006) has already shown
that, using the concept of shape grammar we can
deal with this issue in a more creative and adequate
way, facing the problem the right way, i.e., looking
for a solution to the reality we have instead of changing the reality to shape it to the solution we have.
Then, this is the background of our task in this
research network: to establish a method based on
generative and parametric design, under shape
grammar concept, to face the challenge of slums
into the context of “My Home My Life” program.
The first step in that direction has already been
done two years ago with the experiment “Parametrics in Mass Customization” (Vincent, 2010, 236),
when we start to consider the parameters and tools
in order to get our approach.
Summarily, this experiment took as reference
the work of Terzidis (2006), Arvin (2002), Cheng &Lee
(2005) and Shaviv (1986), and tried to develop a
script programming to generate the plan of dwelling
units, using as tools Rhino+Grasshopper connected
to Excel spreadsheets to get to a more sophisticated
generation matrix.
Next step is to elect a real case, in which we’ll
identify the main variables in terms of topography,
weather conditions and cultural references of the
community, to build a generative matrix to get a
unique solution to this case study.
Off course, we know that we’ll be working
with a very complex issue in different terms, since
the forms and patterns that we are going to generate till the interface that we’ll need to discuss this
complex solution with the existing community
and, maybe, the official players engaged in the
experiment. So, we presuppose the use of special
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tools to support the experiment, such as CNC machines for rapid prototyping models and digital
fabrication and an immersive environment, such
as a CAVE, to present and discuss the proposals
with community representatives.

IPD - INTEGRATED PROJECT DELIVERY
This experiment is not only related to systems, software and tools but, mainly, to the process, i.e., the
methodology of design development. Then it is an
excellent opportunity to check and review the current methods and practices to do this.
Thus, we are going to develop the research
based on the concepts of IPD - Integrated Project
Delivery for Public and Private Owners, AIA (2010), in
order to check its adequation for this kind of entrepreneurship and possible revisions needed to make
it feasible in this specific case.
In few words, the current AEC business model
will change profoundly when we’ll adopt these new
production process based on digital technologies.
Certainly the DDB Model (Design Bid Build) contract method, where the architect follows a series of
phases, like schematic design, design development
and contract documents and then hires consultants
to support the other disciplines as desıgnıng structural, MEP, etc, will be replaced by DB Model (Design
- Build), where a complete team is hired together to
develop an already defined building program and a
schematic design, working in colaborative process
rather than competitive one.
Indeed, as it has been shown by Eastman
(2008) the use of BIM systems will anticipate the
main constructive decisions to the conception
design phase anticipating the demand for specific
technical consultants.
But it is not only in the contract method that we
expect to have big changes, also in the relationship
between client and architect in terms of the design
development method, especially if the client is a low
income community.
Nowadays, in Brazil, the architect is hired to develop dweling projects since a pre-defined standard

of repetitive series. He works far from the community,
focused on low cost, high density of units and, last but
not least, real short time to do the job with quality.
Digital technology, anticipating the construction definitions, will make available to work close
to the community, allowing them to participate in
design conception phase. It means that we need to
develop the method that we shall work with them.
In that case, undoubtedly, the interface resources will be the critical issue once the architect has to comunicate his abstract ideas, things that don’t exist yet,
to ordinary people who, in many cases, have never
had the opportunity to decide anything in their lives...
Actually, this is an enormous opportunity to
evaluate the performance of digital technologies
such as rapid prototyping and immersive environments to support the process of design conception
together with the community.

FINDINGS
Brazil is living a special time in its History, after about
25 years of democracy and 17 years of economic stability, period that allowed the reduction of poverty
and raising the purchasing power of low medium
class. This new scenery in parallel to the recent huge
world financial crises turns the country as a relevant
target for international investments.
It happens at the same time that four special
events are going on: the dwelling program “My
Home My Life”, the beginning exploration of the
huge oil reserves so called “Pré-Sal”, the World Cup
and the Olympic Games. Events that need advanced
technology to be faced because of the complexity of
their demands.
Thus, it couldn’t be a better opportunity to
develop a research like this one, exploring all the
possibilities of digital technologies to deal with
complex issues.
The research emerged in a rare connection between academy and the real state market, in order
to make feasible a technological turn point in that
branch and so many efforts have already been done
also by official agencies and private players.

The first steps have already been done and we
have a horizon of two years to finish this research when
we expect to have changed considerably the technological references in the Brazilian construction chain.
During this time we’ll be publishing partial results that we’ll get in order to allow the debate and
the revisions that sometimes shall be done.
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Abstract. The objective of this research is to point out the deficiency of the modeling from
a single image and give suggestion for the improvement. In the domain of cultural heritage
visualization, single image modeling is mainly used to recover the scene shown in the
historical photographs.
In this paper, some common ambiguities in the area of the historical architectural
environments are highlighted. In most approaches user is the one to introduce and choose
constraints, and therefore he must have control over the ambiguity problems. We propose
suggestions about how to adjust the single-image-based modeling in order to minimize chance
for irregular 3D shapes to emerge due to ambiguity. Simple examples are used to illustrate
how ambiguity of a single image can affect the models veridicality, which are the common
mistakes that inexperienced user can make and how and when they can be corrected.
Keywords. Single-image-based modeling; Restitution; Perspective; Photography; Shape
ambiguity; Cultural heritage.

INTRODUCTION
Cultural development is reflected in monuments,
architecture and public spaces. Future generations should know about the appearance of the
destroyed and modified human built environment
as well as we need to reconstruct, conserve and revitalise the valuable historical background. Human
environment is constantly being modified. Whenever it is possible, cultural heritage should be saved
or at least properly surveyed and documented
(Waldhäusl, 1992).
In order to survey cultural heritage structures, a
selection of the appropriate technological approach

is very important (El-Hakim, Beraldin and Pica, 2002).
It has to be efficient, flexible, clear and easy to use
(Stojaković and Tepavčević, 2009). If not, spatial information about many objects could be lost.
For cultural heritage digital documenting
single-image-based modeling is very important. If
just a single image is available for 3D shape recovery, which is common in cultural heritage archives,
this is the optimal method to use (Stojaković and
Tepavčević, 2011; Heuvel van den, 2001). In spite of
that, software applications, in our opinion, are not
organized in a way that suits the average user. There
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is no restriction or warning that would provide automated control of the shape ambiguity. As a consequence, major errors can occur in 3D models. We
infer that quality of the results would be greatly improved if some modifications were incorporated in
the standard modeling approach.

PHOTO DOCUMENTATION
In this paper, term image refers to a photograph.
Photography is a two-dimensional medium that
represents three-dimensional shapes. Comparing to
other 2D medium, 3D shapes can be most properly
identified in photographs.
Evolution of technological achievements and
scientific processes that made the photography possible began in the 18th century. First photographs
appeared in the beginning of 19th century, as an outcome of the researches of chemical process of colour
that bleach in the sun and construction of the optical
instruments. Due to the technological development
and efficient promotion, photography is brought to
the masses by the end of the century (Leggat, 1997).
Migration from analogue to digital technology
in commercial marker began in 1990ties. This transformation made photography available for everyone. Advantages such as instant image review, flexibility of additional photo manipulation and, above
all, economic and financial benefits (large storage
capacity inside the camera, cheap viewing and
cheap permanent storage) caused explosive spread
of photographic images in digital formats. In digital
era number of photographs taken is not limited by financial issues. Today, high quality cameras are available to majority of people. The simultaneous expansion of the internet backed a tremendous growth in
the number of photographs. Therefore, production
of all kinds of photography develops explosively.
However, image-based documenting of cultural heritage does not follow this rapid progression.
In spite of the great advantages of image-based
modeling process, cultural heritage archives often
contain photographs which are nothing but an additional illustration to a technical record. Potential of
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3D image-based modelling is huge, and in our opinion, has been not exploited enough.

SINGLE-IMAGE-BASED MODELING
From a single image, we can reconstruct the 3D
shape, size and position of a represented object. This
is the process opposite of perspective projecting of
3D objects onto the image plane (Rapp, 2008), meaning a problem in which a perspective image (or photograph) is given while certain information about the
original configuration is sought (Andersen, 2007).
Image-based modeling allows creation of 3D
models from photographs of real scenes [1]. Singleimage-based modeling methods use techniques
that exploit the properties of an object or a scene so
that the information lost in perspective projection
can be restored and generated according to the prior
knowledge (Tan, Clapworthya and Belousov, 2001).
Single image modeling process involves camera
pose determination and 3D shape recovery. In this
paper, we suppose that camera is already oriented,
since our aim is to discuss the efficiency of modeling
in terms of 3D shape generation.
The process of shape recovery can be automated or semi-automated. Until automated systems
become much more functional, semi-automated
systems are strongly recommended for cultural heritage image-based modeling (Remondino and El-Hakim, 2006). Therefore, the role of the user is essential
in the process of single-image-based modeling.
Single-image-based modeling has a high potential for the broad and extensive usage if it is managed
correctly. Software applications for a single-imagebased modelling use the same tools and concept of
modelling as any other modelling software. However,
modelling from a single image is different in some
way. To avoid mismatches between the real world
object and its 3D virtual representation, modelling
process should be adjusted to the characteristics of
the single projection. Existing approaches to 3D modeling from a single image use techniques that work
for 3D modeling in general, while in many cases they
are inappropriate for a single-image-based modeling.

Shape ambiguity should be automatically controlled
in the process of geometric elements positioning.
The process of shape recovery requires a high
level of users understanding of shape ambiguity,
which is rarely the case. Since the user is the one to
perform the modelling process, his absolute understanding of the shape ambiguity is essential for veridical 3D scene recovery. Often user is not enough
experienced to notice and resolve shape ambiguity,
and since there are no limitations in the modeling
applications, he unintentionally ends up using the
unreliable assumptions. Therefore, it would be very
useful to adjust the modeling process in order to
avoid the appearance of such errors.
User should not be allowed to position element in 3D space only by matching its projection to
a single image. In modeling process proper restrictions or warnings should be added to avoid ambiguity. In this paper, restrictions are incorporated as the
degrees of freedom, which will be discussed later.
Unconstrained arbitrary modelling, which is used in
existing software applications, should be upgraded
to be used in a 3D scene recovery process from a
single image, since the unreliable assumptions can
cause a huge mistakes.

INTERPRETATION OF ENVIRONMENT
To provide adequate background for the adjustment of the modeling process, it is necessary to
include layering of the complex geometry of real
world environments. Architectural objects are simplified to preserve their general shape and fine
geometric details are removed from them. Environment is represented as an organized group of
geometric elements. Elements and constraints are
chosen to be abundant in the historical built environment and to be simple enough to make the
analysis possible (Biederman, 1987).
Architectural objects can often be described
by a polyhedral model and for which a many geometric constraints are valid (Heuvel van den, 1998).
Polyhedral objects are abundant in human built
environment and a volumetric model of historical

architecture can easily be made out of simple geometric elements, such as points, lines and planes.
Different kind of parameters and/or attributes
can be used to describe position of geometric elements in 3D space. Attributes are used primarily to
determine the position of each geometric element.
In this paper attributes are chosen to be consistent
with the rules of the perspective image projecting.
Therefore, the important attributes are the projection of elements that can be marked in the image
and constructed or calculated infinite attributes
(vanishing points and vanishing lines).
The problem of the shape ambiguity emerges
in the process of single-image-based modeling,
since a single projection of an object is insufficient
for automated 3D shape extraction. Constraints are
necessary in order to define mutual position and
achieve objects regularity. They are also essential for
the camera pose identification and for the veridical
shape recovery (Pizlo, 2008). Different types of constraints are chosen to be discussed in this approach.
Constraints are also chosen to match the characteristics of the modeling process and to be abundant in
the historical environment. Used constraints belong
to the following groups:
•• topological constraints,
•• geometric constraints and
•• dimensional constraints.
Topological constraints result from the object
topology itself. The topology constraints are all of
the coincidence type (Heuvel van den and Vosselman, 1997) (point can belong to a line or a plane, and
line can belong to a plane). The proper treatment of
the topological constraints in a 3D modeling process
is very important.
Geometric constraints determine the relationship of two pieces of geometry with each other (if one element does not belong to another).
In this approach, geometric constraints are based
on available angles. This includes parallelism, perpendicularity and acute angles.
Dimensional constraints determine distance
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between entities. In the modeling process described
in this approach, equal dimensions are essential.
Equal dimensions are crucial for proper link between
parts of the virtual model, which will be further explained in the examples. Therefore, it is important to
emphasize the role of the symmetry and dimensions
repetition in a design of the historical architecture.
By managing the defined types of geometric
elements and constraints, architectural object can
be generated as a simple primitive based 3D model.

SHAPE AMBIGUITY
3D shape is not determined by a single projection.
Each element noticed in the image corresponds
to the infinite number of elements in the space. A
point (resp. a line, a plane) located in the image can
be a projection of infinitely many points (resp. lines,
planes) in space. Therefore, certain assumptions
about the presented 3D geometry are necessary for
the proper linking of 2D image and 3D space.
In the modeling process, usually the user is the
one who makes and imports these assumptions. It
would be very useful if some kind of automated control service would notify user when shape ambiguity
exists, which means that his assumptions are not sufficient for 3D positioning. Influence of noticed attribute or constraint to 3D position of each geometric
element is examined and represented. In order to
simplify the analysis, degrees of freedom are introduced. In this paper, we propose constant checking
of degrees of freedom for each geometric element,
until element’s position is determined.
Degrees of freedom correspond to the parameters that need to be estimated for 3D location of an
element. Each element has certain degrees of freedom (DoF), according to the possibility to translate
it (DoFTR) and/or rotate it (DoFROT) in 3D coordinate
system (for point DoFTR=3 , for line DoFROT=2 and for
plane DoFTR=1, DoFROT=2. Each introduced attribute
or constraint in some way restrict the translation
(DoFCTR) and/or rotation (DoFCROT) of the element.
If the sum of restrictions for all attributes and
constraints is equal (or lardger) than total element’s
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n

degrees of freedom ∑ DoF ≥ DoF , the position in 3D
space is determined. It is important to make clear
that repetition of the same restriction does not have
influence to the element identification. All constraints and attributes have to be independent. If the
sum of restrictions for all attributes and constraints
is less than total element’s degrees of freedom
∑ DoF ≥ DoF , the position of the element is unknown,
and that reflects as the shape ambiguity.
The location of a geometric element is defined
by attributes and previously discussed types of constraints. Attributes and geometric constraints are
important for elements positioning, but they are
insufficient, because it is not possible to determine
translation of a geometric element. Without usage of
topological constraints, the modeling is not possible.
These constraints are necessary for regular linking
of all model segments. Dimensional constraints are
often very useful addition to the modeling process
when inexplicit link between object’s parts exists.
These constraints should be placed carefully according to other used constraints.
In order to simplify the influence of the attributes and constraints to the 3D position of geometric elements, restrictions to the degrees of freedom
for point, line and plane are presented in the following table (Table 1).
It is very important that the user understands
the shape ambiguity. If the user relies just on
matching of the model projection to an image,
he can generate a false model. Modeling errors
that can emerge because of lack of shape ambiguity control are shown in the following examples.
If shape ambiguity exists in a single image, two
cases are possible. Either there is no possibility to
determine the shape of an object or shape can be
recovered after the certain constraints are introduced. Examples illustrate few different types of
the shape ambiguity in the single image, possible
mismatches and instructions for proper modeling.
Simple modeling procedures are shown in order
to point out the problems and make an advice for
correct approach.
i =1

n

i =1

i

C

i

C

Table 1
Influence of constraints and
attributes to the position of
geometric elements.

Constraints and attributes

DoFCTR

DoFCROT

Geometric constraints
Line

Parallel to a line
Parallel to a plane
Perpendicular to a line
Perpendicular to a plane
At acute angle to a line
At acute angle to a plane

0
0
0
0
0
0

2
1
1
2
1
1

Plane

Parallel to a line
Parallel to a plane
Perpendicular to a line
Perpendicular to a plane
At acute angle to a line
At acute angle to a plane

0
0
0
0
0
0

1
2
2
1
1
1

Point

Point belongs to a line
Point belongs to a plane

2
1

-

Line

Line contains a point
Line contains two points
Line belongs to a plane

2
2
1

0
2
1

Plane

Plane contains a point
Plane contains two points
Plane contains tree points
Plane contains a line

1
1
1
1

0
1
2
1

Point

Point projection

2

-

Line

Line projection
Vanishing point

1
0

1
2

Plane

Vanishing line

0

2

Topological constraints

Attributes

First example emphasizes the significance of
the proper use of topological constraints. Since for
all geometric constraints and attributes DoFCTR=0,
there is no possibility to locate the element without topological constraints. This means that each
element must be ‘linked’ to the rest of the model. If
link between separate segments noticed in the image can not be identified, recovery of the 3D scene
is impossible. Infinite number of models that match
the photo can be created, but only one of them corresponds to the real object.
Figure 1 illustrates the described problem. Tower
and nave are two segments of a church in the image.
Each of them can be modeled separately. However,

connecting line of these two segments is occluded.
Due to the shape ambiguity, it is not possible to locate
one part in relationship to another, and determine relative scale. Figure 1 shows several 3D models that all
match the photograph, but 3D geometry is not correct.
Second example illustrates a consequence of
the insufficient number of constraints/attributes.
In this example, the problem is how to determine a
thickness of the wall. To that purpose, relationship
between outer frame of the window (ABCD) and inner frame (A1B1C1D1) should be defined.
We assume that position of one of the frames
(for example ABCD) is known. Line AA1is noticed
on the image (DoFCTR=1, DoFCROT=1) and it contains
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Figure 1
Consequence of the modeling without topological
constraints.

point A (DoFCTR=2). Topological constraints are used
to link line AA1 to the model, and still its 3D position
is not determined. The user does not have enough
information about the position of the planes AA1D1D
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or AA1B1B. Hence, rotation of line AA1 is unknown.
In this case, it is impossible to generate the veridical
model. Some of the models that match the image
are shown in the figure 2.

Figure 2 (left)
Insufficient number of
constraints.
Figure 3 (right)
Role of the dimensional
constraints.

enough attention to a shape ambiguity problem.
Automated control of degrees of freedom for each
created element would be therefore very useful.
Single-image-based modeling application that
includes automated restrictions would be much
easier to comprehend.

CONCLUSION
In similar situations, dimensional constraints are
usually the only way to create veridical 3D model.
Symmetry and repetition of same fragment is abundant in architectural object and urban tissue, especially in the historical environment.
In the figure 3 an example similar to the previous is shown, only the window is symmetric. It is also
assumed that the position of the outer frame (ABC)
is known and the position of the inner frame (A1B1C1)
is not. The rotation of side surface is also unknown.
The assumption the window is symmetric allows
user to introduce the symmetry plane α. 3D position of α is determined since it is perpendicular to
plane ABC (DoFCROT=2) and it contains vertical line
through point A (DoFCTR=2, DoFCROT=1). 3D position
of point A1 is determined because its projection is
known (DoFCTR=2) and it belongs to(DoFCTR=1).
These examples illustrate regular approach to
the 3D modeling from a single image. The user who
generates a model should always have in mind all
possible ambiguities that can appear in the single
image. In our experience, users often do not pay

Historical images are very important source for
the modeling of non existing or changed reality
contexts. Also, if the object is occluded in the way
that there is no possibility to make a set of images
for photogrammetric modeling or to approach the
object with the laser scanner, single image modeling can be the only solution for 3D shape recovery.
Single image modeling has an important role in
documenting and visualization of cultural heritage.
Because of the intense development, efficiency
and availability of photography, photographs of an
object often last longer than object itself. Therefore,
it is important to include single image modeling as a
regular method for the cultural heritage data acquisition. This means to adjust the modeling process to
be suitable for the wide range of users.
Applications are not completely suitable for the
requirements of the cultural heritage. Main problem
is that an average user can fail in handling the shape
ambiguity problems. As a result, models regularity is
questionable at best.
Better user comprehension of the modeling process leads to the higher quality of the final models,
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since models reliability mainly depends on it. Adjustment of the modeling approach to a wide range
of users would increase amount of correct cultural
heritage 3D models. In the domain of architecture, it
can be used to document and analyze historical buildings, give support to the researchers, and build virtual
environment. Virtual museums, cultural heritage promotions, internet supported education all use virtual
models of the real world structures. Virtual reality allows interaction between a user and environments
that are lost or changed in reality. Modeling form a
single image is a significant base for upgrading and
improving world’s cultural heritage archives
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Abstract. The paper presents performance oriented approaches to digital form finding which
stems from the lines of research on performance and morphogenesis in architectural design.
The main contribution to the earlier research is threefold; it examines the potential of
the presented design processes to integrate interdisciplinary approach based on the use
of simulation tools by architects or direct data exchange between simulation tools and
design. Secondly, it explores new methods to generate initial architectural form based on
performance information that apply to both building scale and urban scale, and lastly, it
develops the theoretical framework on the ramifications of employing simulation technology
and techniques in architectural design.
Keywords. Form generation; performance; simulation; parametric design; form finding.

INTRODUCTION
Traditional modes of form creation have given significant weight to qualitative, cognitive and perceptual aspects of the architectural form. Throughout the history
of architecture, this idea sustained logocentric modes
of operation and theories, which in turn promoted the
image-based approaches to form, such as typology
and shape grammar. Starting from the late 1960’s, the
introduction of computers to architectural design ushered in the possibility of using computers to generate
architectural form using quantitative data.
The early stages of performance and morphogenesis research were promoted by researchers
such as (Caldas et al. 2003), (Frazer 1995), Hensel et
al. (Hensel et al. 2006), Kolarevic & A. Malkawi (Kolarevic & A. Malkawi 2005), Monks et al.(Monks et al.

2000), practitioners such as Greg Lynn (Lynn 1999),
and implemented in design tools and methods such
as eifForm (Shea 2004) and Flux Structure (Sasaki et
al. 2007). A critical review on architectural computer
based form generation and performance in architectural design can be found in Grobman et al. (2009a).
Many contemporary architectural practices use
simulation results in an “after-the-fact” manner for design evaluation purposes. In this kind of a design process, the solution’s adherence to performance criteria
is examined, usually by specialized consultants, using simulation software. The design is then modified
according to the results in order to improve upon it.
However, changes at late design stages are generally
very limited, hard to implement and expensive.
City Modelling - eCAADe 29

107

This paper discusses digital form finding processes in which computer simulation tools are used
in a generative or “before-the-fact” manner (Kolarevic, 2004), that is, to generate 3D architectural
forms directly from performance information. Form
which is generated this way adheres by definition
to the specified performance criteria that were used
to generate it and does not necessitate reevaluation. This can augment the general performance of
a building and promote a more efficient design process, while producing a form that embeds a larger
amount of performance-related information.
The paper argues that the suggested processes
could be applied to various scales, from a building
detail to urban design. The argument is presented
and discussed via two different approaches to performance-based form generation. The first approach concentrates on the possibility to use existing simulation
tools by architects to generate the initial form or design
space directly from performance simulation. This could
be done by using direct data exchange between the
simulation tools and the design or via mediators such
as performance envelopes (J. Y. Grobman, Yezioro &
Capeluto 2009b), or performance gradient maps. This
approach is presented throughout case studies that
used visibility, circulation, structural and acoustic simulations to generate an initial architectural form.
The second approach involves customized tools
and techniques development that allow designers
to generate form based on specific programmatic
and performance demands. The development of a
design using this approach necessitates, probably,
resources beyond those exist in an average architectural firm and might open new opportunities for collaborations with experts from other disciplines early
on the design process.

PERFORMATIVE GENERATIVE ARCHITECTURAL DESIGN
One innovative aspect of the early stages of this
discourse was the relationship between performance-related criteria and architectural form. A
general discussion on performance and the shift to
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Performalism in architectural design can be found in
Grobman & Neuman (2011). Initial attempts to use
performance criteria for form generation include architects such as Greg Lynn (proposal for the Port Authority pedestrian bridge competition (Lynn 1999))
and Franken Architekten , (design of ‘Dynaform’ project, Schmal & Flagge 2001). These proposals used
animation software to simulate variant movements
through space, such as pedestrians, cars etc.
In the Port Authority project, a particle animation
used physical calculation to simulate dynamic movement, elastic bounce, attraction and gravity, and the
trajectory of the animated particles became the tubular structure of the building (Lynn 1999). Although it
uses a sophisticated calculated simulation and directly generates form in the same modeling environment,
the simulation itself was inspired by movement and
freely interpreted it as a method to achieve formal
complexity, rather than for optimization and control
over the behavior of an architectural form.
Later research within this realm in the early
2000’s promoted an interdisciplinary approach that
examined new possibilities in performance-oriented
design due to the increasing connectivity between
tools and ideas coming from engineering and architecture ((Kolarevic 2003), (A. M. Malkawi et al. 2003))
and promoted material oriented approach (Hensel
& Menges 2007)

GENERATIVE USE OF SIMULATION PROCESSES BY ARCHITECTS
The possibilities for generative architectural design have advanced dramatically in recent years.
Only a decade ago, parametric generative design
was mainly limited to academic research and large
architectural firms that had the resources to employ computer programmers (İt refers to architectural firms such as Foster + Partners which used
in-house programmers in projects such as Swiss
Re headquarters tower in London). Today, with
the assimilation of software such as Grasshopper
(See http://www.grasshopper3d.com/) and Paracloud GEM (See http://paraclouding.com/GEM/),

parametric generative modeling had become
popular and building with parametrically design
elements (usually building envelopes) are becoming abundant.
The link between parametric design tools and
design processes which are based on performance
simulation is still not direct. First, the architect has to
export preliminary data of the site and building form
into the simulation software, which may require
substantial geometric simplification, or recreating it
again in that environment. Secondly, in order to use
performance simulation results as generative tool,
data has to be imported back from the simulation
platform into the design environment. This cumbersome process limits the iterative nature of this design method.
Generating parametric building envelope
based on the analysis results in Paracloud Gem.
(middle and right)
Generating building envelope based on visibility analysis FIGURE 1 is an example for this type of
design process. It illustrates a parametric model that
generates a building envelope in which the openings generated parametrically in relation to the visibility analysis of the façade. The analysis examines
the visual connection between two surfaces/buildings. The visual exposure simulation in this case was
created with Autodesk Ecotect and then imported
into the design environment (Paracloud GEM) as a
pixelated gradient map. Similar approach which employs gradient maps could also be used with other
performance parameters such as level of illumination, wind/air velocity (ventilation) both in building
and urban scales.

An additional example is the use of circulation
information to generate an initial form for a public space. It started with particles emission sources
setup that was based on site analysis and design
decisions regarding expected and desired main circulation axes, and defined the number and directions particles emitters. Following the initial setup,
particles are released to the design environment and
numerous simulations are performed.
The first image from the left in FIGURE 2
shows a single frame from a simulation run where
each cross represents a particle/person, while the
second image from the left shows a compilation
of all the frames into one image (the dark and
light colors represent different times of day). The
tracing process that is presented in the following third, fourth and fifth images from the left is
a completion of all the paths. It forms emerging
patterns, which were in this case areas of concentration of circulation paths. The initial extruded
volumes, presented in the right hand image, represent the initial formal definitions of an enclosed
space for more detailed architectural design. This
design space enfolds areas where concentrations
of pedestrians are expected.
This example present again a design method
that is utilising existing simulation tools, with a ‘before the fact’ simulation, and assisting design decisions at urban scale. İn this case, since the particles
simulation was created with Autodesk 3Dmax, the
performance simulation and the architectural form
generation and design can share the same platform
but do not connect in real time.

Figure 1
Visibility analysis in Autodesk
Ecotect

City Modelling - eCAADe 29

109

Figure 2
Generating building envelope
based on visibility analysis

Figure 3
Examining the influence of
different area and timeframe
definitions on the shading
envelope

The following examples present a different approach to simulation based form finding.
The first case study develops a design method
that generates an initial form for a shading structure.
The structure form is defined by programmatic demands for a desired shaded area, based on three parameters: number of users, their spatial distribution
and the time in which the shade is needed.
The initial form generation stage employs a
custom designed algorithm that was developed in
MathLab software to generate a preliminary envelope [FIGURE 3]. A second form finding process that
110

eCAADe 29 - City Modelling

employs gravitational cloth simulation and is based
on compound material properties uses the input
from the first process to generate a secondary envelope. It produces a secondary form while optimizing
the position of hanging points for the manufacturing process.
The secondary envelope is further examined for
structural stability, tension and stress. The information from the structural analysis is used to perforate
the form in structurally redundant areas and to reinforce the structure in problematic areas [FIGURE 4].
The envelope is manufactured as a monocoque

Figure 4
Left down: initial point cloud
generated envelope. Left up:
merging the initial envelope
with a second envelope that
was generated in a gravitational form finding process.
Right up: structural load/
tension analysis. Right down:
perforating the envelope
according to the structural
analysis and other programmatic demands.

structure using compound materials. It employs multi
layer fiberglass fabric which is hardened by an epoxy
resin in a heating/ curing process. The fiberglass fabric
is cut and perforated using the information from the
secondary envelope. In order to avoid the traditional
use of molds in the manufacturing process the curing
process is performed while the fabric is hanged upside down from predefined points. In the manufacturing process, polyurethane is injected between the
fiberglass fabric layers for structural reinforcements.
The next case study examines the possibility of using data from traffic and acoustic simulation to generate an urban scale site plan and an initial architectural
form in a highly problematic acoustic environment.
The project proposes a redevelopment plan
for the “Bridge District” in downtown Orlando,
Florida, by reconnecting the east and west sides of
the city underneath an elevated highway. The site,
currently underused, measuring approximately 10
acres, and a target for a road extension, has height

limitations, vehicular noise, pollution and lack of
direct sunlight.
Earlier examples for using acoustic performance
as a key design driver by utilizing parametric modeling methods are discussed in Caldas et al. (2003) and
in Peters (2010). In the first article simulation is used
as a generative method at an early design stage but
the dynamic form generation process is limited only
to the size, position and angle of acoustic boards,
and does not influence the architectural form itself.
The second example presents the Smithsonian Institute Courtyard Enclosure in Washington D.C by Foster + Partners, where a total area for acoustic absorbing material placed on the roof structure was calculated as a parameter in a form generating algorithm
that computed design variations. Although different
platform were used for analysis and for the design,
which required a data exchange process, the design
is mainly automated and developed custom tools,
similar to the shading case study.
City Modelling - eCAADe 29

111

After an extensive survey of building facades, traffic counts and sound measurements, several 3D models
of the Orlando site were created: first a low-polygon 3D
model of the area with high resolution maps. The 3D
model was imported into virtual reality software named
UC-Win/Road to generate a traffic simulation and animation (The detailed simulation data rely on UC-Win/Road
traffic generation algorithm that was created by input of
average of cars and car types as collected by combining
in-site traffic counts and online data resources). The 3D
model and a list of frames from the traffic simulation,
capturing cars x/y/z location, type and speed were extracted and fed into an acoustic simulation. Comparing
to a typical architectural acoustic simulation that uses 2D
site plans and annual traffic average, this example adds
detailed geometry and traffic data.
The major acoustic challenges at the site are
airborne and structural traffic noise. Noise-reducing

barriers are most effective when enclosing space completely; however, the desire of the project is to have
an open park. Based on Egan (1998) and Harris (1998),
several basic acoustic design strategies were defined to
reduce noise and control reverberation: acoustic walls
to envelope the road, structurally independent acoustic
skin on the underside of the highway, and partial acoustical berms to block direct paths from noise sources.
Lastly, surface treatment is used to reduce reverberation.
The acoustic generative from finding process in
the project operates at two scales. At an urban scale,
the simulated noise maps and defined program acoustic criteria were used for the initial placement of functions in the site and the creation of the master plan. A
program that required quiet conditions was placed in
the area with less simulated noise and vice versa. This
plan was used to identify problematic zones that would
require acoustic intervention [FIGURE 5].
Figure 5
Acoustic criteria definition +
simulation results and deficits
(left) master plan (right)
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The next level, or the architectural scale, combines the acoustic deficits identified in the master
plan with the noise reduction strategies defined
earlier. In the southern half of the site, where the
greatest pedestrian traffic is expected and where
an outdoor theater is located, the gap between predicted and required noise is the greatest. In this area
the more extensive noise reduction strategies were
used by enveloping the elevated road above and underneath and by blocking the acoustic line-of-sight
in the theater area. In addition a noise absorbing
surfaces were designed [FIGURE 6]. The design constrains include structural isolation to avoid structure
borne noise passage, material type and thickness
calculated based on Egan’s (2007) guide , blocking
of acoustical line-of sight for seating audience and
placement of specific absorbing material in the surrounding area to minimize noise reflection.
In the northern part, earth berms were designed to block acoustic line-of-sight in areas that
require interpersonal communication. The form
generation process used 3D isosurfaces from the
acoustic simulation to sweep a designed berm profile. Based on secondary simulations, pieces from
the continuous berms shape were subtracted, with
a goal to improve daylight conditions and accessibly to the site. The generative process is done with
the following constrains and parameters: the barrier
cannot create completely enclosed areas, the acoustic ‘line-of-sight’ is set to an average ear height of a
standing and sitting adult, the width and dimension
of the thin wall barriers and berms were calculated
based on Egan’s recommendations (2007) and no

parallel walls can be constructed to avoid reflection
and standing sound waves that increase the noise.
The generative methods embeds within them
simulation results and the defined parametric constrains. The project used existing simulation and
modeling tools and combine automated and manual processes.

DISCUSSION AND CONCLUSIONS
The move towards performance-oriented design
and the use of simulation processes in architecture
raises contradicting speculations regarding the future of the profession. On one hand, the ability of
architects to use simulation data in design environment and the possibility of direct data exchange
between design and simulation tools elevate the
architect’s position within the industry in terms of
responsibilities and influence. On the other hand, a
direct use of performance simulation increases and
the complexity of the parametric design models require knowledge which is beyond the current scope
of the architects’ education and could support an argument that engineers are the new architects (Fortmeyer 2006), namely, the complexity of the multi
criteria simulation scenarios would require that engineers and computer programmers will be responsible for the initial form generation process.
Nevertheless, current software development,
such as Paracloud GEM, Rhino Paneling Tool and Rhino Grasshopper plug-ins allow non- programmers to
automate design processes and parametrically control complex forms and patterns. These, accompanied by an enormous number of bottom-up online

Figure 6: Acoustic treatment
using acoustic barrier, berms
(red) absorbing treatment
(left) and theater shell (right)
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software training resources, may point to a direction
that software development is closing the describe
gap, and in the future architects will have greater
performative control over their design. On the other
hand, as initial performance based architectural
projects appear; there is a desire to increase their
complexity to incorporate multiple simulations and
criteria, which would probably increase the need to
involve other disciplines in the design process. These
developments also blur the definition between ‘existing simulation tools’ and ‘custom tools’, as presented along this paper.
Although it seems that these changes do not
do away with the need for pedagogical changes
in architectural education and a reexamination
of the collaboration between architects and professional advisers during the initial stages of the
design, the direction in which the profession is
heading is not clear yet. What is already clear is
that the near future will possibly present highly
developed, precise and fine-tuned initial performance based architectural form.
One of the main limitations in the current use
of performance simulation by architects in the
initial stages of design is the lack of direct connection between the simulation results and the
generative parametric architectural model. In a
Parametric modeling method, forms and patterns
correspond to criteria set values and allow designers to examine numerous design alternatives in a
short time. Developing a direct data connection
will allow designers to faster examine the ramifications of the reciprocal link between form and
performance, which today is mostly done manually. The manual process of importing data to the
design space in a burdensome process has a direct
influence on the amount of alternative that the
design team is able to examine under typical time
constrains. Moreover, although the connection
between design and simulation will necessitate
higher level of knowledge, which is currently unavailable, it will also allow designers to experience
an iterative process of trial and error which will
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contribute both to creativity and the understanding of a solution’s performance.
The direct connection between simulation and
design tools that is suggested by the second approach is a step towards non-linear design process in
which design directions and alternatives are generated, presented and evaluated simultaneously, and
in real time.
Moving towards non-linear modes of design arguably increases design creativity by allowing generation and simulation simultaneously, with a greater number of iteration and variation of design alternatives (Grobman et al. 2009b). However, evaluating
these alternatives, using both internal performance
criteria and external architectural criteria is still done
manually by the designer (for more information on
internal and external criteria see Grobman et al.
(2009b)). A further development of automated process in connection with performance based design,
both for design and evaluation, in the design environment could present an important contribution to
this domain.
The idea of using early stage simulation for
form generation, which inverse the traditional
design process, tries to integrate numerous developments in architectural practice, technology
and theory into a singular method. It is based on
the assumption that as opposed to the situation
in previous decades, the information coming from
many current analyses, optimization and design applications can be now linked and synthesized into
interdisciplinary platforms based on direct data
exchange. The suggested approaches would help
to equip architects with means to meet the huge
challenges facing the built environment.
The current research only scratches the surface
of the potential of performance based form finding in architecture. It presents the challenges and
struggle of this innovative approach. We hope that
this research, as an inclusive design approach, has a
potential to improve the design and performance at
multiple scales of future buildings, neighborhoods
and cities towards a more sustainable world.
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Abstract. With the development of user friendly software, using procedural shape grammars
has become productive for urban planning projects. Little about the experience of their use
by architects and urban planning agencies has been reported yet. This paper will thus discuss
the experience gained with the use of shape grammars in the projects of KCAP. We will show
how the different scales of urban planning and urban design can be handled and how design
concepts can be integrated into the procedural “pipeline” using the software “CityEngine”.
We will also present an approach of “typological testing” that allows to test various design
concepts for their possible developments. This work is the base for current research at ETH,
integrating geometric aspects into behavioural simulation processes of urban simulation.
Keywords. Shape grammars; Urban planning; Urban Simulation; Urban Typologies.

RULE-BASED URBAN DESIGN
Urban planning projects are often large scale projects
whose realization process will take years and decades.
This is why planners understand urban planning as
the creation of frameworks allowing for adaptation
to multiple kinds of changes over time, such as infrastructural, economical, political, cultural and demographic changes by implementing flexible phasing
strategies. Even if masterplans and results of competitions often will show a “final vision” through nice visualisations, legal regulations for future construction will
reduce those to a set of rules forming a development
framework with the already mentioned flexibility.
Such a framework might define major networklinks, a zoning scheme and a set of typological
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examples, but will avoid to fix these in a plan showing a “final result”.
The procedural approach of shape grammars is
a great tool to test and visualize various versions of
development within these frameworks, using suitable random processes. It thus forms a new possibility of testing framework definitions on their possible
results.
The use of shapegrammars for urban planning
Parish and Müller (Parish & Müller 2001) present an
approach to use shape grammars for the procedural
modelling of urban landscapes. This work has been
an essential step for the use of shape grammars in

WORKING WITH SHAPEGRAMMARS

subdivisions will allow to create façades out of those.
The big advantage of the CityEngine for planning practice, is the option of interrupting this
process at any time allowing for manual correction
outside of the software2. Additionally it is possible
to implement constraints and designs by “attributemaps”. These are rasterfiles, e.g. representing a zoning scheme, of which the mapped values are used to
parametrize the rules.
Extending the libraries (consisting of previous
works at KCAP) through including individual rules
of projects is an ongoing process that allows to create a higher complexity and variety in the results.
But even with the current prototypes various casestudies at KCAP have shown the efficiency of such an
approach for urban planning projects. These experiences can be grouped in three categories: visualisation, random subdivisions, typological testing.

The workflow in the CityEngine can be described as
a loop of subdivision processes. Beginning with a
street-network, blocks are being created, those will
get subdivided to form lots. Further subdivision will
define the footprint of buildings. After their extrusion,
the volumes can be split into their sides and further

Visualisation
Visualisation in high detail is important for large
scale urban design projects and any urban planning projects in advances phase of planning. These
projects include many details on specific constrains,

urban planning. In later work, Müller et al. extend
these grammars to the creation of facades and building structures (Müller et al. 2007; Müller et al. 2006). Although these studies show possible advantages of using shape grammars for urban planning, the lack of a
user friendly software did not allow the use in practice.
Recently suitable Software has become available, e.g. the Software “CityEngine” provided by the
company Procedural1. After initial experiences with
the testing version of this software, KCAP became
the first registered client of Procedural in 2008 and
focussed on testing its use for urban planning and
urban design. Although the use of shapegrammars
in the field of urban planning is still very unusual,
several other agencies are beginning to use CityEngine nowadays as well.

Figure 1
Examples of Streetviews in
LOD 3 created with shapegrammar rules based on imported footprints and heigth
information. The procedurally
generated objects have been
exported out of CityEngine
and rendered in FormZ.

1
“Procedural Inc. has been founded by Pascal Mueller, Simon Schubiger, Dominik Tarolli and Prof. Luc Van Gool” (source: www.procedural.com) as a spin-off of the ETH-Zurich in 2007 to focus on the development of a user friendly software integrating the results of
their reseach. In 2008 the first version of the software CityEngine was published, which was the first commercial software, that allows
the procedural design of buildings on a large scale and guide these through maps that can be imported.
2
From version 2010.3 on CityEngine includes an interaction mode that allows to correct geometries interactively within the workspace. As
described in the introduction this paper will focus on the simpler version 2009.3 to be comparable to other shape grammar approaches.
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LOD

Scale of use

Description

0

-

Extrusion of the parcel based on constraints for height or density
(general overview of site)

1

> 1:1000

Simple volume of buildings representing urban typologies;
(optionally with mapped facade structures)

2a

1:1000 - 1:2000

Volumes including essential variations in height and depth
(e.g. add-ons, cantilevers)

2b

-

Same volume as LOD2a as floor plains.
(used as basis for calculation of floorspace)

3

1:500 - 1:1000

Volume including 3D-details on building structure
(e.g. pylon, setback, roof, balcony, windows)

4

<1:500

Model with highly detailed facade elements and accessories
(e.g. handrail, window frame, joints, canvas blind)

owners, given infrastructure, etc. As a result, the
position, shape and height of buildings are already
precisely defined and thus reduces the use of procedural shape grammar rules.
Using CityEngine as a visualisation tool means
to create and apply facades rules that create volumes
with detailed façades based on building footprints
and height information. By importing CAD-drawings
or shapefiles representing those footprints and including height information, a volumetric impression
of the design-study with detailed façade structures
can be created within a few minutes. This 3d-model
can than be exported and rendered in a specific rendering program [figure 1]. This approach allows to
create street view impressions at early design states
previously often done with collages on photos of
physical models.
The number of 3D-objects in a scene gets
large very fast when facades are created in high
detail, which can have a significant effect on computational speed if done for several buildings,
a district or a whole city. Several types of Level
of Detail (LOD) where integrated into the shape
grammar rules for this reason [table 1]. This allows
to represent buildings with a lower relevance, e.g.
neighbouring buildings of a project, in a lower detail. The different LODs are based on each other and
3
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Version 2010.2 now has basic shapes of typologies predefined.
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can be created by setting different break-points
within a facade rule.
Typological Testing
A feature of great interest, is the use of shape grammars to test various volumetric combinations on a
site. By defining the building typology and its height
or the density of a plot, volumes are created that
respect these definitions and the total floorspace is
reported (figure 2). These tests are essential to get
a grip on densities and typologies on a site and are
normally based on physical models, e.g. with a foamcutter, which is very time-consuming work.
CityEngine2009.2 does not include predefined
building typologies3. Therefore the definition and
scripting of typologies was done through internal
research.
Typologies were created for three kind of locations (referred to as “categories”): rural, suburban and
urban. For each of those, several building typologies
were scripted, representing a volumetric appearance (LOD 1) and the basis for floorspace-calculation
(LOD2b). Facades that are fitting to those where created in a later phase.
The selection of the category to use can be
controlled through attribute maps. Within these
three types of location a random selection applies

Table 1
Level of Details (LOD)
for Buildings as defined at
KCAP)

Figure 2
Two versions of Urban
Design for the same area and
the floorspace of those. These
have been generated through
the use of shape grammars
based on attribute maps that
define the density and the mix
of use.

a specific typology per plot and creates new combinations of volumes with every new run of the
grammar.
Shape grammars as implemented in CityEngine2009.3 can lead to very different results depending on the shape of a lot. The number of vertices
and the length of an edge can have essential impact

on the resulting volumes as explained in the chapter “the grammar”. A possibility to avoid unrealistic
types of buildings is the implementation of additional queries in the shape grammar scripts. Those will
query the number of vertices, the size of the lot and
also check for concave angles of a lot, before selecting a volumetric typology that fits properly.
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INTRODUCING A FRAMEWORK FOR EVALUATION OF URBAN DESIGNS
The above mentioned work-packages were the first approach to use the CityEngine within our projects. Having tested those by creating several scripts did allow
for combining these scripts into more complex shape
grammar rules, thus creating an overall framework.
The aim of such a framework is to create a tool
that will give a volumetric output to conceptional inputs such as a zoning map. This allows to test designstudies at an early stage on their volumetric impacts
and to adapt the design based on these results. As
described later-on this will also allow for combination with behavioural simulation-models as UrbanSim to create a visual output of the result.
Urban developments are guided by constraints
that define zones with a certain mix of use and the
density allowed per parcel. Urban planners often start
a project by defining spatial variations in a similar
way, e.g. in form of zoning maps, before developing a
more detailed impression in form of masterplans with
buildings, street-widths and private spaces.
Typological testing through shape grammars
can therefore be based on these kind of zoningmaps and derive proper typologies for each plot
based the zoning definitions. A possible option to
include zoning maps into CityEngine’s shape grammar rules is given by “attribute maps”. These allow for
integration of raster-files that are manually placed in
a scene. The coding employs colour and brightness
to define numeric values that will be integrated in
the shape grammar rule as conditions. A blue zone
might then represent the use “residential” and the
brightness could represent the density permitted.
Several attribute maps can be included, we normally use two maps within our framework- one for the
density, the other one for the mix of use. Based on
these a set of fitting typologies (referred to as “typological class”) is chosen, of which one will randomly
be chosen through the shape grammar rule. Additional building parameters as the building-width,
floor-height and building-height are set according
to the use of a building.
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As already mentioned each of the typologies
implemented does only fit properly to a certain
range of plot-sizes and plot geometries. The assignment of a typological class to a parcel was done
manually for the typological testing. But this definition can done automatically within the framework,
based on the users’ attribute maps. Therefore additional queries are implemented to query the size and
form of a geometry and react accordingly.
First query will be on the size of a parcel. The
user can define minimum sizes of a site and maximum sizes. If a lot is smaller then the minimum
size for construction, it will get coloured in green
through the shape grammar rule, to mark it as an optional public space. If it is too big, the output will get
coloured in red and can be subdivided by the user
according to his design-idea. We also implemented
the option of integrated subdivision. A plot that is
too big will then get subdivided though a split along
it’s longest edge. This will be repeated until the plot
is not too big any more.
When a plot’s size is fit for construction, it will go
through the process already described: A query will
check the geometry of the parcel and define a set
of fitting typologies, which we call “typological class”.
One of the typologies inside the typological class will
be chosen by a random process for each plot.
A later process will create the height of the
building based on an attribute map. We implemented two approaches of controlling the height
of buildings. The first will directly define the height
of a building. Buildings will then be extruded according to these definitions. This approach is necessary for urban planning practice as constraints
on height, defining a maximum permitted are frequent. By creating an LOD2b output (see above),
the floorspace of the buildings will get reported.
Repeating this procedure allows for testing various typologies and gives an impression of floorspace that is possible. This is what used to be done
through physical model-studies and is an essential
step at the beginning of projects, to get a feeling
for the site and its possible densities.

Figure 3
Structure of the urban design
testing framework showing
the various queries on the
initial shapes and guidance
through attribute maps..

all footprints (of buildings) within a plot, the number
of allowed stories can be calculated and will be used
to procedurally create the buildings. Summing up
the footprints can currently not be performed within
the shape grammar language of the CityEngine as
counting variables can not be included in the scripts.
It was realized as a python script that is run within the
CityEngine, but apart from the shape grammar rule.
After having run the script that creates the building
footprints, the python script is run and reports the
number of stories allowed to the shape grammar
rule. A second run will then create the buildings in
the maximum height according to the FAR.

HAVING A CLOSER LOOK

The alternative approach starts by setting the
floorspace and allows for flexible heights, which represents the investor-oriented approach. It generates
individual height of buildings based on the definition of a floorarea ratio (FAR) of a parcel. The size
of a parcel is read out and the possible amount of
floorspace is calculated. By summing up the area of

The grammar
Core of CityEngine is its procedural grammar scripting language, “Computer Generated Architecture”
(cga). It allows to generate designs in a procedural
way, i.e. by iterative refinement of created elements
(Parish & Müller 2001). Basis for this process is an
imported geometry (initial shape) and its bounding-box. These are being transformed by the user
through the processes defined within the cga-script.
The resulting geometry will go through further
transformation routines, resulting in the refinement
of the overall design.
Transforming procedures can be defined in a relational or an absolute way. To give an example, the
subdivision of a plot can be set to a depth of 18m or
to 1/3 of the current depth. These options are of obvious relevance when creating scripts for urban planning purpose. A building depth will generally have a
maximum depth for natural illumination defined in
absolute values, meanwhile its positioning on a plot
might have to be described in relative forms.
Additionally the cga gives the opportunity to
define approximate values. This allows to subdivide
a building into several floors of approximately 3m
height. The total number of floors will then depend on
the overall height, they will have a height of around 3
meter so that they perfectly fit into the building.
City Modelling - eCAADe 29
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It is possible to include attributes, variables, set
queries, iterations and to hand over values to the
next routine as well as to include attributes that rely
on maps loaded into a scene. This allows for flexibility and integration of design, e.g. as definition of
height or density per plot (see above).
The procedural approach of the CityEngine
does not include the recognition of existing
shapes or of shapes created within a previous procedure of the procedural shape grammar rule. This
becomes essential when typologies of buildings
have to react on each other, e.g. through a defined distance of buildings. Through hard-coding
this relation within the shape grammar rule, typological appearance can be included, but they
depend very much to the initial shapes as already
mentioned4.
Typological rules that were programmed as
part of this research consist of shapes that form
certain spatial effects through the relation of
buildings to each other. Simple example would
be a L-shape or an O-shape. In the shape grammar
rule this has been realized by performing a “split”
on one vertex of an initial shape and then change
the position of the world-coordinate-system to
the next vertex.

This approach allows to generate some complex typological forms that include building relations, but strongly depend on the initial shape. The
picture below [figure 4] shows how one and the
same rule creates different output on different intital
shapes, which differ only with respect to the number
of vertices of the initial geometry.
This example shows that it is not possible to
write a shape grammar rule that creates the same
output on every initial shape. A workaround to handle this problem, is to query the initial shapes feature
within the cga-shape grammar rule and select a fitting transformation based on that query. This significantly reduced the number of available typologies
for a plot, but still allowed a variance of typologies
for most cases. It should be mentioned here that the
version CityEngine2010.3 allows for integration of
shapes based on geographical orientation. Having
implemented this features in our framework avoided many of the above mentioned problems. With
that feature it is possible now to use all typological
shapes for all kind of initial shapes.
Interaction and guidance
CityEngine is a tool allowing the use of shape grammars for design within urban planning. As such it is
Figure 4
Results of two shape grammar script on various initial
shapes. The red edge is the
initial edge, the circle shows
the initial vertex that will
be used within the script.
The second example avoids
construction on every second
edge by moving to vertex n+2
within the script. As can be
seen this only works if the
total number of vertices and
resulting edges is known or
querried in advance.

The description of this paper is based on the CityEngine2009.3. Later version of the CityEngine include basic typological shapeappearances as L and O. These are based on orientation and are not as sensitive to the initial shapes features as number of vertices
or angle within polygons.

4
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meant to be used by non-computer-scientists and
needs to handle interaction as easily as possible. This
chapter will therefore highlight this aspect.
As a research product that evolved into a commercial product it was launched in an early phase of
development. The very first version did include most
of the cga-grammar features that are described by
Parish and Müller (Parish & Müller 2001; Müller et al.
2006). Later versions allowed interactive postprocessing of the results of scripts. The current version
(CityEngine2010.3) allows for interaction by drawing
of new initial shapes, as well as dragging a vertex of
imported shapes and scaling, rotating, moving or
deleting of shapes and volumes.
Beside these modes of interaction the use of attributes is an essential possibility for the user to steer
the results of the procedurally generated urban layout. This has always been a key feature of the software. It is essential for the user to include attributes
within his shape-grammar rules, that will allow these
interactions during the execution of the procedural
scripts. In our framework, attributes are used not
only to define the building height and number of
floors, but e.g. is also applied to the typology used,
the optional implementation of subdivision processes (for plots that are too large), permission of addons on a building and to manually correct the depth
of every side of a building.
In combination with the option to edit initial
lots, this makes CityEngine a very interactive tool
that finally allows its use within the design-process,
through correction and adaptation of the procedurally created volumes to individual situations on a
given site.
Current development and research
The work so far concentrated on the use of shape
grammars, i.e. the software CityEngine, to create the
vision of the designer using the software. Current

research projects are aiming for representation of
“natural behaviour” instead5.
The evaluation of behaviour within urban systems is the aim of these projects. Wadell (2002)
demonstrates how discrete choice models can be
used to represent the behaviour of different actors
within the urban system and their interaction to
perform a simulation of urban developments6. The
open source software “UrbanSim” that he and his
colleagues develop (P. Waddell 2002) has been used
for various case studies in the United Stated and recently in Europe. The current version of UrbanSim
uses buildings and parcels as spatial representation
within its simulation process, implementing those as
numeric values. As discussed earlier (Schirmer, 2010)
this new approach allows for the implementation
of detailed spatial geometries into the behavioural
modelling process.
The experiences with shapegrammars reported here, show how the output of UrbanSim, could
be used in form of attribute maps to create a volumetric representation of simulation results through
the use of shapegrammars, i.e. the creation of possible future buildings on each parcel. The categories
developed within the framework described here
will be a first definition of typologies to integrate
as attributes into the development options of the
UrbanSim models. Within the project of SustainCity
this is currently being tested.

CONCLUSION
In this paper we described the various uses of shape
grammars as available with the software CityEngine
in the urban design and urban planning projects of
KCAP. As no other software for shape grammars has
been tested for these projects, some of the experiences mentioned here might be specific to the software
used, but it is expected that similar results could be
obtained with other shape grammar software.

Example projects are SustainCity (www.SustainCity.org), FutureCityLaboratory (http://www.futurecities.ethz.ch) and Sustainable
Urban Patterns (www.SUPat.ethz.ch) that are being realized with participation or cooperation of the IVT.
6
See also Wegener (Wegener 2004) for a review of the field.
5
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We showed that the different scales of urban
design and urban planning can be handled through
different approaches. For urban design the use as visualisation tool will be more appropriate, for urban
planning projects typological testing might be the
best approach.
By combining shape grammar rules for visualisation, typological testing and enhancing them
with logical queries on the geometry of a lot, a
complex framework has been created that allows
the creation of urban layouts based on the designer’s overall strategy.
This shows that shape grammars can be a very
effective tool at various scales of urban design and
urban planning. Current research at the ETH concentrates on the description and analysis of behaviour of
actors within the urban landscape. By extending this
one with the options we gain through procedural
modelling we expect that behaviour and the geometry will soon merge within the simulation process. This
again will be of big advantage to support the planning processes of urban design and urban planning.
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Abstract. In strategic planning and design, planners can benefit a great deal from planning
models and simulations (2D, 3D and 4D). Carrying out strategic planning and design with
the support of (spatial) models can open up a bright spectrum of opportunities and insights
that were not evident before. Planning models and simulations support an awarenessraising process. In this context, space syntax also fits in. In the following we will discuss the
constraints and opportunities of space syntax and show how space syntax can add value to
strategic planning and design (based on the Ljubljana masterplan) for a sustainable and
sustaining built environment.
Keywords. Urban analysis; strategic planning and design; space syntax; spatial simulation
and modelling.

INTRODUCTION
Strategic planning is a “[…] disciplined effort to
produce fundamental decisions and actions shaping the nature and direction of an organization’s (or
other entity’s) activities within legal bounds” (Olsen
et al. 1982 in: Bryson 1988, 74).
In the context of the built environment, strategic planning means directly witnessing, experiencing and observing aspects of behaviours in
the real world as a proven way of inspiring and
informing new ideas (informed decision making). Careful observation of people’s behaviour
and market forces combined with the urban and
regional layout can open up an insight that uncovers a bright spectrum of opportunities that were
not evident before (Fulton Suri 2005). This is based

on the consideration that for any planning and
design strategy we need to start with an original
insight about the usage of space (movement, activities, etc.) and its spatial layout. The meta-idea
is to address diverse levels of the built environment such as transport, demography, businesses,
production, services, tourism, health sector, living,
leisure, etc. We have to acknowledge that the built
environment on all scales (from local to global and
vice versa) is driven by various forces – interwoven
in a quite complex manner.
In the following we will explain how space
syntax (taking into consideration its controversial
views) can add value to the method of strategic
planning and design.
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A BRIEF REVIEW OF SPACE SYNTAX
Space syntax theory addresses the relationship between physical elements of a city (configuration),
its social activity and the pattern of utilization. Marcus defines the space syntax theory in a very understandable way when he explains that the main
variable of urban form that is analysed within space
syntax is accessibility and how the accessibility between spaces varies according to the changes in the
configuration of urban form (Marcus 2007).
Karimi adds that space syntax theory focuses on
creating a platform for society and space, to give a
spatial nature to society as well as a social dimension
to space (Karimi 1997).
This methodology considers space and the
spatial structure as the fundamental concept of
urbanism. Each spatial manifestation unit of urban
agglomerations develops an interface with itself.
There is a direct link between the urban structure
and the pattern of activity, as the organization of
a city and its network of “open spaces” is created
by the urban agglomeration of socio-spatial units.
One of the major attributes is the relationship between movement – represented by connectivity
and accessibility – and the spatial network, known
as configuration. Figueiredo underlines that “one
key characteristic of recent urban studies on urban
morphology is the use of networks to describe the
built environment. From this perspective, the city is
not seen as a collection of building blocks that may
have geometrical regularities, […] but as a network
of interconnected open spaces – the urban grid”
(Figueiredo 2007, 1). Thus, he points out that such
studies present cities in terms of their underlying
spatial organisation, tracing a connection between
space and society.
As a basic tool, space syntax applies the axial
line as the minimal set of longest straight lines of
sight interconnecting all open spaces. Marshall says
that the axial line reflects the geometry of bounded
space (Marshall 2005). The axial line intersection of
an axial map becomes the edge and the retrieved
graph structure of the axial map is the “axial graph”.
126
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An axial map is a geometric model of an urban grid
that can translates into a topological graph. This topological graph has the street network structure as
its “underlying” property.
As Hillier describes the city as a set of lines
(Hillier 2003), he draws attention to the importance
of connectivity and its topological arrangement into
a network by the geometry of a system. What can
be derived from this point is that the abstract connectivity (configuration) is more important than the
position of space (composition) (Marshall 2005).
What space syntax represents is a topological
network model to link urban structures with social
activity through the idea of connectivity and accessibility. Accessibility mirrors a spatial ordering principle quantifiable as centrality and periphery (or:
isolation, Rose et al. 2008).

CARLO RATTI’S SPACE SYNTAX CRITICISM
VERSUS HILLIER’S & PENN’S REJOINDER
Like every theory, space syntax, too, has generated
criticism and controversial views. In the following
we would like to review two major topics (building
heights and land use) of the famous scientific discussion between Carlo Ratti and Bill Hillier & Alan
Penn (2004).
Does space syntax deal with building heights?
Carlo Ratti (2004) argues that the axial map discards all 3D information, as building height never
appears in space syntax analysis. He stresses the fact
that in contrast to Hillier’s hypothesis of a more or
less equally loaded grid with buildings (termed as
natural movement) (Hillier 1993 in: Ratti 2004), an
urban grid is rarely loaded in a uniform way. Building
heights change within the city, modifying pedestrian movement. Ratti goes on to say that “a similar effect is produced by bus stops, underground stations,
and the characteristics of streets, such as their width”
(Ratti 2004, 492).
He also admits that the widths of streets are
partially taken into account in the axial map. Further, Ratti states that building height would not

matter if Hillier’s argument that urban attractors
are a mere consequence of configuration (“tallest
buildings appear in the most integrated parts of the
town”) applied to the built environment. He underlines that especially with planned cities, this argument may not be applicable, as planning decisions
are often based on social, economic and technical
reasons – in contrast to the configuration of a street
network. Further, functions (i.e. car parks) can generate higher pedestrian movement rates than the
original configuration of the network (integration,
choice) would suggest.
Hillier and Penn respond to Ratti by explaining
that space syntax has no difficulty at all in dealing
with such factors as building height, pointing out
that this factor is implemented in the regression
model rather than in the spatial model. They emphasise their position by referring to a study done in
five areas in London (Penn et al. 1998) which showed
that building height was important for pedestrian
movement at the level of area, though not at the level of individual road segment, but that the effect of
building height was minor compared with configurational variables (Hillier, Penn, 2004, 504).
However, the trend in planning practice and
research is towards a systemic planning approach
combining geo-referenced data sets, topological
and topographical factors with spatial 3D and 4D
models (see also: planning support system – PSS).
Lynch argues that “way-finding is the original function of the environmental image […]” (1960, 125);
his notation of the city in the context of the visual
ordering principle (imaginary trip) is based on five
elements: path, edge, district, node, and landmark.
Thus, the third dimension is an essential element of
way-finding. If we consider Ratti’s argument about
the non-homogeneous distribution of building
heights within a town or city, we return to Lynch’s
landmarks. Landmarks gives orientation within
an urban system independent of their location
(prominent or non-prominent location). In general,
way-finding is achieved through the perception
of direction, distance and vertical height. Thus,

incorporating the third dimension into the spatial
space syntax model would add important value in
developing a holistic tool.
Does space syntax take land use into account?
In the context of land use, Ratti shares Batty’s opinion
(2002) when quoting him: “[Space syntax] accessibility measures, although providing indices associated
with forecasting trip volumes, are not based on models which simulate processes of movement and thus
do not provide methods for predicting the impact of
location changes on patterns of pedestrian flow. In
short although these indices can show changes in
flow due to changes in geometry and location of entire streets, they are unable to account for comprehensive movement patterns which link facilities at
different locations to one another.” (Batty et al. 1998,
3 in: Ratti 2004, 492f ). Batty argues in favour of the
use of an Agent Based Model (ABM).
In contrast, Hillier (1999) offers a model in
which locations are weighted in such a way that an
additional local grid (i.e. shopping mall) is added to
the street network (axial map). This, of course, will
change the value of integration as the gravity of the
street network changes due to the additional number of elements added. Ratti sees Hillier’s model in a
critical light, arguing that “the procedure, however,
seems quite ambiguous, as it arbitrarily assimilates
an indoor commercial centre to a real street network.
Furthermore, it does not provide any method to
quantify these fictitious additions to the urban grid,
leaving the possibility of unconscious postrationalism – whereby it is the axial map analysis that mirrors
movement and not vice versa.” (Ratti 2004, 493).
Hillier and Penn agree with Ratti in the sense
that the axial map does not technically integrate
land use factors. They argue that there is a good scientific reason for it, as technically it is quite simple to
calibrate lines with land use (improving r²).
For a theoretical understanding of cities as well
as practical importance (where should shops be
put?), both see in the investigation of the impact
of configuration and movement on land uses and,
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further, the formation of centres and sub-centres, a
higher value. Further, Hillier and Penn argue that in
space syntax theory, land use is a dependent variable: spatial configuration influences movement
and, further, can be expected to influence land use.
They support this hypothesis by offering an extensive empirical investigation by Hiller (1999, 2000),
(Hillier & Penn 2004, 506).
Seeing the discussion of land use in the
light of a “goal following” approach (agent-based
modelling) that asks the question “How does a
specific location of a shop influence movement?”,
Batty is right in saying that agent-based modelling (ABM) can better manage to investigate and
answer this question.
Raford highlights the difference between
space syntax and agent-based models very clearly
when he says that “as a statistical model it [space
syntax] is relatively simple and robust, allowing for
quick analysis of a range of cases and outcomes.
But it is fundamentally static and falls short of many
of the advantages that ABM provides, particularly
dynamic activity over time, complex agent interaction, goal following, social learning, and emergent
behaviour (Manson 2006, Miller and Page 2007, Epstein 2006, Gimblet 2002, Batty and Jiang 1999; in:
Raford 2010, 243).
We agree with Raford that a research tool integrating space syntax with agent-based approaches
is a promising direction for future research, as it is a
more flexible way of exploring the role of space and
accessibility in a variety of dynamic processes such
as land use change, urban transportation, shopping, crime, and other forms of social behaviour
(see also Raford 2010, 243).

HOW WE DESIGN CITIES IS HOW WE UNDERSTAND THEM
The framework strategic planning and design benefits from space syntax in terms of the opportunity
of making informed decisions (awareness-raising
process) in the light of their possible future consequences. As discussed above, space syntax offers a
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link between spatial organization and socio-economic factors. It gives rise to the effects of spatial
layout design on social and economic value indicators such as movement rates, crime patterns (natural
surveillance) and land uses.
For any planning and design strategy, we need
to have an original insight about the usage of space
(movement, activities, etc.) and the spatial layout
itself. The meta-idea is to address diverse levels of
the built environment such as transport, demography, businesses, production services, tourism,
health sector, living, leisure, etc. Each planning and
design strategy can only be vital with respect to the
use of its space.
In order to achieve sensitive and appropriate handling of these above-mentioned forces for
sustainable and sustaining planning interventions,
planners must not only analyse the factors of transportation, market forces, land use and people’s behaviours, etc. but also understand them in their singularity as well as their mutual interaction (topological and metric relationship) embedded in the built
environment on both a local and global scale.
In general, the strategic design approach serves
to fulfil a sustainable and sustaining planning strategy and the outcome that is globally important for
metropolitan areas. Let us recall that sustainable
planning addresses the development of strategies to
reduce the use of resources, increase economic efficiency and improve integration of social aspects (i.e.
pedestrian-friendly environments, well-balanced
public and private transport modes, efficient street
networks; land use; movement economy: access for
all to jobs, shopping, services, health care, culture
and leisure) (Czerkauer-Yamu et al. 2010).
However, we can assume the idea of strategic
design as a systemic approach incorporating the elements of a multi-disciplinary and inter-disciplinary
holistic strategy. The core of a structured, strategic
design process can be summarised and implemented into planning processes as follows:
Finally, participation processes are important
during the whole planning process. These can be

••

••

••

••

Strategy development (strategies are developed based on
the issues previously identified (e.g. short time strategy,
long term strategy, in a spatial
manner e.g. it can be phasing)
Description of the future
(planners describes what the
area or region in question
should look like as it successfully implements its strategies
and achieves
its full potential)
Post-evaluation (approx. two
years after the design was
implemented)

Option testing

carried out as: stakeholder consultations, developer consultations, public consultations, design
workshops, etc.
In summary, strategic planning and design benefit from the opportunity of making informed decisions (we have to see this, of course, relatively to the
built environment’s nature of complexity), exercising
maximum discretion, solving current problems of an
area, improving performance and efficiency of an
area, dealing effectively with changing circumstances and building expertise.
Based on this background and requirements, it
can be seen that concepts, models and simulations
(2D, 3D, 4D) are important, as all of them (bundled)
contribute significantly to the formulation and exchange of spatial ideas. These visualised ideas address the users of space for a further in-depth interpretation in order to reach the next level of a more
specified and realisable interpretation (awareness
raising process) (Voigt 2005).

THE LJUBLJANA MASTERPLAN – A CASE
STUDY

Expertise & recommendation

••

Strategic issue
Conflict embodiment –
what, how, why, where,
when, who (can be used
for all approaches below)
•• Goals approach
•• Scenario approach
•• Direct approach (planners
and designers go directly
from the view of the client)

••

Post-evaluation

••

Global and local environment
assessment

Planning prerequisites

Purpose of the effort
Identification and clarification
of musts confronting planners and the area under scrutiny (regulation rules, etc.)
Development and clarification of mission and value (e.g.
in the context of sustainability)

Baseline
analysis

••
••

Ljubljana1 lies strategically at the intersection of
two main routes of the pan-European transportation corridors. The 230-ha area masterplan “Smartinska Partnership” is located in the north-eastern
part of the city between the historic core and the
ring highway. The Swiss architects Hosoya Schaefer2 envisioned transforming the predominantly
introverted, environmentally burdening urban area
of former industrial manufacturing into a vital, rich
urban space with its own identity and integrity.
Thus, a holistic design and planning approach combining intuitive design with a strategic, programmatic planning conception supported by the space
syntax method (Hillier 1996) was chosen.
The space syntax analyses for the Ljubljana
masterplan focuses on the baseline study, option
testing, expertise and recommendation, and long
and short term strategies with regard to the accessibility of the street network. In the following, we will
discuss selected space syntax analyses.
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lacks and potentials and the possible impact of a
scenario on the whole urban system.

City-wide accessibility – strategic model
City-wide accessibility maps visualize the connection structure of the street network, e.g. between
the masterplan area and the historic core of the
city. Important facilities, services and infrastructure are linked to a great degree to the foreground
network (Fig. 3, marked in red). Space Syntax Ltd.
states that it has been found that this measure corresponds well to vehicular volumes where specific
traffic restrictions do not apply (Space Syntax Ltd.
2009, 33). Ljubljana’s foreground street network
shows radial and orbital roads. We can identify a
“deformed wheel” structure, as in many European
naturally grown cities, and a ring road carried out as
highway. This analysis enables to identify efficiency

Figure 1(Hosoya Schaefer 2009)
Ljubljana masterplan – building mass model

Point depth analysis – catchment area
This analysis visualizes, e.g., “missing links” in greater
detail (zoom) on a pedestrian-friendly scale. Figure 3
identifies a “missing link” between the historic core
and the masterplan area. Especially the shopping mall
of the masterplan area (BTC City) is accessible only by
car and best reached by means of the highway ring
(see strategic model). This “ring culture” is not an integrative part of the city. A possible solution is to
introduce “stepping stones” in walking distance, like
Kolinska (street network intensification), to re-link the
historic core with BTC. Walkability can improve the
functionality, character and identity of an area.
The missing link – catchment area analysis. Point
depth analysis (walking distance) on the network
overlaid with crow-fly distances (circular radials).
Block sizes – permeability
Block sizes have an impact on walking times in urban
areas. The bigger the blocks are within an area, the
less pedestrian movement sensitive the area is. The
more pedestrian movement sensitive an area is, the
more likely we will find local shops there (in contrast to shopping malls developed on a car-based
Figure 2
(Space Syntax Ltd. 2009)
Image left: The analysis of the
city-wide accessibility highlights the fact that the (existing) masterplan area does not
function as an urban centre
and is not well-connected to
the historic core of the city.
Image right: The proposed
masterplan has the potential
to unlock spatial potentials of
the wider surrounding area,
based on the higher connectivity within the site and to its
neighbourhood.
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accessibility approach). A coarser urban grain is
mostly found around residential or industrial areas,
whereas a finer granularity is found around shopping
streets. Hence, the block size can give an idea of existing and potential land use. Space Syntax Ltd. explains
the influence of the urban grain on land use by stating that “finer grains maximize the available surface
– i.e. block frontages – for display and interaction,
while minimizing journey lengths. This ‘grid intensification’ helps to support retail, catering and leisure activities and is an important property of urban centres

and sub-centres” (Space Syntax Ltd. 2009, 35). Wellbalanced distribution of block sizes respond to mixed
uses and therefore sustaining areas.
Phasing – successful implementation
Another important task within strategic planning
and design is the successful implementation of a
design (short-term and long-term strategy). This
process of implementation needs a defined process allowing stable, continuous development,
adaptation and achievement of the planning

Figure 3
(Space Syntax Ltd. 2009)
The missing link – catchment
area analysis. Point depth
analysis (walking distance)
on the network overlaid with
crow-fly distances (circular
radials); left: existing; right:
proposed..

Figure 4
(Space Syntax Ltd. 2009)
Block size analysis helps us
to understand the “permeability” of a city. A proposed
finer grain (right) aims at
achieving higher pedestrian
movement scenarios through
shorter trips based on smaller
blocks; left: existing, right:
proposed.
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concept, while at the same time minimizing disruptive factors (the overall concept needs to stay
intact). Hosoya Schaefer underlines that “decisions
which affect the long-term feasibility and viability
of the masterplan, such as process management,
EU fund applications, multimodal strategy, or
government city strategy, need to be taken at the
right moment. Decisions that are taken too early
might not be well-founded enough to provide stability in the process; decisions that are taken too
late will create a lock-in situation that will negatively affect the outcome of the masterplan process. Process management is a key function […].”
(Hosoya Schaefer 2009, 262). In this context, space
syntax carries out a so-called phasing strategy for
the street network, being very similar to option
testing (scenario approach).
A closing note on space syntax
What we have seen with space syntax is that it supports, to a great degree, an awareness-raising process. Space syntax helps to give new insights on
urban functionality by visualizing spatial relationships. In the light of strategic planning and design,
it can help us gain an insight into specific problems
of an area and their possible solutions. Further, it
can be used in participation processes by planners,
local authorities and the public. Space syntax is a
support tool for urban analysis to enable informed
decisions. It can also add value to planning support
systems (PSS).
The constraints and opportunities of space syntax are as follows:
•• It is a topological model having the ability to link
urban structures with social activity through
the idea of connectivity and accessibility.
•• It is relatively simple and robust, allowing for
quick analysis of a range of cases and outcomes.
•• It adds value to the strategic and design process: strategic issues, goals approach, scenario
approach, direct approach, strategy development, description of the future, and post-evaluation.
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••
••

••

The axial map does not technically integrate
land use factors.
It is a static model falling short of the advantages that ABM provides (dynamic activity over
time, complex agent interaction, goal following,
social learning, and emergent behaviour).
It discards all 3D information, such as building
height.
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Abstract. We approach the issue of city theory from three perspectives, the (i)
methodo¬logical perspective, (ii) the perspective of the theoretic concept, and (iii) the
perspective of an explication that folds the first two perspectives together. The methodological
perspective focuses on the status of theory in an area of research, where the subject – the city
– is a complex entity. The second topic of the paper is the derivation of the Sema Città, which
describes the city as an entity of intended semiosic productivity instead of conceiving it as a
built entity of storages, heterotopic consumption and metabolism. The third part investigates
how the concepts information, complexity and evolution can be adapted such that they can be
operationalized for research, design and planning.
Keywords. city theory; information theory; methodology; complexity; evolution.

INTRODUCTION
The interest of this paper is the question about an
appropriate frame for a city theory. By this we do
not want to express that there has not been suitable proposals for such a theory in the past, nor
that it could be possible to introduce a complete
version of such a frame. Yet we think that quite
recently profound changes established a new societal context which poses many challenges for
any city theory established so far. Among the biggest ones is the fast pace of changes caused by
technology and the growth of the overall human
population. The first translates into the notion of
the networked and globalized society, the second one into the problematics of sustainability
in a world of accelerating urbanization. The first
is about rules and their design, the second about
needs, underlying constraints and the question
who should deal with it.
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Yet, it would be a severe simplification to limit
the perspective to these readily visible topics. Societies’ aspiration towards the shaping of our cities
changed along the change of life forms in history.
Moreover, designing, planning and implementing
is expected today to take place in and as a part of
an open society. This prohibits pure functionalist approaches and any disciplinary confinements as well,
but also unthoughtful normative stances or any kind
of laissez-faire regarding planning or regulation.
Ultimately, city theory has to address the question about how to act upon a city. We know that cities are complex and meta-stable, they are non-linear,
productive and creative systems. This raises the
question whether we can expect kind of causal efficacy with regard to the city. Can we really talk about
planning and development, or should we involve
evolutionary theory in some way? Even before, there

is the problem of the ends: Into which direction one
could think of a city could progress? And above all,
how should we conceive of this phenomenon we call
city, what should the city of the future “be”?
It is generally acknowledged that we are in need
of a city theory, which is able to respond to questions
of the kind as listed above, and which can be operationalized into models for measuring, designing and
planning. This article tries to demonstrate the usefulness of a particular figure of thought for any work
on a theory about this cultural phenomenon we call
“city”. We propose a clearly defined methodology to
achieve such a theory. The key element of it is the determination of basic elements from which a theory
could be built. These elements should be arranged
in such a way that the theory could provide hints for
taking suitable action. But how should it be possible
to think about causality regarding a cultural phenomenon? Whatever the answers are, it should be
clear that traffic simulation or the attempt to smartify the city by means of data bases and data mining
are not perfectly suitable for this kind of questions.
The layout of this article is as follows. First we
will deal with some methodological issues, particularly the concept of theory itself. Second we derive
the semantic core of this article, the notion of the
Sema Città. Third, and last, we briefly demonstrate
the application of the methodological issues – as
discussed in the first part – to the topics of information, complexity and evolution, which all are closely
related to our main conceptual step, the Sema Città.

THEORY (AND MODELS)
This section is devoted to the issue of theory itself.
Why do we need something like a theory, and how
should we conceive of it?
Delineation
There is still a considerably discourse about the relative status of theory and model. The complication
derives from the fact, that any model contains theoretical aspects, and specifying a “general” model further may render it into the status of a theory. Hence,

there cannot be an absolute criterion to separate
model from theory. Elsewhere we have argued
(Wassermann 2011) that – provided that it is reasonable to distinguish those concepts – we could
say that a theory in a particular domain sets the
structural conditions for any modeling, including
the modes of applying any particular model, within
just that domain. These conditions are conceivable
as rules about the modeling, how to organize the
symbols, how to operationalize a question, how to
organize the relations between concepts, which
concepts to allow or to import from other domains
and how, how to apply models and when not, and
so on. Strictly spoken, we need to accept that theories are not about the segment of the world which
is addressed by the models derived from within that
theory. Theories are just about models, they regulate them. To indicate that the status of those rules
are different from the rules implied by models, we
call this regulation “orthoregulation”. This implies,
inversely taken, that there cannot be any model
without a theory, even if this theory has not been
made explicit. We even may say, that any action as
well as any perception implies at least one model,
hence also a theory. Of course, it is better to make
both explicit, at least in the context of science, than
just implying it. A mathematical model about a subject, a simulation model or an organicistic model
about the same subject – the city or any part of it
– all convey a particular theory in the respective domain. If not explicitly stated, the theories are even
likely to be incommensurable. The status of theory
makes it impossible to find decisive tests that would
allow to prefer one theory against another. Theories
are not testable by principle, they cannot be falsified, quite contrary to the believes of positivism.
In the case of the city theory the work of Shane
(2005) is a good example for a proper theory. He
first defines the perspectives and the elements
from which he is going to build models. Such elements are, for instance, the material as armature
(mass), the enclave (form) and the heterotopia
(dynamics). For each of them he also distinguishes
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sub¬types. The models then are built as a particular
configuration from these elements and finally contrasted to real cases. The structure of his arguments
reflects the attempt to establish elements that are
necessary and sufficient for reconstructing what
Shane labels the “city”.
As a contrast to that we can say that a simulation
model is as little a theory as it is a mathe¬matical formula. It is just a model, which is based on some theory. Often, metaphors are used directly as integrated
concepts, which then are imported from another domain in order to build up a theory. Methodologically,
such operations are quite critical, even for abstract
terms. A city is not an organism, nor an ecosystem or
even a machine.
Fortunately, there is a proper means to get rid of
the effect of integrated concepts as imports: elementarization and probabilization. Probabilization transforms linguistic metaphors into concepts, which can
be operationalized into empiric concepts. In a radical
move, elementarization takes advantage of the basic
fact that neither rationalist nor empiricist concepts
are ever sufficient to talk about a phenomenon. Elements are structural pre-cursors of any practical operationalization, and thus any measurement.
The Big Four
It is often argued that cities resemble distantly to organic structures. Hence we shall look for structures
and methodologies developed in biology to grasp
the particular characte-ristics of its subject(s). In
biology there is the saying that nothing in biology
makes sense except in the light of evolution (Dobzhansky 1951). A bit more detailed, Tinbergen (1963)
formulated that research in biology is suitably structured by four major per-spectives: ontogeny, phylogeny, physiology and behavior. Typical for biology is
more¬over the strive for the identification of mechanisms within any of those perspectives, as in biology
there is no such thing like a “cause”. The question
for research about the city then would be, whether
there is also such a group of a “Big Four” (or, maybe,
three), and if yes, how would these perspectives be
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represented? We cannot provide an answer here, but
signs and/or the mediality implied by it may well be
one of the suitable candidates.

DERIVING EVIDENCE FOR A CONCEPT
Shane (2005) proposes an interesting developmental scheme in his city theory. Based on a metrics built
from the elementary and constructive dimensions
of armatures, enclaves and heterotopias, he distinguishes Archi Città, Cine Città and Tele Città. In a brief
and almost brutal summary we could say that “Archi”
refers to a form of organization driven more by faith,
myths and individuals than by institutions, “cine” indicates the dominant role of movement and flows,
and “Tele” finally indicates the effects of technologies
to create illusions of any kind, including the collapse
of space and time. While a Tele Città may contain aspects even of the Archi Città, the opposite will never
be the case.
We now are inclined to observe that both series, on the level of the elements as well as on the
level of the descriptive and integrated forms, can
be characterized by a tendency towards an increasing immaterialization. Shane even distinguishes
different forms of heterotopias, for which the same
observation holds. The first one, the heterotopia of
crisis, is linked to material or corporeal relations,
while the last one, the heterotopia of illusions is
completely immaterial.
It is now interesting that we can construct a
bridge to the concepts of another author who mastered architectural theory, Robert Venturi. Venturi
(1977) developed a powerful and still widely neglected adoption of Peircean semiotics to architecture and
city theory using the case of Las Vegas. Shane, on the
other hand, invokes Las Vegas as a good example for
the Tele Città, which according to Shane is structured
mainly by the hetero-topia of illusions. This bridge
is strong one, as we will see. Peircean semiotics is
based on two major insights. First, signs always refer
to signs. Second, signs are not a material to which
we could point or which we could store; for Peirce
the concept of “sign” is given by an irreducible triadic

relation, set up by the originator, the interpreter and
the trans-ferred signal. Basically, a sign is “existent”
only within the situation of interpretation. We could
say that the sign is given by that situation. Obviously,
Peircean semiotics is com-pletely incompatible with
the infamous positivist and reductionist “semiotic
triangle”, which displays a sender, a receiver, a sign as
a distinctive object and the referenced fixed object.
This view is utterly flawed and just unfeasible due to
its closed character. Peircean Semiotics on the other
hand can be used not only to establish a coherent
perspective on the history of facades up to the late
media facades but also as a theoretical basis to explain the modes of production of spaces in the city
(Wassermann and Bühlmann, 2010). Space and its
perception is a major site for the societal negotiation
of the relationship between the spheres of the material and the immaterial. Note, however, that by the
notion of “Sema Città” we do not propose semiotics
as the sole methodological approach.
As a philosophical concept, Peircean semiotics
expresses the primacy of inter¬pretation similarly to
the subsequent primacy of language as formulated
by Wittgenstein several decades later. Semiotics sits
also at the roots of the concept of probabilistic associative networks, as we have pointed out recently
(Wassermann 2010). Cultural phenomena cannot be
understood without a proper assimilation of associativity. Though standard urban network theory (Baccini and Oswald, 2003) is far ahead of more reductionist approaches like Hillier’s “Space Syntax” (cf. Hillier
2009), e.g. in its capability to separate the quality of
the urban from more traditional assignments of visual and morphological characteristics, it focuses on
logistic networks almost exclusively, hence it fails to
explain the specific productivity of urban contexts.
Yet, it provides an indispensable starting point to
think about growth and differentiation of and in the
city, but logistic networks are rather limited in their
ability to connect to developmental schemes of any
kind. It is remarkable, that associative networks are
probably the only structures which are able to link
material and informational phenomena. This renders

them to a “vertical” conceptual structure, to which
one can take a completely conceptual stance as well
as one can implement them in practical models. It
is precisely the dimension of association where our
contemporary technology of the digital brought an
almost “Cambrian explosion” of means and varieties.
Obviously, all these immaterial aspects, from
Shane’s heterotopia through semiotics up to associative networks are related to a specific potential
for possible impressions as well as expressions. Cities and urban environments become not only more
dynamic in the realm of immaterial, as the role of
the material is shifted to just an infrastructural role.
More important, cities become more exciting for its
inhabitants and visitors due to the dedicated shift
to the aspect of semantics. As associative networks,
which are fuelled by volatile dynamics of open signs,
urban contexts become productive in the realm of
signs and information. The common term of new
media or mediatization of the city (Kronhagel 2010)
describes a symptom of this deep change in the
structural make-up of the city. We thus may expect
a fundamental change of the way we will conceive
cities: much more as an entity of intended semiosic
productivity than just as a built entity of logistic infra-structure, heterotopic consumption and metabolism, in short, as a “Sema Città”.
In order to understand the Sema Città, its productivity, its power and the required new modes of
design, we also need to understand the relationship
between the material and the immaterial, especially
the transitions between those two realms.

ARCHAEOLOGY OF THE SEMA CITTÀ
The remainder half of this contribution will deal with
three concepts, which are settling at the boundary
between the material and the immaterial: Information, complexity and evolution. More precisely, we
will introduce adaptations of these abundant concepts, which are formulated in a way allowing their
assimilation by a city theory. Further topics belonging to this crucial transition are growth and the associativity of networks in the city, the last of which we
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already treated elsewhere (Wassermann 2010). All
of these concepts could be more than valuable, but
they fail to do provide substantial benefit to studies
about the city when we refer to them in their traditional form.
Information
Apparently, information is a natural companion of
the sign to which the label “Sema Città” refers. Almost unintended, we already arrived at the core of
the problem. With regard to the language game “information”, all of us are actually playing two incompatible games. We are used to say “store information”
as well as “information is interpreted data”. To sharpen this point a bit more, we see that we either do
not distinguish between information and data (the
result of information must be storable, i.e. data) or
we do not store information but only data. As a third
alternative we could suggest that information has
nothing to do at all with interpretation. Well, obviously we need interpretation, even as a primacy, but
equally obvious we then meet a problem here. This
section sets out to resolve this problem by eliminating the incompatibility of the language games. It is
clear that we have to succeed. Otherwise, the Sema
Città would be a proposal without potential content.
The traditional formalization of information has
been provided by Shannon. It has been triggered
by the need to describe the error propagation in a
message, encoded using a fixed alphabet, where the
process creating the stream has no memory. Thus it
is a purely syntactical measure. Yet, already Weaver
(1949) proposed a tripartite analysis of information.
These parts are (1) technical problems using Shannon’s theory, (2) semantics as represented by meaning and truth and (3) the impact and effectiveness
of information on human behavior. Despite the fact
that he correctly points out the importance of interpretation as a constitutive element of a more holistic
concept, Weaver’s proposal cannot serve as a sound
basis for a conceptualization. The core of the problem is in the second part. By mid of the last century
Wittgenstein (1973) succeeded in demonstrating
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that meaning is dependent on conventions and thus
can neither be operationalized nor set a priori; in his
Tractatus (Wittgenstein 1963) he also proofed that –
counter-intuitively enough – truth cannot be a category in the actual world at all.
To understand information, to which interpretation is also constitutive, we have to integrate the
convention, i.e. we have to map the dynamic roots
of meaningfulness into the concept. Floridi [1] suggested a semantic conception of information, but
ended with the diagnosis, that the meaning of the
concept of information is still not clear. The main
flaw in Floridi’s approach is that he still tries to formalize meaning in a static approach, i.e. in a single
set of formulas.
We proposed a different strategy (Wassermann
2011), which (i) is based on a recursive procedure
establishing a limit process, and (ii) proposes three
aspects of information. It is important to keep in
mind that these aspects cannot be changed independently, neither they are reducible to any subset.
These aspects are the form, efficacy and extension
of information. Information can be formatted (first
aspect) as bit, word, image etc. using symbols and
these symbols of a formatting is what can be stored,
transferred etc. The aspect of efficacy refers to the
efficiency of information, which can be operationalized by uncertainty measures. This uncertainty refers
to a use case without actually determining it. Finally,
the extension of information describes the strictness
of the encoding and decoding process, for example
given by a sample rate and the complete-ness of the
involved measurement regarding the sensory channel. This however is a meta-information which is
mandatory for any interpretation. It can be secured
and regulated only by conventions. Any of the parts
can be conceived again as (2nd order) information,
being subject to the triangle of aspects. Playing the
information game involves always all three aspects.
Different kinds of information can be expressed by
weighing these aspects differentially, which often is
itself dependent on the context, i.e. dependent on
the pur-pose of an action or measure¬ment. Even if

so far no standard has been defined on how to quantify this “3 aspectional” information, it provides a stable foundation on how to con-ceive of information
regarding a city, city design and city management.
The aspect of efficacy relates information to
causality. Information and causality can be linked
using measurement as kind of a frame joint. “Pure”
causality is in the same way impossible as “pure” information, we cannot invoke them separately.
Complexity
Complexity is probably one of the most abused concepts in contemporary discourses, except perhaps in
physics. Luhmann (1978) proposed that complexity
denotes things a system cannot deal with, because
it cannot comprehend it. This conclusion was a necessary by-product of his so-called “systems theory”.
Since then, complexity developed into a widely accepted and elegant symbolic notion for incomprehensibility and ignorance. So far there is no acceptable nor an accepted working definition. Sometimes
it is related to adaptivity (by definition or unclear
empirical impression), sometimes to the “edge of
chaos” (Lewin 2000), very often it is just equaled with
self-organization. Complex systems are characterized by a phenomenon which could be described
from a variety of perspectives. We could say that
symmetry breaks, that there is strong emergence
(Chalmers 2000), that it develops patterns that cannot be described on the level of the constituents of
the process, and so on. If such an emergent pattern
is being selected by another system, we can say that
something novel has been established.
Many researchers feel that complexity potentially provides some important yet opaque benefits,
despite the abundant usage as a synonym for incomprehensibility. As it is always the case in such situation,
we need a proper operationalization, which in turn
needs a clear-cut identification of its basic elements
in order to be sufficient to re-construct the concept
as a phenomenon. As we already pointed out above,
these elements are to be understood as abstract entities, which need a deliberate instantiation before any

usage. From a large variety of sources starting from
Turings seminal paper (1952) and up to Foucault’s
figure of the heterotopia we can derive five elements,
which are necessary and sufficient to render any “system” from any domain into a complex system. We
emphasize that taken individually they are not new,
yet their formulation as a compound principle. So far,
such a construction is missing in all of the research
about complexity.
The elements are as follows. (e1) dissipation
implemented in a population of entities (e2) antagonistic influences of asymmetric range and strength,
also represented by populations (e3) standardization,
(e4) active compart¬mentali¬zation and, finally, (e5)
systemic knots as topo¬logical shortcuts between
distant layers. e1 expresses that the system needs
to be far from equi¬librium (Nicolis and Prigogine,
1989). Such systems are not in an optimized state.
e2 reflects the basic structure of any reaction-diffusion-systems (cf. Turing 1952). e3 is necessary for
any establishment of shared code. Without e4 there
is no transition from order to organization, as the
process itself would represent the only memory
available. Thus, compartments are essential for the
initiali¬zation of histori¬cibility, aging and learning.
We could simply call it “differentiation”, but then we
would lose the link to the dynamics of the level of
the mechanism. Compart¬ments can be of very different kinds. For instance, in a world full of codes and
messages, a new compartment can be built just by
mixing two codes. The element e5 finally is just an
inversion of the principle of enslaving parameters in
synergetics (Haken 1981). Complex systems are only
stable if there is some top-down control. Any crosslayer control can be understood as a mapping using
some kind of model, which as a matter of fact (we are
talking about strong emergence) is far from being
perfect. If top-down control embraces several layers
this unavoidably leads to contradictions between the
lower layer’s self-model and the higher layer’s control
model. In other words, the whole system creates condition e2 onto itself. If the density of such events is
large enough, the other elements are co-constituted,
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leading to a self-sustained higher order complexity. In
complex systems, we not only find populations creating compartments or populations interacting within
compartments, we necessarily also will always find
populations of interacting compartments.
A first relevance of complexity for the Sema Città is given as a basis for mechanistic models for heterotopia. In other words, such a concept of complexity allows the operatio-nalization of urban heterotopias, which should not be taken as a failure. Instead,
they directly indicate the presence of complexity. A
suitable model for complexity is also necessary to reflect the fact that only complex systems are able to
distil patterns from randomness. In order to establish
such patterns into novel¬ty, another complex system is needed. Hence we can say that populations
of compart¬mentalized populations are able to create and establish novelty, which is mandatory for any
kind of adaptability. Contrary to intuition, complexity is thus needed to achieve sustainability.
A theory of complexity based on elements like
those suggested allows to understand the semiosic
productivity of a city. It is in the mechanisms of complexity where we find the transition from the material to the immaterial. It is clear that a lot of work has
to be done to make the benefits of this concept fully
graspable for the practice of city theory, even as it
is rather simple to find explications for it. Nevertheless it is also clear that this operationalization of the
concept of complexity provides an applicable basis
to rationalize the concept of heterotopia. Finally, the
proposed definition of complexity provides well-defined parameters to enable, avoid or tune complexity, just dependent on the purpose.
Evolution
From a bird’s view one could say that evolution is the
historical creation of information through complexity. Cities change, but they don’t do so completely
randomly. There is a temporal coherence side by side
with contingency. Our claim of a transition towards
the Sema Città is inherently also a claim about the
evolution of the city.
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The concept of evolution has been conceived
primarily as concept from biology for more than 150
years. Almost since its first coherent formulation by
Darwin (2003) there also have always been attempts
to apply it to the progression of human culture. Generally, those attempts have been refuted, because a
more or less direct transfer implicitly denies cultural
achievements. Thus, we have to reconstruct a more
general form of evolutionary theory in order to import it to a theory about the change of cities. Unfortunately, we can provide only a brief outline of the
reformulation here.
In biology, evolutionary theory has been revised or extended several times. Never-theless, its
core can be still compressed to the following two
propositions (the plus sign does not mean arithmetic addition here), which express the basic elements
of this theory:
Evolution = Variation + Heredity + Selection

(1)
Fitness = number of offsprings in secondary filial generation F2

(2)
The concept of fitness is the core of the operationalization of evolutionary theory. As a measure
it is only meaningful within a system of competing
species. There are, of course, a lot of side conditions one have to be aware of and the mechanisms
regarding the single terms of this equation are still
under investigation. These equations reflect the
characteristics of biological matter, i.e. genes and
physiology making up a body, which is immersed in
a population of bodies, similar (within a species) and
different ones (competing species). A city does not
have such a structure, thus we have to extract the
abstract structure from the equation above in order
to harvest the benefit.
Fortunately, this is quite easy. Our key element
is a probabilized version of memory, where memory

is a possibly structured random process that renders
bits of information unreliable up to its complete deletion. This concept is very different from the concept of memes, which refers “directly” to the metaphor of the gene. We start by conceiving here-di¬ty
and selection as (abstract) memories. Heredity is
obviously a highly accurate long-term memory, actualized as lasting, replicable structures. Selection on
the other hand is just the inverse of forgetting, or the
difference established by it. Finally, variation can be
con¬ceptualized as a randomness operator acting
on those two memories. Now we can reform¬ulate
all ingredients of basic evolutionary theory in terms
of probabilistic memory.
Lemma 1: An organism is a device which “exists
as” and which can maintain an assemblage M, called
a probabilistic memory configuration. M consists of
different kinds of memories mi, each of different duration and resolution.

Lemma 3: Given a population of organisms,
the combination (synchronic union) of at least two
cross-linked memories M with different duration d
and, optionally, of different temporal resolution r,
modified by an operator for synchronous randomness , results in an evolution, if most of the individuals contain such a memory structure.

(5)
Finally we can define fitness as the capability to
deal (f=0) with the risk of vanishing ( prob({Q}) approaches 0) as an informational configuration, i.e. a
probability prob>0:

(6)

(3)
Any embedding “evolutionary” process picks at
least two different “memories” from that ensemble. If
the durations are sufficiently different, that organism
as defined in (3) will be a “subject” of evolution, i.e. a
species. For principle reasons, a species should not
defined by an identity relation. Instead we define it
as a limit process, which expresses the compatibility
of two different memory configurations.
Lemma 2: In a population of size n, we define
the limes of the probability for a unification of two
different sets of probabilistic memory configurations
M (e.g. biological organisms, structured cultural ensembles) under conditions of potential interaction.
A species then can be defined by the limit value 0
of this limes.

(4)

Now we have a concept of evolution at our
disposal that we can apply to cultural pro¬cess-es
like the progression of cities. A city then would be
comprised of populations of pro¬li-ferating and differentiating entities (“species”). These entities need
not be sharply dis-tinctive! These entities can be
anything, the only requirement is that this “anything”
could be conceived as “organism” in the sense given
above. Note, that this conceptuali¬zation of evolution allows for Darwinian as well as for Lamarckian
processes, for indivi¬dual-based selection as well as
for group selection, for horizontal as well as for vertical transfer of information. Thus we may conclude
that it is truly a generalization of the biological notion of evolution. The significance of adopting evolutionary processes for the Sema Città is obvious. Our
memory dynamics is closely linked to the con¬cept
of com¬plexity and information. We also may start
to build operable models of memory stacks. The free
parameters for a “memory design” of a city are the
number of memory layers, their mutual dynamics
and their inner properties. Based on this we quite
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likely will be able to tune the stability of urban
neighborhoods. Note that this achievement became
accessible just through our turn to the sign as the
frame for theorizing about the city.

CONCLUSION
Our endeavor here in this paper was primarily twofold. First we proposed the Sema Città as a proper
continuation of David Shane’s (2005) city theory. This
turn to the semiosic properties of a city triggers the
adoption of concepts like information, complexity or
evolution. Our second interest was to demonstrate a
particular methodological approach for assimilating
such otherwise difficult to apply concepts. This approach builds on two operations, elementarization
and probabilization. Hence it allows as a two-fold
move for a non-reductionist mapping of previously
just qualitative properties of a city into the possibility of empiri¬cally driven research and design
practice. Such, it represents a bridge between the
other¬wise incommensurable realms of narrations
and numbers.
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Abstract. We have been witnessing an increased interest in a more holistic approach to urban
design practice and education. In this paper we present a spatial data model for urban design
that proposes the combination of urban environment feature classes with design process
feature classes. This data model is implemented in a spatial database that becomes the
backbone of a City Information Model (CIM), integrating urban neighbourhood formulation,
design, and evaluation methods into a comprehensive urban design support system. We
demonstrate its application to urban design analysis and evaluation through the development
of a tool for AutoCAD Map 3D that is integrated with the PostGIS spatial database.
Keywords. urban design; data model; GIS; design support tools; urban design evaluation.

INTRODUCTION
In light of the challenges of sustainable urban development we have been witnessing an increased
interest in a more holistic approach to urban design
practice and education. This approach has multiple
dimensions and challenges (Gil and Duarte, 2008):
•• To integrate the activities of a wide range of
stakeholders;
•• To integrate analysis and evaluation in a performance based design process;
•• To manage the various outputs from the various
stages of the design process;
•• To facilitate access to information from a variety
of sources and in different data formats;
•• To manage very large quantities of information,
facilitating its manipulation and visualization by
different users.
The field of building design has responded to
similar challenges with the development of various

Building Information Modeling (BIM) technologies
and there have been calls for the creation of something equivalent in urban design, a City Information
Model (CIM) (Khemlani, 2007; Gil et al. 2010). The CIM
would extend the use of Geographic Information Systems (GIS) in urban planning as decision support tools
(Webster, 1993; Batty et al., 1998) through the integration with Computer Aided Design (CAD), to become a
design support tool (Dave and Schmitt, 1994; Maguire,
2003). The City Induction research project has been
focusing on the development of such a system, based
on an urban design method that integrates the stages
of formulation, generation and evaluation of urban
designs supported by a CAD/GIS software platform
(Duarte et al., 2011). In this paper, we present a spatial
data model for urban design practice that can serve as
the backbone of a CIM. This is a general component of
the City Induction project based on previous work carried out on urban design ontologies (Beirão et al. 2009;
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Montenegro and Duarte, 2009) and we demonstrate its
integration with the evaluation module.
Firstly, we describe the urban design data model
and the structure of the spatial database, highlighting
the possibilities that it offers by integrating urban environment and urban design process feature classes,
and provide an example of its implementation in
PostGIS using datasets for the Randstad region in the
Netherlands. Secondly, we demonstrate its application to urban design analysis and evaluation through
the implementation of a tool for AutoCAD Map 3D.
We then discuss the benefits and the potential applications in urban planning and urban design education, and point to further work required to test its integration with the complete City Induction framework.

A SPATIAL DATABASE FOR URBAN DESIGN
A spatial database can constitute an adequate support platform to achieve the integration and interoperability requirements of an integrated urban design
approach, namely:
•• It can manage different user roles giving differentiated access to and production of information by the various stakeholders involved in the
urban design and planning process;
•• It is a platform to which different design and
analysis tools can connect, but it also provides
an array of analytic methods to quickly process
spatially and statistically the information contained in it;
•• It stores and manipulates simulataneously the
geometry and attribute information (text and
numbers) that is used and produced during the
various stages of urban design;
•• It can import information from a wide range of
data, image, GIS and CAD file formats, either natively or by using plug-ins;
•• The information can be accessed locally or remotely over a network for manipulation or visualisation;
•• It can store very large quantities of information
and provide selective access to portions of the
data through queries in an efficient way;
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••

The information is managed in a single central
repository, avoiding data duplication and ensuring that the most up-to-date version is accessed by everyone.

However, to use such an infrastructure in the
urban design process, it needs to be configured with
an adequate data model that supports the kinds of
information, methods and user roles that make up
the urban design process.

URBAN ENVIRONMENT DATA MODELS
One of the leading GIS software companies has a repository with several data models [1] but most stem
from the field of geography. Although one can find
various components that would be relevant to an
urban environment data model, these are not integrated and do not constitute a complete set.
The most comprehensive urban environment
data model for GIS is the OGC standard CityGML
(Gröger et al., 2008; Kolbe, 2009). However, it follows
a logic strongly oriented towards data exchange and
3D city model visualization. The model is structured
around the concept of levels of detail of information
that is organized according to the needs of 3D visualization and not necessarily to those of a design process. Furthermore, it reaches a high level of detail with
building features, components and interiors, which
are not very relevant to the urban design process.
Other urban environment data models and
databases (Koshak and Flemming, 2002; Hamilton
et al., 2005) focus primarily on the retrieval, analysis
and visualization of existing information, but lack
components pertaining to the design process itself,
i.e. building regulations, development constraints,
benchmarks and multiple design proposals.

A SPATIAL DATA MODEL FOR URBAN DESIGN
We propose an urban design data model that accommodates two knowledge domains: the urban environment and the urban design process. The first domain
contains data that objectively describes the existing
or planned urban environment, referring to physical

or administrative geo-spatial entities. The second domain contains data that is produced by the planning
and design process. This information is not descriptive but rather prescriptive, analytic or interpretative
of the urban environment, and is specific to an urban
design project. Within each domain we define a series
of groups to facilitate the understanding of the content of and the relations between the various feature
classes (Figure 1). These are largely derived from previous work on urban ontologies carried out in the City
Induction project (Beirão et al. 2009; Montenegro and
Duarte, 2009; Duarte et al., 2011).
The urban environment domain (ue) has the following groups:
1. Landscape system (lnd)
2. Built system (blt)
3. Mobility networks system (mbn)
4. Boundaries system (bnd)
5. Information system (inf )
Groups 1-4 represent the environment and group
5 contains spatial and pseudo-spatial data. This complements the urban environment domain with essential descriptive information of the environment, its population
and activities, in support of site and context analysis for
creation of the program and for evaluation of the plan.

The design process domain (dp) consists of
these main groups:
6. Zones (zn)
7. Axes (ax)
8. Focal points (fp)
9. Site and design regulations (sdr)
10. Site and design analysis (sda)
11. Evaluation goals (evg)
12. Evaluation outcomes (evo)
Groups 6-8 contain graphical elements of the
spatial framework or master plan, produced in the
formulation stages, and additional explanatory or
conceptual information about a design proposal,
produced in the design stages. Groups 9-12 contain
design support information that is produced by the
formulation and evaluation stages, providing design
constraints, regulations, performance goals and assessment outcomes for the various design proposals.
The two knowledge domains (urban environment
and design process) are represented in the database
by two separate schemas, and each design proposal
is stored in its own schema with a structure identical
to that of the urban environment schema. The main
urban environment schema stores information on
the existing environment and is used for site context

Figure 1
Schematic structure of the urban design data model, with
two main schemas for the
urban environment description and the design process
information, and a collection
of groups and feature classes
belonging to each domain.
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analysis and visualization. The proposal schemas store
the proposed environments within the limits of the site
boundary and are directly manipulated by the design
generation process. The groups of each domain provide a prefix for the naming convention of data tables,
thus grouping together in the database management
environment the data tables that are related.
Examples of the data structure
The urban design spatial data model is defined following principles from spatial data modeling (Yeung
and Hall, 2007). Figure 1 represents a schematic
Class

Land cover

Schema
Table

structure of the urban design data model with the
main relations between feature classes, the core data
tables and some examples of custom tables that can
be created to accommodate specific project or local
characteristics. This expansion possibility is indicated by the ellipsis (…) punctuation in the groups that
support it.
In this section we provide examples of feature
classes of the two domains, namely the land cover
and building feature classes of the urban environment domain, and the site analysis and evaluation
scores of the design process domain (Table 1). The

Attribute

Type

Description

urbanenvironment

id

char

unique identifier

ue_lnd_landcover

type

char

land cover class

Entity

polygon

permeable

char

surface permeability class

structure

char

surface structure

Class

Land cover

Attribute

Type

Description

Schema

urbanenvironment

id

char

unique identifier

Table

ue_blt_buildings

lot_id

char

lot/parcel unique identifier

Entity

polygon

area

double

area in square meters

height

double

height in meters
total number of floors

floors

integer

gf_function

char

ground floor function

uf_function

char

upper floors main function

units

integer

total number of units

heritage

char

heritage class

status

char

current status class

year

integer

year of construction

Class

Land cover

Attribute

Type

Description

Schema

designprocess

id

char

unique identifier

Table

ue_sda_indicators_site

proposal

char

name of design proposal

Entity

polygon

ind_1

double

indicator 1 measurement

ind_2

double

indicator 2 measurement

double

indicator 3 measurement

...
ind_n
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Table 1
Description of the land cover
and buildings feature classes
of the urban environment
schema, and of the site analysis indicators feature class of
the design process schema.

de Pijp in Amsterdam, Ypenburng in de Hague and
Houten near Utrecht. The amount and diversity of information and the need to make it available to different users were sufficient reasons to opt for a managed
data solution in the form of a database. The data sets
used were obtained via the DANS EASY service [2]:
•• Bestand Bodemgebrauk 2006, for land use and
land cover (CBS and Kadaster, 2006)
•• Kadastrale Kaart, for property subdivision and
address points (Kadaster, 2008)
•• TOP10 NL, for topographic layers (Kadaster,
2009)
•• Wijk- en buurtkaart 2009, for census data (CBS
and Kadaster, 2009)

complete functional data structure of each table is
provided, including the object classes, their geometry, basic attributes and relations.
The data structure is typical of spatial relational
databases, with the important addition of a geometry field that can store the urban form’s geometry in
the form of points, lines and polygons.

IMPLEMENTING A TOOL FOR NEIGHBOURHOOD DESIGN AND EVALUATION
To test the feasibility and the advantages of using an
urban design spatial database in the urban design
process we have implemented one in the context
of the City Induction project, serving as the backbone of the CIM. The database is built on the open
source PostgreSQL database with its PostGIS extension, which can be linked to other spatial design and
analysis platforms, namely AutoCAD Map 3D, the
urban design platform chosen for the City Induction
implementation (Gil et al., 2010).

Initially, we started preparing the data sets using a commercial GIS platform and the files provided
in ‘Shape’ format. However, it became clear that certain operations of merging tiles, deleting records,
and editing tables either took too long or the operation failed. As a result we decided to load the data directly into the database and perform the data preparation operations using the native SQL functions
and the PostGIS functions. The database proved to
be far more stable and efficient in performing those

Setting up the spatial database
For the pilot study, we have loaded data of the Randstad region in the Netherlands, and selected four
different urban areas for analysis, namely Ijburg and
Table 2
Example of the correspondence between data attributes
of the original source data
sets (right) and the structure
of the urban design data model (leftmost column), for the
buildings feature classes.

Source

Table

Attribute

geometry

ue_blt_buildings

top10nl

gebouw_vlak

geometry

id

top10nl

gebouw_vlak

identi

lot_id

custom

ue_bnd_lots

area

custom

ue_blt_buildings

height

top10nl

gebouw_vlak

survey

-

floors
gf_function

Bbg2006

uf_function

-

Bbg2006
-

id
from geometry
hoogte / hoogteklas
BG2006_a
-

units

custom

ue_blt_entrances

heritage

top10nl

gebouw_vlak

typegebouw

status

top10nl

gebouw_vlak

status

year

-

-

parsed from door numbers
sequence

-

City Modelling - eCAADe 29

147

operations, reducing processing times in some operations from 40 minutes to 4 minutes.
The other two main tasks of data preparation
were to make a correspondence between data sets,
assigning to the data structure defined in the urban
design data model the attributes and geometry of
the existing data sources (Table 2), and to reclassify
the attribute values themselves, because they were
in different languages or were following a very specific classification.
In some cases the attribute data is not available
in the original data sets and it has to be synthesized
from other attributes, complemented by local surveys or simply ignored with consequences to the
kinds of analysis that one can perform. The result is a
spatial database that follows the specification of the
urban design data model, ready to be manipulated
by various stages of the urban design process.
Integrating the spatial database and CAD for urban form analysis and evaluation
In order to demonstrate the use of the database and
the integration of CAD and GIS we measure the urban form and evaluate the performance of the different pilot study areas using a tool developed for this
Indicator

Spatial unit

Result unit

Green areas per inhabitant

site

m2

Number of light railway/tram/trolley stops

site

n

Bike paths lengths per inhabitant/dwelling

site

m

Dwelling per hectare

site

n

Connected community

site

n

Street network length

site

m

Ground space per inhabitant/dwelling

site

m2

Impermeable areas

site

m2

Average distance between building entrances
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purpose in AutoCAD Map 3D. This tool is the proof of
concept implementation of the City Induction evaluation module. The purpose of the module is to measure a series of sustainable urban form indicators
and offer a variety of means to evaluate the results to
support decision-making during the design process.
The proof of concept tool implements a sample of
indicators, listed in Table 3, identified in a review of
existing sustainable urban development assessment
tools (Gil and Duarte, 2010). This sample aims to test
indicators of different dimensions of sustainability
(environment, economy, and society) that are calculated at different levels of spatial resolution.
The tool offers at this stage a basic urban design
workflow following the City Induction structure. In
the ‘Formulation’ section it includes the functionality
to set up a new urban design project and load data
in the spatial database, to configure project settings,
such as the acceptable ‘walking distance’, to define
the project site and analysis boundaries, and to setup the design requirements in terms of the weight
and performance levels of each indicator (Figure 2). In
the ‘Generation’ section the tool offers the possibility
of starting a new design proposal by creating a new
schema in the database and loading the design tools

street segment

m

Distance to nearest kindergarten

entrance

m

Number of kindergarten in close neighbourhood

entrance

n

Distance to nearest light railway/tram/trolley

entrance

m

Number of access points to public transportation

entrance

n
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Table 3
List of the sample urban form
indicators implemented for
analysis of the neighbourhood data stored in the urban
design spatial database.

toolbars. Finally, it has an ‘Evaluation’ section with a
collection of tools relating to the analysis and evaluation of these proposals. This includes tools to run the
analysis on the data sets, display those results visually
through thematic maps of each indicator, compare
the results between several different design proposals showing a radar plot (Figure 2), compare the proposals against a reference case (not necessarily from
the same project), and score the results based on the
previously defined performance levels, aggregating
those scores towards an overall proposal performance
score. The overall score is a weighted mean at various
levels of aggregation and these are summarized in a
multilevel pie chart for an individual proposal.

The user interface is implemented using AutoLisp and DCL. The data visualization functionality
uses AutoCAD Map3D workflows because the Map
API is not accessible from AutoLisp, and finally the
various indicator calculations have been implemented as plSQL functions in the PostGIS database itself.
We have decided to keep the data analysis and calculations in the database because of the performance
gains observed in our previous experience and to
keep the data processing functionality independent from any specific user interface. The AutoLisp
front-end creates PostgreSQL instructions that are
sent directly to the database via the command line
using DOSLib 8.6 thus performing any number of

Figure 2
Screenshot of the proof of
concept tool implemented
in AutoCAD Map3D. It
is displaying an urban
neighbourhood orthophoto,
overlayed with the results of
the ‘Number of access points
to public transport’ indicator in a thematic map. The
proposal comparison radar
chart shows this designs
performance against other
options. The information that
is mapped in this view is being read from the PostGIS
database.
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operations on the data. The charting functionality to
visualize the evaluation outcomes has been implemented in Python using the Matplotlib library and
connecting directly to the database using the Psycopg library.

CHALLENGES AND FURTHER WORK
The use of a spatial database in the design process
still requires GIS and database expertise (Pandit,
2009) and it is essential to develop user-friendly interfaces for the various design support tasks, especially to manage the data and to provide basic analysis outputs. The tests provide insight into possibilities and limitations of this integrated urban design
support system.
The data collection and preparation phase
common to urban design practice and education is
quite challenging due to the variety of data sources
and formats, and the quantity of resulting data.
The proposed spatial data model offers a clearer
set of requirements and a more structured knowledge framework, and with the support of ontology based tools it would facilitate the data classification and aggregation process. Furthermore, the
structured nature of the database can support the
development of automated data translation tools
from/to standards such as CityGML (Stadler et al.,
2009) and we need to identify the shared elements
between the data models and ensure compatibility
at those levels.
We still require an integration of the spatial database and the proof of concept tool with the formulation and generation modules of the City Induction
project. This is important to fine-tune the urban design data model and confirm its compatibility with
the methods developed in those modules. Furthermore, it will offer the opportunity for further testing
the use of a spatial database in other phases of the
design process and with different stakeholders. To
explore this scenario, local authorities seem to be a
good test case as they play several roles in the urban
development process, from data collection to planning, evaluation and public participation.
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CONCLUSIONS
In this paper we have presented an urban design
data model to enable the development of spatial databases to support the urban design process. The proposed urban design data model has
unique characteristics because it combines the
more common urban environment description
with a schema to support information relating to
the design process. Testing the proposed urban
design data model by building a spatial database
has shown that these databases offer a suitable
platform for an integrated approach to urban
design, in line with the idea of a City Information
Model (CIM), becoming the backbone of such a
system. We demonstrate their use in the analysis
and evaluation of designs integrated in a CAD environment, but we still need to test and demonstrate their use in a complete set-up that includes
the formulation and the generation of urban design proposals.
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Abstract. The ongoing research project called “Emerg.cities4all” is focused on the
development of a generative computer-aided planning support system for cities and housing
to low-income populations, using a descriptive method as the Shape Grammars and based
on multi-agent rule-based system. The goal is to develop a system that could reveal the
cultural, social and spatial dynamics involved in the genesis of informal settlements (favelas,
musseques and caniços) and use it to generate contemporary humanized urban morphologies.
The multi agent shape grammar implementation could generate automatically designs
according to different types of users: urban planners, architect and local end users. This
paper presents the methodology and the initial results of the research, using an informal
settlement as a case study.
Keywords. Shape grammar; Multi-agent systems; Urban design; Informal settlements;
Emerg.cities4all.

INTRODUCTION
The economically underdeveloped countries, witness a rapid urbanization with deepening poverty,
mass homelessness, environmental degradation
and increasing of informal settlements. In recent
years the governments of the Portuguese-speaking
of Africa and Brazil have sought to address the housing needs by launching state programs to encourage construction. Brazil launched the program My
Home, My Life (Minha Casa, Minha Vida), Angola has
launched the National Housing Construction Program (Programa Nacional de Construção Habitacional, PNCH) and Guinea-Bissau established the United Nations Program for Development / Equipment
152

eCAADe 29 - City Modelling

Fund of the United Nations (Programa das Nações
Unidas para o Desenvolvimento/ Fundo de Equipamento das Nações Unidas, PNUD/FENU).
Recently large massive housing blocks have
been constructed offering identical typological
dwelling types that does not suit the needs of the
population neither the characteristics of the site or
the local lifestyle. This inequality between rigid and
repetitive housings and the need to answer different situations including time variables is one of the
most complex challenges in nowadays architecture
(Alvarado et al., 2003). Faced with these inappropriate solutions it is necessary to define more efficient

ones based on the implementation of sustainable
housing units at all levels – ecological, social, cultural
and economic. Unless sustainable housing solutions
emerge soon urban developments will create even
greater injustices and inequalities than those currently present in nowadays society (Turner, 1972).
For these disadvantaged groups, it is necessary to develop strategies that may guarantee: (1)
to strengthen local workmanship logics (materials,
human and cultural); (2) a humanized, evolutionary
and diverse urbanization, adapted to local logics;
(3) fast and efficient project processes, customized
and based on generative systems that guarantee the
diversity, evolutional capacity and adaptability to
various realities (either cultural or amongst different
domestic groups); and (4) efficient production and
construction processes, aided with new technology
and adapted to local materials. This paper suggests
that it is necessary that the urbanization and construction proposals promote the local lifestyles and
social organization of each territory.
In order to integrate these concepts in a computer-aided design planning system tool we propose a
methodology for approaching both the urban design
and housing design that uses shape grammars (Stiny
and Gips, 1972) to deliver a system of alternative solutions instead of the usual unique and definitive solution. The generative computer-aided planning system
for cities supports shape grammars descriptions as
the core descriptive method for city design. The system is conceived to generate proposals for urban
configurations and low-cost evolutionary housing,
according to procedures and methods used in the
studied countries. The grammar formalism is being
used to encode rules to generate urban and housing
units’ solutions which should be modular, progressive,
adaptable, customized and affordable.

RESEARCH METHODOLOGY
The methodology used to develop shape grammar
based computational system tool for generating a
sustainable and integrated urban design encompasses five stages. The first stage includes three

steps: state of the art, the definition of the case
studies (favelas, musseques and caniços) within
the different countries proposed [FIGURE 1] and
the definition of the key parameters used in the
analysis. Three scales of information are explored:
urban design, housing and construction system. In
the second stage we will define several analytical
grammars covering urban, housing and constructive scales, with the rules infered from the different informal settlements and informal low-income
houses analysed. In the third stage three originals
grammars knowledge based are created (one for
urban design, another for housing and other for
construction system). The fourth stage consists in
the designing of the agent parameters and agent
system. In the final stage the design system is
implemented and its user interface is developed.
This paper presents some results from the first
stage regarding the need to define the scope of the
grammar and the key parameters that will later be
inferred into rules. For this purpose we use an informal settlement as a case study.
Several approaches have been done to support an alternative to mass housing production: (1)
“support’s system” from SAR leaded by John Habraken (1972); and (2) integrated planning support
system for low-income housing in Chile by Dirk Donath and Luis González (2006). The act of housing
production is understood as a process instead of a
static end product, and the housing as an open system (Habraken, 1972) which merges various logical
and physical components (Gonzáles and Donath,
2003). Along with these assumptions we consider
that diversity and adaptability yield a better match
between the building environment and the life it
shelters (Habraken, 1988).
Based in these statements, the emerg.cities4all
research suggests that is necessary to begin with an
analytical grammar since it enables to analyze how
existing informal settlements and houses are generated and what cultural, social and spatial dynamics are involved in their growth. Despite the terrible
living conditions offered in informal settlements,
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we believe that the adaptability and evolutiveness
characteristics of their houses as well as the social relations of their inhabitants have some degree of quality and positive aspects to be retained in each case/
grammar rules to be introduced into the system.
Informal urban settlements and previous social
initiatives for cities with low-income housing in Portuguese-speaking countries are being examined in
order to establish the key parameters to urban and
housing design and the input initial data and knowledge for the computer system application.
With respect to urban and housing design the
key parameters are geographic, social, economic,
ecological and cultural. The variations of each house
subsequently will be affected by each of the land
lot’s ecology, social, cultural and economic specificities. With respect to the computer system application it is further necessary to identify and classify
two kinds of knowledge: global knowledge and expertise knowledge. This distinction would provide a
convenient separation of knowledge and is essential
for computer-aided planning system for cities.

CASE STUDY
The case study chosen for the current analyze is the
Marçal musseque west of Luanda in Angola due to
its characteristic slum layout organization. Through
the analysis of this example it has been possible to
infer humanized logics and rules. As Grilo (2010:
280) stated “they are self-organised structures that
are sensitive to the internal logic of the spontaneous process by which they grow and to their codified rules. These processes are generated on the
basis of a mutual interaction between self-planning
and self-organisation, which gives rise to complex
functional configurations”. Informal settlements
called musseques house the urban poor in Luanda
and other large towns in Angola. In the 1974’s map
of Luanda two major areas of slums could be distinguished: (1) west - Sambizanga, Mota, Lixeira, Marçal, Rangel and Cazenga; and (2) South - Catambor
and Prenda. The musseques emerge from the exodus of rural families to the city, and became crowded
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with hundreds of thousands of refugees during the
1980s and ’90s. The social relations that emerge in
urban areas based in strong relationship between
the neighbours are inherited from the ones occurring in rural areas. These relations are clear in the
urban voids. The musseque is closed within twisted
streets, narrow streets and small “squares”, most of
them pedestrian.
To structure the analytical grammar a decision
about what kind of approach is the most correct to
follow - a bottom-up or a top-down - is required. Both
seemed possible and will be used. In this paper we
focus on the top-down approach. This approach provides a centralized form of controlling the description
of the design as it progresses from the larger to smaller scales (Duarte et. al, 2007). In the Marçal musseque
we focused on some urban aspects: (1) the limits of
the neighbourhood; (2) the main entries (3) the urban
voids urban space - main streets, narrow streets, dead
end street, small “squares”; (4) the green public space;
and (5) the built space [FIGURE 1].
These analysis allow us to define some preliminary conclusion: (1) following the logic of the formal
urban settlements the public space has a hierarchy:
main streets, secondary streets, etc. ; (2) the main
streets define urban blocks; (3) the built space begins to develop along the main streets and when it
is completed it begins to grow inside the blocks; (4)
the empty spaces such as small squares and green
zones, results as leftover spaces emerging from the
topography, from the morphology of the territory
or from the need to create social and cultural recreation areas; (5) the built areas are connected to save
space to built more construction; (6) the saved space
to built more houses is used as social and cultural
recreation urban areas – small “squares” and green
areas – and assumes an important presence in urban
composition; and (7) the presence and dimension of
living spaces and green space is directly related to
the number of existing inhabitants. This basic knowledge is essential to infer urban grammar rules of the
existing practices and to consider new possibilities
of creating living environments.

Figure 1
Marçal musseque west of
Luanda in Angola. From:
Exercise done by students
in Shape Grammar and
Digital Tools classroom (Ana
Rodrigues, Hugo Menezes
and Sofia Cascais).

(1)

(2)

(3)

(4)

SHAPE GRAMMAR BASED COMPUTATIONAL SYSTEM TOOL ARCHITECTURE
The generative computer-aided process will be
based on a multi-agent rule-based system architecture. Each agent participates in the design process
with different specific expert knowledge, based on
shape grammars and other knowledge representation models. Agents participate in organized groups
within the different phases of the generative process
(architecture, urbanism, construction). Different interaction protocols and workflows would result in
different generative/emergent solutions.
The following diagram [FIGURE 2] represents
the system architecture.
A global knowledge base kb supports shared
urban, architecture and construction knowledge. It

supports also social, cultural, economic and ecologic
criteria to be taken into acount during the generation process.
There are two kinds of knowledge representation models involved in the system: geometric
knowledge and non-geometric knowledge. The former is represented by means of shapes and shape
grammars rules. The latter is represented by logic
relations adequate to capture the different properties, constraints and criteria that must be satisfied.
A rule-based system is the natural choice for uniform knowledge representation with both kinds of
knowledge. The forward and backward reasoning
rule mechanisms usually supported by such systems
(Russel and Norvig, 2003) provide both production
system capabilities for shape generation and also
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Figure 2
The multi-agent system architecture for city generation

reasoning capabilities to analyze if conditions and
criteria are fulfilled during design process.
Concerning the multi-agent system paradigm
(Weiss, 1999), our approach offers two main advantages applied to city design. First, in practical applications, huge and complex problem data, computations and reasoning processes may be conveniently
distributed and modularized by using agents as the
main module units. Second, a kind of emergence can
happen when unexpected design solutions come up
from the agent collective behavior due to autonomous agent direct or indirect interaction.
In our system architecture agents are organized
in groups according to expert knowledge categories.
Each agent, a1, ...,an in a group gives its contribution in building solutions according to its individual
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expert knowledge kb1, ..., kbn, respectively. For instance, urban agents deal with specific knowledge
on streets, squares, and city blocks; architecture
agents deal with specific knowledge on functional
organization of houses like the articulation of private
areas, social areas and service areas; construction
agents deal with specific knowledge on construction
aspects like foundations, floors, walls and roofs. All
the agent cooperation and interactions should follow previous established criteria.
Different agents may be used with different specific roles and expert knowledge in a natural way for
different practical aspects. We may even conceive competing agents with different and opposite approaches
to city design, each one using different criteria and
geometric styles, i.e., different shape grammar rules.

The geom component deals exclusively with
adequate graphical representations of shapes (Krishnamurti, 1980, 1981), shape compositions, shape
transformations and other operations for application
of shape grammars rules to shape compositions (addition, subtraction and product).
The interface component allows the interaction
with users of the system, providing separate tools for
graphical and symbolic definition of shapes, shape
grammars rules, styles, agents and their expertise,
groups of agents, cooperation protocols and workflows. The graphical interface is oriented for architect
and urban planner experts, whereas the symbolic interface is to be used by computational knowledge
experts. Local end users can generate incremental
solutions. For local users, not knowledgeable in digital expertise, it is important that the interface of the
system can be really used. Common forms of interaction, like scroll, pop-up windows or menus, pulldown menus, drop-down list menus, are in fact hidden input information mechanisms, being barriers
for non digital used users: they can create resistance
for system use if not correctly addressed.
The information to be introduced to the system
is organized to avoid these barriers adopting a direct You See What You Input (YSWYI) approach. All
the information is present in the screen. Successive
screens are organized to contain all the information
to be introduced, from urban information to housing
and construction. The information to input is visually
present, all the time, in the screen, and checkboxes,
text boxes and push-buttons are used extensively
to avoid barriers. Reading and interpreting what is
read should be the only pre-requisite to the user: the
You See What You Input (YSWYI) interface approach
building simplicity and usability in the real world.

DISCUSSION
Previous social urban solutions for low-income housing are based on uniform repetitions of pre-defined
plans for houses that do not fit either familiar or cultural needs. Our research is based on the assumption that it possible to generate modular, scalable,

adaptable and affordable mass-customization
(Duarte, 2005) solutions for urban and low-income
housing design if supported by a computational
generation tool based on shape grammars.
We believe that the computational development of a system supporting work with shape grammars must be based in the system’s ability to represent knowledge on computing and reasoning with
shapes and shape spatial relations. For that purpose
the most appropriate is to use Artificial Intelligence
techniques and tools, namely rule based systems
and logic (actually, shape grammars systems are rule
based systems) and multi-agent systems.
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Abstract. Today, with rapidly evolving information technology, computer technologies has
become an interface rather than a tool for design process. With the development in computer
applications it has become possible to solve design problems which were not possible to
handle before. Computer environment which has become an interface rather than a tool
for design has also led to the emergence of a number of concepts. New concepts such as
Computer Aided Design (CAD), Computer Aided Manufacturing (CAM), Computer Aided
Engineering (CAE) are being involved in design process. With the development of Artificial
Intelligence (AI) , AI has earned an interdisciplinary position. Agent based systems which
are contained in the fields of AI have become the subjects of many researches in design basis.
Approach to the problem solving process in the process of architectural/design problems is to
be addressed as an important point within the scope of evaluation process. In this context user
movements have a very critical role in process of problem solving according to the design
problems. While designing or solving a design problem , ignoring the user movements can
lead to unwanted results. Within the scope of this study user movements in city are considered
in the context of emerging urban part/particles as a preliminary study.
Keywords. Emergence; agent-based systems; user movements in city; city dweller.

INTRODUCTION
This paper describes user movements in city which
are considered in the context of emerging urban
areas as a preliminary study. Agent based systems
have an important role in different disciplines. Beside this with rapidly evolving information technology agent based systems became one of the
most important tools for architecture and urban
design. By taking advantage of this features of
agent based systems, a model has been developed

according to the user movements in the city. Two
major issues of reflective emergent patterns involve how to define city-now and transforming
data taken from city motion into an interactive
map of the whole. As system undergo through the
process of creating emergent images of the city,
it will enable to experience the city in different
ways and from this point; overlapping fragments
and their constant flux will introduce a new city
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concept. In this paper an attempt of rediscovering
city dynamics and expressing it through the citynow is experimentally discussed.

EMERGENT CITY BEHAVIOR
Human being has become the most important element in the development of a model due to the user
movements in the concept of emergent city behavior.
City users not only produce urban pattern, social and
economical process which city has but also create a
fluidity of the city. This fluidity is due to movements
constituted by user movements. The impulsive and
exploratory properties of the user movements are
considered to be a power to be used in understanding
the process of urban development. Researches about
urban city concept and urban lifestyles show us that
user movements would be the most valuable data for
underlying formations of the future city. Emerging city
behavior can be defined from the city-now; reflecting
the dynamics by altering features and consequences.
If this reflection can be deliberately inspected, traces
of emerging cities can be found. Than this reflection
acts as a threshold, nestles the progression of the city.
Dynamics occurring in this threshold define the city
through city dwellers. Lynch agrees that; city dwellers
not only use the city but also rediscover it while giving
new meanings (Lynch, 1960). City dweller frames the
city with motion through exploration while it is fragmented by the movement qualities. Entire city would
be perceived as a superposition of motion fragments.
City dwellers are acting as passerby, not intriguing with the place and merely perceiving or exploring the environment. Inevitably city images would
emerge in these areas. These places can be exemplified as; walking areas, low dense roads, paths, parks
etc. When entire city is mapped, city fragments become emphasized creating images enabling the
superposition. This idea of new city concept can be
exemplified of making a possible city image of overlapped diversities. So city dweller in a city fragment
would have a city image of the edges overlapping. In
order to make an attempt of representing the whole,
one should gather as many inputs as possible and
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enabling a map of the whole, one should be able to
interpret how a city emerges and how a city would
be in the future.
Industrial development, as well as many other
things as have led the emergence of new urban
models and theories. Particularly with the increasing mobility this change seems to occur so quickly.
Disintegration of urban pattern and disappearance
of traditional urban relations stand out clearly. Especially after 1950s this situation has become more
clear and as a result of that architects’ interest have
begun to turn towards urban environment and urban design (Cullen, 1961). In this context we can talk
about relations between city dwellers and urban
environment which is basically the main concept in
this ongoing study. We believe that city dwellers and
their relations are directly related when considering
urban design. Perception of the city or relations between urban parts can be explained by three main
factors. These factors are (1) optic; the people’s eye
moving through the city capturing fragments of life
(2) places and (3) the urban pattern (Marling, 2008).
When we consider these factors from the point of
emergence first factor becomes the priority. What
we mean by “optic” is the moving eye in the moving
body that is the drama of juxtapositions that come
alive when we walk down the street and experience
the contrasts between. Especially it becomes more
alive in city environment. Having two contrasting
pictures in mind a vivid contrast is felt and the town
becomes visible in a deeper sense. It comes alive
through the drama of juxtapositions. Unless this
happens the town will slip past us featureless and
inert (Cullen, 1961).
The other factor is “place”. Place has to do with
our reactions to the position of our body in the environment. It is the feeling of entering or being in a
room. If you stand at the top of a tower, the feeling
differs from that of standing at the bottom of a deep
cave. The last one is the “urban pattern”. The fabric of
cities: color, texture, scale, style, character, personality and uniqueness (Marling, 2008). After these first
impressions we can say that urban environment has

a very dynamic nature and it tends to show more
dynamic behavior. The urban fabric is an overall
dynamic environment, to which urban architecture
and urban form are related. In that sense this approach to the city is not new; but as cities and the
urbanized areas have developed and changed into
even more dynamic places, they include more of this
dynamic, holistic environment in their environment.
The urban context is not only the sum of the buildings, infrastructure, squares and signs, but also cultural images, flows of people, money and information. It also includes technology, media, cultures and
power and bureaucracy (Nielsen, 2004).
The global size XL city is not the kind of city we
are used to. In his famous article “The Generic City”
Koolhaas brings up realities in huge contemporary
cities, and he focuses on the formerly unnoticed
qualities of these cities. The main quality is the liberation from identity and from historic character.
Koolhaas’ texts map the public realm of big cities,
they try to describe the ongoing urbanism as a kind
of point-zero according to the cities we know and
are familiar with (Marling, 2008). The size XL city is
described as a negation of classical cities. There is
no centre, no periphery, no identity, no history. One
cannot tell where the cities stop and the landscapes
begin. The street is dead. Master planning is useless. There are few or no public places, and many
wastelands, theme parks or golf courses; and architecture is reduced to a copy and paste activity. The
mass culture is mainstream, and devoid of anything
that can incite strong feelings: soap opera, selected
news and light entertainment. The only remaining
social activity in the big cities is shopping. (S, M, L,
XL, 1995). The Generic city is a city liberated from the
captivity of center, from the straitjacket of identity.
The generic city breaks with this destructive cycle of
dependency: it is nothing but a reflection of present
need and present ability. It is the city without history. It is big enough for everybody. It is easy. It does
not need maintenance. If it gets too small it just expands. If it gets old it just self-destructs and renews.
It is equally exciting – or unexciting – everywhere.

It is superficial – like a Hollywood studio lot, it can
produce a new identity every Monday morning (S,
M, L, XL. P. p. 1250).
The categories that are named are useful in order to understand the cities on the move. But first
of all they are based on feelings and creative registrations following certain ideas, and not just on research (Marling, 2008). Using them in your mapping,
you can often feel the limits: you can put everything
or nothing into the terms. Thus, they are more like
themes than useful analytical terms. Especially when
we look into the big cities like Hong Kong, Las Vegas,
Tokyo etc. we can see this kind of behavior which is
the main reason of the emergence.
The physical and experiential discoveries on the
city dwellers caused by daily life has been the starting point to develop a model to analyze urban environment in this study. The city has a constant motion
which has led us to evaluate it in a continuous evolutionary process. This evolutionary process is actually an unconscious product of a conscious behavior.
This became an important factor in the context of
emergent city behavior. If we approach to the situation from this point of view development of a model
that can predict the future or the changes that the
city undergoes will enhance the effectiveness of the
situations. In fact with this study we believe that we
will have an opportunity to use the mental maps;
that city dwellers create in time due to perception
and experiences; the city or town in terms of users
over time, in a more effective way and we think that
it will help us how to design urban environment.
Perception through everyday life in the city depends
on actions and speed of effectors which introduces
new experiences to the city dwellers. While continuity and speed creating fast fragments on the other
hand stableness and interaction with the city produce slow fragments. Thus it can be said that reflecting these experiences will allow creating a new map
for the city-now which invokes process of emerging
from city-now to city-future. By adding new experiences and uses to the interactive map, perception
of the city concurrently changes. In order to achieve
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this concept it is significant to organize an interactive
map/application which can take inputs/data from
effectors/city dwellers simultaneously and differs
from time to time. It is also important to make this
interactive map accessible in order to maintain the
continuity of emergence and overlapping of experience shaped/based spaces. The project will assist to
experience city not only virtually but also physically
within the understanding of fragments. By enabling
a map it can be predicted what kind of deformations
and changes city will undergo through the process
and it will allow interpreting the future city concept.

AN INTEGRATED MODEL TO ANALYZE
EMERGENT CITY BEHAVIOR
It is inevitable to admit that emergent city concept changes the definition of identity within the
city. As mentioned by Koolhaas, identity of the city
gains a new meaning with the actions of city dwellers. Different dynamics force city to adapt itself into
everyday in a distinctive way so it can be observed
that city gets through the process of having different fragments through the result of city dweller’s
experiments and needs (Koolhaas, 1995). This new
approach brings out flexible understanding of city
fragments as discussed above and its effect on identity. In order to understand the new concept, first of
all it is important to collect data of changing dynamics and to overlap various fragments so that new city
definitions or new identities can be expressed.
With the model, it is aimed to reveal different aspects of city dynamics through the concept of movement. Model is based on mobility from the point of
speed and its perpetual changes according to the
city dweller. As Rajchman indicates, perception of
the city tends to change correspondingly with the
understanding and experiencing of space through
the city dynamics (Rajchman, 1998). As a result of different perceptions of the city, new meanings/identities (fragments) occur within the city. It is intended to
overlap these different fragments in order to create an
interactive changing city concept through the actions
of city dwellers which differs with movement.
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In the scope of this model the aims can be summarized as follows. (1) Identifying locations in the city
with the context of emergence. (2) Analyzing user
movements and agent based systems with the concept of emergence. (3) Developing a model that can
contribute to the formation of urban space. With the
results obtained from agent based model, the evaluation of user movements and the city’s development
in terms of urban dynamics can be considered as a
preliminary tool for urban design process. It is crucial
to gather data in order to develop a working model.
In the beginning of collecting data for the concept of
emergent city behavior, it is important to understand
the now-situation. Documentation of the city through
the scope of motion and attraction places is a crucial
point of the process in order to understand the dynamics of fragments and their perception.
Data used in this model is gathered from the results of an experimental design studio in one graduate course in I.T.U faculty of architecture. Course aims
to explore the patterns and trends of socio-spatial
preferences and activities of architecture student
community in metropolitan city. In the scope of this
experimental studio, the aim was to propose data
mining as a rigorous methodology for the analysis of
socio-spatial problems. In this course specific routes
have been given to the users and movements of these
users have been studied according to places which
they use or not. The data of movements is listed in
surveys in order to keep information (Figure 1, 2, 3).
And the results of the surveys have been obtained by
studying these movements of the users (Sökmenoğlu,
A., Akgül, C.B., 2010). Data achieved from the surveys
is evaluated in Processing which is a Java based programming language and a preliminary model has
been developed according to the user movements.
With the surveys we tried to answer following
questions as a preliminary process in order to gather
data for model.
•• Is it possible to locate the third place a student will stop by if we know the first and
second places he/she has already visited in
weekdays?

Figure 1
Data for Model (Places and
Codes)

Attribute

Code

Place

Visited

Not Visited

Att.4.1

G1

Taşkışla

1

0

Att.4.2

G2

Ceylan Int.

1

0

Att.4.3

G3

Anıt Büfe

1

0

....

...

....

....

.....

Att.4.153

s5

Beyoğlu

1

0

Att.4.154

s6

Atlas

1

0

Figure 2 (left)
Attraction points and density
of usage

Figure 3 (right)
Survey results according to
the usage (weekdays and
weekends)

••
••
••
••
••

Is it possible to locate the third place a student
will stop by if we know the first and second
places he/she has already visited in weekends ?
Can we guess the places a student will prefer
to visit if we know what he/she is studying at
university ?
Is it possible to guess the places a student will
prefer to visit if we know where he/she lives ?
Is it possible to locate the places a student will
prefer to visit if we know his/her scores about
that route (safety, density, attraction etc.) ?
Is it possible to know the places a student will
prefer to stop by if we know his/her music background and its relation with places in that route ?

••
••
••

Can we guess the places where a student will
prefer to stop by if we know how often he/she
eats at that route ?
Is it possible to know the places a student will
prefer to visit if we know his/her social activities
and what he/she is studying?
Is it possible to guess the places a student will
prefer to stop by if we know when he/she has
started to study at university and whom he/she
is staying with ?

Creating diagrams for the relationship between motion and perception of the space reveal
an abstract map for guiding process of the whole.
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Different kind of information is needed in order to
understand the relationship between movements
and emergent city behavior. In order to achieve
that user movements have been studied not only in
weekdays but also in weekends. Also places which
appear to have same functionalities are considered
as a group such as transition, communication, accommodation zones etc. (Figure 4). As a result, different group behaviors have been tested in context
of user movements. These varied information allow
us to test alternative applications of model.
After taking data from the movement of effectors from city dwellers emergent behaviors would
arise. Concurrently data gathering and superposing
them with the collected data would define behaviors.
As a result of that the model will be a simulation which
would be shifting its features of motion simultaneously. Process of overlapping emergent spaces which
differs according to the experiences becomes main
point. Alteration of perception through the concept
of motion and observing different behavioral patterns
of the fragments with the changing effectors create
an interactive map for the emergent city (Figure 5).

••
••

••
••
••

••

We can summarize the model in several ways:
Traces left by agents are to be considered the
most important data during the process of
evaluation.
The city has a dynamic structure and as a result
of that traces left by agents show dynamic features which are very valuable in order to understand emergent city behavior.
Traces left by agents will allow us to create an
overview between places and their relations
with city dwellers.
As the city undergoes continuous evolutionary
process all the time we can’t talk about specific
or certain formation of the city.
Agents that move according to the attraction
points create an interactive map and traces left
by agents effect other agents. As a result of that
places tend to become more visible in the context of emergence. Such as density of usage etc.
The outcome of the process (model) shouldn’t
be evaluated as a final product instead it should
be assessed as an input for further experiments
and evaluations.

Figure 4
Places according to the
functions

Figure 5
Model (agents creating emergent behaviors in city)
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••

Each profile produce different results so as a result it is important to be able to compare those
results in the context of urban environment and
emergent city fragments.

CONCLUSION

Sökmenoğlu, A., Akgül, C.B., 2010. ‘Exploring the Patterns and Trends of Socio-spatial Activities of
Architecture Student Community in Istanbul by
Data Mining, Proceedings of eCAADe conference,
Zurich, Switzerland, pp.143-150.

A city with a flux of diversities mostly shaped from
motion is the new city concept. The model is tending
to understand and trace the emerging city behavior.
Integrated model which represents the emergent
city behavior takes an existing city life. By taking
existing situation it points out the conditions in the
intersection of city now and future city and suggests
how the model can be applied. In this regard the
model which is based on user movements and experiences, will be suitable not only for evaluating the
emergent city behavior but also for city users in the
terms of perception.
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Abstract. This paper reports on some recent research carried out to develop computational
generative urban design system that can be used as an alternative approach to master
planning. The focus of the investigation is an 11 ha site located in the South-East edge of
Auckland, New Zealand. The urban (or sub-urban) morphology is modelled as cellular
automaton based on Hillier’s (1984) x-y syntax in order to resemble the morphology of the
existing village. An agent based system based on Reynolds’ (1987) flocking algorithm evolves
synchronously with the automaton and tests its ecological fitness. The emergent pattern of
development therefore results from the mutual co-adaption of the cellular automaton and the
agent based model. The outcomes are variety of spatial morphologies that connects well with
adjacent existing village and at the same time take into account landscape and ecological
peculiarities of the site.
Keywords. generative urban design; structural coupling; cellular automata; agent based
modelling.

INTRODUCTION
Even though the shortcomings of the master plan
are well known, it is still the main approach to urban design practice. The master plan is used to
address both contextual and site issues through a
formal layout and its inflexibility fails to respond
to the evolving needs and complexities of the contemporary city.
This paper reports on research carried out to
develop digital generative design systems in urban
design that can be used as an alternative approach
to master planning. The objective of this research
project is twofold. Firstly, it attempts to model
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various morphologies of a new sub-division as the
emergent outcome of the dynamic co adaptation
of two autonomous parallel computational systems
coupled together. The modeling technologies used
have been adopted and advanced by the young interdisciplinary field of Artificial Life and are known
as Cellular Automata and Agent Based Modeling.
Secondly, the project tries to take the digital generative design discourse out of its academic context and
tests its applicability in the realm of industry’s design
briefs. The chosen site is located in peri-urban Auckland, New Zealand. A master plan for new mixed use

and residential sub-division has already received
consent from the local authority. The research project takes on board the brief for the sub-division in
order to set the constraints and to engender a generative approach on which the design experiments
are based. The research project also seeks to discover
at what stage of the design the brief will force us to
weaken the integrity of the generative process.
The Cellular Automata and Agent Based Models were programmed using Netlogo [1] which is an
agent based programming language and modeling
environment developed as a parallel computation
machine. It provides a powerful experimental tool for
exploring and demonstrating the effects of massively
parallel populations of interacting agents in biology,
physics, geometry, social systems and ecology.
The input data for the models was created using ArcInfo and loaded into Netlogo with the help of Netlogo’s
GIS extension. The outputs of the models were exported
back to ArcInfo and can be transferred to DWG files.

SITE DESCRIPTION AND DESIGN BRIEF
The site is located within Whitford, on the fringe of
Auckland City, New Zealand, approximately 20 kilometres South-East from Auckland’s Central Business

District. It occupies an area of nearly 11 hectares,
situated in the lower part of the Turanga stream
catchment, and is within walking distance of Whitford village (see fig. 1). The site is near the edge of
sprawling low density city and agriculturally productive peri-urban areas.
The design brief focuses on innovative residential development balanced with mixed use activities
- retail and recreation. The proposed development
should complement the existing village (see fig.2),
both as spatial organization and as types of activities.
The new development should acknowledge the landscape character and should be ecologically neutral.
The ecological focus should be on hydrology and the
interconnections between water, soil, flora and fauna.

THEORETICAL UNDERPINNINGS OF THE
PROJECT
Urban Design and A-life
The young interdisciplinary field of “artificial life” (a-life)
provides us with a new epistemology, a new way of
understanding and exploring patterns and structures
in the surrounding world as the emergent properties of
iterative parallel actions of very simple autonomous and

Figure 1
Site and context
Figure 2.
Whitford village and site
boundary
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entirely local processes. The complex outcome emerges
completely bottom-up, without any global controller,
from the multiple interactions between these events.
This viewpoint provides a promising paradigm
for architecture and urban design as the “emergent
outcome of interconnected feedback loops, which
replace top-down geometry and the reductionist
tradition, with dynamic relations and emergent outcomes not defined in the underlying model”(Coates,
2010, p. 1). A-life has adopted and advanced an array
of computational frameworks to apply this philosophy. Cellular Automata (CA) and Agent Based Modelling are amongst the key technologies used by a-life
researchers(Whitelow, 2004).
Cellular Automata and Alpha Syntax
Cellular automata are parallel, discrete and dynamic
computational frameworks. They are composed of a
large number of simple elements, called cells, arranged
in a regular lattice. Every cell can have a finite number of
states. Time is also discrete in CA and proceeds in iterative steps, i.e. t, t+1, t+2, t+4, etc. The states of the cells
are updated in a parallel manner according to a local
rule, commonly concerning just the cell in question and
the neighbouring cells, at every time step, i.e. the state
of a cell at time (t), depends on the state of the cell and
the states of its neighbours at time (t-1). All of the cells
are updated synchronously and the state of the entire
lattice advances in discrete time steps. In this way the
local-global transition is purely formal, but it gives rise to
emergent mobile formations that integrate, disintegrate
and crawl across the array. This striking complexity and
life-like dynamic generated by formal and local rules is
frequently invoked in discussions for the merits of the alife approach (Whitelow, 2004).
Bill Hillier’s alpha syntax model of space (Hillier
et al., 1976), further developed in “The social logic of
space” (Hillier and Hanson, 1984) can be considered
one of the most fundamental contributions to generative architectural theory. The core idea is that a
finite number of elementary generators or syntaxes
can produce an infinite number of well-formed settlements morphologies. Syntax, according to Hillier, can
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be defined as a “system of restrictions on an underlying random process.”(1984,p. 55) Later in his book,
he (1984,p. 78) distinguishes three types of space:
carrier space - nothing, or undeveloped space; xspace - closed, private or inside space; y-space - open,
public or outside space. Using these spaces, he outlines eight elementary generators, or syntaxes, with
varying degrees of flexibility. The one chosen for
the experiments is called “clump” (1984,p. 78), or x-y.
The underlying idea is that every bit of closed space
is directly connected to a bit of open space and that
every open space is connected to at least one other
open space. The reasons for selecting x-y syntax are
twofold. Firstly, it adheres to the morphology of the
adjacent Whitford village and, secondly, x-y provides
a high degree of flexibility (see fig.3).
Figure 3
Existing village morphology.

Hillier’s understanding of settlement’s spatial
agglomerations are very close to Cellular Automata, and, according to Coates, they “can be seen as
a method for describing spatial configurations and
patterns of form as the emergent outcome of a discrete and temporal simulation” (2010,p. 139). The
automaton modelled for the design experiments

generates patterns of land use and is described in
detail in the next chapter.
Agent Based Modelling and Flocking
Agent Based Modelling describes time and space
using agents – autonomous little computers. Every
agent has a strategy, usually defined in parameter
space, and is aware of part of its surroundings. All of
the agents try to implement their strategies synchronously and can alter their positions in metric space
at discrete time steps. The actions of the agents
are undertaken in Euclidian space and, therefore,
distances, angles, and other metrics are significant.
Agent Based Models are much more flexible, mobile
and dynamic than the restricted topological tessellations of Cellular Automata.
Reynolds’ (1987) flocking algorithm is among
the most studied and employed Agent Based Models
in A-life. This model is another canonical example of
emergent collective intelligence based on local and
simple stimulus reaction rules. There is no leader, i.e.
no global control. The overall pattern emerges from
the local interactions. Each agent reacts only to flock
mates within a certain field of view. The basic flocking model consists of three kinds of simple steering
behaviours:
•• Separation gives an agent the ability to maintain a certain distance from others nearby. This
prevents agents from crowding too closely together.
•• Cohesion supplies an agent with the ability
to cohere (approach and form a group) with
other nearby agents. Steering for cohesion can
be computed by finding all agents in the local
neighbourhood and computing the average
position of the nearby agents.
•• Alignment gives an agent the ability to align
with other nearby characters. Steering for
alignment can be computed by finding all
agents in the local neighbourhood and averaging together the ’heading’ vectors of the
nearby agents.
All the agents or turtles implement the

navigation rules simultaneously and iteratively. None of the rules say “form flocks”. Yet flocks
emerge, every time. Once a flock is together there is
no guarantee that it will keep all of its members. Individual agents are constantly splitting away from
their flock, joining another one, while more or less
rearranging their flock mates.
Researchers from diverse fields have employed and interpreted flocking behaviours in
attempting to study an impressive variety of phenomena. Flocks have been made to represent
virtually every system of flow - from pedestrian,
crowd dynamics and traffic to movement of animals and distribution of plant species in ecosystems (Arand and Lasch, 2006).
In this research, a learning, or exploratory
flock, explained later, is utilized by means of testing
the ecological fitness of the emergent subdivision
morhology generated by the x-y cellular automaton.
Structural Coupling
The theory of Autopoesis pioneered by Maturana
(1975) occupies central place in AL(Coates, 2010,p.
172). He introduced the concept of structural coupling
which defines the dynamic relations between a system
with either its environment or another system. Structural coupling describes dynamic mutual co-adaptation without allusion to a transfer of some ephemeral
force or information across the boundaries of the engaged systems (Coates, 2010,p. 172). This notion allows
scientists and designers to explore space, cognition
and intelligence by building simple feedback systems
between agents and their environments.

GENERATIVE URBAN DESIGN METHODOLOGY
X-Y Cellular Automaton
The CA serves to distribute the land use programme
required by the brief and does not take into account
ecological and topographic parameters and processes. It is based on Hillier’s x-y syntax and is inspired by
a similar model developed by Coates (2010). The site
is divided into 10x10 metre grids, corresponding to
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the minimal building unit and serves as a resolution
for the CA. The cells that represent the site boundaries contain information for the contextual land uses
- existing village, stream, and roads. These cells are
static and their states can not evolve. They serve to
determine the seeding conditions for the cellular automaton. The cells covering the site are set to a neutral state - carrier-space. There are two main types
of land use - x-space (closed, built up space) and yspace (open-space). X and y-spaces are further divided into two subcategories each - closed space can be
either retail or residential and the open space can be
access (road) or ‘square’. The ‘squares’ indicate widening of the open space configuration and are further
used to locate retail closed spaces around them.
The concept that every open space should be
connected to a closed space and every open space
should be connected to at least one other open space
can be expressed in a parallel manner, as suggested
by Coates (2010, p. 141), in the following pseudo code:
•• If I am a carrier space then
•• If I have at least one neighbour that is a closed
space, then I take my chance (variable named
chance-closed that can be adjusted by the user
and is expressed as percentage).
•• If lucky I become an open space, otherwise I become a closed space.
The outputs of running the x-y automaton with
low proportion of closed spaces are large amorphous spatial configurations with a lot of ‘squares’

and retail closed spaces. When the proportion of
closed spaces is increased the results are systems
with many branches containing inaccessible islands
of carrier space. If the percentage of closed spaces is
increased to 40 or more the results are small spatial
configurations with few branches, entirely surrounded by closed spaces. More detailed observations of
the model reveal other emergent spatial phenomena: some of the islands of carrier space that have
access to open space disappear, others become inaccessible; narrow passages of open space can lead to
a cul-de-sac (see fig. 4).
Second and third order emergent open spaces
can also be observed. For example, if an open space
is completely surrounded by open spaces we can
call it a second-order open space and if an open
space is completely surrounded by second order
open spaces we can call it a third order open space.
These emergent agglomerations of open space allow us to further refine the land use matrix. If we
have an open space that meets certain criteria, i.e.
certain combination of neighbours in both Moore
(eight neighbouring cells) and Von Neuman (four
cardinal neighbouring cells) neighbourhoods that
are open space we can call it ‘square’. The emergent
square-spaces can then influence the closed-space
programme - if a closed space has certain access
to a square-space, once again defined as a combination of the two neighbourhoods, it becomes a
retail-closed space (see fig. 5).
Figure 4
Emergent spatial configurations. 1 and 2 - cul-de-sac, 3
and 4 - inaccessible islands of
carrier space.
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Figure 5
Emergent urban morphologies. 1-’square’ space, 2-retail
space, 3-access space, residential space.

Exploratory Flock and Mutual Coadaptation
As described previously, the cellular automaton,
based on Hillier’s x-y syntax, evolves locally and sets
up patterns of land use. The transition rules that
govern the growth of the automaton do not include
information about ecological and landscape parameters and processes, so as not to overcomplicate the
communications among the cells. A version of the
flocking algorithm modeled as agent based system,
as explained in chapter three, serves to communicate
the ecological processes and tests the ecological fitness of the automaton. The flock is an equally parallel
system and was programmed to be updated synchronously to the evolution of the CA. On the other hand
the members of the flock are much more mobile and
are capable of checking locations on the surface for
the following gradients of ecological sensitivity:
•• distance to riparian zones and overland flowpaths
•• distance to existing patches of native vegetation
•• slope (see fig.6)
This utilization of the canonical flocking algorithm as an ecological fitness function is based
on the famous paper “The use of Flocks to drive a

Geographic Analysis Machine” by J. Macgill and S.
Openshaw [2] and is inspired by Miranda & Coates’
“The use of swarm intelligence to produce architectural form”(2000). These papers study how the
emergent flocking behaviour might be used as an
effective search strategy for performing exploratory geographical and landscape analyses. The
methods rely on the parallel search mechanism of
a flock, by which if a member of a flock discovers
an interesting area, it will attract other members
to explore that area in detail. This technique utilizes variable velocities and colours for all ofthe
agents. Both velocity and colour have ‘meaning’ in
regards to the success of an agent in finding an
area of interest.
These properties of the algorithm render it a
valuable technique for testing the ecological qualities
of the emergent land use patterns. By being attracted
to ecologically sensitive areas the flocking agents test
the fitness of the subdivision morphology and can
perturb the generated land use patterns. It is important to note that the flocking agents not only cluster
on the ecologically sensitive areas, but also provide
us with ways of connecting these areas. Although the
format of this paper does not allow discussion of ecological connectivity in more detail, it will just be noted
that the revegetation of steep sloes, riparian zones
and preserving the existing patches of native vegetation have become a standard aproaches in addressing
ecological issues in peri-urban developments in New
Zealand. What is often underestimated is the way of
connecting these revegetated areas by means of providing a better habitat for wildlife.
The learning, or exploratory, flock is governed
by the following rule set:
•• Every agent assesses its current location and the
number of other agents in its cone of vision. After
that it changes its colour as described below:
•• If there are other agents, but nothing interesting in the environment, then the agent turns
yellow.
•• If there are other agents and some interest in
the environment then the agent turns green.
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Figure 6 Areas of ecological
sensitivity.

••
••
••
••
••
••
••
••
••
••

If there are other agents and a significant interest in the environment then the agent turns blue.
Then each agent adjusts its heading according
to the following list of instructions:
If the closest neighbour is too close then separate from it regardless of its colour.
If the closest neighbour is green, disregard it.
If the neighbour is blue, feel attracted.
If neighbour is yellow, then avoid it.
Every agent takes the weighted average of all target points generated above and moves towards
that point with the following velocity rules:
If I’m yellow move faster (This area is not interesting).
If I’m green move at constant speed (There
is some interest and I don’t want to miss anything).
If I’m blue, move slower.

This means that when agents find an ecologically sensitive area they will slow down and
cluster in order to explore the area in more detail.
This happens because their speed is low and they
have the inertia to remain there. The agents in
the neighbourhood that have not detected anything of interest will speed up and be attracted
to heavier and slower agents. The idea is that
the information is stored in the velocities of the
agents. Speeding up corresponds to ‘forgetting’
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in the system. With this algorithm the flocks will
move around, discovering ecologically significant
areas. If the area does not have enough weight
compared with another, it will not be able to attract enough agents. After iterating the algorithm
numerous times, the flock will ‘forget’ the areas
of low ecological significance. Not allowing the
agents to stop ensures that some of them will
leave the significant areas and may be attracted to
a different area of interest. Hence, the learning, or
exploratory, flock provides us with possible connections between these areas (see fig. 7).
To trigger structural coupling with the automaton, the flocking agents are further programmed to perturb the land use pattern. Only
the green and blue agents, located on ecologically
sensitive areas, can transform the evolving urban
morphology. They can revert closed spaces and
open spaces back to carrier space. In this way the
emergent spatial morphology can both resemble
and complement the spatial organisation of the
existing village and at the same time take into account the existing landscape and ecological conditions (see fig.8).

CONCLUSION AND FUTURE WORK
The discussed project is work in progress. One of the
aims of the research was to model urban morphology as an emergent co-adaptation of two bottom-up

Figure 7 Learning (exploratory) flock.

Figure 8 Emergent subdivision morphologies.

computational systems - Cellular Automaton and Agent
Based Model. The outputs of the models reveal intriguing and unexpected spatial configurations. The simulations proved to be able to generate variety of well defined and syntactically correct urban morphologies.
The x-y automaton has an easy to understand
structure, but the outputs are symbolic and abstract.
These limitations are imposed by the gridded nature of
Cellular Automata. Further research is needed in order to
refine the rules for the subcategories of open and closed
spaces. The flocking model proved to be an efficient way
to explore landscape and context. The communication
between the flocks and the x-y automaton needs some

refinement. The second aim of the project was to test the
concept of generative design with real site and design
brief. Some of the outputs of the models connect very
well with the existing village in terms of spatial organization without disturbing ecologically sensitive areas.
This project did not attempt to develop beyond
the morphological scale; the focus was on keeping
the integrity of the generative design concept. The
rules of the models were not overly specified and the
outputs are produced entirely bottom-up.
One of the main difficulties of this type of modeling is the non linear relationship between the rules
and the emergent overall pattern. Working with the
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astronomical parameter space of CA and ABM can be
difficult and challenging undertaking. Despite the
challenges and difficulties, ABM and CA definitely
have a future in urban design and architecture. They
are one of the few computational frameworks that
can be used to study complexities of the structures
that we observe in the world.
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Abstract. To help architects in real life work it is needed to clarify what a building is from
their point of view. Till now we have seen that building design aid programs are mainly
conceived from an “external” perspective, that of computer scientists.
Difficulties related to architectural design support programs result from: an insufficient
overall model of the building; an inadequate formalization of information; an underestimated
complexity inherent in the design process. To overcome these difficulties we introduce a
‘systemic’ building model that takes into account discipline-specific goals by means of
relation structures to relate entities of domains and ontologies to formalize knowledge.
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TO DESIGN ARCHITECTURE MEANS TO
COMPUTE AIMS AND TO COLLABORATE
We agree with H. Simon’s statement:
“... when we use satisficing methods, it often
does not matter whether or not the total set of
admissible alternatives is ‘given’ by a formal but
impracticable algorithm. It often does not even
matter how big that set is. For this reason ‘satisficing’ methods may be extendable to design
problems in that broad range where the set of
alternatives is not given...” (Simon, 1996, p. 121).

This is exactly what happens in the Architecture/Building/Construction – ABC – sector, considering that design is also an exploration activity to solve
contradictions regarding a solution domain that is

not a-priori given, as any building is a singular, prototypical integrated and complex system in a changing
context with interleaved problems.
The solution of a problem, in ABC and other
sectors, is not simply a functional one expressed
by an analytical formula or by generating solutions (Negroponte, 1975) as it refers not only to
basic human needs (facilities providing an environment that is comfortable, useful, safe, with
infrastructure) but also other needs that are difficult to formalize: the aims of construction. For
instance: revitalizing a city – Guggenheim museum in Bilbao by F.O. Gehry; advertising building
– Sony palace at Potsdamer Platz in Berlin; linking
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two cultures – the English Channel tunnel; “keep
the world in one” – Pocket PC.
Like humans, according to Linus Torvalds (Pekka et al., 2001), also computer science will be applied to non-functional programs such as:
“...progress is about going through those very
same things as ‘phases’ in a process of evolution, a matter of passing from one category to
the next. The categories, in order, are ‘survival’,
‘social life’, and ‘entertainment’ ”.

The same thing happens in the field of computer aided design:
•• initially the concern was to apply the computer’s power of numerical calculation to
mathematical formulae (expressions of physical phenomena) which need numerous iterations of calculation cycles and therefore, owing to the problem of rounding off (reduction
to significant figures), it is necessary to have a
higher numerical precision (e.g., Sperry-Univac, 18 bit (1) hardware and software for the
Apollo mission; diffusion of F.E.M. applied to
structural problems);
•• tools were later developed to model and support interactions with other subjects-actorsagents by means of expert systems and later
by the collaborative design paradigm (e.g. computer configuration software, XCON (2), infectious disease analysis, MYCIN (3), and collaboration like those of T. Sasada (2000);
•• the time has come to use them to satisfy human
aspirations (e.g., possessing the computer-object has aesthetic validity in itself - the iPad), or

to be applied to the appeal of the relationship
between perceived space-sensations to arouse
in the subjects (e.g., a variable shape temporary
pavilion in Seoul - Prada Transformers, fig. 1 and
2; Koolhaas, 2009).
We believe that the “boundary” between the
cost-effectiveness of applying CAD techniques and
the resolution of problems by human beings is currently shifting more and more towards higher semantic levels (Carrara et al., 2009) but this contributes to
allowing the human being himself to carry out the action of design conception to a greater extent.
The aim of the present research is to shift this
“boundary” forwards by providing a support for the
real time verification of design and regulatory constraints in a delocalized working environment in
which many specialists are involved.
However, we consider that the global overall
‘satisficing’ solutions of design problems can currently be attained, together with support systems,
also by means of trade-offs among actors. We consider that an effective support system should allow actors to modify their own specialist goals and
adapt their own specialist design solutions, as collaboration in building design is an inherent necessity (Kvan, 2000).
It should be pointed out that an actor in this paper is used in a more extended meaning than is customary in the literature (Wix, 1997) as it can also represent a human-like actor that has an active role in the
process: it passes the Turing test, it can be a partner
in a design process – it is a true intelligent assistant.
Active means dynamic, as it can modify its definition
(ontology) on the fly; and situation sensitive, as it can
Figure 1
Temporary pavilion, R.
Koolhaas, Seoul, 2009. The
four configurations: 1 Fashion display, 2 - Movie
showing, 3 - Art exhibition
and 4 - Special event.
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modify its behaviour along with the “context” (in a
broad sense, condicio, Carrara e Fioravanti, 2004).
Moreover collaborative work implies that actors
“have mutual and joint interests as the overall outcome success/failure is shared” (Carrara and Fioravanti, 2008, p. 1416).
To be effective, this kind of collaboration means
that different specialized actors working on a (single)
project have to communicate and mutually understand each other in order to be aware of the problems of others. One of the key points is thus the formalization of entities and their interfaces (entity/entity or entity/human of the same specialist domain
or of different ones).

DIFFICULTIES INHERENT IN ARCHITECTURAL DESIGN SUPPORT PROGRAMS

Figure 2
Temporary pavilion,
R. Koolhaas, Seoul,
2009 - Fashion display
configuration.

In the ABC community a number of efforts have
been devoted to overcoming these problems in order to integrate competencies into a single application program and to share knowledge. Among the
various initiatives, we mention BIM and IFC, which
are mainly devoted to defining and linking the entities of a building and to facilitating data exchange.
But design is much more than (less or more accurately) describing a component of a building as it is
an activity aimed at helping the actor to conceive
artefacts, to record expertise, to implement experience-based rules of design and at “… changing
existing situations into a preferred ones” (Simon,
1996, p. 111). Consequently, the effective formalization of information, in a broad sense, remains an
unsolved problem.
This kind of difficulty is due to the lack of:
1. An overall model of the building that is representative of its complexity and effective for
actors, capable of introjecting aspirations and
processing them.
In any specialist domain an actor involved
in a design process manages his/her own entities in order to attain his/her own specific goal
in a collaborative work. The formal representation of BIM and IFC does not contemplate this

2.

aspect as they consider a building as the sum of
entities of a class (Class ≡ hierarchy structured
set of entities). In the same way a watch is not
just the sum of a crystal, a dial, hands and a
movement, given that it is possible to construct
other mechanisms with the same elements, but
only one assembly forms the system that can
tell the correct time.
A building is actually a system: several
classes directed towards a goal (e.g. habitability, energy saving, constructability, etc.). This
goal-oriented view is attained through several
objectives and sub-objectives, e.g. habitability includes space usability, ergonomics, space
brightness, reciprocal disposition of spaces, relationship between spaces and the outside, etc.
An adequate formalization of information pertaining to any individual actor and exchanged
among the various actors.
A wide variety of computing and representation software is available on the market
that is capable of performing even relatively
complex tasks within well-defined disciplinary
boundaries although it is designed to enhance
the capacity to verify a given design approach
rather than to help find a solutions’ conception
or choose among hypotheses. These software
applications are actually, in that sense, of no
help in design collaboration, and indeed even
make it more difficult: software specialization
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increases the difficulty of communication and
reciprocal understanding among the various
actors, as data required by the different specialized programs differ from one actor to the next.
Moreover, each type of software demands
the input of data that must generally be inferred
from the interpretation of the documents of the
design solutions of the other actors involved in
the process. In this way different interpretations
of the meanings of a “same” entity are a cause of
misunderstandings that are all the more detrimental to the overall outcome the greater the
degree of complexity involved.
Difficulties inherent in the design process.
In building design not only is the ‘transformation’ of meanings and of characteristics of
a (quasi-same (4)) entity extremely important,
going from one actor (or specialist domain, e.g.
architectural composition in which a wall may
represent an internal partition of the building,
fig. 3a) to another actor (or specialist domain –
e.g. Building Science where a wall may be a shear
wall, fig. 3b), but also the dynamics of these interactions between actors over time, thus the
‘history’ of the project– it is a data and process
driven phenomenon like a narrative novel.

The exchange of project information and
knowledge among the actors (or disciplines) is not
given once and for all. The ‘translation’ of the entities
among the actors is not fixed for all time. Above all,

this exchange, and accompanying modifications, is
not occasional but continual: the actors work (design) the (quasi-)same elements-entities. The development of the project is a process whereby, through
various phases (brief, preliminary, detailed, constructive and maintenance) its definition is achieved. The
activity of actors in the process may be serial or parallel, the work on the entities-components may be
disjoined or concurrent, but what is certain is that
problems of consistency, versioning, authority, intellectual property, privacy, etc., arise
These types of difficulty must be set within
the framework of the design intended as a system
process to realize a project. Design is a means for expressing a project; it is an aptitude of design will: it is
an act of faith (Cross, 1984, chap. 9).
The first difficulty is essential from the standpoint of the project as defined above; the two others
are ancillary and modal in nature: formalization is important but only in so far as it can serve the function
of being computed in order to represent a goal; the
process model is required in order to lawfully govern
the procedures and effectively to govern the interventions by the actors vis-à-vis the project solution.
The entire building (and the design process
underpinning its gradual definition) possesses a
number of goals-rules for different actors that are independent of the specific project and often are not
consistent among them. Beside these goals-rules
there are many ones that are dependent of specific
project and context
Figure 3a (left)
The wall as a diaphragm
between spaces – Villa
Tugendhat Mies Van Der
Rohe, Brno, 1928-30;
Figure 3b (right)
The wall as a shear wall in a
stress simulation program.

180

eCAADe 29 - Collaborative Design

The “Rule of rules” to be implemented does not
exist: the human being (and the support systems) are
in need of a progressive refinement of their capacity;
for this reason, there are faculties of architecture and
engineering on the one hand and knowledge based
systems capable of self-modification and updating
in the face of concrete problems, on the other.
A typical design aspiration of the actors is the
will to construct buildings that are suitable for their
times, for which two fundamental requirements
must be satisfied: a strong link between interior and
exterior and a proper environmental sustainability.
In achieving this, two conflicting classes of requirements may emerge, which are a demonstration of
the absence of a “Rule of rules”: the requirements
of maximum transparency and minimum dispersion (e.g. the Fondation Cartier, Paris); or the aim is
to achieve a building-sculpture for promotional purposes in which the articulation and the ‘movement’
of the forms is in contrast with the minimum surface
goal required by energy saving (Vitra Museum at
Weil-am-Rein); or else when the thinness of a highly
insulating wall clashes with the cost of the envelope
(Change Phase Material wall).
These simple examples show how architectural
design operates on the contradictions. In our view
the synthesis of the above is the elective terrain of
the designer and the reasoning tools (inferential, deductive, inductive, Bayesian networks, etc.) ‘external’
to the entities-building components in question or
in some cases rules (and objectives) ‘internal’ to the
same entities, extend and boost the potential of the
human mind.
A comparison may be made with the game of
chess: there are rules ‘internal’ to the individual pieces-entities which consists of ‘mechanically’ or better said ‘typographically’ (Hofstadter, 1988, Chapter
III) applicable deductive rules (e.g., how the various
pieces move on the board) and other rules governing their reciprocal movement that require higher
level models for the configuration of scenarios (e.g.,
castling, opening, sacrificing certain pieces, end
game); others again are ‘external’ to the chess system

and are related to global strategy of the game (fuzzy,
predictive, trying to edge adversary’s pieces, etc.), or
act at and even higher level of human motivation,
that of beliefs (e.g. finishing a chess game quickly in
order to go and have a game of tennis).
It is appropriate that the latter rules, the ‘external’ ones, should pertain to the human being also
for another reason: unlike chess, in which there is a
huge but finite number of possible combinations of
patterns of pieces on the board, the ‘pieces’ of the
building are increasing and evolving constantly; the
rules governing the economic, social and productive
context are also changing constantly.
One further aspect that should be considered
and which is often underestimated is that reasoning
(or the rules) are not applied mechanically or slavishly
to all the entities of a class or to lower classes but often
actually depend on how these entities are mutually
related in the history of the individual project.

A NEW BUILDING MODEL AND A BETTER
ENTITY FORMALIZATION
To overcome these difficulties we propose:
1. Using Relation Structures to relate entities to a
“systemic” building model.
To make this possible, in a specialist domain, entities of one class and others of another
one, are related to each other by means of a
specific relationship, a Relation Structure – RS –
which an inference engine can use to compute
a goal (Carrara and Fioravanti, 2001).
With reference to buildings, there are two
fundamental ontology classes: that of the spaces and their aggregations, which in a project go
to make up the so-called ‘Spatial Class’ domain,
and that of the physical elements (components)
and their aggregations which in a project make
up the constructive apparatus, defined by UNI
(Italian Standard Organization) as a ‘Technological Class’ domain (fig. 4).
For instance, an architect can conceive a
building like a system made up of entities of these
two classes (spaces and components) plus his/her
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own specific Relation Structure that applies its inferential engine habitability rules to linked entities
of the two domains: there are many possible assemblies of building components but only a few
of them are space aggregations where people can
‘satisficingly’ live or enjoy better lives (fig. 5).
Using ontologies to formalize knowledge
Another fundamental requirement for overcoming the above problems is to understand
knowledge, namely technical knowledge. Technical knowledge concepts can be formalized and
structured by means of the technology of ontology, in order to define entities and by means of
explicit semantics to define their meanings.
In the present context, knowledge refers
to the fields of architecture, energy saving, sustainability, building stability, etc. and its entity
definition includes both the formal structure of

3.

the entities considered in a project (and the related aspects, i.e. meanings, geometry, properties, relations, etc.) and the formal models (generally mathematical) that allow simulations,
verifications and reasoning to be performed
(Carrara et al., 2009).
Using Filters to deal with the actor’s perspective
This model of a design process is similar to
Multiverse theory where as many universes exist as there are measurement operation results:
many specialist domains are seen and interpreted by actors. This view reveals that actors work
together on the same footing, and that each of
them from his/her own point of view acts in a
situated context (Gero and Reffat, 2001).
As ABC design is a multi-disciplinary sector it
needs entities (concepts) of an ontology of a specialist domain to be linked to those of another one.
Figure 4
The Building Object made
by Space System – Ω (right)
and Technology System – Ω-1
(left); correspondingly
subdivided into Spatial
Domain and Elementary
Space Domain, and
Technological Domain and
Material Domain.
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Figure 5
‘R’ layer - Relation Structure
together with Inference
Engine - can model a custom and discipline-specific
goal. It relates Spatial class
domain - Ω-1 - entities with
Technological class domain
- Ω - ones.

Likewise, using Relation Structure within a single
disciplinary domain, we can map entities of several different specialist domains (ontologies) to link
meanings by means of a Filter mechanism (Fioravanti, 2008). This way actor can become aware of the
situated design solutions and problems of others.

ONTOLOGY REPRESENTATIONS AS A
MEANS FOR KNOWLEDGE ATOM REPRESENTATION
The chosen way to find an answer to these questions
is the development of a Collaborative Architectural
Design system based on Knowledge formalized by
several Ontologies that can significantly improve
collaboration between different specialists (Ugwu,
2005; Fioravanti, 2008).
One of the greatest difficulties in this field is
how to rapidly formalize the prototype entities,

which we may term a knowledge atom, making up
the ontology of a specialist actor.
So far we initially took into consideration three
types of formalization to model Systemic Knowledge
of Building and its entities (components, building
parts, characteristics, constraints, relationships, etc.)
as explained in Fioravanti and Loffreda (2009), subsequently we concentrate our efforts in using Lisp and
Protégé tools.
The first implementation in Lisp allows to manipulate the instantiation and the inference engine
‘on the fly’ and to modify the characteristics of the
entities relatively freely and precisely, indeed ad hoc,
but at the cost of a artisanal implementation.
The implementation of entities is very slow as
programmers would have to be skilled in architecture and in computer science with the aggravating
circumstance of no visual editor program aid.
The main characteristic of entities is related to
the ‘type’ of entity: the membership ‘class’. This one is
formalized by means of a custom made frame structure, similar to the one investigated by McCarthy
(1960), by means of an AKO slot (A Kind Of). Our frame
has a four-tier structure: frame, slot, facet, value).
The advantage of being able to manipulate also the
type of an entity’s structure allows not only to change the
inheritance of an entity but also to mix entity assemblies.
The freedom we are given by this formal logic enables us
to compose an entity of a class (whole-of) also from entities of different classes belonging from heterogeneous
domains, for ex. a room of a ‘Spatial Class’ domain with a
pillar of the ‘Technological Class’ domain.
In our case we implemented the System of
Spaces which, together with the System of Technologies, contribute to fully defining a building so that
the two systems (normally separate) can be interfaced directly through a shift of the inheritance relationship (AKO slot in the frame structure) with the
assembly one (fig. 6).
At the time of instantiation this peculiarity
makes it possible to simultaneously verify the constraints that are normally found on ’orthogonal’ logical planes: classes and assemblies.
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Using a plain and widespread ontology editor
- Protégé - is the second approach. Each entity of
the building was formalized according to the triplet ‘Meaning-Properties-Rules’ (Carrara et al., 2009;
Fioravanti and Loffreda, 2009).
In this case, the distinction among entity ‘meaning’ (name and description), ‘properties’ (slots and
associated attributes) and ‘rules’ is sharp and well defined. The rules, in particular, are formalized by means
of SDK of Protégé, the PAL – Protégé Axiom Language;
- they operate on the instances of the ontology and
establish relations, constraints and specifications associated with the entities to which they are applied.
The constraints checking and verification, as it
is separated from the definition of the entity, is not
contemporaneous with the instantiation of the object and so the processes of verification and control of
consistency, coherence and congruence are necessarily subsequent to the completion of the instantiation
of the entities involved in the design solution. Another

limitation is that each relationship of an entity should
be specific: as its coherence check examines constraints one to one. For instance it is not possible to
have a general relationship like “space_room_has_a”
(wall, or door, or window, or etc. with some cardinality on each of its elements) but several specific relationships like “space_room_has_a_wall” plus “space_
room_has_a_door”, “space_room_has_a_...”.

CONCLUSIONS AND FUTURE
DEVELOPMENTS
On these premises a formal model of the structure
of knowledge used in the design process as well as
of its management has been developed, based on:
•• a formalization of knowledge (by means of pure
Lisp and Protégé,...);
•• an inferential engine (how to infer and to compute knowledge);
•• some goal-oriented Relation Structures (f.i.,
evacuation safety path).
Figure 6
An example of ‘R’ layer:
Swapping between two domains: a possible ‘AKO shift’
between entities
of a Technology Class domain
– Ω-1 – with entities of a
Spatial Class domain - Ω.
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Figure 7
Building organism as an
holistic synthesis of Space/
Technology, Relation
Structure and Man.
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(3) In the early ‘seventies at Stanford University a
software was developed (“-mycin” is the suffix many antibiotics have) to identify bacteria
causing severe infections, such as bacteremia
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with the dosage adjusted for each patient’s
body weight and other characteristics. It was
written in Lisp.
(4) The same in the sense of referring to a “same portion” of the building; the example given refers
to a wall between two slabs, and certainly not
to the wall from the standpoint of the architect
or the entire shear wall incorporating the wall
as for the structural engineer.

Bridging the Gap
A (Collaborative) Design Platform for early design stages
Gerhard Schubert1, Eva Artinger2, Frank Petzold3, Gudrun Klinker4
1,2,3,4
Technische Universität München, Germany
1,3
http://www.ai.ar.tum.de, 2,4http://far.in.tum.de
1
schubert@ai.ar.tum.de, 2artingee@in.tum.de, 3petzold@tum.de, 4klinker@in.tum.de
Abstract. The motivation behind the CDP interdisciplinary research project is to resolve the
current discrepancy between familiar, analogue ways of working in the early architectural
design stages and the ever increasing use of digital tools in office practice. The project’s
objective is the conception and prototypical realisation of an interactive work environment
for use in the early design phases. By directly linking familiar analogue ways of working with
digital computer aided design tools, the CDP represents a working environment that allows
designers to work the way they are used to while making use of the potential of computers.
This paper describes the first results of a design environment for supporting the conceptual
phase of urban design.
Keywords. Design Tool; Interactive Simulation; Early Design Stages; Interaction

INTRODUCTION
Despite the increasing use of computers in architectural offices and ever more powerful software and
hardware solutions, computers are still only rarely
used in the early phases of the design process. This
can be attributed to poor human-computer interfaces as well as the limited application scenarios
currently available. For designers, complex software
and inappropriate working methods constrain creativity and hinder the design process.
As a result, computers are used primarily as digital draughting machines rather than as innovative
design tools. Almost 20 years ago, Glanville (1992)
wrote that CAAD software manufacturers treat the
computer solely as a tool; to exploit its full potential
it needs to be understood as a medium. And to the
present day, this has not changed fundamentally:
“They are all primarily focused on representing a

design which has reached a level of finalisation in its
development. They do not really support changing
design perspectives” (Gero 2006).
A central aspect of the interdisciplinary “CDP | Collaborative Design Platform” research project, undertaken together with the Chair of Augmented Reality and
the Chair of Industrial Design, is the conception of an
interactive working environment for the early phases
of the architectural design process. Based on the requirements of the concept development phase in an
urban design context and the issue of linking digital
and analogue domains, the project aims to examine
and explore new means of interacting with and using
computers for the design process using a prototypical
platform. The aim is to bridge the gap between analogue and digital by directly linking analogue models
with interactive, digital real-time simulation methods.
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Using a modular principle, the user is provided
with small digital helper tools for different functions,
applications and program facilities that make it possible to flexibly respond to the respective individual
requirements of different design tasks, while still
working and designing using the familiar, tried and
tested means of an analogue working model.

DESIGNING
The process of “designing” is hard to define and describe. While it is, of course, possible to identify several fundamental principles, a single, clear and universally applicable definition is not possible. This is
due not least to the fact that it is not a linear process.
Rather it is an iterative process based on the generation of variants and the decision processes that follow from these.
It is simpler, by contrast, to identify and classify
the tools and media we use to resolve particular design tasks. Gänshirt (1999) divides design tools into
six main groups: observation, sketch, design drawing, model, calculation and verbalisation.
All of these tools can be understood as a form
of sketching. “Sketches represent a draft or design
idea: they are tentative, not fully thought-through
[…] ideas, thoughts and visions that need further
development and elaboration” (Figra 2003).
They are short, concise representations of an
idea that focus on an essential aspect, and a means of
what Arnheim (1972) has described as “Visual Thinking”. Through the direct expression of a thought in
sketch form, thoughts, ideas and potential solutions
are made visible. During the act of sketching, the
resulting sketch itself is simultaneously received as
a new impression, assessed and responded to. Designing can be understood as a kind of dialogue, “a
conversation, usually held via a medium such as paper and pencil, with an other (either an actual other
or oneself acting as an other) as the conversational
partner” (Glanville 1999). The sketch (whether it is an
actual sketch, a model or another medium) becomes
one’s conversational partner, “firing the doodler’s enthusiasm, personal research, and commitment” (Ibid.).
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The choice of tool depends on the respective
design task, the design idea and the design stage.
The simpler the tool is to use, the less it gets in the
way of the actual process of designing. The word
“simplicity” is, however, not one that we generally associate with computers. Nevertheless computers are
one of the most important influencing factors in the
context of designing.

DESIGN SUPPORT
During the design process, architects repeatedly
come up against situations that they cannot immediately resolve. Various attempts are made to
develop alternative solutions, which are then made
more precise, modified, worked up in greater detail
or, alternatively, discarded. In assessing which variant is appropriate, architects draw on their own experience and knowledge they have gained as well as
refer to calculations, simulations and other sources
of information. As such the pen, model and simulation are design tools that serve as a means to an end:
the results must be combined with the knowledge
and experience of the designer.
To provide support for a design environment, a
wide variety of different kinds of program tools are
needed. Moreover, these tools must sufficiently assist the designer in exploring ideas based on their
own experience and perception. The tools should
not impose their will on the designer. Rather they
should provide objective assistance that helps the
designer to evaluate design variants.
In this context, students developed tools for
analysis and simulation in the early design phases
of architectural design as part of a semester design
project undertaken together with the Chair of Urbanism and Urban Development. The students realized interactive real-time simulation tools for analysing light and shadow, proximity and distance, space
and sight lines as well as specific building parameters. Two of the students, Michael Mühlhaus and
Nils Seifert, were awarded 5000 € for their project as
part of the “Auf IT gebaut – Bauberufe mit Zukunft”
[1] prize (“Built on IT – Building jobs with a future”):

Figure 1
Software prototype of the
analysis and simulation tool
for early design stages: interactive, real-time shadow
simulation

One can imagine this as a creative cycle in
which the computer provides real-time objective
feedback on a variety of relevant issues, which can
in turn inform the direction of the architect’s design
decisions. The boundary between sketch, simulation and analysis blur into a continuous, creative
design process.

USER SCENARIO
With the help of these simple digital tools, simulations that are normally undertaken at the end of the
design phase can be applied in order to analyse and
assess the implications of design decisions at a much
earlier stage in the design process. For example, statutory planning constraints such as building regulations
can be incorporated into the design process at an
early stage. As a means of optimising the design, they
save time and provide objective assistance that can
have a direct effect on the quality of the design.
The aim is to simulate tendencies during the early
design phases, where the data available is often vague
and incomplete, and to display design-relevant parameters with a view to making the spatial quality and
functional aspects of a design more legible and the
decision-making process more transparent, effective
and clear. Such simulation tools provide the designer
with additional information that can inform the design
but the subjective process of assessment, evaluation
and exploration remains in the hands of the architect.
Figure 2
The creative cycle supported
by interactive, real-time
simulation tools. Design and
evaluation hand in hand.

The task is a competition for a hotel in the centre of
a large city: the architect begins with some styrodur
rigid foam cut-offs and a knife or cutter and settles
down to work.
Rather than working at a computer workstation
with pc, mouse and screen, his or her workplace is
a multi-touch table. The architect searches for street
name and location and loads the competition site on
the table top.
While examining the historic surroundings, some
initial ideas start to form. Taking a piece of Styrodur,
he cuts this to size and places it on the tabletop. An
info box appears next to the block showing the estimated building volume and gross floor area. A red
icon indicates that the chosen size is not large enough
to fulfill the required floor area. The architect takes a
second piece of styrodur and places it next to the first.
The statutory requirement for inter-building distance
is displayed automatically and red areas projected
from above onto the styrodur model indicate the
areas where buildings are too close together (cf. Projection-based Spatial Displays (Bimber and Raskar)).
The architect removes the styrodur block, adjusts its
geometry with a knife and places it back in the model.
The new form is recognized automatically and the
calculation adapted accordingly. The inter-building
distance requirements are now fulfilled.
A second colleague takes a look and remarks
that a high building in the vicinity may overshadow
the new design. The architect changes the display
mode and the pattern of shading around the year is
shown in colour-coded form. One can immediately
see from the massing model of the proposed design
for the hotel that it is almost always overshadowed.
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Together both colleagues are able to improve
on the design, investigating approach routes, views
and distances from public transport nodes.

CDP | COLLABORATIVE DESIGN PLATFORM
The basic idea of the Collaborative Design Platform
(CDP) lies in facilitating direct interaction between
analogue urban massing models and interactive
simulations. This means it is possible to work and design using the familiar, tried and tested means of a
working model. Additional real-time interaction, allows the designer to immediately assess the impact
of design decisions. Examples of this include the
real-time simulation of shadow patterns or the realtime analysis of path distances or flow patterns. The
simulations provide an indication of implications as
a means of supporting the design process. As such
the emphasis is on presenting an easily comprehensible visualisation rather than precisely calculated
values. This is also appropriate to working with scale
models at a scale of 1:500 or smaller where model inaccuracies can easily represent tolerances of a metre
of more at true scale.
The CDP is conceived as a working tool for the
early design phases and assists the designer in developing and assessing design ideas.

Related work
The use of digital simulation tools in combination
with large-format tabletops was first discussed more
than ten years ago, for example in “Urp: A LuminousTangible Workbench for Urban Planning and Design“
(Underkoffler and Ishii 1999). Urp made it possible to
use analogue models to examine and control interactive simulations, for example for overshadowing
and reflections. A marker-based software solution
using the software tools “glimpser” and “voodoo” was
used to track the objects. For this, however, it was
first necessary to construct a 3-D model which was
then combined with the markers in the interactive
scene. This intermediate stage, however, represents
an undesirable interruption in the design process
with the result that the tool is used as an interactive
presentation tool rather than as a tool to support the
design process.
“Pictionaire” is a further example of a tool that
likewise uses a large-format interactive table: “It enables multiple designers to fluidly move imagery
from the physical to the digital realm; work with
found, drawn and captured imagery; organize items
into functional collections; and record meeting histories” (Hartmann, Morris 2010). Two additional topmounted beamers as well as a high-resolution digital
Figure 3
CDP mockup of the user
scenario (photomontage):
direct interaction between the
analogue working model and
digital simulation.
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camera provide a technical interface between the
two worlds, making it possible to seamlessly interact
between the aforementioned analogue approach
and digital content. The seamless connection is supported in both directions: analogue → digital by
scanning analogue content with a high-resolution
camera, and digital → analogue by projecting digital information onto an analogue medium, such as
a sketch book.
The aim of the Collaborative Design Platform
is to provide a tool that is fully integrated into the
working process. Seamless integration is achieved
using marker-less, fully automated 3D object recognition in combination with easy-to-understand tools
that are kept deliberately simple.
System setup
The basis of the CDP is a custom-built multi-touch
table. Together with the Chair of Industrial Design
aspects such as ergonomics and working methods
were examined and incorporated into the table’s
design.
Figure 4
Hardware setup

The interactive table (158 cm × 96 cm) has a
matt projection surface (A) onto which an image is
projected from beneath. The high-resolution (1920
× 1080) projected image (B) is reflected by a mirror
(C). The projection surface is additionally illuminated
by infrared rays (D). An infrared camera (E) takes a
picture of the underside of the projection surface
as reflected in the mirror (C). The IR camera image
captures objects and interactions that touch the

surface. A computer (F) processes the camera data
and creates a projection image for the projector (B).
The automatic 3D object recognition is achieved using an IR camera (E) in combination with a Microsoft
Kinect Camera (I).
Parallel to this, a second beamer (G), that projects onto the screen (H), makes it possible to display
further contextual information for the design process
such as perspectives or functional diagrams. To provide a better indication of the spatial characteristics,
it is also possible to produce true three-dimensional
representations of the design. A key criterion for the
choice of representation technique is the possibility
of offering a true three-dimensional display without
the help of optical aids such as shutter glasses or
similar. Two different techniques can be used here:
one option is the use of auto-stereoscopic screens
such as those from Visumotion [2]. A further alternative includes the following solution developed
at the Ruhr-Universität Bochum: by using lenticular
lens technology, three dimensional representations
can be created in a manner similar to the “wiggle
pictures” found on postcards that appear to morph
when tilted. Here too, artificial aids are not required
to perceive the 3D effect [3].
In addition to being able to present contextual
information, this additional display is intended primarily for use in collaborative work. Possible scenarios include single-table collaborations as well
as spatially distributed collaborations. This makes
it possible to display design considerations, or the
current state of a remote colleague’s design as well
as the person themselves via videoconferencing.
Subsequent projects will examine in more detail the
application areas of CDP in collaborative working
processes.
Automatic Object Recognition
The automatic recognition of the massing of the urban model employs two systems:
1. The basic form of the selected object is captured using an IR camera (E). This facilitates the
precise recognition of the basic shape (a). In a
Collaborative Design - eCAADe 29

191

first step (b), object contours are recognised by
detecting image contrast. All closed contours
are then registered as individual objects (c).
To reduce memory usage, object contours are
compared with basic primitives, and if within a
certain degree of tolerance are stored as such.

2.

The 3D massing is captured using a Microsoft
Kinect camera (I) [4]. In the initial test setup, the
capture of the 3D massing is limited to simple
forms without cutouts, which corresponds to
the level of detail of a 1:500 scale model. The
Microsoft Kinect camera comes with two different imaging systems: a simple VGA-webcam
and an infrared sensor. The IR sensor captures
the depth and returns a colour-coded image (c)
(640 × 480 pixel) with 11 bit colour depth and
an image range of about 5 metres (1 – 6 m), the
degree of detail is about 2.5 mm.

3.

The combination of two systems offers several
advantages: For the geometric recognition system,
sections hidden from the Kinect camera image by
overshadowing can be compensated for as the height
and base area can be scanned independently. Besides
being able to work with models and gestures, it is also
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possible to interact with other input methods that
can be captured from beneath. Additional markers for
controlling digital content can be used, for example,
for camera movement or to establish the position
of the sun. The hardware separation of these input
methods means that the 3D digitalisation of gestures
and marker recognition can be activated and assessed
independently of one another.
On the software side of things, middleware serves
as an interface between the hardware configuration
and the software applications. This interprets events
that are captured by the hardware, i.e. the recognition
of inputs in the form of touch gestures or the placement of an object on the table. A TUIO [5] protocol is
used as a basis for this: “an open framework that defines
a common protocol and API for tangible multi-touch
surfaces”. Software libraries that support TUIO include
Touchlib [6], reacTIVision [7] and CCV [8], which are currently being assessed according to various predefined
criteria. The aim is to unite all input methods – basic
forms, 3D object recognition as well as gesture and
marker recognition – in a common standard.

Figure 5
Basic Shape Recognition with
an IR camera (E)

OUTLOOK AND EVALUATION
Our Collaborative Design Platform is currently under
development. In future, we will test our system with
architects as well as architectural students in order to
measure the user experience. Our set of participants
consists of young students and older architects, allowing us to obtain insight into the behaviour and attitudes of older and younger users. This user set also
enables us to assess whether our system meets its intended purpose for both target groups: younger users
are more familiar with and open to new technology
while older users have more work experience.
Two different qualitative evaluations will be
conducted. One will measure the user interface and
the other will concentrate on the added value of the
analysing tools. In the first evaluation we will explore
to what extent the creative design flow is maintained
or if it is disturbed by the user interface. The second
focuses on the functional added value of the tools,
for example the light and shadow tool.

Figure 6
3D shape recognition via
Microsoft Kinect (I): ir depth
image (c) and vga image (d)

In both evaluations our participants will be
asked to perform specific relevant tasks on the table.
During our evaluation we will observe non-verbal as
well as verbal qualitative user statements. Quantitative data such as task completion time is not the
most relevant criteria in our case. It is more interesting to gain knowledge about the user’s perception
of the system. Does the platform support the architect’s work and is the result a success? The “think
aloud method” (Tullis and Albert 2008), in which the
user says out loud what they are thinking during interaction with the platform, provides us with qualitative information.
After performing the task an interview with open
questions will follow in order to find out more about
the user’s experience. Additionally standard questionnaires like the System Usability Scale (SUS) (Brooke
1996) or the USE questionnaire (Lund) can be used to
measure usefulness, satisfaction and ease of use.

SUMMARY
The concept for a working environment for the early
phases of the architectural design process presented
in this paper bridges the gap between the domains
of physical and digital models. The resulting implementation is a new kind of platform that expressly
takes into consideration the requirements of the early phases of the design process. By directly linking
analogue working models with interactive simulations, it offers a series of digital tools that support the
designer while allowing him or her to work creatively
with familiar tools and methods.
Alongside the design and conception of digital
tools and their integration into the design workflow,
future research will focus on more precise object recognition to support free-form shapes and cutouts. A
further challenge lies in the conception of the means
of interaction offered by the tools described and the
manner in which information is visualised for optimal integration in the design workflow. Furthermore, questions about collaborative work, like tablehierarchy and menu-adjustment, will be examined
and evaluated.
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Abstract. The OIKODOMOS Virtual Campus is a learning space where teachers and students
of schools of architecture and urban planning collaborate in the design and implementation
of learning activities dedicated to the study of housing in contemporary Europe. Its pedagogic
model is based on the intertwining of on-line and on-site activities and on the integration of
different types of courses following a blended learning approach. A technological platform
has been specifically created to support the project’s constructivist pedagogy. In this paper
we describe the main components of the pedagogic model, the technological platform, their
implementation and application for delivering learning activities.
Keywords. Virtual campus; blended learning; learning sequences; housing studies.

THE OIKODOMOS VIRTUAL CAMPUS
OIKODOMOS (www.oikodomos.org) is a pedagogic research project co-funded by the European Union through the Long Life Learning Programme Virtual Campus of the Executive Agency
Education, Audiovisual and Culture. The purpose
of OIKODOMOS –a Greek word for ‘the builder of
a house’–, is to create a virtual campus to promote
the study of housing at a European scale, integrating on-line and on-site learning activities following a blended learning approach. This pedagogic
model –based on the intertwining of architectural
and urban subjects, learning design and ICT– was
successfully implemented in a previous Erasmus
Intensive Programme named HOUSING@21.EU
(Madrazo and Massey 2005). In this program, we
used ICT to create a new learning and teaching
space which fostered collaboration of teachers
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and students in the design and implementation of
learning activities carried out both in the participating schools of architecture and in the on-line
spaces. The experience gained within that programme motivated us to continue it further into
the OIKODOMOS Virtual Campus. Currently, five architecture and urban planning schools participate
in the project along with some other associated
schools across Europe. Between 2007 and 2009
the project team designed the pedagogic model
and the learning environments to support it. Also,
learning activities were collaboratively carried out
by the partner institutions in the newly developed
virtual campus. The objective of the second part
of the project running from 2010 to 2011 is to consolidate and expand the virtual campus to other
higher education institutions in Europe.

THE MULTIPLE MEANINGS OF VIRTUAL
CAMPUS
In the field of education, a variety of meanings have
been adopted for the term “Virtual Campus”, none of
which can be considered predominant. According to
Van Dusen (1997), a virtual campus “is a metaphor
for the electronic teaching, learning, and research
environment created by the convergence of several
relatively new technologies, including but not restricted to, the Internet, World Wide Web, computer-mediated communication, video conferencing,
multimedia, groupware, video-on-demand, desktop
publishing, intelligent tutoring systems, and virtual
reality”. In this definition, the focus is placed on the
technology that allows the creation of a “virtual”
learning space. For the BENVIC project, which studied virtual campuses implemented at some European universities, a virtual campus “refers to a specific
format of distance education and/or online learning
in which students, teaching staff and even university administrative and technical staff mainly ‘meet’
or communicate through technological links” [1]. In
this definition, the emphasis is placed on creating a
space of communication and encounter for different
university actors. Following this line of thought, the
later REVICA project concludes that “The main goal
of a virtual campus is to provide a technologically
supported place on the internet where students and
teachers can ‘meet’ without being in the same physical place at an institution” (Schreurs, 2010).
This rather vague notion of virtual campus,
which focuses on learners’ exchanges and collaboration, can encompass a whole range of activities
from sharing a whole academic programme to
creating innovative learning spaces supported by
ICT which overcome the institutional boundaries.
The goal of the OIKODOMOS is to use ICT to create
a learning space which fosters the collaboration of
learners –students and teachers– beyond the limits
established by institutions, disciplines and academic
programs. Therefore, OIKODOMOS virtual campus is
not meant to be a surrogate of the “actual” university.
It is a network of learners and activities, as opposed

to an organization of schools with a shared curriculum, a space where learning activities are designed
collaboratively and carried in conjunction with other
courses taking place at the participating institutions.
The uniqueness of the OIKODOMOS’ blended-learning model is that it broadens the interweaving of
on-line and off-line learning activities within a single
institution to multiple institutions in different countries. This is accomplished by using on-line learning
environments specifically designed to support the
required pedagogical processes as well as by developing a methodology to implement the underlying
pedagogic model.

THE OIKODOMOS PEDAGOGIC MODEL
The underpinning model of learning within Architecture and Urban Planning is inherently constructivist. Epitomised by the Design Studio, theoretical
concepts are initially explored and understood by
placing them in a practical context, steadily building
on and expanding the learners reference framework,
insight and skills (problem-based learning). “According to constructivism, meaning is not implicit in the
structured information. Rather, learners – students
and teachers –should assign meaning to it” (Puntambekar and Young, 2003). Design studios allow
a dynamic educational process, they are a melting
pot for the production and reform of ideas through
multiple interactions between students and staff
alike. Design studios, therefore, have a twofold significance: as exemplification of a constructivist pedagogic model, and as a place where the learning processes take place.
The early applications of ICT to design studio
education gave rise to the notion of a Virtual Design
Studio (Wojtowicz, 1994). This enabled geographically distant institutions to interact –exchanging
files, communicating– but it begged the question of
the transformations that were necessary to achieve a
successful integration of the different learning processes, for example, improving collaboration (Bradford, 1994). In more recent years, the notion of a VDS
as a surrogate of the design studio has given way to
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a blended learning approach in which ICT supported
environments are used in conjunction with the activities developed in the on-site design studios, following the philosophy of blended learning (Madrazo
and Massey, 2005).
The nature and categorization of blended learning, the blending of technology supported and faceto-face learning activities, has been widely debated.
The extensive literature research of Bliuc et al (2007)
explored the development and scope of blended
learning. Their findings indicate that blended learning encompasses “some complex issues” in which it
was difficult to understand all the interactions. Focusing on the online aspect, Pelz (2004) discusses
“three principles of effective online pedagogy”, emphasising the need to engage the students with the
material, foster the broad scope of interaction between all involved and to develop a community of
learners. For Garrison and Vaughan (2004), the real
significance of blended learning lies in its potential
to transform education, since it represents “a fundamental re-conceptualisation and reorganization of
the teaching and learning dynamic” which conveys
“rethinking and redesigning the teaching and learning relationship”.
The pedagogy of OIKODOMOS embraces the
demands of both on-line and blended requirements.
However, it is further complicated by the need to
blend the requirements of widely varying institutional academic frameworks, a complication rarely
mentioned in the literature. This blending requires
significant attention being given to establishing a
common understanding of the design of learning
and, for this reason, the partners agreed to adopt an
approach based on Biggs “constructive alignment”
(Biggs and Tang, 2007). This provided a shared vocabulary which enabled discussion of the design
and coherence of the different learning and teaching elements, aims, learning outcomes, learning and
teaching methods and resources, assessments and
evaluation. The development of this common understanding was itself an important constructive pedagogical process, without which it would have been
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extremely difficult to begin to interweave the tasks
and learning activities within and across schools, to
achieve common goals.
The integration of on-line and off-line activities across partner institutions in different countries
is a distinctive trait of the OIKODOMOS pedagogic
model. Typically, after having defined a theme to
be developed collaboratively by the participating
institutions, the learning activities are first carried
out at each institution as a preparation for the work
to be done later in a joint workshop (Figure 1). In
this preparatory period, the collaboration between
students and teachers from the different schools
takes place through OIKODOMOS Workspaces, an
on-line learning environment specifically designed
to support the project’s pedagogic model. After the
completion of the workshop, students and teachers bring the knowledge acquired to the courses
and seminars at their schools. Then the collaboration continues through the learning environment,
in different ways: assessing peers’ work; using the
outcomes of one course as input for another; making distant presentations and critics of design studio work. This continuous flow of activities –from
the physical to the virtual environments, and viceversa– can go on in multiple ways until the learning
activities come to an end.
The temporal dimension of the learning activities is not determined by the courses or academic
programs of each university but by the sequencing
of the on-site and on-line activities. Thus, the learning activities are the core of pedagogic model and
have an existence of their own: they become more
or less active as more tasks are defined and works
submitted; they move from the virtual to the physical, depending on the sequence of courses and
workshops which are set up; and finally, they come
to an end as learners complete their inputs to the
process. Learning is mediated as a process through
which some inputs –study themes, assignments,
references and readings– give rise to associated outputs –student works, comments on others’ works,
peer and teacher evaluations. The sequences of tasks

Figure 1
Structure of the learning activities and tasks.

(or assignments) evolve in an open-ended manner
as the learning process progresses. They can be carried out in a synchronous or asynchronous manner.
Thus the temporal structure of the virtual campus
will have meeting points with that of an academic
program but does not necessarily have to coincide
with it (e.g. semester, quarter).
Evaluating learning outcomes and competences is a fundamental part of the OIKODOMOS
pedagogic model. The design of learning activities
and tasks includes specification of key competences
which students will acquire and are inherent in the
learning outcomes selected. Assessments are designed to test if students have achieved the specified
learning outcomes and provide a common basis for
joint evaluation of their works.

THE OIKODOMOS LEARNING PLATFORM
One of the first decisions of OIKODOMOS was which
ICT platform would be used to support the learning activities of the virtual campus. After reviewing
some existing learning management systems, we
came to the conclusion that they were either too focused on managing –as opposed to designing– the
pedagogic activities (e.g. Moodle) or too restrictive
in the modelling of the tasks (e.g. LAMS). This led to
the decision to create our own learning platform to
support the collaborative design and implementation of learning activities which would be integrated
with other pedagogic activities carried out at partner institutions.
The OIKODOMOS platform consists of two environments: Workspaces and Case Repository (Figure
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in new contexts”). Keywords are labels attached to
the learning activities to facilitate the search and
subsequent reuse of the information generated
throughout their implementation (e.g. associated
learning resources, tasks and student works) in other
Learning Workspaces later on. Learning activities,
learning outcomes and keywords are stored in the
systems’ database so that they can be used in the design of other Learning Workspaces.
2). The first one supports project-based learning activities, such as the development of an architectural
and urban project in a collaborative manner. The
second one is a digital repository of housing case
studies, which is also constructed collaboratively by
learners. Each environment has a distinct technological infrastructure so that they can be used independently or in combination (for example, generating
in the Case Repository a report from the analyzed
cases and using it as an input to a learning process
in Workspaces). In this paper, we will focus on the activities performed in the Workspaces environment.
The design of the learning activities
OIKODOMOS Workspaces fulfils a double purpose: it
enables teachers to jointly design the learning activities around a particular theme related with housing
studies, and it enables students to carry out the activities working in teams or individually.
To begin using the OIKODOMOS Workspaces,
teachers from different schools need to agree on a
theme which they want to develop (e.g. “Lifelong
dwelling”) during a certain period of time –not necessarily coincident with the academic timetable.
Then, a Learning Workspace is created and users
from different institutions are assigned to it. The
next step is to describe the learning activities, and
associate learning outcomes and keywords to them.
A learning activity is a well-defined stage in a learning process, for instance, the “analysis of precedents”.
Learning outcomes are used to make a rubric which
teachers will use in the evaluation of the students’
works (e.g. “The student will be able to conduct research on housing topics and apply the information
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Defining and structuring tasks
The learning activities previously defined and stored
in the administrator’s environment of OIKODOMOS
Workspaces. They are implemented as sequences
of tasks, which can be carried out individually or in
teams. The description of tasks is in a unified format
(e.g. description, objectives, learning outcomes, and
learning resources) which facilitates collaborative
learning design.
Tasks linked to a predecessor and successor
task give rise to a network which evolves as the
learning process advances. In this way, the task
output produced by a group or course, by one or
several universities, can become the input for a new
task which can be later carried out by other learners. For instance, within a Learning Activity named
“Site Analysis”, a group of students from one school
can provide an analysis of the site to students of
another institution who will make a design proposal. Designing the connectivity between tasks is
a key aspect of the learning design based on the
construction of sequences. Some of the sequences
can be thought a priori, for instance, analyzing first
a site before making a design proposal. However,
other connections can be done on-the-fly, so to
speak, as a teacher comes up with a way to use
what has been produced in other tasks. This is demanding for the teacher, who instead of applying
known procedures needs to venture onto the unexpected road of an on-going learning process.
An interactive map shows the evolution of the
sequences of tasks, and their connectivity, aiding the
learners understanding and navigation (Figure 3).

Figure2
Structure of the
OIKODOMOS platform.

Carrying out tasks
In the Task view (Figure 4), the outcomes produced by students are displayed graphically. They
are typically uploaded as pdf/ppt format files
with an icon and a description. Works can then
be commented on by peers and teachers, and
evaluated by teachers from different institutions
using a rubric containing the learning outcomes
previously agreed upon. During their work, students make use of the Web 2.0 tools they find
most appropriate (e.g. Skype, Facebook), which
enhances their learning focussed social networking activities (Ham & Schnabel, 2011). Thus
OIKODOMOS Workspaces becomes the endpoint
of some previous working processes carried out
elsewhere (in classrooms, with social media) and
the starting point for new ones (commenting and
evaluating, using the outputs of a previous task
as input for another one).

OIKODOMOS Workspaces is a place where
ideas are formalized and communicated to others. Therefore, students are encouraged to use a
Learning Workspace as a communication space
rather than as simply a storage space to upload
assignments. The challenge for students is to summarize their reflections of a particular subject –e.g.
flexibility in contemporary housing– in a way that
they can be grasped by others. This requires: 1.
Understanding the topic at stake, identifying the
main concepts and supporting the reflections in
the appropriate references 2. Communicating the
ideas in an effective manner, choosing the most
appropriate medium (written texts, diagrams, images and videos).
In much the same way as teachers need to be
able to set up a join learning structure – by sharing
objectives, vocabulary and protocols in order to define tasks– students need to be aware that the main

Figure 3
Interactive map of the sequences of tasks.
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goal is not to deliver an assignment in Workspaces,
but to provide an input to a collaborative process of
knowledge construction, as represented by the sequences of tasks within the structure of learning activities. This demands intelligibility of the ideas and
in the forms of expression, both in visual and written
form. They need to consider that their work will have
to be understood by other learners: by other students who will make a critical judgement to incorporate it in their own learning process, or by other
teachers who will evaluate it.
The structure of learning activities and tasks
is at the core of the pedagogic methodology of
OIKODOMOS (Figure 5). The design of this structure
is both a top-down and a bottom-up process. Even
though the learning activities can be agreed from
the start by the teachers involved, some of the tasks
are likely to emerge during the process. Controlling
the evolution of the learning process as this evolves

requires good communication between all participants, teachers and students. Again, communication
lies at the core of the learning experience.

IMPLEMENTATION OF THE VIRTUAL CAMPUS
During the first stage of the project implementation,
between 2007 and 2009, three Workspaces were
dedicated to the themes “Lifelong dwelling”, “Dwelling for all” and “Effective housing”. As part of the
learning activities dedicated to these themes, three
joint workshops were organized in Ghent, Grenoble
and Bratislava. A fourth Workspace dedicated to the
topic “Proximity” has been carried out during 2011,
and the corresponding joint workshop has recently
taken place at Istanbul Technical University.
Along with the collaborative learning activities
developed in Workspaces, the topic of “Proximity” in
contemporary housing design was addressed from
multiple perspectives in the courses and seminars
Figure 4
OIKODOMOS Workspaces:
Students’ works submitted
for a task.
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Figure 5
OIKODOMOS Workspaces.
Homepage showing the
structure of learning activities
and tasks.

at each institution. In the School of Architecture La
Salle, for instance, a group of students and teachers collaborated with citizens to analyze the living
conditions in the neighbourhood Plus Ultra in the
city of Barcelona. The task for students was to communicate effectively with citizens in order to elicit
their knowledge of their built environment. Then,
through participative actions taking place in the
neighbourhood, citizens described their perception
of the environment, their memories of the place, the
use they give to public spaces, and the relationships
between domestic space and public space.
To facilitate the dissemination of these activities
through the internet, a system of OIKODOMOS blogs
–one for each participant institution and one for the
project– has been set up, which enables the participation of external learners in the learning activities
[2]. Also, social media –like Facebook– is being used
to promote the creation of learning communities

around the analysis of the neighbourhood. In this
context, the integration of the academic activities
developed in Workspaces with those carried out in
the social media is a key issue. To achieve such integration students are encouraged to communicate
the academic results produced in Workspaces via
the project blogs, using a language suited to citizens’
knowledge. Again, the issue of communicating their
ideas effectively –this time in another space, the
blog, and for another audience, non-professionals–
becomes an important pedagogic goal.

CONCLUSIONS
In OIKODOMOS, we have created a unique learning
structure which integrates a constructivist pedagogy
with a learning platform specially created to support
it. Through the implementation of the pedagogic
model, we have been able to identify its potential
and weaknesses. The next challenge for the project
Collaborative Design - eCAADe 29

201

is to come up with protocols which would help other
institutions to apply the virtual campus pedagogic
model. This involves guidelines for learning design,
recommendations for applications, and tutorials
about the learning environment. It will also be necessary to facilitate access to the learning resources
which been accumulated through the implementation of the learning activities. This includes the formulation of themes, learning activities and tasks,
and also the bibliographic references and other
related learning resources. In this way, the learning
platform would become the support for knowledge
permanently under construction, which is built on
the previous knowledge generated by learners interacting in the Learning Workspaces.
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Abstract. Collaborative virtual environments clearly have potentials to enable innovative and
effective education, involving debate, simulation, role play discussion and brain storming
and project based group work etc. Integration of the collaborative virtual environments into
the design curricula offers significant potentials for design schools. In this paper, based on
our previous teaching in collaborative virtual environments, the student’s perceptions and
evaluations of the courses, we discuss the pedagogy of design teaching in collaborative
virtual environments, considering what skills the new generation of designers should have in
terms of collaboration, communication and design.
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INTRODUCTION
With the recent developments in communication
and information technologies, using Collaborative
Virtual Environments (CVEs) in design activity has
experienced a remarkable increase. Collaboration in
geographically distant locations using information
technologies has become the new way in which architecture firms and other related parties practise and
communicate. As an ongoing process, today the communication and information technologies bring new
challenges for design education that require the consideration of new pedagogical approaches employing emerging design medium. In design education,
web-based tools, virtual design studios (Maher, 1999;
2000; Kvan, Schmitt et al. 2000) and 3D virtual worlds
(Gu, Gül et al., 2009) have been widely used, especially

in the form of online design studios. As a result, design
education includes in the curriculum the demonstration of the impact of computer technologies have in
creating “new ways of designing” (Kvan, Mark et al.
2004) integrating the teaching of digital skills (craft)
and design thinking (art) (Kvan, Mark et al., 2004). Gül,
Gu et al. (2008) pointed out the affordances of CVEs
as constructive learning platforms aim to provide a
shared “place” where distant design collaboration and
communication could take place.
Based on the above framework, we offered several courses of design teaching in CVEs. In this paper,
we discuss what we have learnt from those courses
presenting an analysis of two courses. The aim of the
first course was to provide a collaborative design
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learning platform where students experience communication modes by creating a set of CVEs. The aim
of the second course was to provide a collaborative
design learning platform where the students have
the opportunity to experience designing in CVEs.
The reason of presenting two courses in this paper
is to focus on the two aspects of collaborative teaching in CVEs which are communication modes and
design representation.
This paper documents the convergence of technology and the design activity in a new learning
domain. Based on our observation, the evaluation
of the courses, the reports of the students, and the
results of the questionnaire, we highlighted essential
pedagogical elements which need to be considered
when the design teaching activity involves CVEs.

COURSE 1: Designing Collaborative Virtual Environments
“Collaborative Virtual Environments” was offered as
a full-semester (13 weeks) unit in the University of
Sydney. During the last five weeks of the course, a
total of 52 students (from the University of Sydney
(USYD, in Australia) and the Istanbul Technical University (ITU, in Turkey)), geographically separated,
collaborated on a joint-design project over several
CVEs and designed 3D places in Active Worlds.
In order to communicate over the CVEs, the students are provided several tutorial sessions which
taught variety of communication technologies. Then
for the group projects, the students had given flexibility to choose a suitable medium for design collaboration. At the first several weeks of the course, the
students in the USYD are asked to develop a webbased management system (WBMS) and then, they
were asked to utilise this system to design together
with the ITU students. Following the completion of
the design project, each student in the USYD analysed their group’s collaboration process submitted a
reflective report including the analysis of their communication protocols. This final report is very valuable resource that reflects their perception of the
overall collaboration experiences.
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Course objectives and structure: The aim of this
course is to impart to students an understanding of
the similarities and differences of computer mediated and face-to-face communication; skills in the use
of collaboration tools such as email, shared white
boards, bulletin boards, video conferences and
shared design environments. In order to develop
the understanding of CVEs, firstly relevant literature,
issues and problems in collaborative design and
design examples were introduced and discussed
through lectures. Secondly, the students were instructed to use a wide variety of collaboration tools
and applications, and they reported in an essay to
reflect their learning outcomes.
Design projects: With structured design supervision and technical tutorials, three design projects
were assigned. The first project was an essay writing
task which aims: to develop an insight into the technical issues involved in CVE for collaborative design,
and an evaluation/critiques of the effectiveness of
using a particular existing CVE system or method
in the area of design. The second project included
developing a web-based project management system (WBMS) which included the collaboration tools
(blog/forum, calendar, schedules, task allocations,
meetings, document links, etc.), the member’s personal web-space links and the documentation of the
design and design process. The students in the USYD
and ITU used this space for the collaboration for the
final design project. Third design project included
designing two virtual places (a home page and a
3D place in Active Worlds) using 2D and 3D based
CVE design tools (shared white-board and Active
Worlds) with the collaboration of the ITU students in
Istanbul. For assessment, the multi-criteria that cover
different design and technical aspects were applied.

COURSE 2: Designing IN Collaborative
Virtual Worlds
The Collaborative Architectural Design Studio between the University of Newcastle (Australia) and
Rangsit University (Thailand) took place in the “NU
Genesis”, a virtual island in Second Life. Students

were introduced to a wide range of synchronous
and asynchronous design and communication tools
including Second Life. Each student group was required to maintain a weekly log. The log serves as a
tool for monitoring their collaboration, and used for
self-reflection. In addition to the log book, students
who completed the studio were asked to answer a
questionnaire which has very valuable in terms of
the evaluation of the course and the perception of
the students’ achievements.
Course objective and structure: The aim of this
course was for students to understand and develop the essential skills of collaborative design and
modelling using 3D virtual worlds; and to develop
the understanding and hands-on experience of 3D
virtual worlds as an extension of conventional architectural design. In order for students to develop
the understanding of collaborative design in 3D
virtual worlds, firstly, relevant theories such as the
development of core skills for teamwork, as well as
design and collaborative cases in 3D virtual worlds
were introduced and discussed. Secondly, students
were guided to inhabit and critically assess a wide
variety of design examples in 3D virtual worlds, as
well as various design and communication features
supported in 3D virtual worlds. In order for the
students to develop and practise the design and
collaborative skills in 3D virtual worlds, a remote
collaborative design project was used as the major
assessment item.
“Virtual Home” design project: With scheduled supervision in design development supplemented by tutorials for technical skill development, the collaborative design project titled “Virtual Home”, provided opportunities for students
to experience and practice collaborative design
in 3D virtual world. They also developed and applied design principles and technical skills for virtual world design. The design brief requires each
group to design and implement a place in Second
Life, which will demonstrate their concept of a
“Virtual Home” and this will challenge the boundaries of a physical home design.

EVALUATION OF THE LEARNING EXPERIENCE: STUDENT’S PERCEPTION
The above mentioned collaborative design courses
provided us a rich collection of data which includes
design outcomes (projects, final products), the student’s comments, log books, self-reflection journal
entries and the questionnaire results. To understand
the essence of design teaching in CVEs, the results
of the analysis of the data are employed. In the following section, we summarise some of the results
gathered from the analysis, indicating the student’s
perception of design learning in CVEs (more details
about the results of the questionnaires and the design outcomes can be found in Gül, Gu et al. 2007;
Gül, Wang et al. 2008).
Course 1: The sample size of the first case is quite
ideal with 30 from a class of 33 students responding.
The students have at least one year experience in using
general CAD tools which may imply that the students
are quite well computer literate. On the other hand
majority of the students experienced Active Worlds for
the very first time. The students therefore considered as
both novice designers and virtual world users.
Students commented about the communication modes and tools. 83% of the students consider
the synchronous communication mode as effective/
very effective. 47% of the students consider the
asynchronous communication mode as effective/
very effective, 29% of the students stay as neutral
when comparing the tools.
Student’s perception indicates the preference
of immediate response and feedback from the peers.
Students were divided in their opinions of how effective Active World was for communication. 41% of the
students rated the chat channel in the Active Worlds
effective/very effective as a tool to communicate
and share ideas while 46% of the students rated it as
not effective/not very effective.
Selected comments from the students includes:
“I believe [synchronous and asynchronous collaboration] they both have an important part
to play in collaboration [...] it would be increasingly difficult to do any project without a mix.
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Synchronous collaboration allows fast and clear
communication […]. Asynchronous allows flexibility above boundaries and solidification of
ideas […] It was a good way to communicate
and organise events and dates in advance […]
sometimes took too long for people to respond”.
“I disliked the long delay of receiving feedback in emails. I did like the way that the blog
allowed us to write our ideas formally and in
great detail...The chat windows were the most
effective for understanding across cultures and
easiest to use”.
“I liked being able to send messages and having a record of what has been said when using message boards to collaborate, however I
didn’t like the time it took to get responses. It
is much quicker to just talk to people in a synchronous environment to get the job done, but
this is sometimes unavoidable”.

The students have been consistent regarding
their satisfaction of the final design outcome. 72% of
the students were satisfied/very satisfied with their
design decision and solution in homepage design
task, and 68% of the students were satisfied/very
satisfied with their design decision and solution in
3D place design task in Active World.
Teamwork skill development remains as the
most challenging aspect in applying online tools
for design collaboration. Students indicate that
it has been difficult to work together as a group
due to the inability of having group members
meeting face-to-face. 47% of the participants
“agreed/strongly agreed” with this statement as
they considered “... face-to-face meeting was the
most productive”, and 32% “disagreed/strongly
disagreed”. Further, 46% of the students consider
managing team activities difficult in remote design collaboration.
Course 2: The sample size of the second study
is quite ideal with 32 from a class of 36 students
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responding. The students have at least one year experience in using general CAD tools. The majority of
the students (96%) experienced the 3D virtual world,
Second Life, for the first time. The students are therefore considered as both novice designers and novice
virtual world users.
Once again, students’ perception has been
largely divided, indicating significant differences
in the affordance of new design communication
technologies among students, even when they
have similar background and experience. 32%
of the students considered 3D virtual worlds for
communication were “effective/very effective”.
42% of the students considered the synchronous
communication mode in 3D virtual worlds as neutral when comparing to asynchronous communication tools such as email.
Selected comments from the students include:
“... Synchronous (communication) was most effective when meeting however asynchronous
(communication was most effective) when organising meetings and giving group information”.
“… Text-based chat was the most appropriate.
Audio can be a helpful tool but depends on the
connection”.

Students have been largely divided regarding
their satisfactory level on the 3D virtual world in
supporting decision-making and design solutions
that came out of the collaboration. 39% of the students rated their experiences as neutral, and 39% of
the students were “dissatisfied/very dissatisfied”. As
shown in the following direct quotes from the students, their opinions are often conflicting, reflecting
on both the strength and weakness of 3D virtual
worlds from their collaborative experience, and in
relation to features of general CAD applications that
are familiar to them.
“... 3D collaborative modelling … instantaneous
and easy to relate ... I like that the group could

see objects being made instantaneously …
could discuss ... dislike that it was hard to meet
at the same time”.
“3D is easier to understand the concept of the
design and gives an impression of how it looks/
behaves ... Second Life was an entertaining,
novel mode of communication, but was not often helpful, as it required every group member
to be online”.

Teamwork skill development remains as the
most challenging aspect in applying 3D virtual
worlds for design collaboration. 51% of the participants “agreed/strongly agreed” with this statement
as they considered “... Face-to-face meeting was the
most productive”, and 25% “disagreed/strongly disagreed”. 55% of the students failed to establish a
plan or procedure collectively within their groups for
working together.
Nevertheless, 40% of the students do “agreed/
strongly agreed” that teamwork tasks encouraged
collaborative learning. 42% of the students were
not sure as they rated neutral. 48% of the students
also believed that they gained knowledge and
skills from their group members during the collaborative project.
Summary: The above results of the questionnaire indicate polarisation among students over
the user perception and tool preference during
the design collaboration in 3D virtual worlds. The
results together with our observation on and discussion with the students unveil some challenging
aspects, especially the issues related to the affordance of new technologies and the management of
teamwork, when applying 3D virtual worlds for collaborative design learning. They have also directly
impacted on the overall satisfaction of students.
The outcomes of the collaborative projects (the design outcomes can be found in Gül, Gu et al. 2007;
Gül, Wang et al. 2008) clearly indicate that the students are able to develop, collaborate and implement designs in 3D virtual worlds to a satisfactory

level. However, the results show that students have
been frustrated with various issues emerging from
the collaboration including: lack of design support
in 3D virtual worlds; inability in teamwork management; delay in responses from collaborators; language barriers; cultural differences; lack of shared
design understanding; and lack of common goal in
collaboration. Based on our findings and observations, a pedagogical approach is presented when
the design curricula involves CVEs.

DEVELOPMENT OF DESIGN CURRICULA
INVOLVING CVES
As the pedagogical approach, we combined problemoriented learning and studio-based design education
to provide a platform where students were exposed
to and explored variety of CVEs. In terms of the course
structure, the lectures in which students would be
exposed to several CVEs and related design issues
should be used as the grounding for integrating design knowledge. The healthy exchange of different
points of view is as important as the reinforcement of
shared opinions. The structured discussion sessions
would contribute to the development of shared understanding of the design issues in and off CVEs and
enhance the critical thinking. This requires a combination of technical/ theoretical lecturing practise and
the studio/ practical sources. The backbone of the
technical/ theoretical lecturing practise consists of:
•• Historical developments in the area,
•• Existing collection of designs in CVEs and their
critique,
•• The social and psychological aspects of the
CVEs, and
•• The future developments of CVEs.
Following the accumulation of the theoretical
knowledge, the development of various skills is necessary. Thus, a set of tutorials in which students would
gain knowledge of and practice in using the tools
should be formed. These technical tutorials should
provide the basic knowledge about how to operate
a particular piece of software. The studio/ practical
sources consist of the followings areas of experience:
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••
••
••

Existing use of CVEs in design practise,
Applications of the advance information and
collaboration technologies, and
Tutorials to operate and design in CVEs.

Enhancing learning by designing: Finally, students should be given opportunities to apply the
knowledge and skills that they have developed during the course, so different sets of design tasks in
CVEs should be given. Design tasks should have several components such as individual design, collaborative design, employing different skills and knowledge: space-place design and digital design. CVEs
offer variety of design opportunities to students
including the facilitation of different communication
modes (synchronous and asynchronous) and design
representation (2D and 3D modes). Based on our
teaching experience and the course evaluations, we
highlighted the following issues that need to be considered for the development of the design curricula
involving CVEs.
Communication Modes in CVEs
The communication mode determines the way
communication occurs. If a face-to-face mode is
adopted, instant feedback is available and this may
enhance the effective understanding between all
parties. If another mode such as online communication is the option, then the absence of a shared
physical environment makes it vital to provide
complementary contextual information to enable
participants to understand the message being
communicated (Yang 2007). For learning in virtual
environments, the concept of mode is relevant to
the following two key concerns:
•• The key elements of face-to-face communication and interaction should be supplemented
with well-designed task specifications and wellchosen learning materials; and
•• The material used for learning in virtual environments needs to be adapted to suit this mode of
learning (Steeples, Jones et al. 2002as cited in)
(Yang, 2007).
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In the CVEs context, the latter one is the available communication mode that includes two forms
of communication: asynchronous and synchronous.
Asynchronous communication has many advantages of enabling distributed collaboration, whereas
prolonged response and weak awareness of people
and events make the teams hard to build quick trust
(Gül, Wang et al., 2008 ). Asynchronous collaborative working indicates that each team member can
provide and contribute a part, which is necessary for
solving the problems without direct and immediate
communication in a formalised way by exchanging
the ideas and suggestions (Scherer, 2004).
Synchronous collaboration seemed to have
benefits to overcome the above mentioned difficulties, but in a distributed working situation, it is
often not easy to overcome the problems caused
by time differences. Synchronous collaboration
generally occurred during allocated meetings in
remote locations and studio. The students reported that they used the virtual world’s (Active Worlds
and Second Life) communication tools, which are
mainly based on text. Students also reported that
other synchronized platforms such as Microsoft
MSN and Skype were used. The most common
asynchronous communication tool which the students used was email. Thus the course structure
should include skills and knowledge of using both
communication modes and a variety of collaboration media providing a constructive design learning platform.
We experienced that in general the communication modes have an impact on the development
of the core skills such as, expanding self-awareness,
increasing understanding of others, talking and listening more productively, initiating faster, better
resolutions to conflicts, and acquiring greater skill in
negotiating. In the first phase of the collaboration,
most of the students experienced problems in building trust and social communication as well as receiving and giving timely feedbacks. Students reported
some difficulties in working with a new partner in
distance and lacking physical contact.

Thus developing trust and establishing social
communication become very important for distant design learners. Group discussions, scheduled
synchronised meetings and developing a shared
goal support building up trust and development of
shared understanding of design. To reinforce the collaboration, students should be encouraged to exercise the core skills using variety of communication
and collaboration tools. Particularly, they must employ range of collaboration management tools such
as, task management (allocation and monitoring),
meeting scheduling and minutes, design and communication document sharing, blogs, forums and so
on. With the use of these tools the students will develop an understanding of the collaborative design
process and gain hands-on experience of collaboration in a design situation. Our experience shows that
student’s learning can be enhanced by encouraging
the self-monitoring of the collaborative design process. In addition, the careful consideration of the nature and complexity of collaborative design tasks to
facilitate collaborative learning in CVEs is vital.
Design Representations in CVEs
Most of the CVEs afford the collaborative 2D sketching and 3D modelling. A number of sketch-based
interfaces have been developed for a variety of disciplines: architecture (Trinder, 1999), engineering
(Stahovich, 1998) software modelling (Chen, Grundy et al., 2003) and user interface design (Plimmer
and Apperley, 2003). Most of these sketch-based
interfaces include a main drawing surface and
drawing tools like line, shape, hatch, etc. The main
idea behind these interfaces is to mimic the traditional sketch tools such as pencil and paper by
including ambiguities (LaViola, 2006). Thus, these
systems are interested in 2D pen and mouse-based
gestures. User studies show that sketch-based interfaces offer more compelling interaction opportunities than their traditional counterparts (Plimmer and Apperley, 2004), and even the first-time
users quickly become adept at using the systems
(Kara and Stahovich, 2004).

In our teaching we employed several shared
white board applications, such as Groupboard,
which has a set of multi-user java applets including
whiteboard, message board, drawing and editing
tools and file-uploading and saving on the server. In
addition to those applets, facilitating full communication channels such as, video - audio and text communication channels support collaborative design
activity providing the awareness of the users and
their activities. Collaborative 2D sketching tools can
be employed in the early phase of design and during the design development. Speaking a common
design language, making design decisions and understanding each other’s design intentions become
straightforward for the users of 2D based collaborative platforms.
Most 3D modelling systems use Euclidian geometry and wire-frame, shaded, and rendered views
to represent the design intention. Computer technology has been increasing its expressive and geometric power to enable the design process in which
a digital model can be used throughout the whole
process for realising the design (Achten and Joosen,
2003). In this new design processes, the digital models are considered as new design representations
that have a consistency and long life-span which
does not require continues reconstruction, in contrast to sketches and physical models, which involve
considerable redrawing, tracing and scale-modelmaking (Achten and Joosen, 2003). Increasing use
of computer visualisation, digital models, which
become more common in design practice, can be
recovered by a layperson. This gives an advantage to
digital models that could save time in the preparation of client presentations.
Observations show that many designers work
in a quite mixed manner, that is, they produce working sketches to generate and elaborate design ideas
suggested during model-making, and designers
make models to better understand the design solution (Peng, 1994). Therefore, students should be given a chance to use a combination of the design media in a single design task. In order to employ range
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of design media in the process, students should be
provided the knowledge and skills of operating several design tools.
In CVEs, the models can be produced by (1) the
parametric modelling method, which comprises a
set of 3D models whose forms are determined inside the virtual design environment by selecting
geometric types and manipulating their parameters (for example Second Life), or (2) the objectoriented modelling which comprises using a set
of preloaded library objects (for example Active
Worlds). The models can also be adjusted at a later
stage by editing or library updates. Most 3D virtual worlds also support different viewpoints such
as first-person view and third-person view during
modelling. Therefore 3D virtual worlds well support
the examination of spatial arrangement of the design elements; and the development of students’
spatial abilities. 3D virtual worlds allow individual
avatars (human-shaped user representations) to
move freely around the collaborative design environment while still providing information about
the shared design representation and the position of the collaborators (via the presence of the
avatars). This visual inspection opportunity of the
3D virtual worlds is very important for the design
students who need to gain the skills and ability to
think in 3D space.
It is very important to provide adequate tutorial sessions to teach variety of the design features
of the CVEs. The design tasks should be complex
enough to hold students’ interest and to be challenging, which should require employing cognitive
skills. In order to support design development and
to suit different design preference, the given task
should make use of the different types of communication and design representations. The design
problem should require the development of a variety of skills that include architecture-related skills
(place design), digital design skills (modelling, imaging, video and audio production, scripting and
programming), and generic design skills (problemsolving and team collaboration).
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FINAL REMARKS
The practice of design today is extremely varied and
multifaceted and no course could offer training in
depth for all areas of design practice. Consequently
it is vital that students gain from the courses a firm
grounding in fundamentals, skill to think creatively
and logically, and ability to explore for themselves
those areas they wish to pursue in detail. The students
should be given a chance to develop hands-on experience with the latest design technology, devices and
tools in the field. Finally, it should be the aim of the
curricula to enable the students to adapt without difficulty to the rapidly changing professional practise.
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Abstract. Parametric modeling is a powerful tool to create variations of a design following
specified criteria. Physical modeling provides flexible relationships between design elements
and can simulate the behavior of hanging chain models. Building Information Modeling can
contain geometry and design properties and relations. In this paper it is proposed to join all
three to create a Simulation Design Tool that allows the intuitive creation of double curved
surfaces which follow the rules of funicular systems (Figure 1). This tool is implemented in
B-Processor, open-source Building Information Modeling software to bridge the break that
occurs when moving from a design software package to Building Information Modeling. It is
shown how the tool balances intuitive sculpting and accurate simulation and how the user can
interact to mediate different design requirements.
Keywords. Form Finding; Parametric Building Information Modeling; B-Processor; Particle
Spring System; Grid Shell.

INTRODUCTION
Ambitious architectural design often relies on
computational technologies these days. Parametric design and freeform surface modeling tools
allow the creation of complex geometries that
challenge construction methods. The logistics of
these kinds of projects can become very sophisticated. The work effort and the process of translating geometry into shop drawings, producing construction elements and assembling them on site is
multiplied by the number of different pieces and
the variation of elements. Complexity becomes so
high that consultants and construction companies

specialize in these projects and support architects
and engineers.
To handle such projects, drawings and specifications are complemented with parts schedules,
CNC production code, parts labeling, position tags
and special assembly strategies. To manage the variety of elements or minimize the variation in an optimization phase, these documents are usually created from parametric 3D models, which are highly
specialized Building Information Models.
This is interesting because BIM technologies
and software are usually not considered to be design
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Figure 1
Shell Structure created in
B-Processor using Physical
Simulation Design Tools

tools. More general tools, often not even particular
(architectural) CAD software is used to generate
shape. The desire for freedom and flexibility is driving the design phase, while full control and precision
of this design is the ultimate wish before going on
site. These two extremes seem to split the traditional
gradual workflow in architecture, starting from a first
sketch until the creation of construction and shop
drawings. The advantage of a smooth workflow is
obvious, when (for any reason) the design or parts of
it need to change. If the design model is not linked to
the information model properly, this change might
be laborious work.
The second aspect of this split is the question
of constructability and economy of design. Both can
only be answered with enough information at hand,
meaning when a BIM model is developed. Minimizing the variation of elements, simplifying and
optimizing the shape towards a specific construction method might only be done with the help of a
parametric model that contains enough information
about this construction. Of course these phases can
be linked and a parametric setup can use a design
surface as an input parameter, but these solutions
are currently special answers to unique problems.
It is also difficult to link the design back to the outcomes of an optimization result.
It is suggested to try using a Building Information Modeling environment for the design of complex geometries; bundling design, optimization
and information phases to grow and refine shapes
with the addition of detail and construction. The
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requirement of such software is the combination of
flexibility and accuracy. While a design develops, information is added continuously, both manually and
automatically; aspects of a design inform each other.

SIMULATION DESIGN TOOLS
‘The concept of Building Information Modeling is to
build a building virtually, prior to building it physically, in order to work out problems, and simulate and
analyze potential impacts’ (Olcay 2010). Pursuing the
idea above, these results should not only be used to
check but also re-inform the design. Instead of defining an iterative process of designing, analyzing, redesigning and re-analyzing, it is proposed to create
a combination of design and analysis: simulation design tools. Simulation design uses the object property tags, meaning Building Information, to re-inform
design tools. The designer works intuitively and creates desired shapes while a simulation or analysis is
run in parallel processing these parameters. The tool
balances user input against simulation results. Many
different simulations can be considered for such
tools: structural performance, thermal analysis or
self shading studies, acoustical performance of spaces, or spatial relationships of rooms. It could also be
imagined to use security simulations, crowd control
or building sensor positioning as a simulation driver
and of course combinations of these.
To achieve this, any simulation algorithm
needs to be simple enough to run at high speed
not to compromise the intuitive feel to the user. At
the same time it has to be precise enough to create

exploitable information. This choice between intuition and precision has to be answered for each individual tool. Most likely such simulation design tool
will not meet the expectations of relevant specialized analysis software.
Common surface modeling tools translate user
input directly into change of geometry. Moving its
control points affects a B-Spline surface directly. This
would contradict the idea of simulation design. Instead of changing geometry, the designer changes
parameters of the simulation. This does not necessarily mean that only number values can be changed to
modify a shape. To develop tools giving the impression of sculpting a shape while actually changing
simulation properties is important to make the idea
successful. Examples of how this could be implemented for a specific case will be shown later in this paper.
The result of this process is not only geometrical shape but also attached information. Both are
directly created from the simulation and therefore
updated when the shape is changed again. It is an
important aspect of this process that information is
not added separately in an additional step. In contrary: geometry and information form a unity and
are created together. They are not just linked; they
interact and ideally contain objective parameters
which can help to proceed the design development.
This should not be mistaken for building components that can be placed in many BIM software
packages. Those components are ready-made parametric building parts also containing geometry and
relevant information. They can be modified to adopt
different situations. Simulation design however does
not aim to create a complete building or buildingpart in one step. It just tries to solve one design criterion with its related analytical aspect. The outcome
might be a construction component but could as
well be much more abstract: a form that maximizes
views and minimizes shade, a shape that creates
good acoustics or performs well structurally. Information stored in such a model is therefore not only
describing the final design but also criteria that were
chosen to make a design decision.

B-PROCESSOR - BUILDING INFORMATION
MODELING
B-processor [3] forms the framework for the project.
It is open-source BIM software currently being developed at the Aarhus School of Architecture in collaboration with the Alexandra Institute (Agger, Lassen, Knudsen, Borup, Rimestad, Norholdt, Bramsen,
2007). This lightweight CAD environment allows
simple modeling in the style of Google’s Sketch-up.
B-processor translates Building Information
Modeling very literally. It allows for the creation of
geometric 3D models with attached information
properties to their elements. These are structured hierarchically and can refer to each other. In B-processor, elements are organized in spaces. Those can be
functional or constructional and contain geometric
elements describing the shape of the space. Spaces
as well as elements can hold properties: values, descriptions and classifications. Relationships between
spaces are solved automatically when spaces share
a surface. To describe abstract parts of a design, like
grids, guidelines, etc, an additional element was
introduced: a B-Net. It is also a space that contains
faces, lines and vertices but it is not taken into account for calculating relationships or schedules. This
simple approach and the flexible architecture of Bprocessor allow design modeling as well as information modeling (Figure 2).
The essential aspect of B-processor is its opensource license. This is a possible answer to the problem of compatibility of different software packages
and file formats. The more information a Building
Model contains, the more difficult it becomes to exchange its data. The idea is to allow users to modify
the software to their needs. Data created in B-processor will never be lost, because the software is free
and everybody involved in a project can use it without purchasing expensive licenses.
In a first phase of this research project, parametric objects were integrated in B-processor. They form
the base for any simulation design tool as envisaged.
Desired strategies depend on flexibility of geometry,
constraints and dependencies. The kernel of the
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Figure 2
Model of the Ruin Hall
in Kolding, created in
B-Processor

software was changed to allow any object drawn to
become parametric by attaching scripts to it. Their
parameters can be numerical or graphical, like grids
or points. The information tags of an object can be
used as parametric properties. There is no difference
between information that is added manually or automatically by a tool and both can be used to inform
the design through simulation tools.

EXAMPLE - PHYSICAL SIMULATION TOOL
As a first example and to challenge the above ideas,
physical simulation was implemented in B-processor.
As shown by Axel Kilian and John Ochsendorf (2005),
particle-spring systems can be used to simulate
hanging chain models. The shape of hanging chains
represents so called funicular forms of tension and
can be inverted to create pure compression structures. Many designers experimented with this technique: Gaudi, Heinz Isler and Frei Otto for example.
Rebuilding Gaudi’s hanging model of Colonia Güell
(Figure 3), Frei Otto (1989) and his team showed how
laborious the creation of such a physical model is.
The complexity of this process and of the resulting
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shapes makes it a valid case for a computational approach. Following Axel Kilian’s research, a tool is developed that uses a particle-spring system based on
a Verlet algorithm, solving Newton’s laws of motion
for a number of particles reacting to forces and moving in space.
Different forces act on each particle: gravity,
forces of connected springs, damping forces and potentially more. These forces accelerate the particle taking its mass into account and following the equation
(1). The movement of particles is calculated for a time
step using equations (2) and (3). The Verlet algorithm
combines these laws into one equation (4) [1].
Acceleration = Force / Mass
(1)
ΔVelocity = ΔTime ∙ Acceleration
(2)
ΔDistance = Velocity ∙ ΔTime
(3)
ΔDistance = Velocity ∙ ΔTime + 0.5 ∙ Acceleration ∙ ΔTime2
(4)
To create such a system, the user draws any

Figure 3
Hanging Model of Colonia
Güell, Gaudi, source: http://
www.rolfdieternill.de/
pictures/tragwerkslehre082_
Page_3.jpg

B-Net in B-Processor. A “physics system” is then
attached to the geometry. It automatically generates particles from all vertices and springs
from all edges. Global parameters define the
behavior of the simulation. To simplify the workflow, they are applied to all elements. The user
can choose to change these settings locally,
though, if desired. These parameters are gravity,
mass, spring constant and spring equilibrium
length and are used to calculate the forces acting on particles (5) (6).
Gravity Force = Mass ∙ Gravity
(5)
Spring Force = -Spring Constant ∙ (Spring Length Equilibrium Length)
(6)
When starting the simulation, the particles begin to move and to deform a copy of the original BNet. If gravity is defined other than 0, the particles
are accelerated along the negative Z-axis resulting
in a tension form. This can be easily reverted by
applying a positive gravity that pulls the particles
upwards. To prevent the whole system from moving, single vertices can be defined as fix points. The
movement of particles stretches the springs until

their force is strong enough to bring the system
to equilibrium. The user has several possibilities to
interact while the simulation is running in order to
control and modify form:
1. Modifying the original, underlying b-Net: A
change in the original geometry modifies
the properties of the physics system accordingly. Increasing or decreasing the length of
an edge results in a corresponding change of
the relevant springs’ equilibrium lengths
2. Moving fix points: The positions of fix points
are constantly tracked and updated. When a
fix point is moved, the according point of the
physics system is dragged to follow it.
3. Changing global parameters: a change of gravity, mass or global spring constant is an easy
way to control the dilation of the system and
the resulting curvature.
4. Changing parameters locally: Selecting an
edge of the design shape allows the user to
change the spring parameters for this single
edge. Increasing or decreasing its spring constant or equilibrium length gives control over
its stretching behavior making it stiffer or more
flexible. Selecting a vertex allows the changing
of its related particle’s mass.
To enhance the intuitive feel, sculpting tools
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were implemented that allow modifying the shape
locally through mouse input. Choosing such a tool,
the mouse pointer becomes a “brush” that defines an
area affecting the change. The user selects and clicks
on parts of the geometry to change them. Selecting
only a vertex, results in a very local change while
selecting faces affects a wider area of the form. The
tool translates the user’s input into modification of
parameters. It can therefore not result in an immediate change of geometry. In fact, the user outweighs
the equilibrium and the particles will move again until reaching a new state of balanced forces. Two different sculpting tools were created to illustrate this.
1. Changing the equilibrium length: With this tool,
mouse input actually results in a change of the
length a spring tries to reach. The user can relax or tension the shape locally, having the im-

2.

pression of pulling or pushing a surface. Translating this back to a physical hanging chain
model, where the springs are actually chains or
ropes and particles are represented by weights
hung to them, this would mean a change to
the length of rope between to weights. In the
simulation, this connection is not subdivided
and stays straight. It could be considered as a
system of adequately stiff sticks that are flexibly
connected to each other.
Modifying particle masses: Similarly to the
above tool, the user changes the shape locally. Instead of modifying the springs, the tool
changes the mass of particles. While increasing
or decreasing that property, the impression of
pulling or pushing the surface is generated.
Looking at the physical hanging chain model,
Figure 4
Creation and Modification of
a Funicular Shape
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this can be regarded as changing the weights
hung to the chains without changing their geometrical relations.
The flexible interaction of the user causes a
diversion from an optimal structural solution. The
advantage of using a simulation tool to mediate different requirements is that user input and computational analysis are in constant dialogue. The shape
adapts automatically to parameter modification and
local changes are built into the system as a whole.
Because it is a flexible shape that can constantly
change, more requirements can easily be assigned
to it as long as they can be expressed by forces acting on particles. Additional demands might be the
optimization of faces regarding similarity, planarity or rectangularity. Inspired by the work of Daniel

Piker who developed the physics plug-in “kangaroo”
for Rhino with Grasshopper [2], these design parameters were implemented in the tool. They all use
the faces of the underlying B-Net to assign relevant
forces to the particles linked to those faces’ vertices.
The following forces can be assigned to the system:
1. Equal face edges: Additional springs are assigned to the face’s edges. Their equilibrium
length is defined as the average edge length.
They act in parallel to existing springs, enforcing or contradicting them. Triangles try to become equilateral and quadrilateral shapes try to
become rhomboids.
2. Equal face diagonal: This is similar to the equal
edges. Springs are assigned to the diagonally
opposite particles of quadrilateral shapes.
These two springs try to achieve the same aver-

Figure 5
Applying Additional
Requirements as Forces to
the Form
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3.

4.

age equilibrium length, transforming irregular
quads towards trapezoidal shapes.
Face rectangularity: This is actually not a single
parameter but rather a combination of 1. and 2.
A quadrilateral shape with even edge length and
both diagonals being the same length is a square.
As the forces are keeping the system flexible the
resulting shapes become more rectangular.
Face planarity: For each face of more than three vertices, an average plane is calculated from all vertices. A
force is applied to each particle of the face dragging
it perpendicularly towards this average plane.

It is most unlikely that all these demands,
when applied, are being fulfilled perfectly. Depending on the form, the requirements of similar,
regular and planar shapes can only be reached

to certain extent while compromising the original hanging form. By changing the strength of
relevant forces, the user chooses how to weight
different parameters. Assessing a parameter as
very strong, compromises other forces and their
related requirements. It is left to the designer to
mediate all demands.
The tool does not only create a geometric shape
but also stores all information used to come to it as
property tags linked to the single entities of the
form. Vertices remember their mass, for example,
and edges maintain all information on their related
spring: length, equilibrium and spring constant.
This combination of geometry and information
can drive the next design step. The 3D model becomes an interlinked parametric Building Information Model.
Figure 6
Extrusion of the Hanging
Shape in Relation to the
Inherited Forces of the
Springs
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PARAMETRIC BUILDING INFORMATION
MODELING
Before turning any form created with the above
method into detailed construction, a volumetric
construction space has to be generated from the
design surface. A second tool uses geometry and
forces created in the first step to automate this process. It thickens the surface unevenly and in relation
to the spring forces acting in the edges. This should
not be confused with a structural analysis arriving
at specific sections for structural members. It is a
relative assessment, assuming only that springs
that are stretched more from their equilibrium than
others are strained more. For the maximum and the
minimum spring force, a thickness is assigned and
interpolated linearly:
1. The maximum and the minimum spring force are
searched by checking all edges of the system.
2. All spring forces are interpolated linearly to values
from 0 (minimum force) to 1 (maximum force)
3. For each vertex the average spring force of all
connected edges is calculated.
4. From the surrounding surfaces, the average
normal is calculated for each vertex.
5. The vertices are moved in direction of their
normal and opposite. The translation distance for each direction is calculated using
equation (7).
6. The offset vertices are reconnected to create
faces enclosing the construction space volume.
Offset = 0.5 ∙ (min. Offset + Force Interpolation ∙
(max. Offset - min. Offset))
(7)
Two options of the offset are created: a shell
and a grid-shell version. Because of the nonparallel offset, the faces are not necessarily planar. This can be solved by re-using the physical
simulation tool. Setting gravity to 0 and defining
the springs’ equilibrium as the actual length of
the edges, planarity can be assigned as a single
requirement.

CONCLUSIONS
The research on simulation design tools is still in its beginning. Combining the ability of Building Information
Modeling to link geometric 3D data to any additional
information with the flexibility of parametric modeling
and the analytical objectivity of simulation might be a
powerful strategy for building design. It will be interesting and necessary to develop and test other simulations for such tools. Ideally those tools are:
1. Intuitive - they must work as design tools and
allow the user to mediate parameters.
2. Simple - no extensive specialist knowledge
should be needed to use the tool.
3. Precise - Simulation results need to be so accurate that they improve the design by objective
measure.
4. Neat - any created data must be organized and
linked.
Looking at Building Information Modeling
as a concept of ‘management of information and
the complex relationships between (…) resources’
(Jernigan 2007) rather than restricting software solutions, allows its use for design tasks in a very sophisticated manner and helps to integrate, use and
maintain design-relevant data.
For the demonstrated physics simulation and the
resulting shapes a proof of the structural performance
has to be carried out. This is also an opportunity to
develop a link to structural analysis software and to
research how simulation design tools and analysis
software could communicate and how this could be
integrated into the workflow. This study should be
completed by adding the possibility to create a more
detailed 3D model of a specific construction method,
a concrete shell or a grid-shell construction.
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Abstract. In this paper we show the structure of an urban design parametric system. The
system is dynamic and builds an interactive relation with the designer updating the layout and
related data at each input change. The responsiveness of the system allows the designer to
gain awareness on the qualitative consequences of each design move by comparing a design
state with a set of urban indicators and density measures which are automatically calculated
along with the geometrical updates.
Keywords. Parametric urban design, city modelling, urban planning.

INTRODUCTION
Complexity and uncertainty of urban environment
raise doubts about static and solid decisions in
field of urban design. Cities, as all other open systems, are complex and self-organizing. The context
of a project, as a starting point of urban design, is
changing constantly in non-linear way (Portugali,
2000). Moreover, various stakeholders are involved
in design and realization of an urban plan. Uncertainty of economic, social, and political atmosphere
results in vibrant policies and decisions from stakeholders. Therefore basic inputs of a design process,
for instance total size of investment or functions,
may change from time to time. However, the interrelations between elements of urban form can be
fixed and predefined by designers. Current urban
design practices ignore urban ‘processes’ and ‘time’.
Urban design almost always presents a fixed blueprint based on a snapshot of a situation. This approach is not capable of fulfilling the necessities of
urban regeneration process. Therefore, objective of
urban design need to move from static design of

a specific layout toward complex and dynamic design of generic solutions.
It can be argued that experienced designers
can do proper judgments on the qualities of a design just by visually assessing partial or incomplete
stages of a design but the quality of that judgment
can be improved by giving extra information including density indicators and performance measures
needed to complement the plan. Typically in urban
design, density measures play an important role in
the assessment of the plan layout. A correct visual
interface should provide such information as part of
the visual output. To approach that, we developed
an urban design system based on the concept of
arranging design moves in the form of parametric
design patterns (Woodbury, 2010), programmed in
a parametric design software which the designer
can use to build up a dynamic design. The design
patterns generate urban types which can be applied and manipulated through the available parameters. The suggested types refer to commonly used
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composition elements in the field of urban design
such as main streets, grid types, main buildings or
public spaces. The use of types for designing is argued by several authors as an approach to enhance
the quality of designs as they carry the intrinsic qualities embedded in the recognized evidence of commonly used types (Habraken 1988), (Kelbaugh 1996).
Most past and present discussions on the
sustainability of urban fabrics concern the pros
and cons of compact cities versus sprawl. There
is among many researchers and professionals a
consensus that compact settlements are more
sustainable than sprawl, and that dense cities
will somehow halt an unsustainable increase of
consumption of transport, energy and resources
(Newman and Kenworthy, 2006). Moreover, greater density is considered to be positively associated
with the vitality of urban areas. However, denser
urban environments do not automatically mean
more sustainable and vital urban spaces. It needs
to be seen in combination with other factors as
accessibility, layout, land use pattern, etc. On the
other hand, density measures provide an appropriate platform for parametric urban design due to
their relation with the shape of built environment.
In this research we explore holistic generic solutions based on density measures, neighborhood
layout and mixed-use pattern. Spacematrix method (Berghauser-Pont and Haupt, 2010) provides
an adequate platform for parametric abstraction
of the urban form in terms of density measures.
Results show that basic density measures are adequate to describe the configuration of urban
form in various scales in different cities. This method also suggests a set of performance measures
such as daylight exposure, accessibility measured
by means of network density and parking performance index. However, design exploration is
needed to support decision. Being able to sketch a
design and continuously getting feedback on the
urban indicators is therefore a desired feature in
the urban design process. In this paper we show
the basic concepts for such a design tool.
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PREVIOUS WORK – THE PROBLEM OF DESIGNING NEIGHBORHOODS
One of the most successful algorithmic concepts
was the concept of patterns (Alexander et al, 1977)
which has been used in many knowledge areas
namely in the field of urban design. The main concept proposes that a recurrent occurrence in the
(urban) environment may be solved by applying
a generic solution whenever such occurrence is
detected in a particular context. In other words,
it involves a problem recognition and a generic
solution for which specific parameters should be
provided to obtain an adequate solution. A set
of patterns defines a pattern language. Previous
work showed that urban design generic patterns
can be encoded using generative rules in the form
of discursive grammars (Duarte, 2001) to provide
formal solutions to particular design moves that
urban designers recurrently use in their design
practice (Beirão et al, 2011). Discursive grammars
provide a rigorous formalism to describe an occurrence in the design context, the specifications for
designing a particular design move in the form of
description grammars (Stiny, 1981), and the design rules in the form of shape grammars (Stiny
and Gips, 1972) to instantiate the design move.
Beirão et al (2010) present an implementation in a
CAD software (AutoCad) which provides a few sets
of toolbars to generate the design moves. They
show a set of tools for designing main streets, grid
types, public spaces, building types, a set of inputs
for program specifications and other tools to manage building height and mixed uses. The urban
design model presented in this paper was inspired
on this structure but defined on a parametric design platform.
Defining a neighborhood and what a neighborhood should contain is a common and controversial
research topic. In the development of our tool we
implemented the features that are mostly considered common ground for planning neighborhoods.
However, we found some consistencies in specialized literature used to structure the design tool:

••
••
••
••
••

Many authors agree in the interval 5000-10000
people per neighborhood / community as parts
of districts with 20000 to 100000 people.
This size has enough critical mass to have at least
a school and a community building, a main street
with shops, a central square and a local square.
The neighborhood has mixed uses, both vertically and horizontally. The degree of mixture
raises as it closes the neighborhood centre.
Block size varies between 1 acre and 1 hectare.
However, there are many successful counter examples with bigger blocks (e.g., Berlin, Amsterdam).
Squares present a wider variation, but still the same
range between 1 acre and 1 hectare is acceptable.

(Alexander et al, 1977); (Barton et al, 2003);
(Marshall, 2005); (Moughtin, 2003); (Moughtin and
Shirley, 2005); (Jacobs, 1961).
Marshall (2005) shows a large survey on urban
grid types identified by several authors on their writing on urban morphology (Appendix 4). At least the
rectangular, the radial and the irregular (organic)
grid patterns seem to be present almost everywhere
in urban design literature. We used the two first as
our main design drivers. The organic grid pattern
should be regarded as an emergent pattern and
therefore we did not use it as a designing pattern.
However, Marshall refers some characteristics of the
common structure of street networks which are usually perceived as pleasant urban environments. Such
street structures have short and long routes, a relatively great amount of ‘T’ junctions, some crossroads
and some few cul-de-sacs. To integrate such ideas
we added to our set of street grid types a third street
pattern which we called the recursive street generator and it is described ahead.

HOW URBAN DESIGNERS DEAL WITH URBAN DESIGN DECISION?
According to Schön (1983) design evolves by
a series of incremental reflective moves with a
see-move-see structure where the double appearance of ‘see’ underlines the importance of

reflection on both an existing state and the consecutive transformed state of a design. Lawson
defines design as a negotiation between problem and solution through the processes of analysis, synthesis and evaluation (2006). This structure seems also consistent with the one found
in the City Induction research project (Duarte et
al, forthcoming) where an urban design system
is proposed based on three integrated models
aimed at formulating, generating and evaluating
urban designs. In urban design the structure of
design problems is said to contain some determined components (Dorst, 2004) with objective
definitions that can be computed and undetermined which are intrinsic to design problems.
Density indicators (Berghauser-Pont and Haupt,
2010) fall in such category and can be incorporated in a design tool providing continuous updates
on such measures. Our main goal in this research
was to keep the reflective features of the design
practice in our design tool providing by computational means continuous calculations updating information on determined components of
urban design problems at each designer’s move.
Such a system should enable a designer to have
precise information on indicators and properties
of the designs being produced and allow him/
her to manipulate common urban design inputs
to control the design outputs.

THE DESIGN PROCESS ON A PARAMETRIC
PLATFORM – THE WORKFLOW
According to the previous considerations, an urban
design system should be able to:
•• be applicable in every design context for any
district size and be able to apply different kinds
of design programs;
•• be interactive and responsive providing good
visualization output both in terms of design layout and associated analytical data (indicators,
attributes, indexes, etc);
•• be able to implement and design the main features that compose a neighborhood.
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Considering these aspects we implemented
a parametric urban design system using a NURBSCAD environment using a parametric programming
interface. The CAD environment used in this work
was Rhinoceros® and the programming interface
was Grasshopper®. The system aims at designing urban plans at the neighborhood level or district level
to use Berghauser-Pont and Haupt’s terminology
(2010, page 103).
A particular kind of urban design workflow was
considered starting from a specific set of inputs for
which a specific set of outputs is produced. Figure
1 shows the phase model describing the generic
workflow. There are two types of inputs – geometrical inputs and data inputs. In Figure 2 we can see the
set of geometrical inputs which is divided in 4 types:
site (defined by polygons); composition elements
which are subdivided into main streets (defined by
lines and curves) and focal points representing the
location of the neighborhood centre, local squares,
public buildings and city objects in general; a vertical parameter defines the maximum number of
floors; and a set of grid types (rectangular, radial and
recursive). Each of these inputs has a set of associated parameter inputs. For instance, a main street
has as attributed street width.
The elements are located anywhere inside the
site boundary by the designer and they may be relocated at anytime during the design process simply
by dragging them elsewhere or changing them by
moving their grip points. A selected grid type (rectangular, radial or recursive) is tailored for the site
boundary and the algorithm combines the grids
with the other urban elements subtracting them
from the main grid geometry. Some inputs refer to
options which are defined as switches in the design
interface. They allow the designer to choose, for
instance, which grid type to apply. The other input
parameters allow changing the output appearance
of each type.
The data inputs are shown in Figure 3. There
are 3 types of data inputs: goal indicators which
define the density goals or constraints of the urban
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program, option switches and context adjustments
which are input parameters regarded as design
options that can be manipulated by the designer
to fine tune the design. The designer explores the
options following the workflow sketched in Figure 1. The designer considers the topography and
the contextual conditions of the site, extracts the
areas that are considered too steep and eventually
identifies zones for which different planning rules
or strategies should be applied. This can be a traditional analytical process or enhanced using GIS
tools providing the information to set the primary
elements of the design. As a final result we obtain
a site area subdivided in several zones for which
different planning strategies may be applied (see
also Figure 2). The site geometry is inserted in the
designing environment. The designer defines the
position of the main composition elements of the
design, namely a focal point and the main streets
within the site boundaries. This is drawn directly in
the NURBS-CAD drawing environment. Accuracy regarding the composition of elements is not an issue
as they may be moved or changed at any time during the design process. Then the designer chooses
between three available grid patterns (rectangular,
radial and recursive) and explores the available parameters. The selected grid is dynamically updated
in the drawing interface. The orientation of the grid
is a common parameter that allows the designer to
change and fine tune the grid orientation. The recursive street generator designs street grids based
on a rectangle dissection rule. The rule applies if the
area of the rectangle (block) is bigger than a user
predefined area and the block side is constrained to
a minimum value corresponding to a user defined
number of pixels. The pixel size is also predefined
by the designer.
The designer filters several areas in the main
model to which exceptional rules or design goals
can be assigned. For instance, certain blocks can be
set to be small public squares and others to be filled
by public buildings. The main process is defined as a
filter, a design pattern that isolates particular sets of

Figure 1
Phase model showing the
regular workflow for using
the design tool.

geometric features cut from the main geometry for
having specific predefined conditions. The process
can be replicated to create sets of geometry to which
different generation rules can apply.
The building height is managed by setting
the maximum allowed number of floors. The value
is used as input for the 3D representation of the
maximum allowed building envelope. The number

of floors is defined as a target number which is
distributed through the grid as a simulation of
land value. To simulate the effect of land value we
defined the number of floors in a block as a function of the distance to a set of positive attractors
– main square / main streets / the city centre – and
a set of negative attractors (repulsion effect) – site
boundary. This function changes the number of
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floors depending on the resulting calculations. The
distribution is determined using bounded distribution methods. The designer controls the intensity
of the overall attraction effect using a set of sliders.
A similar process is used to distribute the program
defined in terms of building intensity and translated into gross floor area (GFA). The indicators are
calculated and provided in the interface allowing
for immediate empirical evaluation of the output supported with hints provided by studies on
morpho-types. The provided indicators follow the
conventions of Berghauser-Pont and Haupt (2010).
The basic indicators are: FSId – Building Intensity;
GSId – Coverage; and ND – Network Density; and
OSRd – Spaciousness.
Typically, master plans use as planning devices a density measure expressed in terms of a
maximum allowed density (here defined as FSId),
a maximum coverage and quite often a maximum
allowed height or number of floors (H). In most
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situations, to foster design flexibility the values
express maximum allowed limits which are set
independently of each other. A minimum amount
of free public space (minimum allowed OSR) can
also be used as a planning device expressing some
desired qualities for the public space. Considering
the given site area, the existence of a maximum allowed FSId provides the calculation of a maximum
allowed gross floor area (GFAd) for the district.
The average number of floors L is calculated as an
output district level indicator. The system outputs
regulations defined at block level in terms maximum number of floors (H), maximum FSI, maximum GSI or minimum OSR. Figure 4 shows all the
system’s inputs and outputs. The 3D model shows
graphic outputs of the indicators for designer visual assessment. Any change applied to the model
including filtering blocks to define squares, parks
or public buildings will automatically update the
regulations in each block.

Figure 2
Geometrical inputs.

Land use is addressed in our model as a
simulation. It simulates the distribution of uses
considering the same urban attractors as before but using an independent interface. The
attraction/repulsion effect is set differently for
each use considering the land use program in
terms of relative percentage of Housing, Commerce, Workspaces, Facilities and Small Industry. The program outputs a distribution of uses
per block visually defined with a pie chart and a
block indicator.

The design solution can be remapped onto
the topography. The main principle is that there will
not be any transformations in the grids because the
extreme sloped areas have already been filtered in
the beginning of the design process. San Francisco
stood as the main driver of this decision. However,
the main streets may still be deformed and readapted to the topography following geodesic curves.
The system provides a very empirical design
interface which allows designers to see in real-time
what the consequences of the design moves are.

Figure 3
Data inputs.

Figure 4
Outputs at district and block
level and district level. The
shaded indicators are interpreted as defining the base for
a regulation or implementation code at block level.
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As an added feature, the designer is able see the
urban indicators shown in Figure 4. An immediate
relation of the design morphology with the urban
indicators is therefore available for designer control
and reaction.

DISCUSSION
The design system described in this paper is structured as a very interactive design system providing
the most common features for designing neighborhoods. The system allows a parametric manipulation of a design whilst providing density measures
about the outputs for a better assessment of the
qualities of the proposed design. This assessment
was based on commonly used urban indicators. The
output is both visual and numerical extending the
designer’s awareness on consequences of his/her
design decisions.
However, the tool still contains several limitations, most of which may be resolved with further
work or technology development. The main limitations are:
•• Adjusting the standard grid to an existing context connecting the new streets with existing
ones. Also connecting two grids in neighboring
zones.
•• Extending the possibilities of adjusting the design to the topography.
•• Environmental issues can be improved even
though the designer is able to control the grid
orientation and daylight and parking performance indexes are calculated.
•• Extending the tool to include property features
would be an important upgrade.
•• Integration with GIS tools or at least with GIS
supported analytical routines.
•• However difficult to solve some of these limitations might seem, we should especially stress
the positive achievements of the design system:
•• The system is able to accommodate typological
solutions for neighborhood design which respond to a large amount of urban design problems of this nature.
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••
••

The system is very dynamic and interactive allowing for continuous design exploration updating solutions at any input change.
Every design update is both expressed in terms
of visual and numerical output (density measures and derived data) allowing designers (or
any decision maker) to become aware of the
implications and qualities of a particular solution option.

Finally, a route structure analyzer inspired by Marshall’s route structure analysis (2005) is being developed
to incorporate into the regular design workflow. The analyzer is already operative in the generation of the recursive grid because the generation process builds directly
a route structure. However, when the grid is inserted in
the main geometry the route structure is subverted and
immediately becomes an issue for interpretation. We
are developing an algorithm to define a route structure
from any generated grid. In order to solve the interpretation problems pointed by Marshall the algorithm was
planned to provide optional interpretations which the
designer can manually choose by selecting the correct
interpretation. However, the algorithm still needs further
testing and debugging.
The current approach is focused on internal relationships of neighborhoods. The geographic information of urban context is currently missing. An overwhelming approach to urban design needs to take
into account the spatial associations between density
and land-use pattern of a neighborhood and its context. In next steps we plan to integrate geo-referenced
analytical methods to include contextual information
for supporting urban design decision. In addition, effects of proposed design on other urban areas need
also to be evaluated as part of whole urban network.

CONCLUSION
In this paper we presented a dynamic urban design system built with parametric programming
tools. The main advantage of the presented system
is the capacity of continuous change updating associated density measures and derived properties

Figure 5- Flowchart of the
urban design tool

or indicators. The measurements are supported on
consistent theoretical and mathematical definitions.
The provided interactivity is capable of maintaining
a dynamic reflective design practice compatible with
standard designers’ procedures.
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Abstract. XThe goal of this paper is to present the feasibility computing tool for the perimeter
block housing design in early design process. Firstly, the paper describes briefly issues of
perimeter block housing focusing on block design cases of Seoul. Secondly, constraints and
requirements of perimeter block housing are analysed and formulated based on specific zone
ordinance and regulation. Thirdly application of half-edge data structure is presented for
interconnected geometric problem solving. Fourthly, multi-objective optimization algorithm
developed is shortly explained as problem solving method. Finally, feasibility-computing
software using Java object oriented programming is developed. This can contribute to the tool
development that can generate, optimize, evaluate and visualize perimeter block housings in
early phases of design process by providing reliable design solutions for stakeholders.
Keywords. Perimeter block housing; design-constraints; parametric design; multi-objective
optimization problem; design support system.

INTRODUCTION
Perimeter block housing is one of dominant block configurations in both western (e.g. Amsterdam and Barcelona blocks) and eastern (e.g. Makuhari New Town
in Chiba) cities shown in Figure 1. As one of historical
block typologies, perimeter block housing has gained
many attentions by municipalities, urban planner and
developers. For example, compared to high-rise residential buildings (pavilion), it is common to say that
it is attractive to municipalities in that it can bring pedestrians dynamic urbane space along the street and
make social community in semi-public inner courts
among dwellers. For urban planner and developers,
not only does it comply with dwellers’ various needs,

but also it guarantees high dense mixed development that can maximize the return on investment
(ROI). Moreover as confirmed in Martin and March
(1972)’s environmental research that examined and
compared several archetypal forms in terms of their
efficiency in built potential and daylight availability, it
is valuable to study perimeter block housings (courtyards) in that land use performance improves with
increasing circumference, i.e. courtyard type performs
better than pavilion type in general.
Urban town housing is a kind of perimeter
block housing that is studied as an urban development model in Seoul. Urban town house in Seoul
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is defined as a five to seven stories perimeter block
housing based on zone ordinance. One of the reasons why it received interests except for aforementioned merits is that it can escape the monotonous
apartment complex development that have been
considered most dominant building type while sustaining pre-existing urban structures such as block
and road (Kim et al., 2010).
Research issues
As an architect reflects complicated building law,
changes of building code frequently trigger designer’s
confusion during design process. Furthermore there
are many influential factors that decide the block
scheme because of variations, for example, in the size
and the shape of blocks and of topography. Considered
rectilinear-shaped block study is too complicated to apply for this situation. Rejecting conformity such as unified usage of space in a building, mixed use of offices,

dwellings, stores, and etc. into a building is frequently
needed. As a consequence, tool development is necessary to minimize the wrong decision-making sprung
from insufficient analysis and evaluation. The current
prototype tools for urban code tasks with several plots
(urban planning scale) mainly concerns pavilions even
though it is developed to the practical application level
(Donath and Lobos, 2009). Besides there is little effort
for the computational tool development that can deal
with perimeter block housing design during the initial
design stage.
Purpose
The main purpose is to determine and quantify the
factors that influence the shape and size of the final building block of an perimeter block housing
to establish the relationships between the client’s
requirements, the building code constraints, and
the architectural practice in the early design stages.
Figure 1
Aerial images of the perimeter block housing
cases. Rotterdam (topleft), Berlin (top-right),
Makuhari Baytown, Chiba
(bottom-right), and Barcelona
(bottom-left).
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In the end we will develop a feasibility computing software to support the creation of optimized,
parametric allocations of space during periphery
block housing design. The tool will be able to suggest feasible design alternatives by flexible alternations of design parameters. Moreover it is independently developed as open-end software that can be
used to similar occasions more broadly. In order to
accomplish the purpose, constraints and requirements that must be considered with are summarized at first. Next, halfedge data structure that can
solve complex geometrical problems of perimeter
block housing will be introduced and several important algorithms are invented subsequently.
Agent-based modeling with multi-objective optimization will be proposed as well.

CONSTRAINTS AND REQUIREMENTS
According to the Korean building law and experiences
in design practice, in general, an architect must follow
more than 10 building codes in the early design stage
similar to the research by Donath and Lobos (2009).
The rules are a union set from three main domains (law,
ordinance, and regulation). Codes listed below are particularly important and defined concisely:
1. Building coverage ratio (BCR) – The ratio of the
total floor area inside the building envelope to
the size of the land of that location.
2. Floor area ratio (FAR) – The ratio of the total
floor area of buildings on a certain location to
the size of the land of that location
3. Setback distance – This makes sure that streets
and yards are provided more open space and
adequate light and air.
4. Building height – This determines the maximum vertical distance allowed between the
natural ground level and the highest point on
the building.
5. Parking – 1 parking lot per flat. Parking space
occupies approximately 27% of the gross floor
area when constructed under the ground.
6. Sunlight limitation – Minimum sunshine duration on the winter solstice.

7.

8.

9.

Pitch of building – This determines the maximum vertical height of buildings in a site by
checking distances among buildings. Distance
between neighboring buildings is more than
0.5H ~ 1.5H (mostly 0.8H). This is used on behalf
of the sunlight limitation.
Sky exposure plane control or Oblique line
limitation – This determines the height of the
building by the ratio between perpendicular
distance from a building to its neighboring road
and the building height.
Story height – About 3 meter on average.

Space Program based on Project Size
There are differences in required space according to
the contextual characteristics, the size of the block,
and the development approach. When developed
as a single block or small-scale project, spaces for
neighborhood facility, control office, elderly community hall, etc. must be included. Middle- and
large-scale projects necessitate more functional
spaces than small-scale project. For example, neighborhood facilities are calculated by multiplying the
number of flats and 6 square meters without considering the size of a project. The number and the size
of necessary spaces as listed below can be calculated
based on regulation as usual.
1. Private – flat, etc.
2. Semi-private – office, shop, etc.
3. Semi-public – control office, elderly community
hall, amenity facility, kindergarten, etc.
4. Public – parking lot, basement garage, library, etc.

DATA STRUCTURE
Halfedge Data Structure (HDS)
Seeds to construct a basic data structure of the system are lines that representing roads and streets.
Lines are manually drawn in the canvas or given
from external file. Next step is to find intersections
among lines. If a line has n respective intersection
points (nodes) it is composed of n+1 respective line
segment. If there is no line segment from a line, this
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line is not considered valid because it has no link to
other line. As a result, nodes and links are obtained
and represented as Halfedge Data Structure (HDS).
To construct perimeter blocks, HDS is of importance
in representing plane graphs of road (street) system
(Brönnimann, 2001). As shown in figure 2, when
HDS is constructed properly we can develop several
functions that can be used in the system as follows:
Firstly, neighboring road segments of one road segment can be pointed. Secondly, neighboring perimeter blocks of one perimeter block can be pointed.
Thirdly, two confronting perimeter blocks that are divided by a road segment can be pointed by selecting
the road segment. Fourthly, by choosing one corner
point, corner-sharing perimeter blocks can be found.
Fifthly, surrounding road segments of a perimeter
block can be pointed.
Road segment and perimeter block housing
Data structure of an abstracted road segment is
composed of six key attributes: ‘start vertex’, ‘end vertex’, ‘Block on the left’, ‘Block on the right’, ‘number of
lanes’, and ‘width’. The width value of a road segment
is coupled with the number of lanes. Once surrounding road segments of a perimeter block are found,
it is possible to obtain the bounding polygon of perimeter block by offsetting inwardly and trimming
the respective road segments. Buildable polygonal
area of a perimeter block is acquired by applying a
setback rule to the bounding polygon. Buildable

polygon is the boundary lines of the perimeter block
housing in this system.
The case that a PBH contains multiple courtyards
is not considered in this study. Hereafter PBH is the
housing type that has only one inner courtyard. PBH
has two bounding polygons: one is an inner bounding
polygon that surrounds PBH’s courtyard and the other
is an outer bounding polygon that is identical to the
building polygon acquired above. An inner bounding
polygon is calculated with respect to the given depth
of a unit. In figure 3, gray-colored configuration is the
footprint of a PBH. Next step is to find units of PBH. By
dividing the footprint into bars (into six bars in figure
3) and by subdividing the bars into unit spaces, basic
units of PBH is obtained. The units of the PBH are classified as two sorts of space: ‘bar space’ and corner ‘corner space’. Corner space exists at the corners of PBH
and bar space exists in the remains of PBH. Clear difference between two spaces is that bar space has two
facades, each of which faces opposite direction. Bar
space is more advantageous to use natural ventilation
system and to put dominant (favorite) apartment unit
types than corner space. When subdividing bar space
into unit cells, eight occasional rules can be classified
based on the angles on each end point in order to
get bar space as shown in Figure 3 (a) ~ (h). In case of
figure 3 (b), for example, both sides are obtuse angles
and two vertical extension lines are stretched from
outer line segment to inner line segment in order to
build a bar space. Additionally, in case of figure 3 (h),
Figure 2
Halfedge Data Structure (left)
and perimeter block housing
scheme (right)
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left side is acute angle and right side is obtuse angle
that one vertical extension line is stretched from inner line segment to outer line segment and vice versa.
Seeds to initiate PBH at early design stage in the system are variables of units, building coverage ratio,
floor area ratio, pitch of building, maximum building
height, floor height, oblique line limitation, and so on.

COMPUTATIONAL TOOL
Agent based modeling
To approach this research from a computational
point of view, an agent-based modeling (ABM) is
suitable for the periphery block housing design task.
The new software is programmed as an independent
tool using Java language. Here ABM is composed of
decision-making entities called agents (Bonabeau,
2002; Macal and North, 2007). Each agent acts independently according to the rules and execute its
pre-programmed behaviors such as repetitive competitive pro-actions and re-actions between agents.
As drawn in figure 4, an agent– “PerimeterHousing”
– that represents attributes of a building complex
in a block is designed to solve problems that are
related to physical constraints. Geometric tools by

Schneider and Eberly (2002) are widely applied in order to treat complex geometric issues. Moreover architectural entities of this modeling highly resemble
those of IFC (Industry Foundation Classes) architectural domain, which make it possible to interoperate
with other BIM software.
Optimization
Experience of early attempts at the solving process
promotes the development of new approaches.
Multi-objective optimization algorithm as represented in Figure 5 is designed to manage a PBH project. Genetic Algorithm (GA) that mimics the design
process of imaging, presenting, and testing (Zeisel,
1984) is utilized as a design generation and a problem solving strategy. The merit of GA is its possibility to draw feasible solutions that do not violate the
constraints while maintaining their diversity (Fonseca and Fleming, 1998; Coello, 2001). It is sometimes
possible to deduce unexpected ones that are distinctive. In almost all cases, it is impossible to obtain
the best performance across all the objectives concurrently. Hence two series of GA are operated. The
one called density fitness function (DFF) is a tool that
concerns the overall density in a project. The other

Figure 3
Boundary subdivision for unit
generation of a perimeter
block housing
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Figure 4
Agent-based modeling for
PBH

participates in the functional space allocations according to a space program.
One unified fitness function of a PBH project
can calculate a fitness value at each generation by
introducing weighted sum fitness functions (Coello,
2001). The rule of DFF is to maximize FAR value within the limitation of a given FAR (gFAR) and to balance
various units sizes (small, medium, large, and extralarge) based on specific size parameters (e.g. w1, w2,
w3, and w4). By using size parameters, we can calculate the optimal sizes (e.g. w1 x gFAR, w2 x gFAR, w3
x gFAR, and w4 x gFAR) of the respective units. If respective areas (e.g. Si, Mi, Li, and XLi) at a generation
are obtained, current fitness value for density can
be obtained as Equation 1. Other fitness functions
adopt that of DFF as well.
Fi = (min(1, Si / (w1 x gFAR)) + min(1, Mi / (w2 x
gFAR)) + min(1, Li / (w3 x gFAR)) + min(1, XLi / (w4 x
gFAR))) / 4 (1)
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The tool can visualize intermediate design steps
and final outcome with analysis information. Figure
6 is a screen shot of the feasibility computing software for PBH.

A CASE STUDY
There are differences in the size of blocks depending to completion period and local context,
but mostly 40~60 meters in width and 120~160
meters in depth. Ideally to realize 7 stories urban
town house [if two buildings of 21 meter high are
planed which are lined with widened incident
road of 12 meters width, more than 70 meters is
required which is summed up of setback (10M),
building depth (30M), and courtyard (21~30M)]
that can maximize the feasibility following Korean
building code, short edge of a block must be at
least more than 60 meters in width for planning
and more than 70 meters long for securing enclosure. Figure 7 shows a case design of a PBH in a

Figure 5
Multi-objective optimization
algorithms for the perimeter
block housing

Figure 6
Feasibility computing software for perimeter block
housing
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test project. When the software initialize the optimization algorithm, a footprint of the PBH is calculated as figure 7 (top-right). Flats are pictorially
represented on top-left image of figure 7. Figure 7
(bottom-left) is a final design (FAR: 322%, Fitness:
0.92, gFAR: 350%) of the PBH. Figure 7 (bottomright) is other final design (FAR: 242%, Fitness:
0.96, gFAR: 250%).
Figure 8 shows two records of fitness values
for a PBH project. The starting fitness value of Series 2 is higher than that of Series 1. In order to
go to the next generation during the optimization
process using GA, a currently calculated fitness

value must be higher than a previous fitness value.
Therefore we can expect gradually improved performance of a PBH project without local optimal
points. Intervention of a decision maker (DM) is
necessary such as setting parameters and threshold as well.

CONCLUSION
Although the proposed computational tool is originally designed and implemented for periphery
block housing in Seoul, there are potentialities to
generalize the tool for the application to other similar contexts. During early design stages, designers
Figure 7
Results of the case study.
Samples of flat variations
(top-left), initial footprint
of a PBH (top-right), result
#1 with fitness value 0.96
(bottom-right), and result
#2 with fitness value 0.94
(bottom-left).

242

eCAADe 29 - Design Tool Development

Figure 8
Two records of fitness values
for a PBH project

who use the tool to obtain the schematic volumes
can minimize the risk of infringing the building
codes. Moreover we can positively employ the tool
to generate innovative design alternatives. The
contributions of this research can be summarized
as follows. (1) The variables and constraints of the
periphery block housing are formulated based on
the building codes and zone ordinances. (2) A computational tool for the feasibility test of periphery
block housing design problems helps reduce the
working time, increases confidence in the generated solutions. (3) A new design process contributes to the exploration of feasible design spaces in
a short period of time. (4) The design data that is
gathered from this tool can be exchanged between
stakeholders without data loss.

FUTURE WORKS
The authors are interested in quantitative analysis
such as Space Openness Index analysis (FisherGewirtzman et al., 2005) and Sky View Factor analysis (Rodrigues et al., 2005; Osmond, 2010). Java
modules for these analyses have been programmed
independently; it will be challenging to combine
various analyses tool with this study in order to
contribute to decision-making process. Moreover, it
is necessary to incorporate more design issues such
as unit composite types and outdoor environment
design into the system.
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Abstract. Evolutionary developmental design (Evo-Devo-Design) is a design method that
combines complex developmental techniques with an evolutionary optimisation techniques.
In order to use such methods, the problem specific developmental and evaluation procedures
typically need to be define using some kind of textual programming language. This paper
reports on an alternative approach, in which designers can use Visual Dataflow Modelling
(VDM) instead of textual programming. This research described how Evo-Devo-Design
problems can defined using the VDM approach, and how they can subsequently be run using
a Distributed Execution Environment (called Dexen) on multiple computers in parallel. A
case study is presented, where the Evo-Devo-Design method is used to evolve designs for a
house, optimised for daylight, energy consumption, and privacy.
Keywords. Evolutionary; developmental; design; performance; optimisation.

INTRODUCTION
Evolutionary design is loosely based on the neoDarwinian model of evolution through natural selection. A population of individuals is maintained
and an iterative process applies a number of evolutionary steps that create, transform, and delete
individuals in the population. Each individual represents a design variant, and has a genotype representation and a phenotype expression: the genotype representation encodes information that can
be used to create a model of the design, while the
phenotype expression is the actual design model.
The individuals in the population are evaluated
relative to one another, and on the basis of these
evaluations, new individuals are created using ‘genetic operators’ such as crossover and mutation.
The process is continued through numerous generations so as to ensure that the population as a
whole evolves and adapts.

Evolutionary design differs from other types
of evolutionary approaches (such a genetic algorithms) in that it includes a complex developmental step that generates a phenotype by applying
the genes in the genotype (Frazer 1995, Bentley
and Kumar 1999, Stanley and Miikkulainen 2003,
Janssen 2004, Hornby 2005, Kowaliw and Banzhaf
2011). We therefore refer to this as evolutionary
developmental design, or Evo-Devo-Design. For
designers, the developmental step is crucially important, since it delineates the search space of
possible designs. The Evo-Devo-Design method is
able to augment the traditional process of design
exploration, in which typically only a small number
of options will be considered. The advantage of
Evo-Devo-Design is that it is able to automatically
develop and evaluate large populations of design
variants. This method has proved to be well suited
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to design processes that are typically divergent and
exploratory (Janssen 2004).
One of the key drawbacks of such advanced digital design methods has been the need for designers
to write and develop their own customised software
tools. This has severely limited the general applicability of such methods. This paper describes an
alternative approach, whereby designers can apply
Evo-Devo-Design methods without having to write
any code. The authors have developed a Distributed EXecution ENvironment (Dexen) for population
based multi-objective optimisation algorithms. Such
algorithms include hill climbing, simulated annealing and evolutionary algorithms [1,7,8]. In this paper,
we will focus on using Dexen for Evo-Devo-Design.
Following this introduction, section two gives
an overview of the Dexen architecture. Section
three focuses on how non-programmers can use
Dexen for Evo-Devo-Design. Section four reports
on a case-study experiment using Dexen to evolve
a house design.

DEXEN SYSTEM ARCHITECTURE
The two main goals of Dexen are speed and flexibility. Speed is an issue since design optimisation
problems typically require complex simulations
that can be prohibitively slow. Flexibility is an issue since design optimisation problems typically
require highly customised evolutionary steps, often requiring the integration of existing simulation
programs. In order to achieve these goals, Dexen
has been designed with two key features. First,
for speed, Dexen is designed to run on multiple
computers in parallel. Second, for flexibility, Dexen
provides an end-user programming model that allowed users to encapsulate the problem specific
aspects within a few key scripts.
Dexen is based on a previous multi-objective
evolutionary developmental design environment
called EDDE (Janssen 2004, Janssen et al 2005, Janssen 2009). Dexen has been developed with a fundamentally different type of architecture to achieve
improvements in both speed and flexibility.
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The process of running a population based
optimisation problem within Dexen is described
as a job. The blueprint for the job is referred to as
a job definition or (in the case of design jobs) the
design schema (Janssen 2004). The schema defines a set of computational procedures, which are
referred to as tasks. When a job is run, the tasks
will be executed by Dexen. Each task will act on
entities in the population called individuals. An
individual represents a complete solution to the
problem being optimised.
For design optimisation jobs, the schema will
typically include three tasks: development, evaluation, and feedback. Development will generate a
model of the design. Evaluation will evaluate some
performance criteria of the model. Finally, feedback
will use the results from evaluation to generate or
modify individuals. If the algorithm being used is an
evolutionary algorithm, then feedback will kill some
low performance individuals, and generate some
new individuals using crossover and mutation.
Dexen has been designed for two levels of user,
which we refer to as general users and specialist users. General users are assumed to have the required
programming skills to developed their own schemas
from scratch. Specialist users may not have the required programming skills, but will instead be able
to create schemas by using automated schema generators. Specialist users may typically have advanced
knowledge and skills in their domain of interest.
Different schema generators can be created for
various areas of specialisation. Each schema generator will target specific software tools. Currently, a
schema generator has been developed focusing on
architectural design using the Sidefx Houdini software, to be discussed in more detail in section 4.
Dexen components
Dexen consists of four main types of components:
one server, and multiple clients, masters and slaves.
Each of these components can run on separate machines, thereby allowing the computation to be distributed between multiple machines.

••
••

••

••

The server is the core of the system, and all other components connect to the server.
Each client provides a user interface for an end
user to start, stop, and monitor the progress of
jobs. When a user starts a job, they need to use
the client to upload the schema for that job.
This schema will include a set of tasks that need
to be executed.
Each master manages one job, including the
population of individuals associated with that
job. A user my start multiple jobs, in which case
Dexen will create multiple masters.
Slaves execute the user defined tasks associated with a particular job. Typically, many slaves
will be running in parallel. Dexen will automatically assign slaves to masters to execute tasks
without requiring any action from the user.

A Dexen population consists of a set of individuals, each of which can become a complete
solution to the problem being optimised. Initially,
when individuals are first created, they contain only
the basic parameters (or genes) for a particular solution. As individuals are processed, they may accumulate additional information, and they thereby
change their state.
For example, for an evolutionary schema, an
individual’s state includes it’s genotype, phenotype,
and performance scores. The individual starts life
with only a time of birth and a genotype. The development task creates a phenotype. One or more
evaluation tasks calculate the performance scores.
Finally, the feedback task kills some existing individuals, and generate some new individuals (who will
only have a genotype).
The Dexen population is therefore a heterogeneous population that contains individuals in different states. For example, some may only have genotypes, some may also have phenotypes, and some
may also have performance scores.
A schema must define two types of tasks: one
master task and one or more slave tasks. The master task will usually be used to configure various

settings and to initialize the population. Initialization
typically consists of creating a set of new individuals
to start the optimization process. Each slave task will
then process individuals from the population.
Each slave task performs a specific user defined
procedure, and as a result it requires individuals in
a particular state. For example, an evaluation task
may need an individual that already has a phenotype, but that does not yet have an evaluation score.
Individuals that do not meet these criteria need to
be rejected. A filtering process therefore has to take
place in order to discover which individuals in the
population match which slave task. In order to do
this, each slave task is assigned a user define boolean function, referred to as the filter function. This
is used to decide if a particular individual is valid for
processing by that task.

EVO-DEVO-DESIGN FOR NONPROGRAMMERS
For the general user, writing a schema involves defining the tasks that will be executed by Dexen. The
user needs to define one master task, and one or
more slave tasks. The programming model that has
been defined for these tasks is both simple and powerful. The schema has to be written in Python, and a
basic understanding of object-orientated programming is required.
However, for users that are non-programmers,
writing a schema may be difficult. Such users may
be architects and engineers who are experts in their
own field, but who may not have the required programming skills needed to write the schema code.
For such users, schema generators can be used in
order to automate the process of creating schemas.
Schema generators are implemented as part of the
client and run on the user’s local computer.
Schema generators target specific software
applications. The user will be required to define the problem specific aspects of their schemas in some format that will not require them
to write code. For example, in a design scenario,
the user would be required to define the design
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development and one or more design evaluation
procedures. The schema generator can then be
used to generate all the necessary Python code to
wrap these core procedures.
In order to define the core procedures, a designer could use the Visual Dataflow Modelling approach
(VDM). VDM allows users to program by visually linking together graphical nodes with wires. The nodes
and wires are arranged by users to create complex
networks through which data can flow. Each node
represents a function, and the wires represent the
data inputs and outputs for the function (Woodbury
2010, Janssen and Chen 2011).
The Houdini schema generator
In order to demonstrate this approach, a schema
generator has been developed for a 3D CAD and animation software, called SideFX Houdini.
For development, a Houdini network that generates a phenotype from a set of genes is required.
The phenotype will be some kind of model of the
design variant. For evaluation, the Houdini network
that generates an evaluation score from a phenotype is required. A simulation program may be used
in order to perform the evaluation. If more than one
criteria needs to be evaluated, then multiple networks can be created.
The Houdini schema generator provides a set of
Houdini nodes that the development and evaluation
network must use. These nodes are used to define
the start and end points of each network, and the
user can then create any type of network between
these two points. The Python code generated by
the schema generator will assume that these special
nodes are present and will read and write data from
these nodes. For development, a genotype and a
phenotype node is provided. For evaluation, a phenotype and an evaluation score node is provided.
The user also needs to set some basic parameters in a settings file for the schema generator. The
parameters that can be set include the following:
•• The optimisation algorithm to be used. Options
include hill climbing, simulated annealing, or
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••
••
••
••

evolutionary algorithm.
The population size, the maximum number of
births, and the input sizes for all tasks, including
feedback.
The settings for the feedback task, including the
ranking and selection algorithms to use for the
birth and death of individuals.
The names of the Houdini files in which the
development and evaluation networks are defined.
The structure of the genotype, including the
types of genes. (For example, genes can be integers, floats, or strings.) The length of the genotype is assumed to remain constant.

In order to generate the schema, the user places
the settings file and the Houdini files in a single folder, and then uses the client to execute the schema
generator script. This will result in the Python files
being automatically generated for the schema, and
being placed in the same folder.
The generator will create the Python code for
the master task, and each of the slave tasks. For the
development and evaluation tasks, Python wrappers will be generated for the Houdini files. For the
feedback task, a simple feedback procedure will
be generated. In this procedure, the individuals received by the feedback task will be ranked, the low
performance individuals will be killed, and the high
performance individuals will be used as parents for
breeding new individuals.
The user may then upload this schema to the
server to start running the job.

A CASE STUDY
In the case study, a Houdini schema was developed
for a free-standing house in a residential setting.
Three performance criteria were defined: minimization of energy consumption, maximization of
daylight, and maximization of privacy. A number of
Houdini files were created, and the Houdini schema
generator was then used to automatically generate
the Python code for the schema.

Slave tasks
In total, four Houdini files were created, one for each
slave task: the development task, the energy evaluation task, the daylight evaluation task, and the privacy evaluation task. Each Houdini file contains a
network of nodes that define a problem specific procedure to be executed by Dexen.
The Houdini development network maps the
genotype to the phenotype. The network starts with
a Dexen genotype node and ends with a Dexen phenotype node.
The genotype in this case consists of 55 real valued genes, each in the range 0.0 to 1.0. The phenotype is a three dimensional model of the house, saved
in the Houdini format. The model is shown in Fig. 1.
The house is spread over three floors, and has
a living room, dining room, a kitchen, and four bedrooms. A stair-core gives access to all three floors.
The living room, dining room, and kitchen are always
located on the ground floor. In addition, one of these
spaces on the ground floor will be a double height
space. The bedrooms are all located on the upper
floors. Service spaces such as bathrooms and store
rooms are not included. A typical (randomly generated) house is shown in Fig 2, and the genotype for
this example is show in Fig 1.
Conceptually, the developmental process can
be thought of as a process that transforms an initial
simple model into a final complex model. The initial
model consists of 12 equal spaces. On each floor, four
spaces are packed together around a centre point
so that they meet in the middle. The model of the
house (i.e. the phenotype) is generated as follows:
•• The programmes are assigned to the spaces
using 9 genes. The programmes are subject to
various constraints. For example, for the ground
floor level, the stair-core and living room must

••

••

••

••

be adjacent to one another, and the living room
and dining room must be adjacent to one another. Each programme also has a required area.
The size of each space is defined using 9 genes.
Since the area is already known, the genes only
need to assign the proportion of the spaces. The
three stair-core spaces are also constrained to
all have the same size, so that the stack on top
of each other.
The windows are inserted using 12 genes. Each
space can have a window in either of its two
outward facing walls. The two possible window
types are strip window or fully glazed. Each
room must have at least one window, but cannot have two fully glazed windows.
The sun shades are defined using 24 genes. Sun
shades are only added to walls that have windows. The genes control the depth of each of
the sun shades.
The orientation of the building is defined using
one gene. The building is first placed in the centre of the site, orientated so that the stair-core is
facing the road. The gene is then used to rotate
the building by a certain amount.

In many cases, the genes are mapped to some
other values. For example, the sun shade genes are
mapped to a dimension from 0 to 2 meters, and the
orientation gene is mapped to an angle from -45 to
45 degrees. In some cases, the genes can also be
mapped to a set of discrete variables. For example,
for the window genes, each gene is mapped to one
of the seven possible choices of window pair choices.
On level 2, a situation can arise where one of
the bedrooms is diagonally opposite the stair-core.
In such a case, the bedroom would become inaccessible. As a result, if this situation arises, then the

Fig 1. An example of a house
generated using the Houdini
developmental network.
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spaces are offset in order to create an adjacency between the stair-core and the diagonal bedroom. This
situation can be seen in the example shown in Fig. 1.
After the main geometry of the house has been
generated, all dimensions are then snapped to a
constructional grid. In this case, this grid was set to
0.3 meters. This final step ensures that there are no
awkward dimensions. This also means that the area
of the rooms will not exactly match the required areas for each programme. However, since the deviation is small, this is seen as being acceptable.
Each Houdini evaluation network uses the
phenotype (generated by the development task) to
calculate an evaluation score. Each network starts
with a Dexen phenotype node, and ends with a
Dexen evaluation score node. In addition, custom
nodes have been developed to actually perform
each type of evaluation. These custom evaluation nodes provide the user with a simple method
of running the required simulations. The custom
nodes can be inserted into the Houdini network to
perform the simulation. The input into the custom
node will be the Houdini geometry, and the output
will be the simulation results. The custom nodes
will also have a set of simulation parameters that
can be set by the user.
For energy and daylighting evaluation, the
EnergyPlus and Radiance simulation programs are
used respectively. The custom nodes will read the
Houdini geometry, generate the text-based input
file, execute the simulation program, read the textbased results file, and finally import the results back
into Houdini. The EnergyPlus node calculates the
energy required to keep the house within a certain
temperature range using an ideal load air system.
The Radiance node calculates the percentage of
floor area that has a daylight level of higher than 300
Lux for a standard overcast sky condition. At an early
design stage, these are seen as good indicators of
the relative performance of the design with respect
to energy consumption and daylighting.
For privacy, a custom node is used that calculates the privacy level of each window based on the
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relative position and orientation of other windows of
neighbouring houses. (See Fig. 2.) A value of 100%
indicates total privacy, while 0% indicates no privacy.
This calculation is performed inside Houdini, so in
this case, no external simulation program is required.
Fig 2. The house on the site,
surrounded by five other
houses.

RESULTS
The schema generator settings file was used to set
the key parameters for the job. The optimisation
algorithm was set to use an evolutionary algorithm,
and the ranking algorithm was set to use Pareto
ranking. The population size was set to 100, and the
maximum number of births was set to 10,000. The
input sizes for all tasks was set to 1, except for feedback, for which the input size was set to 20.
The job was executed on a cluster of 20 standard desktop PCs and was run overnight. The job
took approximately 7 hours to complete.
The Pareto graphs for the results are shown in
Fig. 3. Since there are three performance criteria, two
Pareto graphs are shown, one plotting energy against
privacy and another potting energy against daylight.
The Pareto front is plotted on both of these two graphs.
The Pareto graphs show how the number of
individuals generated by the evolutionary process
gets more dense closer to the Pareto front. The individuals in the initial population were mostly far
away from the Pareto front. Through inheritance of

favourable genes, the population as a whole gradually evolved, with individuals in the population
gradually becoming optimised for the selected performance criteria.
Fig 3. Two Pareto graphs
plotting energy against
privacy and energy against
daylight. Each point represents a design. Larger black
and white circles represent
designs on the Pareto front.
White circles represent designs where energy < 115
KWh, daylight > 75%, and
privacy > 65%.

In total, there are 52 individuals on the Pareto
front. Of these individuals, most were born at the
end of the evolutionary process. (Out of the 52 individuals on the Pareto front, 40 were born during
the last 1000 births. However, individual 13 actually
turned out to be one of the best, and survived all
the way until the end.) These individuals represent
different trade-offs between energy, daylight, and

privacy. From this Pareto optimal set, individuals
that had an energy score of less than 115 KWh, or
a daylighting score of less than 75%, or a privacy
score of less than 65% are eliminated. This then
leaves 25 individuals, from which the designer can
select a preferred design. One of the best individuals is shown in Fig 4.
CONCLUSIONS
Initial experiment using Dexen have shown that the
use of schema generators lowers the threshold for
non-programmers to start using advanced optimisation techniques. In fact, it is now possible to run
complex optimisation algorithms using only graphical CAD tools.
Dexen also achieves its two main goals of
speed and flexibility. In terms of speed, the distributed master-slave architecture means that Dexen
can easily be deployed on compute clusters, and
as a result, large and complex optimisation jobs
that would otherwise take days to run can now
be completed overnight. In terms of flexibility, the
Dexen allows a wide variety of optimisation problems to be defined.

Fig 4. Four examples of
evolved design variants for
a suburban detached house.
The examples shown were
randomly selected from a
population of 100 individuals, after approximately 8000
births.
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Abstract. This paper proposes a digitally enhanced type of performance driven design
method. In order to demonstrate this method, a design environment is presented that links
the SideFx Houdini modelling and animation program to the Radiance and EnergyPlus
simulation programs. This environment allows designers to explore large numbers of
design variants using a partially automated iterative process of design development, design
evaluation, and design feedback.
Keywords. Performance; iterative; prototyping; Radiance; EnergyPlus.

INTRODUCTION
The idea of using building performance simulations
to drive design decisions early in the design process
has been around since the early days of CAD. As
early as 1972, the ABACUS group at the University
of Strathclyde built one of the first integrated performance driven design systems, known as GOAL.
The designer proposes a geometry and a choice of
construction materials, and GOAL then appraises the
proposed design in terms of construction cost, annual energy costs, combined costs-in-use, thermal
energy consumption, lighting energy consumption
and planning efficiency (Maver 1970, 1972, 1998).
The authors have developed a generalised version of the GOAL type of design approach, which we
refer to as Iterative Virtual Prototyping (IVP). With
this approach, the designer first defines customised
digital procedures for both developing and evaluating design variants. With the GOAL system, these
procedures were hard-coded in the system, whereas
with the IVP approach, these procedures are defined
by the designer. The developmental and evaluation
procedures are highly interrelated, and are together

referred to as a design schema (Janssen 2004). The
design schema delineates a family of possible designs that all share a certain design character, but
that may vary in overall form and configuration.
Once the designer has defined their schema,
then can then embark upon an open-ended exploration of this family of designs, through a cyclical
process of development, evaluation, and feedback.
The developmental step generates design variants
which differ in their overall form and configuration;
the evaluation step evaluates the performance of
these variants; and in the feedback step, the results
from the evaluation step are analysed and decisions
are made on how to develop further variants in the
next development step.
In order for the IVP approach to be feasible, a
digital environment is required that will allow the
designer to define their own customised developmental and evaluation procedures. These procedures may be very complex, and since most designers have only very limited programming skills, a visual approach needs to be used for defining these
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procedures. Furthermore, the environment should
allow for efficient and effective exploration of large
numbers of design variants during the early stages
of design. It is therefore critical that the environment
remains agile and flexible by minimising the amount
of information that is required for both the developmental and the evaluation procedures.
Based on the promising beginnings highlighted
above, it might be expected that during the intervening four decades, a wide range of digital tools
would have been developed that successfully integrated design development with design evaluation.
Unfortunately, this is not the case. Today, there exist
a massive disconnect between tools for design development and tools for design evaluation (Kolarevic
and Malkawi 2005). The problem is the inability of
diverse software applications to smoothly manage
and exchange digital project data, which is referred
to as the interoperability problem (Eastman 2008).
The solution is well known, and is referred to as
Building Information Modelling (BIM).
However, typical BIM solutions are not appropriate within the context of the proposed IVP design
approach, for two reasons. Firstly, from a practical
perspective, current BIM solutions are still incapable
of supporting the smooth exchange of digital data,
even between a small number of well known CAD
and simulation applications. Secondly, from a conceptual perspective, current BIM solutions tend to
maximise the amount of project data rather than
minimize it, resulting in environments that are cumbersome and rigid. In the latter stages of the deign
process, this strategy may be necessary, since a diverse set of stakeholders need to share and correlate
large amounts of data. However, in the early stages
of the design process, agility and flexibility are paramount. It is therefore important to use a minimal BIM
approach rather than a maximal BIM approach.
This paper reports on a digital environment
for IVP that successfully overcomes the two above
mentioned hurdles. First, in order to allow designers to define their own customised developmental and evaluation procedures, the proposed
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environment uses Visual Dataflow Modelling (VDM)
tools. Second, in order to allow designers to work in
a flexible and agile manner, the the building information data that is being manipulated is reduced
to the absolute minimum.

A DIGITAL DESIGN ENVIRONMENT FOR IVP
VDM is a procedural approach to creating design
models (Woodbury 2010, Janssen and Chen 2011).
It allows designers to efficiently explore alternative
forms without having to manually build each different version of the design model for each scenario.
Such systems are used by architects and engineers
to automate design generation and accelerate the
design process. Houdini is a software system that
uses the procedural dataflow approach not just for
modelling, but for for all tasks including animation,
rendering, and compositing.
Modellig in Houdini
Modelling in Houdini consists of creating dataflow
procedures. The dataflow network is created using
nodes and links, where nodes can be thought of as
functions that perform actions, and links connect
the output of one function to the input of another
function. The user visually drags nodes onto the network view from a library of available nodes. The user
can then connect inputs and outputs of the nodes,
thereby defining links.
Nodes have parameters that affect how the
node behaves. For example, the Sphere node has
parameters that define the centre point and radius
of the sphere to be generated. The user may either
enter the parameter value directly, or may enter a
scripted expression that retrieves the parameter value from some other node in the network. This results
in a second type of network, which we refer to as the
parameter network.
The geometric data that nodes process has attributes associated with it. Attributes include things
like x,y,z positions, normal vectors, colour values, etc.
Users can view attribute data in Houdini as a spreadsheet of data. Each node in the network will create,

add to, and/or filter this data. The attribute data can
be though of as flowing through the geometry network, being passed from one node to the next
Custom nodes
Houdini provides nodes for performing a wide variety of modelling tasks. However, users can also create their own custom nodes, (referred to as Digital
Assets). These nodes can perform any type of task of
arbitrary complexity, and they can have any number
of custom parameters.
Custom nodes can be added to the Houdini
environment, and used in the same way as the built
in nodes. This allows for a high level of encapsulation and reuse. Custom nodes can be created to
link Houdini to simulation programs. Such a custom
node would first have to generate the required text
based input files, then execute the program, and finally read the text based output files.
Custom nodes for Radiance and EnergyPlus
have been developed. Users first create a model in
Houdini using the standard built-in nodes, and then
feed this model into the custom simulation node.
This node then runs the simulation, and the results
from the simulation are then imported back into
Houdini and displayed to the user. The nodes have
various parameters for setting up and controlling
the simulations.
Custom attributes
In order to generate the input files, the simulation
node reads the Houdini model being fed into it, and
converts this model into the appropriate format for
the simulation program. This is in essence an interoperability problem – the simulation node translates from the Houdini model format to the simulation model format. In order to do this, the simulation
nodes need to extract the data from the Houdini
model, and then restructure and reformat this data
according to the requirements of each simulation
program. However, this is a complex task and the
Houdini model on its own does not provide sufficient information.

Entities in the Houdini model therefore need to
be tagged with additional information. This is a feature that is built into the core of Houdini’s approach to
modelling, and consists of creating custom attributes.
Some attributes, such as the x, y and z positions of
points, are automatically generated by Houdini. However, users can also add their own custom attributes.
Houdini provides a set of nodes for creating, deleting, and manipulating attributes. These nodes can be
used to create custom attributes for any geometric entity in the model. The data types of such attributes can
be strings, integers, floats, and vectors. For example, for
the surfaces in the Houdini model, the user may create
a custom attribute called ‘material’. Each surface in the
model can then be assigned a material name.

LINKING WITH RADIANCE
Radiance is actually a collection of many separate
programs that perform different tasks. The main input file for Radiance is the RAD file (and has a .rad
extension). Given a RAD file, the first step is to convert this into a different file format called an octree,
using a program called oconv. Using this octree
file as input, three types of simulations can be performed using three different programs: rtrace, rpict,
and rvu. With rtrace, the user inserts sensor points in
the model and then uses the simulation to measure
illuminance or irradiance at these points. With rpict,
the user can generate false colour images from a
particular view point in the model. With rvu, the user
is presented with a graphical interface that will allow
false colour images to be generated interactively, by
changing the camera position and orientation. The
Radiance node will allow the user to execute these
programs through a simple graphical user interface.
The RAD file typically defines a list of materials
and a list of geometric primitives. Each material has
a name, a type, and some data that defines the properties of the material. Each primitive has a name, a
type, a material name, and a set of data that defines
the shape of the primitive. Primitive types for geometric entities include polygons, spheres, cones, cylinders, and meshes.
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Radiance node
The Radiance node can be used to run Radiance simulations from within Houdini. The node has two inputs: one for the model geometry and one for sensor
grids. The model geometry includes all the polygons
to be included in the simulation.
The geometry fed into the first input on of the
Radiance node needs to be constructed from polygons. The node will translate each Houdini polygon
to a RAD primitive of type polygon. The polygons in
the Houdini model are expected to have custom attributes to define the material. (Additional custom
nodes are provided to help users define these attributes.) The node will extract the values of these attributes when generating the RAD file.
The user needs to construct the Houdini model
in a way that is compatible with Radiance. Three key
modelling rules therefore need to be followed. First,
all polygons must be planar (although they can be
any shape and can have any number of vertices).
Second, polygon normals must point inwards for
interior simulations, and must point outwards for
exterior simulations. Third, polygons cannot have
holes. This means that, in order to represent a hole
in a surface, the surface needs to be modelled as a
polygon that wraps around the hole.
The second input of the Radiance node is for
inputting sensor grids. This is optional and is only
required if an rtrace simulation is going to be performed. When the rtrace simulation is run, the simulation results will be copied to the sensor points as
attributes. This then means that the results from an
rtrace simulation can be graphically displayed inside
Houdini, using coloured surfaces.

LINKING WITH ENERGYPLUS
EnergyPlus is an energy analysis and thermal load
simulation program. Based on a user’s description of
a building, EnergyPlus can calculate the heating and
cooling loads necessary to maintain thermal control
setpoint conditions. EnergyPlus consists of a single
executable that can perform many different functions. The main input file for EnergyPlus is the IDF
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file (and has a .idf extension). When EnergyPlus is executed, it reads the IDF file and the weather file that
contains the weather data for the simulation.
The IDF file is significantly more complex than
the RAD file. Firstly, the IDF file needs to specify a
large number of settings for running the simulation, such as simulation parameters, location information, schedules, HVAC system details, output
reports, and so forth. Second, when describing the
geometry, EnergyPlus needs information about
how various elements such as floors, walls and
windows are related to one another. In order to define these relationships, a key concept is the zone,
which is an air volume at a uniform temperature
plus all the surfaces bounding or inside of that air
volume. EnergyPlus calculates the energy required
to maintain each zone at a specified temperature
for each hour of the day.
The IDF file consists of a list of objects. Each
object has a type, such as Zone, followed by a set
of fields that describe the properties of that object.
Some of the fields may reference other objects in the
same IDF file. Through such references, a hierarchical relationship is defined between zones, building
surfaces, fenestration surfaces, and shading zone
objects. Each building surface object has a field that
references a zone object, and each fenestration surface object and shading zone object has a field that
references a building surface object.
EnergyPlus node
The EnergyPlus node can be used to run a limited
range of EnergyPlus simulations from within Houdini. The node does not aim to expose all EnergyPlus
functionality, but instead focuses on the types of
simulations required at early concept design stages.
The node has two inputs: one for zone geometry,
and one for shading geometry. The zone geometry includes all the polygons that are associated
with zones. The shading geometry is optional, and
includes all polygons used to define surrounding
buildings or other structures that shade the zones
being simulated.

As with the Radiance node, the geometry fed
into the first input of the EnergyPlus node needs
to be constructed from polygons. The node will
translate each Houdini polygon to an IDF object.
The polygons in the Houdini model will need to
have certain custom attributes that define the surface type and the construction. (Additional custom
nodes are provided to help users define these attributes.) The three possible object types are a building
surface object, a building fenestration object, and a
zone shading object (for shading elements attached
of the building). The node will extract the values of
these attributes when generating the IDF file.
The user needs to construct the Houdini model
in a way that is compatible with EnergyPlus. In this
case, four key modelling rules therefore need to be
followed. First, all polygons must be planar and must
have a maximum of four points. Second, polygon
normals must point always point outwards, towards
the exterior of the zone. Third, walls, floors, or ceilings that divide adjacent zones must be modelled
as two coplanar surfaces, one for each zone. Fourth,
when inserting a fenestration into a surface, the surface should not have a hole cut into it. Fifth, windows with four points must be orthogonal.
Note that a polygon representing a building
surface must have a consistent type and construction. In a conventional CAD mode, a designer may
create a single wall surface that in some areas is an
exterior wall, and in other areas is an interior wall. For
EnergyPlus, this would be invalid. The surface would
need to be split up into smaller surfaces, so that each
surface is either all interior or all exterior.

DEMONSTRATION
In order to demonstrate the IVP approach, a scenario
has been set up, whereby Houdini is used to generate
and evaluate design variants for a highly simplified
building type, set in a fictitious location in Singapore.
The Radiance and EnergyPlus nodes are used to run
simulations for both daylighting and energy.
The design is for a three storey free-standing
structure. Each storey consists of a single room, 15m
x 15m in plan, and 3m high. The three rooms are
stacked on top of one other, and are each offset from
the room below. This offset exposes certain roof areas of the room below, and these exposed areas are
then glazed in order to allow daylight to enter the
room. For the third room, similar glazed areas are
added, even though there is no room above it. This is
achieved by adding a fourth virtual room, used only
for generating windows in the room below. Fig 1a,
1b, and 1c shows three parametric variants of of this
building, each with different offsets. Seven parameters are required to control the offset and the rotation of the overall building.
In order to provide some kind of context, a
simple environment has been created, consisting of
a set of urban blocks. Each urban block has a different height, thereby creating varied shading affects
from different orientations. (See Fig 1d.) Within this
site, the building can be orientated in any direction.
The Houdini network
Varying any of the seven parameters can have a significant impact on the performance of the design, in
terms of both daylighting and energy consumption.

Fig. 1.
(a) (b) (c) Three design variants. (d) The design in the site
context.
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In order to effectively explore the impact of parameter
changes, an IVP Houdini network has been created
that links design generation to design evaluation. The
network includes a set of sub-networks for generating
all the model polygons, for running the simulations,
and for displaying the results. Each sub-network has
a set of nodes inside. The network is shown in Fig. 2.

At the top of the network, a node is created to
store the seven parameters for generating the design
variants. These parameters are connected to various
nodes in other parts of the network via parameter
expressions. Changing any of these parameters will
trigger a new design variant to be generated, which
will trigger the Radiance and EnergyPlus simulations
to be executed. Once the simulations are complete,
the results will immediately be displayed within
Houdini, thereby giving fast feedback to the designer. In this demonstration, it takes approximately
half a minute for the network to be re-executed after
parameter changes have been made.
For generating the geometry, three sub-networks have been created. The generate_model subnetwork creates the main design model, the generate_sensors sub-network creates sensor grids within
each of the three rooms, and the generate_context
sub-network creates the neighbouring urban blocks.
As well as adding attributes, the geometry also
needs to be further manipulated so as to ensure that
the modelling rules for each simulation program
are not broken. These additional manipulations are
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performed inside the radiance_model and energyplus_model sub-networks. For Radiance, holes for
windows have to be cut into the roof polygons using boolean operators. In addition, polygon normals
have to point inwards, towards the interior of the
space. For EnergyPlus, each polygon has to be split
into sub-polygons, again using boolean operators. In
this case, polygon normals have to point outwards
towards the exterior of the space.
For running the simulations, three sub-networks have been created. The radiance_rpict subnetwork runs the Radiance simulation that produces
rendered and false-colour images for various viewpoints inside the rooms. (See Fig. 3a and 3b.) The
images give an understanding of how light enters
the room through the window slots in the ceiling.
The radiance_rtrace sub-network runs the Radiance
simulation that calculates daylight levels at the sensor grids within each of the three rooms. The simulations were run using an overcast sky. The data that is
generated can be used to asses the design’s overall
performance in terms of daylighting. The energyplus
sub-network runs the EnergyPlus simulation that
calculates the total energy transfer for the building,
and the total insolation for each surface. Three zones
are created, and each zone is assigned an HVAC ideal
load air system. The cooling and heating set point
temperatures have been set at 25 degrees and 18
degrees respectively. The data that is generated can
be used to asses the design’s overall performance in
terms of energy consumption.

Fig 2 (left)
Network for generating and
evaluating design variants.
The nodes shown in this
network are container nodes
that each contain another
network to perform a specific
task. (left)

Fig 3 (right)
Simulation results for one
design variant. (a) Rendering
of interior space created
using Radiance (rpict). (b)
False colour image of interior
space created using Radiance
(rpict). (c) Energy transfer
through each model surface
calculated using EnergyPlus.
(d) Daylight levels calculated
using Radiance (rtrace).
(right)

For displaying results within Houdini, two subnetworks have been created. In the display_daylight
sub-network, the results generated by Radiance
rtrace are transferred back to the points in the sensor grid, and are stored as attribute values. These values are then visualised by colouring the sensor grid.
(See Fig. 3d.) In the display_energy sub-network,
the results generated by EnergyPlus are transferred
back to the polygons in the design model and are
again stored as attribute values. The insolation data
is visualised by colouring the polygons, and the total
energy transfer is displayed as text. (See Fig. 3c.)
Finally, the write_results_to_file sub-network
has been created for writing simulation results to a
csv file. This sub-network can be used together with
Houdini’s animation tools in order to automatically
simulate a whole sequence of design variants. This is
referred to as parameter sweeping.
Parameter sweeping
Parameter sweeping involves developing a set of design variants by incrementing one parameter while
keeping all other parameters constant. The variants
are then all evaluated in order to understand how
performance varies as the chosen parameter is ‘swept’
from its minimum value to its maximum value.
Fig 4.
Graphs showing how Total
Energy Transfer and Average
Illuminance change as the
orientation parameter is
incremented from 0 to 360
degrees.

In the case study, parameter sweeping can be
demonstrated using the rotation parameter. For
the offset parameters, fixed values first need to be
set. The animation can then be run for a total of 72
frames, and at each frame, the rotation parameter
is incremented by 5 degrees. The modified parameter triggers the generation of a new design variant,

which in turn triggers the Radiance and EnergyPlus
simulations. The results from the simulations are
then appended to the results csv file. At the end of
the animation, the csv file will contain the results
for all design variants. Two graphs can then be plotted. (See Fig. 4.) The first graph plots the orientation
parameter against the average daylight level, and
the second graph plots the orientation parameter
against the total energy transfer.

CONCLUSIONS
The research has demonstrated the feasibility of using VDM to support an IVP design approach. The proposed design environment overcomes the two key
hurdles identified at the start of this paper. First, the
use of VDM tools such as Houdini allow users to create sophisticated design development and design
evaluation procedures. Second, the use of custom
nodes allows interoperability issues with simulation
software such as Radiance and EnergyPlus to be successfully overcome.
Future research will focus on developing custom nodes for a wider range of simulation programs.
In particular, we are interested in structural simulations and airflow simulations.

REFERENCES
Kolarevic, B and Malkawi, A 2005, Operative Performativity (panel discussion), in Performative
architecture: beyond instrumentality, New York :
Spon Press, 2005, pp.239-246.
Eastman, C, Teicholz, P Sacks, R, and Liston, K 2008,
BIM Handbook Published, Wiley 2008
Coenders, JL 2007, Interfacing between parametric associative and structural software, in Proceedings of the 4th International Conference on
Structural and Construction Engineering,. Xie M,
Patnaikuni I (eds.) Melbourne, Australia, 26-28
September .
Garber, R. (ed.) 2009, Closing the Gap: Information
Models in Contemporary Design Practice, Volume 79, Issue 2 of Architectural Design, John
Wiley & Sons
Design Tool Development - eCAADe 29

259

Hensel, M and Menges, A 2009, Patterns in Performance-Orientated Design, in Architectural Design, Vol 79, No 6 (November/December 2009),
pp. 88 to 93.
Janssen, PHT 2004, A design method and a computational architecture for generating and evolving
building designs. Doctoral dissertation, School
of Design Hong Kong Polytechnic University
(October 2004).
Janssen, PHT and Chen, KW 2011, Visual Dataflow
Modelling: A Comparison of Three Systems, in
Proceedings of the CAAD Futures ‘11, (to be published).
Lagios, K, Niemasz, J, and Reinhart, CF 2010, Animated Building Performance Simulation (ABPS)
– Linking Rhinoceros/Grasshopper with Radiance/Daysim, in Proceedings of SimBuild 2010.
Maver, TW 1970, Appraisal in the Building Design
Process, in Moore G T ed, Emerging Methods in
Environmental Design and Planning, MIT Press,
1970.
Maver, TW 1972, PACE: An Interactive Package for
Building Design Appraisal, in Proceedings of
On-Line 72, Brunel, 1972
Maver, TW 1998, Prospects for CAAD: An optimistic
perspective, in II Seminario Iberoamericano de
Grafico Digital [SIGRADI], Mar del Plata, Argentina, pp. 6-13.
Woodbury, R 2010, Elements of Parametric Design,
Routledge, NY.

260

eCAADe 29 - Design Tool Development

Artist Residency at The Roman Baths, 				
Bath Heritage Services UK
Mapping multidimensional perception experiences
Mathew Emmett1, Anke Tiggemann2, Katharina König3
University of Plymouth, UK. 2,3Hochschule Ostwestfalen-Lippe, University of Applied
Sciences, Detmolder Schule für Architektur und Innenarchitektur
1
http://mathewemmett.com, 2,3 http://www.hs-owl.de/fb1
1
mathew.emmett@plymouth.ac.uk, 2anke.tiggemann@hs-owl.de,
3
katharina.koenig@hs-owl.de

1

Abstract. The emergent research project explores mediated realities and mnemonic structures
by examining the modality of performative engagement through raumfindung (felt-presence),
in an attempt to originate composition strategies and ordination opportunities for the
creation of ‘amplified somatosensory environments’. The research promotes a synergistic
relationship between space, time and perception, and throughout the investigation, the paper
aims to advance a theory of PhaseSpace, a theoretical model for exploring the polarity of
estrangement and niche environments. The project is an international collaboration between
Estranged Space, a spatiodynamic research group co-founded by Mathew Emmett and
PerceptionLab from Detmolder Schule für Architektur und Innenarchitektur, Germany.
Keywords. PhaseSpace; coaction; somatosensory; niche; interaction.

INTRODUCTION
Artist Residency at the Roman Bath
The Artist Residency at Bath explores mnemonic
structures, mediated environments and spatial perception through the lens of transdisciplinary architectural practice. The research aims to generate ‘coemergent’ patterns of space-time flux relationships
and orchestrates spatially complex and dynamically
challenging movements, relative to three or more dimensions, as a result of somatosensory composition.
By focusing on sensory triggers and behavioural

cues, the project examines architectural space as a
set of stimulus - response - stimulus relationships,
and explores the dialogue between environmental
pressures and sensory inputs, and in particular focuses on perception feedback systems in the generation
of cognitive distortions, thereby challenging spaceblindness and static object notions of architecture.
A principal aim for the residency project at Bath
is to expand the scope of aesthetic value within a
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series of underground passageways and residual
voids, immediately adjacent to the main baths of the
Roman Baths – a major tourist attraction visited by
840,000 people a year, and the UK’s 9th most popular
paid-for tourist venue. These hidden spaces are not
accessible for visitors, yet within these vaulted structures, there lies a concealed wealth of uncurated Roman artifacts and archeology.
The constructive ideology of the project is
underpinned by a causal hypothesis, where the
nature of the enquiry seeks to provide insights
through the interaction of emergent architectural
ideas and experiences in analysing and composing ‘co-emergent’ cause-effect relationships within the theoretical model of PhaseSpace, an exteriorisation of the bi-directional exchange, marking
a fused participation between agent and environment, whereby the environment exerts ‘ecological
pressures’ on the amorphous flow of information,
precipitating in extrasensory perception, giving
rise to trans-temporal effects, feeding back into
the construction of niche environments. The hypothesis of PhaseSpace attempts to bridge the
divide between humans and architectural space
via mediated environments and interactive technologies and proposes a two-way theory, placing
value in the interconnection between flow and
exchange, making explicit the continuity of consciousness through time and space.
The residency aims to highlight the importance of these forgotten spaces as integral and legitimate structures, although divorced from their
intended purpose and era. The project proposes an
interdisciplinary methodology aimed at evolving a
new type of reading, a praxis that blends the rigour
and criticality of scientific experimentation with the
creative enquiry of site-specific and multi media art
practice. The residency seeks to reveal an unheard
voice, a palimpsest, a co-evolving narrative. Set
against this background of forensic-styled profiling
and digital amplification techniques, the project
further investigates the palpable tension of estrangement and endeavours to conceptualise the
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vaults by typologising the space as an environment
‘eschew’, divorced and set apart from the adjacent
world, and by focusing on the cues and trigger elements that exert a site force, the work attempts to
externalise the cognitive pressures to access the
inner workings of the relationship between perception, body and space, thereby heightening the
relational space-engagement by exploring the dimensions of affective architectures presented at
the Roman Baths.
The project at the Roman Bath Baths is part of
an interdisciplinary, international collaboration set up
by Estranged Space a tripartite research group at the
University of Plymouth, University West of England,
and PerceptionLab a research platform at Detmolder
Schule für Architektur und Innenarchitektur, Germany.
Figure 1
Great Bath

Figure 2
Auxiliary mapping notation

Parties
Estranged Space is a research group specialising
in multi-disciplinary methodologies crossing the
boundaries of architecture, archeology, art and science, by using a range of processes including digital scanning, photography, video, sound recording,
and forensic/biological science profiling techniques.
The group is interested in spaces, which have been
forgotten and abandoned like service tunnels, access and distribution networks, ancient vaults, mines
… Spaces which are by-and-large uninhabited, designed but unused or little used, or off-limits.
Estranged Space tries to understand these
spaces as having an aesthetic value and cultural
meaning, they don’t change them; rather, they
amplify the latent value within them. Outputs are
site-specific architectural interventions, whereby
each project utilises a variety of multi media techniques specifically charged with an operative dialogue, tracing the hidden and interpreting meaning. Interactive technologies, sound and timebased media are explored in conjunction with
architectural and perception based research. The
experiential attributes of space and consciousness
are examined through critical engagement, leading to a database of calibrated recordings, identifying the transitions of exchange.
The PerceptionLab is a research and teaching instrument that focuses on the atmospheric
impact of space in real and virtual environments.
Since there are many parameters to describe atmosphere – proportions, material, light ... – and
many different ways to perceive such a complex
subject, atmospheric design derives generally by
subjective intuition and experience – rarely based
on objective parameters and scientific knowledge.
The PerceptionLab tries to fill this gap between
subjectivity and objectivity by measuring and
evaluating impacts of space on well-being. The
purpose of this laboratory is to develop empirically ascertained knowledge in connection with
experiences from planning practice into an application-oriented toolkit for design and planning.

The impact of geometry, material, light, movement, etc. on spatial perception is researched by significant questions, which focus on one aspect of perception at a time. The PerceptionLab is a cooperative
platform of the two departments Architecture/Interior Design and Media Production. In this context
a wide range of human perceptions levels – visual,
auditory, kinaesthetic, olfactory, and gustatory – can
be examined. The research in this field is conducted
by using the following tools and instruments in various case studies.
•• SpaceLab: realization of design concepts in
scale 1:1;
•• Powerwall: virtual 3d-scenarios based on stereoscopic projections;
•• Eye tracking system: analysis and evaluation of
visual perception;
•• Biofeedback-System: survey of physiological
data:
•• Light laboratory: analysis and evaluation of
lightning-concepts.
Technologies
The examination of the perceptional experience in
the vaults is based namely on three methods:
•• eye tracking device: visual perception;
•• bio-feedback system: physiological reaction;
•• auxiliary mapping notation: matrix of spatial
frisson.
The eye tracking system is able to record eye
movements of a subject, which can then be evaluated on different issues. In this examination it is
used to analyse the spatial perception and orientation as well as user behaviour. The mobile system (iViewX ™ HED by SMI), which allows the free
movement in space, consists of a recording device
that absorbs the movements of the eye relative
to the head and associated computer software,
which analyzes the incoming data and presents. A
helmet, on which the two cameras are mounted,
is fixed on the proband´s head. A scene camera
records a video that matches the field of view of
Design Tool Development - eCAADe 29
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the subject, while an infrared cover camera records the eyes. The video images are analysed by
using an image processing software in relation
to the movement of the pupil: its view position is
determined and brought into conformity with the
scene video.
With the biofeedback system and the corresponding software different physiological /biometrical data can be recorded and analysed at a time from
one subject. It can measure temperature and conductance of the skin, respiratory frequency and volume, heart frequency and rhythm and muscle tension. The system can be used to measure the complex physiological impact of space on a proband.
The auxiliary mapping notation, is a system
designed by Emmett, to investigate the dynamics
of spatial orientation of ‘felt space’, and examines
the experiential factors categorised as ‘site force’.
The mapping process vectorises the connections
between situation-dependant experiences and the
physical/topological qualities of the site, generating
a coordinate matrix, which charts the cause and effects of spatial frisson, where the measurable intersects with the non-measurable, accentuating the
dynamic nature of the inter-space between space
and the agent.

CASE STUDY
Starting point
Sixteen probands from with a variety of professional
backgrounds including architectural and non-architecturally related professions, separately explore an
interactive environment within the vaults, during
which the three perception-methodologies are deployed to record perceptual experiences. The eye
tracking and biofeedback systems are used during
the experiment; whilst the auxiliary perception mapping system is used directly after the event to analyse the proband’s memory of the choreographed
space-event.
After installing the eye tracking and biofeedback systems, the probands are escorted to the
‘tuned’ environment, where the experiments are
taped and timed against cued trigger marks, enabling the results to be measured, comparable,
and to situate the experiments within a defined
space and time frame. All the technology is calibrated to both record changes in spatial perception, for example change in lighting, temperature,
humidity and proximity transitions in respect to
the vaults architectural geometries; further, to
incite changes via a feedback loop established
Figure 3 (left)
Eye tracking system

Figure 4 (right)
Auxiliary mapping notation
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within the Max/MSP software, to test whether
abruptly triggered audiovisual space-events elicit
distortions in spatial cognition.
The project is split into two main phases: firstly
the examination of the existing vaults, followed by
the manipulation of the perceptual experience by inserting mediated ‘trigger’ instruments, via the interactive audiovisual ‘simulated apertures’, that modify
the spatial profile of the vaults, thereby providing
data for the analysis of space consciousness before,
during and after the choreographed event.
Within the project, perceptual experiences are
examined on multidimensional levels to measure
the impact of space on the human body, both physically and psychologically, to gain understanding on
how people perceive space. The probands are asked
to record their experiences on how the atmosphere
within the vaults has an impact on them, and are
further questioned about the ‘estranged’ effect of
being present within a tenseless place, a space devoid of a known narrative, to question the causation
of a sense of uncertainty. The project utilises a space
as being ‘set apart’ from the adjacent world, specifically to question the creation of non-ordinary realities, which are further magnified by the interactivity
and jolting permutations of spatial distortions. These
controlled conditions, aide the elimination of innumerous spatial distractions and provide a focused
arena for the examination on how people directly
respond to space and environmental characteristics.

Methodology
A somastosensory environment is a responsive environment that uses interactive technologies to create amplified forms of experience through physical
and cognitive manipulations, triggering a hypervigilant sense of spatial awareness. The project employs movement and depth sensors via HCI (Human
Computer Interaction) that enables the inhabitants
to reconfigure the enveloping multimedia environment. These unfolding durations of cognitive distortions and phase shifts, are processed in real time via
the Eye tracking and Biofeedback technology, which
in turn are exteriorised and projected back into the
space via the Max/MSP software. The performativity of the work enables participatory feedback to
influence the environmental conditions and aims to
demonstrate a co-emergent PhaseSpace that generates a virtuality space (McLuhan, 1969), by blending
two simultaneous worlds, the incorporeal dimension
together with the external environment, spawning
combinational permutations through interaction
transposed through ‘phases’ of immersive moments.
In order to trigger phase-shifts of spatial consciousness an event scheme for inciting cognitive
distortions has to be designed. This concentrates
the production of an ordination database, calibrated to articulate the interrelationship between
the body, mind and serial perceptual experiences.
In particular the exteroceptive and interoceptive
incidents are mapped against a pentatonic milieu

Figure 5
During an examination
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of perceptual and physical experiences. This matrix
describes a diverse group of spatial phenomena
and potential methods for manipulating them, this
is called the perception-centered notation matrix.
This framework operationalises a system behavioural cues called ‘action pressures’, and when articulated through a sonification and light augmentation
process, the resulting interactive installation elicits
complex and disorientating forces charging the environment with a polarity of automatic and attentive
recognition cues, triggering cognitive distortions enveloped within the Sphere of Influence.
The project utilises a series of qualitive and
quantitive research methodologies, including the
architectural interpretation of the event scores of
the contemporary composer Karlheinz Stockhausen
(1928–2007). Stockhausen explored musical ideas in
space in parallel with notions of ‘heterophony’ as defined by Stockhausen in his collected Lectures and
Interviews:
“It’s still a melody, but also a heterophony: ‘hetero’ means many, ‘phony’ means sounding together” (Stockhausen, 1971, p.65).

Stockhausen’s serialism music theory is examined here as a theoretical framework to generate a
design ordination schema or ‘meta-compositional
matrix’ (Bandur, 2001). By exploring Stockhausen’s
music a technique is revealed for mediating audiovisual dynamics of immersive environments, that is,
the use of ‘moments’ to articulate dynamic phaseevents. ‘MOMENTE’ which Stockhausen started in
1961 uses this formal technique, with the aim of inducing the impression of movement within a sonic
space. This technique is interpreted at Bath to incite
a disjunctive gestalt, which amplifies the durational
experience of sensory space as continual process,
thereby accelerating spatial perception.
One of the major objectives of the project is to
extend the conceptual terrain of architecture, fusing design, process and interdisciplinary methodologies into an activity of agency and emergence.
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A crucial element is the generation of new spatial
experiences, by deconstructing, analysing and
exploring spatial reality in innovative ways. As
a result, the residency situates space as the ‘unit
of analysis’ and investigates the causal exchange
as a mechanism to extend the philosophical terrain of architecture. By questioning how ’causeeffect-design-affect’ models of research can be
synthesised into architectural practice - an architecture described in terms of a typology of practice, chartered through moments of transitions,
the residency at Bath acts as a problem statement
facilitating a research strategy that positions itself
as a tool to interrogate the spatial nature of signal
transduction, and intensifies the interpretation of
space as a ‘force-field’. Architectural dimension are
thus extended through the elucidation of space,
an architecture of signals and receivers, triggering
moments of transitions - through which we move
and experience the co-emergence of space. This is
a philosophical act that is more closely attuned to
the dynamical serial-experience of PhaseSpace.
Goal
The project aims to develop a process-orientated
methodology and critical tool-set to explore, analyse and interpret these forgotten subterranean
spaces. The project aims to explore the manipulation of perceptual experience by inserting virtual
‘trigger’ instruments that enhance, magnify and
shift the multidimensionality of the spatial profile.
The project extracts new meanings from the site
and identifies new interpretations of architectural
space from a series of underground vaults adjacent
to the main Roman baths, which up to now performs an uncurated storage and access facility, and
yet these spaces offers a unique opportunities and
intriguing material, highlighting the importance of
studying spatial perception in extreme situations,
for the Bath vaults, due to their physicality, atmospheric presence, historical resonance, scale and
immediateness to the body, exert intense conditions on ones emotions.

Figure 6
Screenshot Max/MSP

Figure 7
Installation ‘Vection’

Process
The project investigates emerging techniques of
mediated environments and aims to identify new
possibilities for the integration of multi media
technologies within the architectural platform, by
blending an intensive design studio culture with
theory, research and practice. The core software
used within the project is Max/MSP, and due to its
accessible interface architecture, allows specifically
configured ‘patches’ to process the audiovisual interaction with real time processing. The project uses
ambient sound recordings, taken from the vaults at
Bath, together with ‘projected artificial apertures’
processed in Max, to provide the ‘signal transduction’ for inciting interaction, causing the conflation
of interior and exterior spaces. The data that processed the sound and visual system uses Human
Computer Interaction (HCI), with the depth location
sensor coming from a ‘prepared’ Microsoft Kinect
sensor. This sensor created an immersive and interactive experience, as everything takes place in real
space and time, which means that the software directly responds to human interaction, further, makes
responses through sonic and image modulation.
Human interaction is triggered by and responds to
audiovisual stimuli, which in turn is projected back
into the space via the software. Essentially the software is tuned to the vaults at Bath, as the audiovisual projections were calibrated to operate within
the specified zone, giving rise to a ‘coaction field’
(Terashima, 2001). By engaging the Eye tracking
and Biofeedback technologies, a feedback loop is
enabled, and provides the means for exteriosing the
embodied space, thus triggering conflation.
The project uses interactive media and a generative ordination systems to evoke experiential
planes of an amplified somatosensory environments,
whereby the architectural space at the Bath vaults are
digitally manipulated to exert a visceral perceptual
dimension engineered to incite transformation of the
agents consciousness, giving rise to the condition of
PhaseSpace. This application intensifies the research
into situated cognition and challenges conventional

methodologies of architectural design.

Results
The three examination methods generate different
results:
•• The eye tracking system creates a video scene
in which the exact view direction is shown
with a cross hair and which is the pursuit of
the exact path of the proband sight during its
operation.
•• Each biofeedback recording generates a gradient, the recorded results can be merged to arbitrary time units to create graphical images of
the examined parameters – for example mean
value per time unit, number of amplitudes per
time unit and amplitude level per time unit.
•• By means of the auxiliary mapping notation,
unconscious forms of perception can be verified and brought into consciousness by notation. The mapping serves as a diagrammatic
questionnaire, which resembles a complex floor
ground and contains all ranges of human spaDesign Tool Development - eCAADe 29
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tial perceptions levels – visual, auditory, kinaesthetic, olfactory, gustatory. The act of recording
a ‘site force’, forces the ‘observer’ into objectifying the target & rendering the evidence as data,
transcribing unconscious forms of perception
into consciousness.
The PhaseSpace theory presented here is used
as a vehicle to explore psychogenic architecture and
examines the role of the body in negotiating sensory
environments and mediated space. The body is considered here in the theoretical and critical development of the project, as a site in itself, an interface
for interaction, an ego-loci for emergent dialogical
experiences to be revealed, interpreted and possible
recompiling opportunities.

CONCLUSION
By putting the nature of ‘felt-space’ to question the
project aims to enhance our perception of spatial
encounters and compile a language through systematic testing of complex organisational strategies the properties of spatial experience, to expand
a more broader, deeper and fuller sense of space as
a primer for a higher development of architecture.
The primers for this research are to increase awareness of space, with enhanced intention on our
interactions between the externally orientated realities and the inner realms of perceptual cognition,
and through this negotiation create the potential
for thinking differently about constructing spaces
in a creative arena.
By reinterpreting spatialism through the sensory input of transient states of causality , the work
considers the philosophical issues surrounding
the manipulation of the physical & psychological characteristics of our encounters with space.
In particular to focus on the agents’ behaviour
modification perceived connection between and
the spatio-temporal effects experienced through
somatosensory amplification, whereby the agents’
heightened awareness or rather hyper vigilance of
space is experienced, inducing a changed state of
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consciousness or facilitating. Thereby dismantling
the nature, rules and conditions of how space is
perceived, provides a shift of perspective for reframing architecture to encompass the total-environment of multi sensorial stimuli, attentive to the
spatio-temporal experience, thereby extending the
morphological qualities of space, in particular accentuating the visceral experience of spatial perception through design.

OUTLOOK
In addition to a detailed publication an exhibition is
planned to illustrate at one hand the results of examination and modification and at other hand the
cross-functional, cross-border cooperation.
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Abstract. In this paper, we will stress the importance of usability as a key quality
characteristic for the Computer Aided Architectural Design (CAAD) software prototypes.
We claim that usability evaluation practices can assist the integration of human factors and
the accommodation of local differences. These practices are not solely limited to interface
tests, but they can also provide valuable information on the possible added values of
CAAD software prototypes, increase the overall product quality and thus contribute to the
sustainable development of the CAAD research field.
In this context, we aim to initiate a constructive discussion on this topic by reviewing various
usability frameworks and highlighting possible opportunities and challenges of applicable
evaluation methods. Consequent to this discussion, we will elaborate on our recent findings
relating to the reliability and effectiveness of particular evaluation methods applied to a webbased geographic virtual environment prototype.
In conclusion, we will introduce a new “design usability” framework that is suitable
for CAAD software development; which suggests a variety of design usability quality
characteristics, cost-effective evaluation methods and possible influence factors in the
evaluation process.
Keywords. Usability; Quality in Use; Evaluation; CAAD Software Development; Human Factors.

INTRODUCTION
Fifteen years ago, in his seminal paper “CAAD’s Seven
Deadly Sins”, professor Tom Maver (1995) presented
a critical view on the direction of research and development in CAAD. He introduced seven topics of
criticism: overestimating the short term impacts and
underestimating the longer term impacts (macromyopia), re-visiting ideas (déjà vu), absence of a core

research discipline (xenophilia), discarding fitness-forpurpose, cost-effectiveness and environmental sustainability (unsustainability), generation of hypotheses
without rudimentary testing (failure to validate), failure to criticize and finally, insufficient investigation of
usability and functionality in teaching or practice (failure to evaluate).
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Since then, CAAD research has made significant
progress. The last decade has witnessed a widespread use of scripting languages, open source
software and application programming interfaces
followed by an admirable number of researchers
who developed, shared, tested and implemented
new CAAD tools. Quite often, these tools have been
evaluated and presented together with novel design
products in the form of case studies as “proofs of
concepts”. These studies are essential because they
demonstrate the utility of the tools by offering visible evidence related to the integration of experimental CAAD research into design practices and/or
the profession. Thus, they inspire future studies.
On the other hand, evaluation of usability still
remains a difficult and ill-defined topic, especially
when it comes to the experimental CAAD tools and
design environments.

USABILITY AND QUALITY IN USE CHARACTERISTICS IN VARIOUS QUALITY
FRAMEWORKS AND MODELS
In this section, we will critically review and compare
definitions of usability characteristics in various
frameworks with the purpose of initiating a discussion on the applicability of these definitions to the
CAAD field.
Our comprehensive literature study on usability points out to an inflation of definitions
and methods proposed for software usability

evaluation. Authorities such as the International
Standards Organization (ISO) issued more than
50 standards related to software usability and
Human Computer Interaction (HCI) (Bevan, 2006).
Various other descriptive theoretical usability
frameworks were also suggested by Nielsen and
Mack (1994), Norman (2004), Davis et al. (1989),
Venkatesh et al. (2003).
To begin with, HCI-related ISO standards are
primarily shaped around four topics: quality in use,
product quality, process quality and organizational
capability. Concerning the usability evaluation of
CAAD software prototypes, “quality in use” stands
out as the most relevant quality characteristic described in ISO/IEC 25000 Series (2006).
In this framework (Figure 1), quality in use is defined as “the extent to which a product can be used
by specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified
context of use” (ISO/IEC 25062, 2006).
Besides the international standards organizations, Jakob Nielsen is a leading figure who has
produced a significant number of publications
on usability evaluation and engineering. In 1994,
Nielsen and Mack proposed “a framework of system
acceptability” to describe a complete set of quality
characteristics (Figure 2). They defined five different
usability attributes: learnability, use efficiency, memorability, freedom from errors and subjective pleasantness. The “system acceptability” in Nielsen and
Figure 1
A concept map (created
by the authors) illustrating the Quality in Use
Characteristics in ISO/
IEC 25000 Series Software
Product Quality Requirements
and Evaluation Standards.
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Mack’s (1994) framework can be compared to “quality in the software life cycle” (ISO 25000 Series, 2006),
whereas “practical acceptability” and “utility characteristics” contain similar topics as “product quality” in
ISO 25000 Series. Overall, it would not be wrong to
state that these two frameworks are complementary
in their interpretation of usability.
In Nielsen and Mack’s framework, subjective
pleasantness refers directly to user attitudes and satisfaction. It is suggested to be measured by post-task
satisfaction surveys. The usability attribute efficiency
is similar to productivity in ISO 25000 Series and described as “the time required to accomplish the designated tasks” whereas memorability refers to the
efficiency of the casual users that are away from the
system for a specified amount of time (Table 1).
Learnability is related to the time needed for
the users to perform the required number of tasks
(the required number of tasks is a threshold value
determined by the evaluators). Nielsen and Mack’s
Figure 2
The framework of system
acceptability quality characteristics (Nielsen and Mack,
1994)

Table 1
Comparison of ISO
25000 “Quality in Use
Characteristics” and Nielsen
and Mack’s (1994) “Usability
Attributes”.

(1994) final attribute error is defined as any action
that does not reach the desired goal. The system’s
error rate is calculated by counting the number of
such actions made by users while performing the
designated tasks.
There are various other incomparable usability
frameworks that introduce different quality characteristics with different scopes. For instance, in the
User Experience Model (UX), Norman (2004) asserts
emotions and aesthetics as separate (but dependent)
quality characteristics besides utility and usability.
On the other hand, the “Technology Acceptance
Model” by Davis et al. (1989) suggests perceived usefulness as primary indicators for system usability. The
“system usability” in this framework refers to acceptance and use. It is interpreted as a behavior that is
predicted rather than observed.
In the extended version of this theory, the “Unified Theory of Acceptance and Use of Technology”
Venkatesh et al. (2003) included performance expectancy, effort expectancy, social influence, facilitating
conditions, voluntariness of use, gender, age and
experience to these criteria (Figure 3). This theory is
important because it stresses the possible influences
of the social, individual and facilitating factors on
system usability.
This is in line with the ACCOLADE project (2001)
where it was found that social and behavioral factors
are utterly important when using software for collaborative action.

ISO 25000 Series
“Quality in Use Characteristics”

Nielsen and Mack’s (1994) framework
“Usability Attributes”

User Satisfaction

Subjective Pleasantness

Efficiency

Efficiency of use

No direct equivalence

Memorability
Memorability is the change in efficiency
after the casual users are away
from the system for some time

Effectiveness
Task completion rates by time,
freedom from errors, learnability,
number of assists…

No direct equivalence
~Learnability
~Freedom from errors
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Based on the theories and models on usability
and quality in use characteristics reviewed above, it
is possible to construct specific measures and metrics applicable in CAAD software development and
evaluate them using a variety of methods. In the following topic, we will discuss the opportunities and
challenges of these methods.

USABILITY OF USABILITY EVALUATION
METHODS FOR THE DEVELOPMENT OF
CAAD TOOLS AND ENVIRONMENTS: OPPORTUNITIES AND CHALLENGES
A comprehensive literature review reveals that there
is a variety of usability evaluation methods. Each of
these methods provides valuable opportunities but
also present challenges for usability evaluation (Table
2). Moreover, some of these methods may be considered as more suitable to be utilized in the early stages
of CAAD software development -especially in the academic field- as they are relatively easy to conduct, efficient, effective and reliable; thus satisfactory.
To begin with, task observation is an effective
method for evaluating how well the software facilitates
users to accomplish a number of tasks. In this method,
the evaluators choose around ten vital tasks to be

completed by the representative users. These tasks are
then given to the users in a preferably controlled space
(such as a fixed laboratory or a conference room) and
they are observed by the evaluator and/or a video camera. The evaluator times and records the specific indicators either during the test or after the test.
This method can be performed with a limited
number of participants. In an experimental study,
Lewis (1994) found that only eight evaluators are
sufficient to detect 95% of the problems with an individual detection rate of 0.45. In this context, task
analysis is an easy-to-use method for evaluating the
user and software performance, observing how the
interactions are related to the relevant tasks and prioritizing possible functionalities.
Logging users’ interactions is another effective usability evaluation method. The strength of
this method comes from the fact that it can be applied to a large number of actual users (although
analyzing them may take some time). In this sense,
through logging, it is possible to find usability issues which cannot be revealed through observation. Moreover, use logs are valuable sources especially when combined with task observations and
other collected data.
Figure 3
Unified Theory of Acceptance
and Use of Technology
(Venkatesh et al, 2003) based
on (Davis et al., 1989).
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Questionnaires and surveys can be utilized for
various purposes related to usability (ISO/IEC 25062,
2006). A common practice is the user satisfaction assessment. In the last thirty years, numerous user satisfaction questionnaires are developed and tested by
established researchers. Most of these questionnaires
are well-documented and publicly available. Therefore, conducting such studies is not so difficult. In addition, questionnaires are efficient tools for collecting
information on user characteristics; which is essential
for profiling the users and determining the possible
influence factors. Furthermore, questionnaires can
be conducted online, saving plenty of resources and
making this method even more cost-effective.
Interviewing is another beneficial method which
is often used as a follow-up measurement tool in
combination with other methods (Shuy et al., 2001).
When performed rigorously, interviews are useful
Table 2
Opportunities and challenges of usability evaluation
methods; based on (Nielsen
and Mack, 1994), (ISO/IEC
25062, 2006), (Shneiderman
and Plaisant, 2005), Usability
Body of Knowledge [1].

for collecting information on users’ experiences and
ideas. In particular, follow-up interviews are highly
complementary with task observation and questionnaire methods. However, this method can be very
time-consuming especially when conducted with a
high number of users.
Focus group studies are moderated roundtable
discussions that are conducted with carefully selected participants to collect information on their
ideas and experiences. They are useful for obtaining
various perspectives on use case scenarios, functionalities and the design of the interfaces. In this sense,
focus group discussions are valuable in the exploratory stages of CAAD software development; but
leading the group in an efficient way and keeping
the discussion on track or “focused” is a challenging
task. Through these methods, it is possible to obtain
high quality feedback in a limited period of time.

Method

Opportunities

Challenges

Task Observation

Evaluates the extent to which the software facilitates users to accomplish their tasks

Sensitive to user profiles, requires careful setup
and task definition

Logging use

Provides a valuable data record of the real use
and interfaces; powerful when combined with
the content

Possible decrease in efficiency and issues related to privacy may arise in certain cases

Questionnaires

Measures users’ attitude towards the software

Bias should be minimized in the design

Interviews

Powerful as a follow-up tool; valuable for understanding user experiences

Provides incomparable information; possible
interference with the outcomes

Focus groups

Obtaining various perspectives; valuable in the
exploratory stages

Requires efficient moderation; hard to keep a
focus

Ethnography

Allows long-term information collection in a
natural setting

Time and resource consuming; high observer
bias involved

Cultural Probes

Reveals cultural aspects and values

Based on self reports; difficult to interpret

Think-aloud method

Reveals users’ thinking processes, misconceptions can be identified, provides comparable
data

Negative effects on efficiency and performance;
takes long time to analyze

Eye Tracking

Provides objective, accurate, visual and timebased data on interface use

It is difficult to infer causality between the collected data and usability problems

Evaluation

Can be used in the early development phase,
formative and summative evaluation

Based on an expert user model, not real users;
predicts mostly quantitative measures

Inspection: Heuristic Evaluation and Walkthroughs

When applied prior to other methods, it can reduce the number of user errors

Fails to include real users; relies on expert
knowledge; can possibly hinder innovation and
creativity

Model Based
(KLM/ GOMS)
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In contrast, we can reference various other
methods that are valuable but not so cost-effective
in early CAAD software prototype development.
Among those are ethnography and cultural probes
which require long-term commitment from the users (Gaver et al., 1999). Overall, these two methods
give high quality results but these are only suggested when the CAAD software developers have
enough time and resources to execute them.
Similarly, think-aloud is a reliable but not so
cost-effective research method. It can provide critical insight into the users’ thinking processes (Ericsson and Simon, 1993) and help evaluators to identify
misconceptions.
On the other hand, it takes a lot of effort and
time to make a pilot study, design the experiment
and build a coding scheme, conduct the real experiment, transcribe, segment and codify the verbalizations and perform statistical analysis.
Eye tracking is another valuable usability evaluation method that provides accurate and timebased data on interface use (Nielsen and Pernice,
2010). However, it is difficult to infer causality between the data collected from the experiments
and usability problems. Furthermore, sophisticated
equipment, software, and training are required to
conduct eye tracking experiments; which makes
this method expensive.
In the future, eye tracking is expected to become more affordable and accessible as eye tracking equipment and technologies are developed
further which may increase the cost effectiveness
of this method.
Goals, Operators, Methods, and Selection rules
(GOMS) and Keystroke Level Modeling (KLM) are predictive methods based on the human information
processor model for human computer interaction
observation (Card et al., 1983). Relying on expert
user models (not real users), these methods estimate metrics such as the time required to learn
the system use and execute specific tasks. In this
context, they can be highly usable for developing interfaces for users (such as pilots) who meet
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certain physical and mental requirements and follow guidelines to execute defined tasks. In contrast, the profiles of architectural designers are
highly heterogeneous which makes their performance difficult to predict.
As a final topic to be reviewed, Heuristic Evaluation is a method that heavily relies on “inspector”
knowledge. This is a questionable approach to the
evaluation of CAAD software prototypes because it
insulates the users from the development process
and replaces them with highly normative heuristic
guidelines which are open to discussion.
In this sense, use of heuristic guidelines and
creative design may be contradictory because they
limit the potentials and possibilities (Burmester
and Machate, 2003). Another well-known negative
aspect of this method is that it is costly to employ
usability experts.
In conclusion, each usability evaluation method
has different flaws and limitations and they detect
different usability problems. The best practice is to
combine various evaluation methodologies to evaluate usability (ISO/IEC 25062, 2006).
Task observation, questionnaires, interviews, focus groups and logging use are efficient, effective and
reliable; thus satisfactory methods for the early development of CAAD software, even at the concept
generation stage (Pak and Verbeke, 2011). These
methods can be easily customized to fit into the
problem area, depending on the characteristics of
the software environment.

CASE STUDY: FOCUS GROUPS, QUESTIONNAIRES AND USE LOGGING AS USABILITY EVALUATION METHODS IN THE
CAAD CONTEXT
In this section, we will briefly discuss the effectiveness and reliability of various usability methods
based on the usability studies that we have recently
conducted for the evaluation of a web-based geographic virtual environment prototype; primarily
developed in the framework of a long-term research
project (Pak and Verbeke, 2011).

For evaluating the usability of this virtual environment prototype, we arranged focus group meetings, employed questionnaires for collecting user
characteristics, determining user satisfaction levels
and attitudes towards the system (task observation
studies are in progress). Moreover, we logged the users’ activities for further assessment.
Focus group meetings have significantly contributed to the early design development of our
prototype. During the two meetings conducted with
two different groups of experts, we have gained
a clear insight into their expectations. Besides being established experts, the participants were also
possible future users of the virtual environment
that we are developing. In this sense, we were able
to conceptualize numerous novel and critical ideas
about possible improvements and new features. We
believe that the characteristics of the participants
played a positive role in these meetings. Moreover,
these meetings were also useful for promotion and
social networking.
In addition to the focus group meetings, we
employed two types of questionnaires for usability
evaluation: user attitude and user satisfaction.
The user attitude questionnaire included eleven Likert scale questions related to the goals of our
study; an open-ended question for comments and
three questions related to the computer and language skills of the students. The user satisfaction
questionnaire was a standard after scenario questionnaire (ASQ) developed by Lewis (1991). Both
of these were answered online by 25 students who
used the web-based geographic virtual environment prototype for eight weeks in an international
design studio context.
Overall, both questionnaires were valuable tools
for gathering the user feedback in a formal and holistic manner. Furthermore, with the open-ended questions we were able to receive constructive criticisms.
The responses to these questionnaires effectively illustrated the (positive) attitude towards our
virtual environment prototype and (high) user satisfaction levels.

In order to test the reliability of these questionnaires, we have presented the same questions to the
same students four months later in print format. The
comparative analysis indicates a high level of correlation between the two measurements (Figure
4). These results can be considered as suggestive
evidence for the reliability of the questionnaires as
evaluation tools in CAAD context.
Logging system use was an effective method for
usability evaluation of the virtual environment prototype. We were able to record various user activities
and compare them with the results from other measurement methods. For instance, 87% of the users in
the attitude questionnaire strongly, mostly or somewhat agreed that they have actively collaborated with
each other. This result was consistent with the use logs
which indicated that 79% of the activities were collaborative (this study is also available in the proceedings
book as an individual publication by the authors).
Moreover, we have detected strong correlations
(r>.71 with 95% confidence) between user computer
skills, language skills, design studio grades and satisfaction levels; which suggests that the individual
characteristics of the users may influence the usability evaluation process.

A COMPREHENSIVE FRAMEWORK OF DESIGN USABILITY
Our observations and the comprehensive background study that we have reported in the previous
topics illustrate that usability -especially in the CAAD
field- cannot be reduced to a “software quality”. Individual characteristics of the designers and the
design context should also be taken into account as
major influence factors. With this motivation, we are
offering a novel framework for an extended understanding of usability in design (Figure 5).
In this framework, we describe design usability
as a multivariate quality emerging from the interactions between the designer, CAAD software and the
design context (“designer” in this sense does not
necessarily need to be an architect; this definition
can include all actors involved in the design process
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such as the clients and engineers).
The proposed design usability characteristics include (but are not limited to): designer satisfaction, effectiveness, efficiency, freedom from errors, learnability, memorability, use sustainability and sociability.
The first six characteristics are derived from the
ISO Standards (2006) and the framework of system
acceptability quality characteristics by Nielsen and
Mack (1994); whereas “use sustainability” and “sociability” are added as possible attributes of next generation CAAD software.
Use sustainability refers to the potential of the
CAAD software for the long-term maintenance of
the design usability for a defined group of designers, in a specified design context. Sociability can be
described as the quality of the options offered by the
CAAD software to the designers that allows them to
reflect their design progress through social networks
and receive feedback.

CONCLUSIONS AND FUTURE DIRECTIONS
In this paper, we initiated a constructive discussion on design usability evaluation by reviewing
various definitions of usability and highlighting
possible opportunities and challenges of CAADapplicable evaluation methods. Moreover, we
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reflected our recent findings relating to the reliability and effectiveness of particular evaluation
methods. As a result of this discussion, we introduced a new design usability framework that is
suitable for CAAD software prototype development; which suggests a variety of design usability
quality characteristics and possible influence factors in the evaluation process.
The framework that we have proposed in the
previous section represents design usability as a
multivariate quality emerging from the interactions
between the designer, CAAD software and the design context. We claim that design should be a sustainable and social practice, so should the CAAD
software and usability evaluation criteria be.
In this sense, the proposed framework includes
two new and essential concepts, “use sustainability”
and “sociability”. With the rapid evolution of information and communication technologies, “use sustainability” is a critical issue to be addressed. Any software
or script can ultimately become unmaintainable, inefficient, unreliable and dysfunctional in a relatively short
time period (one or two years). Ensuring use sustainability is the responsibility of the developers as well
as the design actors. Moreover, in the age of sociable
media, “sociability” emerges as an essential quality for
the future software. There are unlimited opportunities
for promoting conversation and interactions between
the parties involved in the design processes. Software
designers can make use of social networking tools and
strategies to ensure the sociability of CAAD software.
We suggest the proposed framework and
suggested evaluation methods as a basis for conducting cost-effective, easy to set-up and reliable
usability tests; which can improve the value of the
software products by accommodating local differences and integrating human factors. In our usability study (that we have presented in the preceding
section), we have observed that usability evaluation is not solely limited to interface testing, but it
can also provide valuable information on the possible added values of CAAD software prototypes
and increase the overall product quality.

Figure 4
Results of the online and print
user attitude questionnaires
for usability evaluation of a
web-based geographic virtual
environment prototype conducted with 25 students, with
four months between them
(Pak and Verbeke, 2011).

Figure 5
Design usability as a multivariate quality emerging from
the interactions between the
designer, CAAD software and
the design context.

As a future recommendation -considering the
complex and time consuming nature of the CAAD
software prototype development and evaluationwe propose to employ open-source strategies and
tools to enhance the sustainability of CAAD software.
As an example, a web based medium (or the “CUMINCAD of source code”) can be created for sharing
and collaboratively developing software prototypes
under the Creative Commons license. This environment may also be designed to provide web tools for
“community-based” or “crowdsourced” usability testing; which can assist the sustainable development of
the CAAD research field and enhance its sociability.
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Abstract. Today’s architectural design is changing rapidly through the scope of new digital
design tools (software like parametrical modelers) on the one and the use of digitally
controlled fabrication techniques (hardware like 3D CNC-milling) on the other side. However
the full intuitive and experimental potential of the software has to be accessed through
the sometimes limiting bottleneck of the traditional mouse-screen user interface although
alternative interaction methods like multi-touch became available. This paper focuses on
extending the usability and spontaneity in a common architectural design process using an
iPad as an external hardware controller.
Keywords. intuitive design tool; iPad; OSC; multi-touch; human-computer interaction.

INTRODUCTION

Figure 1
Fader-box Behringer
BCF2000 [3](left),
JazzMutant Lemur [4](right)

This paper shows the setup of an iPad with a customizable software multi-touch control-surface and
the resulting possibilities to influence the design
process in a parametric modeling environment.
Parametric modelers – in particular graphical algorithm editors like Generative Components [1] and
Grasshopper [2] – offer the ability to make fast design changes but are limited in interaction due to
the restrictions of the traditional mouse-screen userinterface. With a mouse as classical input-device the
user can only change one value at a time so it can
take long to explore the whole spectrum of results
and interdependency.
Multi-touch capable hardware controller - like
fader-boxes or rotary controller - help to overcome
the mouse-control paradigm and extend the range
of human-computer interaction in multiple degrees

of freedom (DOF). The mouse offers only two DOF
(movement along the x- and y-axis) in comparison to
a fader-box where every fader represents one DOF.
E.g. using a hardware-controller which offers eight
faders enables the user to access eight DOF at once.
Some like the Behringer BCF2000 [5] offer even visual and haptical feedback where servo-motors move
the faders and LED-rings around the knobs change
their state to match a value send from the target
device e.g. after a preset switch. These devices can
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be easily customized on software level, e.g. a fader
can be assigned to control different parameters, but
they have a fixed layout and are not designed to be
customized on hardware level like swapping the positions of a fader and a knob. The labeling is fixed and
neutral (e.g. ‘fader1’, ‘fader2’) which makes it difficult
to remember the right fader when using varying assignments. One possibility to overcome the labeling
limitation is using sticky notes.
However, a device that integrates a flexible, customizable layout/labeling and additionally touchscreen xy-pads would fit the needs of an interactive
design process much better.

music and architecture share a lot of similarities (Lemberski and Hemmerling, 2010; submission number 102
by Anke Tigggemann: Camera Musica - Compositions
in music and space), apps designed for music control
are being used in this study to enable the same level of
spontaneity and interactivity.
Figure 2
TouchOSC on iPad [9]

CUSTOMIZABLE VIRTUAL MULTI-TOUCH
INTERFACES
In 2004 a pressure sensitive and customizable music control surface named JazzMutant Lemur [6] had
been released. The price for unlimited touchpoints
functionality was still quite high - around $ 2,500 in
2006. Unfortunatley in 2010 the production stopped.
With the launch of Apples iPhone in summer 2007 an
affordable multi-touch device with visual feedback
came to the market. In contrast to other multi-touch
devices - like LCD-screens - it allows to track up to 12
touches simultaneously. The appearance of the iPad
in April 2010 widened the usability of this application due to its larger screen-size. Other manufacturers released multi-touch enabled tablet computers
with screen-sizes comparable to the iPad in the
meantime. Since the iPad is longer on the market a
larger software basis is available for it.
Since the release in 2010 over 25 million iPads has
been sold [7], the average user’s age is between 35 and
44 years [8]. The multi-touch technology enables a direct, playful and intuitive access to the computer and is
maybe a huge step after the appearance of the mouse
in the ‘80s. Currently most of the applications used on
the iPad are related to reading books, papers, watching
pictures and movies or playing interactive games. A
much more interesting, unconventional, experimental
and creative use of the multi-touch functionality happens in the field of music creation and editing. Since
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Apps like TouchOSC [10] and Control [11] feature
a customizable and thus intuitive control-surface with
(virtual) interface elements (widgets) like push/toggle
buttons, rotary knobs, faders, xy-pads and labels.
Through the touchscreen they give an immediate
visual feedback to the user about value changes on
the control device (e.g. movement of a virtual slider
on the iPad) which are concurrently sent over a wireless connection to other (target) devices where they
can be used to control parameters. Another aspect is
the bidirectional functionality available in TouchOSC
and Control allowing dataflow between the devices.
Parameter changes made on the target device (like
preset switching trough the software running there)
can be send back to the iPad to visually represent the

actual state of parameters. Individually customizable
interface layouts with labels and multiple pages can
be created to deal with different tasks.

CASE STUDY – PARAMETRIC PAVILION

Figure 3
Control layout in TouchOSC

A parametrical pavilion model has been chosen to
research and exemplify the concept of an intuitive
design tool. For the practical setup of the case study
an iPad as a controller on the one side and a standard
PC running Grasshopper (GH) as host and target
device on the other side has been defined. Data is
being send via a standard wireless connection (WiFi) between the devices using UDP (User Datagram
Protocol) and OSC (Open Source Control) messages.
The apps on the iPad - either TouchOSC or Control use their own OSC sender/receiver, inside GH a UDP
sender/receiver written by Luis Fraguada [12] (part
of the gHowl tools) links the parametric part to the
control device. A clear customized control layout has
been created which contains only the needed parameters (Fig. 3).
Both devices are identified by their unique IPaddress in the wireless network (e.g. 169.254.69.32),

the respective UDP receiver/sender by a unique
port-number (e.g. 8.000). Every widget like a fader
has also its unique ID so it can be distinguished
from the others and its value is directed to the corresponding parameter input inside GH. Faders and
knobs send single continuous values between 0 and
1, xy-pads a pair of them and buttons only binary 0
and 1 for off/on.

Figure 4
GH integration in Rhinoceros
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The whole parametric model of the pavilion
is built in GH which combines core functions like
associativity and parametrization with a clear user
friendly GUI (Graphical User Interface) and the concept of a graphical algorithm editor (Fig. 4). Components have input and output pins, are placed
on the canvas and interconnected by wires like a
growing horizontal tree-structure (Fig. 5). There is a
library of components to choose from, while every

component executes a different task referred to an
algorithm like multiplication of values or creation
of geometry. Custom components and thus functions can be either scripted in common languages
like Python [13], C#.Net and VB.Net [14] or created
by wiring existing modules. The specific order of
connections and the type of used components
define the resulting model next to the values of input parameters. Input values are fed via numerical
Figure 5
GH working area

Figure 6
UDP receiver setup in GH
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fields or through virtual sliders inside GH, in the
study setup however they can be routed to come
from the UDP-receiver component (Fig. 6).
It takes effort to build up the GH definition especially that every new project needs its own individually tailored logic. It is however clever to reuse
groups or customized components from other similar projects or from a user library. Once the definition is ready design variations can be easily made by
changing the corresponding parameters and so forcing a recomputation of the whole model.

CONCLUSION
The concept of extending the intuitive part in a parametric design process by adding a customizable
multi-touch remote control subjectively enables
a higher interactivity level during the exploration
phase in comparison to the standard mouse-screen
interface. However a double-blind comparative survey is needed to objectify the added value.
Today a mouse is preferably required during
the building phase of the GH definition, which may
change in the future when multi-touch hardware
with bigger screens will be available and multi-touch
GUIs will be more favored. Both phases - the building and exploration phase - are interdependent and
both underlay the same dynamic process of trial and
error. Changes in the definition require changes in
the parameter values and vice versa until the design
evolves into the desired direction and approaches
the objectives. The responsiveness of the setup depends on the complexity of the definition where
sophisticated constructions need up to several seconds to update in GH due to computation impact.
The biggest shortcoming of the actual setup
is the layout customization of the control-surface.
Currently a custom layout for the mentioned apps
cannot be created or edited on the iPad within the
app itself. A free graphic layout editor for TouchOSC
which runs on the most popular platforms (OSX,
Windows, Linux) is available on the developers page.
The layout must be (re)transferred to the iPad after creation or after minor changes. Such a graphic

editor does not even exist for Control, one has to create the layout in a plain text editor. There is so far no
possibility to automatically update the layout on the
iPad after parameters have been added, deleted or
swapped in GH so every change their needs a manual modification of the layout definition file in the
layout editor and an upload to the iPad.

OUTLOOK
A further study will take into account how to solve
the above described shortcoming and look at the
bidirectional communication possibilities between
the control and target software. This could allow a
more complex visual feedback information on the
control device.
The necessity for an external layout editor
could be bypassed by incorporating editing possibilities into the app. This however would still require a manual reedit of the layout after definition
changes in GH. A more practical solution would be
to develop a GH component which automatically
changes the control layout and sends it to the iPad
when changes affecting it had been made inside of
the GH definition.
An interesting application area would be extending the current single person system to a teamor collaborative working environment. Clients, architects and civil engineers could sit all together around
a multi-touch table and collaboratively change a design in a discussion through the help of a controlled
parametric modeler.
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Abstract. This paper presents a Media Space designed to reinforce the learning experience in
the context of Architecture Studio courses by supporting interactive analysis and discussion
of architectural projects. Based on the utilisation of information technologies, this initiative
attempts to interpret the meaning of the traditional master/apprentice relationship and the
project-based learning model. This paper summarizes the course methodology and outlines
the aspects of interest in order to improve the learning experience. Also presents the main
concepts behind the users’ interaction process in a session such as Catalogue, Stage, Mosaic
and Sketch-Based Annotations. The result is a suite of modular applications and hardware
engineered to provide interactive visualisation, collaborative tools and teleconferencing.
Keywords. architecture studio courses; computer aided instruction; computer mediated
communication.

INTRODUCTION
Traditionally, the educational approach in architecture has been based on the discipline training and
the master/apprentice relationship through a project-based learning model. A lesson is presented in
the context of the practise, and therefore, brings into
the student experience work-habits which help in
the development of analysis and design skills. Often,
such experience is built in courses of Architecture
Studio where students work in the development of
an architectural project. The project evolves during
an academic term based on the teacher critiques
or lessons in different development stages. Subsequently, students must gradually make slight changes until the end of the course in order to integrate
the teacher’s lessons.

In Architecture Studio courses, a session is
characterised by a close interaction between participants (teachers and students) through architectural
documentation (plans, illustrations, photographs,
etc.) and sketches. Architectural documentation
describes a project and establishes the context in
which activities of analysis and discussion will be
performed with sketches as communication language. This is the ground where the learning experience is built and where the traditional master/apprentice relationship is located.
Bearing in mind this background, the foundation of this work is the idea that an education “of, by
and for” the experience, requires building several
supporting elements. In other words, it is necessary
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to define procedures, propose techniques, design
activities and make support material; in order to reinforce the learning experience (Dewey 1916). In this
direction and as a result of a previous research, this
paper describes a methodology and a well-defined
technological infrastructure for strengthening the
learning experience in courses of Architecture Studio. Accordingly, a Media Space has been engineered
for exposition of projects, presentation and analysis
of lessons and session recording, among others.
The next section gives an overview about the
methodology for courses of architecture studio, as
well as some aspects that can be improved with a media space. Subsequent sections describe in detail system design; functional evaluation and future insights.

INSIGHTS INTO 			
THE LEARNING EXPERIENCE IN
ARCHITECTURE STUDIO COURSES
Generally, a course of Architecture Studio is developed through a project-based learning model.
During an academic term, students work in the development of an architectural project (each project
may involves one or more students). A project is
presented through the architectural documentation (plans, illustrations, photographs, etc.) which
includes documents of analysis and design; architectural documentation allows to establish the context
in which a project is developed. Students must present their projects in a session where the teacher and
course mates analyse and discuss the proposed solutions, approach, design, etc. Therefore, the learning
sources of the course are the process developed by
students in a project, and the experience of analysis
and discussion within sessions.
A previous research (Villazón et al 2009),
highlights some problems (not favourable habits
for the learning experience) in the methodology
presented above. Teacher and students have to
deal with the management of the architectural
documentation volume in a session. Students do
not pay attention when a lesson or a project is presented because there is a subject repetition from
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a project to another. Finally, teacher has lack of
knowledge about the project’s development during the academic term. It is difficult to remember
information about previous sessions; it is not easy
to state achievements, changes or improvements
in a project’s development.
As far as these problems are concerned, it is
important to analyse how Information Technologies
(IT) would support a project-based learning methodology. Besides, that research presents alternatives to
the traditionally educational scheme within an innovation strategy to incorporate IT in the relationships
between students, staff and curriculum content. An
experimental workshop was engineered with a basic
presentation set-up: laptop, video beam, MS PowerPoint and DyKnow [1]. Concluding remarks are:
•• The software must be aligned with the methodology and activities. Usually, in class activities,
the teacher and his students attempt to adapt
to the IT constraints; therefore, the session focuses on how to deal with these tools.
•• The need of a space where IT infrastructure is
tuned and ready to work.
Incorporate IT tools to improve learning experience present a critical challenge, due such legacy
tools are varied and generic, making them difficult to
adapt to needs of the teaching and learning activities, especially for activities in architectural education. Consequently, the right approach will depend
on the definition of a methodology based on technology, and the meaning of the traditional master/
apprentice relationship inside this approach. The
aim is to improve the learning environment by supporting interactive analysis and discussion of architectural projects, encompassing a range of available
tools and technologies at university.
Goals and Means
According to the previous research and experience,
this paper defines the following goals to provide a
good learning experience by supporting interactive
analysis and discussion:

Figure 1
Architecture
Studio goals and IT support.

Goals and me

1.
2.

3.

4.

Drive the attention of students (group) to the
main object of interest in the current discussion.
Support the comparison between projects in
order to highlight a concept that is common
to the proposed solutions. This allows to avoid
subject repetition between projects. It must be
possible to present a lesson for all students at
the time, not only for the project developers.
Integrate guest participants (who are outside
of classroom or university campus) into the
session.
Remember information about experiences and
people involved in previous sessions.

As regards the means to reach the goals, this
work suggests:
1. A Large-Format visualisation system. The system allows to manage the volume of information displayed in the current discussion, this
could drive the attention of students.
2. A mechanism to express ideas with sketches as
communication language. These ideas are annotations to the current discussion.
3. A tool to create a mosaic of the projects’ documentation. This might allow to set a context for
a lesson.

4.

5.
6.

7.

A standard set of colours. This will give a meaning for sketches; for instance, red sketches for
corrections by teacher and blue sketches for
recommended solutions.
TabletPC as an interaction device to present
ideas (drawing and communication device).
A mechanism to remember information, experiences and people involved in a session of Architecture Studio, contributes to strengthen the
learning process and knowledge management
of architecture lessons.
Teleconference services to integrate guest participants in a session.

As figure 1 illustrates how the proposed means
support the achievement of the goals defined to
provide a good learning experience.

CONCEPTS AND SESSION METHODOLOGY
Four important concepts have been defined from
the learning experience insights and the users’ interaction in a session: Catalogue, Stage, Mosaic and
Sketch-Based Annotations.
To put these concepts in perspective, a
Catalogue contains the architectural documentation of a student’s project. Every image in the
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Figure 2
A Session, Stages
and Annotations.

Catalogue has a title (i.e. “proposed location for
the project”, “site analysis”, etc.). In a session, the
students load/share their documentation (load a
Catalogue in the venue). Subsequently, to present the project, a student chooses the image of
interest to display.
It is possible to present a lesson based on the
comparison amongst the different solutions proposed in every single project for the same issue.
Therefore, the teacher creates a Stage (i.e. “The main
building core”), and this Stage has as background
(context) a Mosaic created with the students’ solutions (images from session catalogues). In this context, the teacher makes Sketch-Based Annotations to
illustrate a lesson (i.e. a design principle).
Overall, a Session is composed of Stages, for instance “Service areas”, “facades”, “structures”, and each
one has related Sketch-Based Annotations (figure 2).
A Session is composed of Stages and each one
has Sketch-Based Annotations.

FURTHER RELATED WORK
There is a wide research about collaborative annotations and sketches as thinking tools. The work presented by Eppler (2010) provides insights about the
advantages of hand-drawn sketches: engage people
keeping them focused, abstract concepts, help to
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articulate previously implicit notions, and sketches
are documentation for later reference and analysis.
Some other important concepts are presented
by Tversky (2009), sketches without much detail, focus on the essential avoiding distracting information.
In collaborations, they represent a collective idea.
This supports the hypotheses about a mechanism to
express ideas with sketches as communication language that could drive the attention of students.
Several systems already exist for tele-collaborative architectural design, collaborative design and
e-learning. One such systems outlined by Otto (2003)
uses projection-based virtual reality technology in order to provide an environment for exploring project
designs at human-scale in undergraduate studio experience. Likewise, the Media Space set-up deployed
in this paper includes projection-based technology.
However, this is intended for distribute and manage
information, not necessarily at human-scale in a full
three-dimensional visualisation. The classroom set-up
described by Richards (2006) has a similar approach to
the Mosaic concept. Students can display their work
in a tiled display, providing a better overall context.
To align software with the needs of Architecture
Studio courses, Caballero (2010) presents an extension
of a Shared Application (SharedPaint [2]) for Access
Grid, considering Computer-Supported Collaborative

Work (CSCW) topics. This application software can record annotations (drawings on a shared image with a
text description) from the participants in a collaborative session. This prototype, tightly integrated with AGMOX infrastructure [3], has shown a good solution for
some user requirements. This was the first experience
where a whole system was deployed for the analysis
of architectural projects. There were identified technical and user interaction issues to overcome: record
scheme, data workload and management, and visualisation functionalities, among others.

THE MEDIA SPACE
The aim behind media spaces is to connect people
in order to create a social connection, support close
collaboration, and teleconferencing (Harrison 2009).
The Media Space system is based on the AG-MOX infrastructure [3]. A suite of modular applications and
well-defined hardware are the system foundation,
engineered to provide interactive visualisation, collaborative tools and teleconferencing.

Figure 3 Workspace Set-up.

AG-MOX Overview
The Collaborative Working Environments (CWE) are
designed to provide services and resources to people who are working together, sharing a common interest. Although the CWE are utilised by people who
are geographically dispersed, this may be utilised for
working together in the same location. AG-MOX [3]
is an infrastructure based on Access Grid (AG) [4], implemented to provide communication services and
computing resources for collaborative work at Universidad de los Andes. This infrastructure allows to
deploy CWE that includes application software (i.e.
shared whiteboard), high definition video services,
large-scale display, echo-cancelling devices and interactive environments, among others.
AG manages venues. A Venue is the virtual representation of a meeting place, and as a real place,
there are access policies, services, etc. A venue is the
virtual place where people attend a meeting and
work with Shared Applications. A Shared Application
is a tool meant to empower a collaborative session,

participants can load, view and modify objects of
their interest, for instance an MS. PowerPoint file, 3D
model, etc. Moreover, AG includes the Video Conferencing Tool (VIC) [5] and the Robust Audio Tool
(RAT) [6], making possible full HD video transmission
(1920x1080 pixels - 40 Mbps).
The Workspace Set-up
The deployment of a suitable media space depends
on the physical space, installation design, number of
people and the type of services and resources. In a
space about forty (40) m2, the installation design is
composed of:
•• Large-Format visualisation system. System A:
Projection-based visualisation (size 3x3 m and
1920x2400 pixels resolution); System B: Two T.V.
displays (1920x1080 pixels resolution each one).
•• Master node. A computer (or a group of linked
computers) that allow to scale resources to the
demands of a session.
•• A sound system which includes an echo-cancelling device, a set of unidirectional-cardioid
microphones and powered speakers.
•• Video capture devices.
•• Client nodes. User devices such as a tablet PC.
•• A suite of modular applications.

The main display, as a whiteboard, shows a mosaic with information about four different projects.
The students load and share their architectural documentation through a client device (tablet PC).
Design Tool Development - eCAADe 29

289

Hardware and Application Software
A detailed description of hardware and software
components for the Media Space has been specified
(figure 4) in order to empower the learning environment with a complete solution. This specification
guarantees non-functional requirements such as performance, scalability, reliability, and manageability.
To fulfil user requirements, two applications
have been developed. These applications are in the
core of the Media Space software. The first application is ASquare [7], this application allows to create,
edit and manage catalogues; it is possible to import
images in BMP, JPG, PNG or TIFF format, as well as a
MS PowerPoint presentation. The second application
is AGWorkspace [7]. Users are allowed to:
•• Create, edit and manage user profiles (master,
single or group).
•• Load and share catalogues in an AG session.
•• Create a stage with a single image from a catalogue.
•• Create a stage with several images from the
same or different catalogues (Mosaic)
•• Select a colour set standard.
•• Create annotations that combine sketches, text
and video.
•• Save a session keeping the catalogues, stages and
annotations of an AG session in a persistent file.
•• Load a session from a file.

Both applications run in a standalone mode or
within an application session (as a Shared Application) on Access Grid.

FUNCTIONAL EVALUATION
Evaluation was conducted in a laboratory environment during live operation of the whole system. The
objectives of the functional evaluation are:
•• Evaluate the support offered by the Media
Space tools in a session of Architecture Studio.
•• Identify user constraints in the utilisation of the
Media Space services and resources.
•• Benchmark the performance of the Media
Space infrastructure (hardware and software).
•• Identify technical issues in the Media Space infrastructure (hardware and software).
Participants
The participant pool are five (5) recently graduated
architects who are working at the university as research or teaching assistant; a professor of architecture, leader of the session activities; a professor
of Human-Computer Interaction, leader of the user
studies; a support engineer and a cameraman.
Methodology
The functional evaluation includes three stages:
1. User-training workshop. Training for acquiring
Figure 4
Hardware-software Stack.
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2.

3.

the knowledge and skills needed for the utilisation of the AG functionalities. Therefore, users
will be able to log on to a specific venue for an
AG session, load files in the data section of the
current venue and launch Shared Applications,
among other functionalities.
Presentation and discussion of projects. An
experimental trial of the close interaction between participants through architectural documentation and Sketch-Based Annotations in
a session of Architecture Studio. Some activities performed were present a project; create
a Mosaic with the graphical material from different projects, present a comparison between
different projects through Sketch-Based Annotations, record and load a session, among
others.
User evaluation. Users were asked to fill a
questionnaire to provide some background
information (age, computing experience, primary computing platform, etc.) and an Media
Space evaluation (from 1 to 5 where 1 is insufficient and 5 is excellent) of the support and
effectiveness for the activities performed in
the stage 2.

Results
During the functional evaluation sessions, users
went through a reasonable learning curve according to their computing knowledge. It is important
to state that they often operated multiple windows
(Venue Client, VIC, RAT, ASquare, AGWorspace, etc.)
simultaneously, which resulted in a challenge for
beginner users. Although the overall reactions to
ASquare and AGWorkspace were positive, users
pointed out several improvements and further requirements. Evaluations revealed some aspects to
improve in the Graphic User Interface (GUI). For instance, the applications must present in a clear way
if it is being executed in standalone or Shared Application mode. In the current version this gets confusing for users. Experimental trials have been a useful
benchmark for measuring the data workload and
network bandwidth.

CONCLUSION AND FUTURE WORK
The presented Media Space has been designed
to improve the learning environment by supporting interactive analysis and discussion of architectural projects. It encompasses a range of tools and

Figure 5
Experiences with The Media
Space. Projection-Based
Large-Format visualisation
(left) and the AGWorkspace
application (left).
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technologies available at Universidad de los Andes.
Furthermore, concepts behind the users’ interaction were defined, such as Catalogue, Stages, Mosaic and Sketch-Based Annotations. A suite of modular applications and hardware were engineered
to provide interactive visualisation, collaborative
tools and teleconferencing. Custom-made software
has been developed (ASquare and AGWorkspace)
in order to fulfil user requirements, making user experience consistent and productive in terms of the
developed activities.
According to users’ suggestions, the applications will move a step forward into an effective
GUI. The system could be further improved by
deploying a Project manager instead of a Catalogue. A project is the basic unit of data workload
and knowledge management in Architecture Studio activities. A study within course sessions is
planned in order to evaluate the Media Space as
a pedagogical tool.
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Abstract. The purpose of the present experiment consists in optimizing a building modifying
its apertures (windows) and its geometry to reduce heating and air conditioning consumption.
The optimization is performed using a Micro-Genetic Algorithm (Micro-GAs) programmed
in C# embedded like a series of functions into GenerativeComponents (GC). EnergyPlus
(E+) software is used to evaluate the HVAC consumption levels of the building. The aim of
the optimization is to keep the temperature at 20ºC on the hottest and coldest day using the
least possible energy (Jules). In conclusion, this article proposes a new technique based
on parametric modelling, evaluation and evolutionary optimization to generate efficient
buildings with HVAC consumptions.
Keywords. Optimization; Parametric design; Genetic Algorithms; Energy Consumption;
Architecture.

INTRODUCTION
Genetic Algorithms (GAs) were proposed and developed by John Holland in 1960s (Mitchell, 1996). A
GAs is a programming technique which imitates the
biological evolution as a strategy to resolve problems and/or search design that fits certain conditions. This paper explain in deep how can GAs can be
applied to design optimized architecture. There are
many books and literature about Genetic Algorithms
and Evolutionary Computation. For further information please visit: [1 – 5].
Definition of the problem
Nowadays, one of the main problems in architecture is the HVAC consumption in the buildings. The
problem to face up in this work consists in reducing the heating and air conditioning modifying the

geometry and the windows’ positions and sizes. This
problem is considered a multi-objective problem
because both parameters are related and we cannot
minimize one of it without increasing the other.
For example, if we have a big window, in summer
the sun will heat all the pieces of furniture hence it will
increase the temperature in the room and therefore,
we will have to turn on the air conditioning to keep
the room at 20ºC. The good news is that we can take
advantage of the natural light for more time, and we
can also refresh the house at night releasing the heat
trapped on the walls by radiation during the day. In
winter, the same window will capture the heat, but
unfortunately all the heat will be lost very quickly because it will escape through the same window where
it enters. Therefore, we will have to turn on the heating
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quickly and the worst is that all the heating produced
will continue escaping trough the window increasing
the heating consumptions.
If we reduce the window to the minimum possible size, what will happen during the summer is that
we will not be able to release the heat trapped on
the walls, so we will have to keep the air conditioning
switched on for more time to cool the room and logically we will not be able to take advantage of natural
light as much as when we have the big window. Besides, as we have a small window he will have to turn
on the light earlier and since the artificial light heats,
we will have to release this heating of the room too.
In winter, the same small window will not heat the
interior of the room and we will have to turn on the
heating almost all the day and probably the night. In
addition, we will have to turn on the light because
the sunlight within the building will not be enough
because winter is darker than summer.
To sum up, a large window performs well in
summer and presents a very bad behaviour in winter. On the contrary, a small window will be a complete nuisance in summer, but it will have a better
performance in winter. Therefore, the problem is not
to enlarge or reduce the window to achieve a single
parameter, but to find the optimum that balances
both behaviours.
There is an extra help for this problem such as
the possibility of modifying the geometry of the
building which will allow us to search and explore
creative solutions and to obtain better performances
that will be out of reach if we only change the windows’ position and size.
This research pretends to be a seed in the contribution to the pursuit of sustainable development proposing an architectural design’s system to reduce the
air conditioning and heating consumption by searching the best possible shape applying a Genetic Algorithm. The solution of the problem consists in answering the following question: Which is the best building’s geometry and windows’ configuration to keep
the temperature at 20º during the hottest and coldest
day of the year in order to consume less energy?.
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Contributors and previous work
Many Scientists, engineers and architects have been
working and experimenting with evolutionary techniques in the form finding of architecture. For further
information please visit: [5 – 8]. Nevertheless This
work is based on the paper “Architectural Constraints
in a Generative Design System: Interpreting Energy
Consumption Levels” by Luisa Caldas and Leslie Norford at the Seventh International IBSA conference in
Rio de Janeiro, Brazil in 2001[9].
In that paper, the researchers encoded one
of the buildings of the School of Architecture in
Oporto-designed by Alvaro Siza- to apply a Genetic
Algorithm to optimize daylight and energy consumed to heat and to cool the building. They used
this building as test bed and its windows’ geometry
as a framework to modify and explore different configurations during the iterations of the algorithm.
To evaluate the HVAC consumptions they use DOE2.1E which is a building simulation program and a
Micro-Genetic Algorithm (Micro-GA), which is not
described in depth.
This work is based on a parametric model to
constrain some relations of the building, to avoid
failures in reports during the process of evaluation
and to encode in a simple way the parameters of the
building. A Micro-GA is used to search and optimize
the geometry, although it presents some variations
in comparison to the traditional way to build this algorithm. Other aspects to comment on are that the
population is very small -5 individuals per generationand not more than 15 generations are used to obtain
the results. This work is programmed basically in C# in
two different levels. The top level corresponds to GCScript, which is applied to control the geometry and
manage the different classes to compose the GA and
transactions files between GC <-> E+. And the bottom
level, which is pure C# directly written in visual Studio
2008 and embedded into GC through a series of functions. The programming language C# is used to perform the hard tasks such as gaining speed during the
process, developing the whole GA and carrying out
all the transaction files between the programs. Finally,

the evaluation of the building is performed by Energy
Plus, which is the evolution of the software used by
Caldas and Norford.

METHOD

Figure 1
(The model with the geometric elements to build the
shape.)

Figure 2
(Testing model after 200
iterations in which is possible to observe the different
geometries that are able to
support.)

This section consists of the explanation of how
the whole process works, which is divided into the
description of the parametric model into GC, the
explanation of the thermal model into E+ and the
description of the classes and how they are related
to create the GA.
Parametric Model
The model is a perpendicular box to the north, composed by 6 flat surfaces and two windows. One of
the windows faces east and the other west. The measures of the box are 12 meters in the X direction (east
- west), 10 meters in the Y direction (north - south)
and 4 meters high.
The first step of the construction consists
in 4 parameters called coordXSrfWest, coordYSrfWest, coordXSrfEast and coordYSrfEast. These
parameters are used to control the geometry of
the box. The second step is to define 3 points. The
first point lives in the center of the box (point01)
and the others two are defined by the previous parameters and are named ptWest and ptEast. The Z
coordinate of the three points is a fixed value that
keeps the surfaces flat, otherwise E+ will not perform a correct analysis.
Two vectors (ByOriginDirectionPoint()), are defined from point01 to the points ptEast and ptWest.
These vectors are used to host also two planes (ByDirectionAndDistanceFromOrigin()), one for the east
side and the other for the west side. These planes
host two coordinate systems (OnPlane()) at their
bases and two polygons are created through a GCScript code . The windows are also generated by
GCScript and their size depends on the flat surface
dimensions (It cannot be bigger than the flat surface
that contains it) and coordinate systems as origin.
The rest four polygons are defined by the vertices of
the original polygons.

Parametrizing a model needs a double effort,
on one side you have to know exactly what you
need to avoid extra steps in the generation and lose
speed. On the other side, you must know which of
these parameters constraints are and which of them
are flexible. Once the model was parametrized it is
tested under much iteration to observe the behaviour and detect possible bugs.

Thermal Model
The thermal model corresponds to the other information that we need to describe the building. This data
is necessary because it sets the physical characteristics such as where the building is located, the type
of weather, which material the walls have, if the windows are double or simple and etc. This information
and much more are defined in the E+ file.
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The important part in this model is that the
geometry (behavior) is defined and manipulated
into GC and the physical characteristics (properties) are defined into E+. The correspondence between the two files must always be the same. For
example, if in the IDF (EnergyPlus file) appears 6
flat surfaces the model must return always 6 flat
surfaces.
The principal characteristics of the model into E+
•• Building location: Country terrain, Chicago IL.
•• Windows: Double Panel window with an interior camera of 3 mm.
•• Walls: Wood siding outside, fiberglass quilt in
the middle, and plasterboard in the interior.
•• Roof: Roof deck outside, fiberglass quilt, in the
middle and plasterboard in the interior.
•• The floor is defined by: Thickness(m): 0.10,
Conductivity(W/m-K): 1.7296, Density(kg/m3):
2243.0, Thermal Absorptance: 0.9, Solar Absorptance: 0.65, Visible Absorptance: 0.65
•• The HVAC system used is a standard configuration: Heating Supply Air Temperature(C): 50,
Cooling Supply Air Temperature(C): 13, Heating Supply Air Humidity Ratio(kg-H2O/kg-air):
0.015, Cooling Supply Air Humidity Ratio(kgH2O/kg-air): 0.01
The output variables are defined into E+. In this
case, the report corresponds to the consumption of
heating and cooling during the hottest and coldest
day of a year.
Classes
Two types of classes are written in C# in this research,
one kind of classes is used for technical tasks, such
as reading and writing files, calculating the distance
between points and lines, exporting to excel, saving
files, executing a program, sleeping the program
and etc. The other type of classes performs the GA,
in those we found the traditional genetic operators
such as mutation, crossover, fitness function, selection and replace.
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Technical Classes
The main technical classes into the GA are GCScriptFuncVerticesToIdf.cs, GCScriptFuncSleep.cs and
GCScriptFuncReadSolution.cs. The class GCScriptFuncVerticesToIdf.cs transforms the polygons’ vertices in a list of strings, then extracts the information
of the IDF file and replaces the old vertices for the
new ones saving the file with the new data loaded.
After this and through the class System.Diagnostic.
Process, E+ is called to perform the thermal analysis
with the new loaded geometry. This class is embedded into GC as a function called runSimulation().
The class GCScriptFuncSleep.cs sleeps the application for a couple of seconds meanwhile the
analysis is performed and the new files are created.
The class GCScriptFuncReadSolution.cs extracts the
report analysis of the E+ and calculates the average
of the consumptions, which is divided in three different values: the average heating consumption,
the average cooling consumption and the average
of the temperature in the building. Those values are
returned into an array. This class is embedded into
GC as a function called readDataSolution(). Its results are very important because these values are
used as the fitness functions into the GA. The aim
is to reduce these values as much as possible. Once
the data is returned to GC another average is calculated to obtain a single value instead of the three
original ones.
Genetic operator’s classes
Once the first series of classes is performed in order to create the first population, it is time to jump
over the genetic operators. The first operator called
in the code is CSChromosome.cs. This class takes
the ptEast, ptWest, the two windows and its HVAC
consumption (fitness) and decomposes the data in
an array of 31 elements. At the end of the class the
chromosome presents this structure as it is shown in
Figure 4. The chromosome is saved in the population
array and the fitness is printed in the console script.
This class is embedded into GC as a function called
genrChromosome().

After the population is created, the next operator that is applied is the CsnaturalSelection.cs. This
operator is in charge of sorting the different chromosomes in the population from the best to the worst.
Since we are working with very small population:
Only 5 candidates per generation, the Roulettewheel or other types of natural selection are not
performed. What this class returns is the same population sorted from the “best” (the lowest HVAC consumption) to the “worst” solutions (the highest HVAC
consumption). This class is embedded into GC as a
function called pfrmElitism().
The next step produced into the GA is the
crossover in which the best two solutions exchange
part of their chromosome to constitute a new possible solution which inherits the properties of their
parents. Since we are working with a small population this operator presents some differences in comparison with other traditional crossover systems.
Several tests were made creating the crossover. For
example, if we split the chromosome in two stripes
and recombine them to produce two offsprings, this
type operators will produce a rapidly convergence
to a local minimum and stop the optimization at the
second iteration. However, this kind of operator is

very useful in other types of problems. Therefore, it
is only necessary to create a new possible solution
with the position of ptEast and ptWest points and
the windows’ polygons which are related to the geometry that is generated randomly in order to avoid
local minimum. Since we are working with only 5
generations it is necessary to explore all the possible
solutions during this small period of time in which
the GA runs.
At the end, the offspring is the coordinates of
ptEast and ptWest points. This class is embedded
into GC function under the name pfrmCrossOver().
The offspring and the best solution in the previous
population are conserved for the next generation;
nevertheless the offspring incorporates a very small
mutation in its X and Y coordinates.
The class in charge of performing this mutation
is CSMutation.cs. The mutation depends on a factor
called MutationPercent and the best results in consumption set this value around 0.5. What it is done to
perform the mutation is to calculate a random value
between 0 and 1 (double r = Random.NextDouble()).
Then, the MutationPercent is added and subtracted
from the coordinate of a point to find a maximum
and a minimum value:

Figure 3
(The chromosome is constituted by a list of doubles.
From 0 to 14, the data on the
list belongs to the east side
and from the 15 to 29 to the
west side. The last value (30)
is the fitness which represents
the HVAC consumption.)
Figure 4
(Parent1 and Parent2 involved in the class crossover
are split to create a new offspring. Random choices are
made to define which types
of offspring are returned.
Windows data and HVAC
consumption are discarded in
this operator.)
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double high = offspring [i] + percent, double low =
offspring [i] – percent
(1)
After that, a simple equation is performed in order to save in the chromosome the new coordinates’
values:
offspringMutate[i] = low + r * (low – high)
(2)
After the mutation is performed, the mutated
offspring and the best solution are stored into the
new population and 3 more possible candidates are
generated randomly in order to complete the size of
the population. The process is repeated N times or
a stop condition can be defined by a consumption
threshold.

RESULTS
For this research, the GA system was tested 14 times
with the same data environment and the same number of generations -5 in total-. Our results were that
in 6 tries the GA optimized in all 5 generations, in
other 6 the system was unable to optimize in one
and finally in the other two, the algorithms were unable to optimize.
The average consumption at the beginning
of the generations in the12 successful tries was:
1139.0286 w/h. The average consumption after the
optimization was: 970.7155 w/h. The reduction represents the 17.21% less of consumption during the
hottest and coldest day of a year. The best individual
in all tests was: 840.4193.
Geometry
In relation to the geometry, the best results have
some similarities. For example, the parameter coordXSrfEast was always around 10 in the best solutions, and the coordYSrfEast was always low, less
than five. Something similar happened with the
west side, coordXSrfWest was always within -5 and
-12 and the coordYSrfWest was represented with low
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values between around 5 and -1, but only two times
the values rose to 6 and 7.
Discussion
The results show that the system performed in most
cases very good results decreasing the consumptions
of HVAC levels around 17%. Before the GA performed,
the coordXSrfEast parameters were higher than ten
in all the cases and the coordXSrfWest parameters
were low. This means that a big space will logically
need more consumption to keep the temperature
at 20ºC than a small one. For the coordYSrfEast and
coordYSrfWest parameters, the values are in general
high, which means in geometry that the two surfaces
facing east and south receive the sun directly in the
morning and in the afternoon. This type of geometry
will increase the cooling consumption in the hottest
day, and if the windows are big the consumption will
be a complete disaster for the coldest day too.
The best solutions in general have low values
in the coordYSrfEast and coordYSrfWest coordinates
which means that the shape is folded to reduce the
area exposed to the east and west. The Y values control the orientation of the building determining how
much of the area is exposed to the sun. These small
values indicate that the east and the west surfaces
are facing south direction.
For the coordXSrfEast, the values are around 10
and for the coordXSrfWest are around -6 and only in
one of test -12. The X values basically determine the
size of the building such as the length of the building that pulls in both surfaces’ directions to face east
and west. A big value to the east and small value to
the west mean a large building. These parameters affect directly the total volume of the building and as
a consequence it influences the performance of the
HVAC consumption.
Since this experiment was focused on the manipulation of the geometry, the windows were always left at random sizes and positions. However, it
is possible to observe some similarities among the
windows in the different tests. For example, in all
the cases the GA preferred small windows located

Figure 5
(The figure shows the 12
successful tests where the
optimization was performed.
It shows the initial and final
consumptions.)

near the edges of the surfaces instead of a center
big window as the architects prefer. Another special feature was the disposition of the windows.
The east windows were always disposed on the
right side of the surface and in the west it occurred
exactly the same. Nevertheless, if we look at the
building from the east to the west directions, the
building has the east windows on the right side
and the west windows on the left side in the best
test. The GA in almost all the cases proposed for the
east side bigger windows than for the west side. Besides, the east windows in almost all the cases are
vertical meanwhile the west are horizontal. The GA

disposed 10 times the west window near the roof
and proposed high and horizontal windows, but
the east windows were left more freely generating
windows near the floor and in only 4 cases near the
roof. When this type of windows’ configuration occurs the GA reduces the consumption by decreasing the total volume of the building.
The GA in all the cases tried to reduce the total volume of the building and fold their geometry facing the
east and west surfaces to the south (10 times) or to the
north (twice). It never faced the east or west surfaces
directly. The GA tried to capture more energy from the
east than from the west proposing bigger windows for
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Figure 6
(Perspectives of the 12 tests
where the optimization was
successfully performed.)

the east side 9 times. In general, the system left the east
side with big windows at medium height and the west
side with small horizontal windows near the roof.

CONCLUSION
The GA was able to generate out of 14 tests 12 possible solutions with low energy consumption levels.
This makes the building more sustainable which is
an issue that concerns the architectural discipline.
Small consumptions are reflected in the budget of
the building monthly, which is related to the cost
that is, another issue that concerns the architectural
discipline.
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The minimum size of the windows was not constrained. In some cases, the GA proposed the geometry of the windows with minimum sizes, which can
represent an uncomfortable spatial relationship between the interior and the exterior of the building.
Therefore, this issue should be revised in the next
works. This simple thermal analysis takes a typical laptop about 3.7 seconds to perform. This analysis generates all the documentation necessary to read the
solutions and gives the geometry the situation of the
HVAC consumption. This time consumption is ideal
and a normal GA with a population of 30 individuals
and 300 iterations will be the best idea too in contrast

to the system proposed in this paper. Nevertheless,
the focus of this research points to big scaled projects,
where the analysis may take more than1 hour. For example, 5 individuals per 5 generations are at least 25
hours of computing costs. This is the main reason to
propose this GA. The system in this stage is still under
development, and some features must be checked.
For example, when a new population is replaced,
goods reports recommend the use of individuals
with good fitness that were saved in previous generations instead of generating new ones completely randomly (Zitzler, Kalyanmoy, Thiele and Coello, 2001).
In previous stages of development, different genetic
operators were tested (mutation, crossover and natural selection) without good results. One of the main
problems with small populations is to fall in minimum
locals. In other words, the high power of inheritance
in a complete crossover (windows and parameters)
stops the optimization in the second or third generation falling directly in minimum locals.
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Abstract. This research concerns the development of an environmental quality assessment in
the early design. We suggest a global, progressive and contextualized approach. The method
consists of various assessment criteria, considers the context and the project progress that
guide and adapt the environmental assessment. This paper deals firstly with taking into
account various aspects such as the progressivity and the contextualization in the method.
Secondly, we present the application of the method in a tool.
Keywords. Environment; architecture design; assessment method; qualitative criterion.

INTRODUCTION
The environmental issue is challenging the future
of our planet. The world of construction is all part
of this concern. Sustainable development issues become central to the domain of building and more
particularly to architecture.
A number of treatments have been set up little
by little, both at national and international level
(from Kyoto-1997 to Copenhague-2009) to incite
countries to reach defined objectives.
To answer this request, assistant methods for
“ good environmental practices “ in the building
have appeared, ranging from inciting by certification, to anticipation by simulation of construction
behaviour as well as offering suggestions by guides
and typical solutions.
Assessment methods of certification and labelling (BREEAM, LEED, GNGB, HQE) are based on
references serving as a base for evaluation. They
are generally used after the design, even after the
construction, to validate a performance and deliver a label.
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Methods of anticipation mostly exemplified by
simulation software (Ecotecte, pleiads-Comfie, daylight 1.2.3) are used to estimate, during design process, the future behaviour of buildings. They focus
generally on one or two aspects of the environmental problem (thermal, light, etc.).
The approaches by guides and typical solutions
have the particularity of proposing architectural
solutions and axes of construction or techniques.
These approaches are either general such as the
Ademe guide charts [1] (France) or the IDEA energy
practice guide [2] (Spain), or very specialized in an
environmental domain such as Mahoney’s tables
(Mahoney and al., 1971) that indicate the axes of bioclimatic building in relation to climate.
Although these methods are a means of structuring objectives, enabling an interesting debate
and thus encouraging better practice (Cole and al.,
2005), we note several limitations.
These different methods remain little adapted
to early phases of architectural design and are often

used in end design (Ding 2008). It is now indisputable that to have relevant answers, it is important
to consider the environmental problems as soon as
possible in the design process.
The criteria of evaluation are essentially quantitative and technical solutions that are more easily
measurable are privileged. They deal with precise
values, unavailable in early phases of design.
The context is too briefly presented or not considered. It does not allow the recognition of the particular quality of each project. The weighting that
could guide the criteria and evaluation are often
absent or fixed (Soebarto and Williamson, 2001), and
rarely depend on the context of the project.
All these limitations hinder the emergence of
efficient architectural solutions.
Researchers are attempting to answer these
questions. Chatagnon and Gérard (2000) distinguish two different levels of assessment of environmental criteria, but the model called “simplified” remains largely oriented towards engineering and it is inappropriate to architectural design.
Further work is oriented more towards the integration of a valuation method within a BIM (Biswas
and al., 2008). However, the difficulty of assessing
qualitatively persists and methods are quantitative oriented.
In view of these limits, we propose an assessment method adapted to the first phases of architectural design, which is based on a global and qualitative model of environmental criteria that takes into
account the specificities of every project.
This method is developed in the next section.

METHOD
Manon Kern (2004) proposed a first approach of this
evaluation method by taking into account on twenty-four environmental targets integrating various
phases of the life of a building (from the preparation,
to the end of the life of the building). From a project
evaluation made by independent experts, the values
assigned to each of the targets (from 0 to 4) can be
visualized by a radar diagram, which allows us easily

to compare the environmental footprint of the various buildings.
This proposition served in particular to estimate
participant projects at the “ best environmental project prize” organized by LQE (Lorraine Qualité Environnement, France).
Although this first method is based on a global
approach, critics and returns based on its use led us
to improve this method in several directions.
First, the lack of hierarchy and the ambiguity of
the environmental targets led us to define two levels
of criteria instead of one.
Secondly the method does not allow us to
take into account sufficiently the specific situation
of each project, which is why we set up a system of
weighting to contextualize the assessment.
Thirdly, the method is not adequately adapted
to the progress of design process, so we have conditioned the evaluation criteria depending on project
progress.
To summarize, we want to develop a method
for assessing the environmental quality of buildings
that includes the following features:
•• Global and multi-criteria
•• Qualitative
•• Contextualized
•• Progressive
Targets and assessment criteria
Environmental targets, previously established in the
first method, have been redefined using a second hierarchical level we have named “assessment criteria “.
The definition of these criteria is based on research covering the analysis of the various existing
methods. Therefore our method consists of fourteen targets redefined in sixty assessment criteria
(table 1), thus forming a basic reference table. Our
approach is multi-criteria (Peuportier 2003) or multidimensional (Ding 2008), allowing a global comprehension of the assessment.
The targets represent the major environmental issues associated with construction such as thermal comfort, acoustic comfort, the impact on and integration in
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Shadow on the neighborhood
Right to sight in the neighborhood
To limit and manage cutand-fill.
Limit the effect of urban
heat island
Compactness and economy
of land

Accessibility of the building
Optimal flow or shared
External extensions
Respect for privacy.
Convenience and functionality
Particular installation of the
ground floor

Cracking / Fracturing

Failure of the support (wide
cracks with well defined
orientation)

the site, water management, etc. The reference table
considers a range of environmental issues (targets and
criteria) to gain a more global method possible. These
criteria will be assessed qualitatively.
Contextualization
These targets and assessment criteria do not have
the same importance depending on the situation of
each project. For example, the concepts of noise pollution do not have the same effect in an isolated environment as in a dense urban environment. In order
to adapt the more accurate method of assessment,
we developed a weighting system called “coefficient
of contexts”.
These coefficients apply to each of the assessment criteria and allow the balancing of the global
evaluation of every project according to its precise
context. By context we mean all the circumstances
surrounding a project. In our proposition we privileged the three following dimensions:
•• The localisation of the building (site, climate, etc.)
•• The type of program (use, construction, etc.)
•• The specific local (punctual nuisance, natural
risk, etc.)
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The new approach thus consists of a system of
assessment criteria organized into targets defining
a « basic reference table ». The system of contextual
weighting then directs this basic reference table according to the context of the project defining a « reference table project ».
This reference table project is adapted to the
specific situation of each project (table 2), while having a common base with the other projects (basic
reference table).

IMPACT ON THE SITE

Weighting
case 2

DISTRIBUTION, ACCESSIBILITY AND FUNCTIONALITY

Weighting
case 1

IMPACT ON THE SITE

Shadow on the neighborhood

1

0

Right to sight in the neighborhood

1

0

To limit and manage cut-and-fill.

1

1

Limit the effect of urban heat island

1

0

Compactness and economy of land

1

1

Progressivity
This approach aims to adapt the design process,
that is to say that the assessment must fit the
project’s progress. All criteria can not be assessed
comprehensively in the early stages of the project. Some criteria can only be assessed partially,
some not all.
We have therefore established a limitation of
the notation, called “maximum rating”. Maximum
rating limits the evaluation according to the available data during the assessment (from 0 for no data
available to 4 for all data available). The evaluation
will be progressive with the design process.
To determine the available data to evaluate
the project, we characterized the project progress.
This characterization involves identifying the various missions undertaken during architecture design. For each criterion we determin what tasks are
necessary for its evaluation and then we define if
we are in the presence of partial or complete data
(figure 1).

Table 1 (left)
Example of two targets and
assessment criteria.

Table 2 (right)
Importance of criteria depending on the context. (Case
1: residential buildings, dense
urban, new construction type,
Nancy climate in Nancy,
France; case 2: residential
buildings, isolated environment, new construction type,
Nancy climate in Nancy)

Figure 1 (left)
Project progress and maximum rating.

up a second profile called “ideal profile of progress
“. This profile is the maximum rating obtainable according to architecture missions carried out.

For example, for the evaluation criteria for “materials selection”, in early design, all materials are not yet
determined. At first the designer focuses on structural
and envelope materials. Evaluation will not be complete at this time. As the design progresses, data are
completed until we have knowledge of all materials.
Visualization
Visualization adopted since the first version is the radar.
It provides a global view of all the environmental targets.
However, the addition of new elements such as contexts
and project progress led us to rethink the diagram.
Two elements have been implemented. First, the
concept of the importance of environmental targets,
determined by the notion of context, must be represented. A single radar is not adapted to provide this
information because all the objectives are represented in the same way. This information will be illustrated
by the possibility of varying sections of the radar and
thus highlight the most important elements (figure 2).
Secondly, the model should provide information on the project’s progress. We have therefore set

Validation and experimentation
The assessment criteria, the coefficients of context
and the maximum ratings that we proposed in our
research have been validated several times. Surveys
of architects have confirmed the need for and assumption of contextualization and progressivity.
Experiments were conducted to test and confront the proposed method. Successive evaluations
were conducted as part of educational environmental projects. These assessments demonstrate the
relevance of the assumptions proposed; and the
results confirm the pertinence of the method when
it comes to reporting the environmental quality of a
project for a given context and project progress.

TOOL
The proposed method has been implemented in a
tool called « eco-profile ». This tool is a computer application developed in an object-oriented language.
The tool consists of two parts (figure 3); One for
project information (left), context and project progress; a second part for the reference table (right).
Transcribing coefficients of context into logic
gates allows the designer to obtain his own « reference table project » by simple selection of elements
characterizing the context.

Figure 2
Example of environmental
radar (left: old radar, middle:
new radar with ideal profile
of progress, right: new radar
with ideal profile of progress
and environmental profile)

Design Tool Development - eCAADe 29

305

Visualization of the reference table using the radar facilitates the reading of targets and their importance; a table provides more detailed visual criteria
and their weighting.
The combination of the two visualizations can
serve as a pre-design guide, indicating the issues to
highlight in a given situation.
This reference table can then serve as base for
an evaluation, after completing project progress.
First, usable by the designer, the tool can also be
used by the customer possibility in consultation with

an outside expert. The assessor indicates a score for
each criterion (between 0 and the maximum rating),
accompanied by commentary.
The evaluation presents the contextual environmental quality of a project by radar chart and a table.
This chart gives a global reading of the notations obtained by environmental targets while showing the
contextual importance of the latter.
The evaluation also presents the environmental
quality of a project at any stage of design, allowing
the designer to be informed about the progress of
Figure 3
Screenshots of tool (left: view
with reference table, right:
view with radar).

Figure 4
The current tool entity/association diagram.
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the environmental state of this project. The tool also
indicates the remaining work required for each target and criterion (figure 4).
The tool has several limitations that need to be
overcome.
First, it does not currently permit the consideration of several evaluators / evaluations, which
would reduce the subjectivity of quality evaluation.
Secondly, the application supports only one
project progress. Current developments should allow the integration of several states of progress for
one project, and thus follow the evolution of the latter within the same application (figure 5).
However, the tool already permits us in its current form to make assessments based on project
progress, and thus allows the designer to anticipate and , if necessary, to rectify any unsatisfactory
points, and that, before the realization of the final
documents. Furthermore, the contextualization of
the evaluation brings an additional indication to

the designer. When budgets are often limited, it
points out the most relevant environmental issues
in a given context.
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Abstract. In order to assist the designer to integrate the daylight on the early steps of
the design process, we propose a computer aided method that uses designer intentions to
generate potential solutions materializing these intentions. The early evaluation of the
energetic implications of the generated solutions helps designers to think about a green way
of design. An intentions knowledge base is created to characterize the designer intentions and
to provide the necessary information to make possible the solution generation process. The
intentions features will be characterized at different levels and will use the concept of indices
and parameters. The parameter values will be defined by analysing the simulation results of
different spatial configurations applied on a parametrical model.
Keywords. Daylight integration; early phase; assistance method; intentions knowledge base.

INTRODUCTION
“Creating with lights with an understanding of daylighting principles and techniques: an ideal for future
architects” (Demers, 2000). The architects cannot
fully control and integrate the daylight into the early
stages of the design process due to the complex relationship between daylight and architectural space.
This complexity lies in the ability to design an architectural space that can generate a given quantity
and quality of a well-defined natural daylight effect.
Generating a lighting effect involves parameters
related to the architectural space itself (shape, type
and size of openings) and the environment where it
is located (orientation, relative position to the sun).
During the primary stages of the design process,
the designers and especially beginners are unable
to master these parameters. Fuzzy and imprecise

aspects characterize these research and gestation
phase. The natural light is put away to the benefits of
artificial solutions that are more adaptable and easier to implement. The environmental awareness and
the lack of energy sources and their soaring prices
has prompted designers to change strategy. They
follow a new generation of “green design” methods
that tries to exploit and to control all the natural resources to reduce the use of the artificial ones. During the last decades, research in computer aided
architectural design participates in this movement
and proposes simulation and optimization software
to assist the finalization steps of design activity. They
are used to evaluate the daylighting and the energetic behavior of architectural configurations at a
very detailed state. The evaluation results are used
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as a reference to realize some superficial modifications and optimize the architectural project behavior. These “evaluation methods” are not corresponding to architects needs due to the lack of exchange
and contribution to the design activity. They need
detailed data that are not available for the architect
particularly at the beginning of the design process.
Elsewhere, decisions taken during the formalization
design phase have more effect on the architectural
development process compared to that taken during the finalization stages.
Architects need methods that propose a real
assistance by finding solutions that help them to resolve the design constraints during the early phase
of the design process. Designer deals with qualitative constraints view of the lack of enough information about the project to make possible the use of
quantitative ones. At the same time, existing computer systems have problems to take into account
and integrate the qualitative constraints. On the
other hand, they are more appropriate for quantitative constraints integration, well defined and ready
for repetitive and iterative evaluations. Different
research groups in architecture propose a new generation of methods that integrate the qualitative
constraints and respects the imprecise aspect of the
early steps of architectural design process. This type
of method is structured as a declarative modeling
method that integrate the qualitative constraints

as main information to generate and propose a potential solution used as a base line model to aid the
designer. The qualitative constraints concern the
different aspects of the architectural project design
as the environmental design, the morphological design, and the energetic behavior. They are expressed
using an architectural language that respects the
lack of detailed information during the formalization
steps of the project.
This paper takes part in this context. The first part
defines the different features characterizing the early
phases of design process and introduces a computer
aided design method using designer intentions to
help him to integrate daylight and its energetic implications. The second part focuses on the intention
description and characterization by proposing a references research tool integrated to an intentions knowledge base. The final part will expose the creation process of the intentions knowledge base.

THE PROPOSED METHOD
The architectural design is considered as a creative
activity. So we use the structure of this creative design process to describe the architectural design activity (Howard and al, 2008). This paper focuses on
“the conceptual design phase” where the designer
tries to find solutions to the different problems and
constraints analysed during the precedent phase
(“establishing a need” and the “analysis of task”) of
Figure 1
The different stages of the design process by Howard.
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this creative design process. Lawson (2006) analyzed the designer tasks present in the different
phases of the architectural design process. He classified the different tasks in five groups of activities
(formulating, moving, evaluating, representing and
reflecting). The “conceptual design phase” could be
characterized by three of them (moving, representing, evaluating). The “moving activity” integrates
the intentions generation and transformation tasks
concerning potential solutions. The second group of
“representing activity” is used to embody the designer intentions and idea by some representation tools
as sketches, real models or virtual models. During
the “conceptual design phase”, the representation
tools are used as a design activity support. The last
group is the “evaluation group” where the designer
evaluates the solutions that he found and compares
them to the design constraints. (Figure1)
The declarative modeling method “allows
the architect to manipulate some information of a
high level of abstraction: that is to say intentions”

(Lassance, 1999). The designer/user declares his intentions related to the daylighting atmosphere. The
intentions will be translated using the generating
system to propose potential solutions. During the assessing phase, the user/designer evaluates the generation results and compare them to the declared intentions to select those that are corresponding to his
intentions. If he is not satisfied he could restart the
process. The interface is used at the different steps to
create a dialogue between the user and the system.
A similitude exists between the different phases of
the declarative modeling method and the activities
characterizing the “conceptual design phase” of architectural design process. It make that the declarative method could be used to structure a computer
assistance method dedicated to the early steps of
architectural design process (Figure2).
The objective of the proposed method is to take
into account the designer intentions and ideas related
to the daylight atmosphere that he wants to create
inside the designed building. The intentions will be

Figure 2
Interaction between declarative modeling process and the
conceptual design phase.
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interpreted to generate baseline models that materialize, at different level of fitness, the described intentions (Figure3). The generated models will be used as
standard models to start the architectural project design. The evaluation of the energetic behaviour of the
proposed solutions (solar gains and energy consumption) will help the designer to integrate the energetic
features during the solution selection step.
This research is part of a global project proposing assistance tools dedicated to the design lighting scenes during the early phases of the design
process.The first one is Day@mbiance (chaabouni
and al, 2009) a reference research tool using pictures of daylight effects that help designer to formalize his daylighting intentions.The proposed
method used an intentions knowledge base to
characterize designer intentions and provides
the necessary data to generate potential solutions
which materialize the characterized intentions. Different simulation software participate in the method process to evaluate the daylight and energetic
behavior of the generated solutions. The evaluation
results will help the user/designer to assess and select the solution(s) corresponding to his intentions.
If the user is satisfied, he could generate a 3D model

that will be transformed using a CAD system. If he
is not satisfied, he could restart the process (Gallas
and al, 2011) (Figure4).

THE INTENTIONS KNOWLEDGE BASE
Different research works propose to identify the
common features of the different daylighting atmospheres and effects characterizing the architectural
space in order to create daylight effect classes (Audience [1]; Gallas, 2009; Reiter and De Herde, 2004). In
our process, the user/designer manipulates a reference research tool to select a collection of images representing daylight effects and atmospheres. These images formalize the designer intentions. A keywords indexation is used to link the different reference images
with the identified daylight effects classes. (Figure5)
The proposed method uses the designer intentions as the main information to generate solutions.
We consider the identified daylight effect classes
as intentions classes. The objective is to characterize the intentions classes at different levels and using data that could be used by a model generator
to generate potential solutions (Tourre and al, 2006).
The structure of the intentions knowledge base
is organized on three levels (Figure6). The upper level
Figure 3
Objective of the proposed
method.
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Figure 4
Method process.

Figure 5
Relationship between references and intention classes.
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concerns the daylight effects, which will be considered as designer intentions classes. The intermediate
level concerns the characterization of the intentions
classes by the use of the concept of indices. These
indices represent the diversity of features describing
the architectural intentions (Mudri, 1995). The indices are selected from different research works related to the characterization of the daylight effects and
their energetic implications (Bodart and De Herde,
2002). The final and basic level is to concretize the
different indices by physical and geometrical parameters usable to generate potential solutions. Ranges

of values quantify each one of these parameters.
To define the ranges of values of the different
parameters, we use a parametric model linked to
simulation software. We select a simple parallelepipedic model to realize the different simulations
(figure7). The size of the model is 300cm x 300cm x
450cm composed of one or more apertures of rectangular shape and located on one vertical side of the
model. The DIVA component (Lagios and al, 2010) integrated to Rhinoceros® and Grasshopper® is used as
a workflow for the evaluation of the daylight behaviour of the schematic design configurations.
Figure 6
a) Entity-relationship diagram of the knowledge base.
b) Example of intention
characterization
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Figure 7
Model used to create the intentions knowledge base.

inside the spatial model. They have default values such
as aperture one corresponding to default positions
that was defined in the parametric model (Table1).
The aim is to make a qualitative and quantitative daylight simulation for each different spatial
configuations by making one parameter vary at a
time. The simulation results will be analyzed and
linked to the daylight effect classes (cited previously)
to find the ranges of values for the parameters characterizing these classes (Figure8).

CONCLUSION AND FUTURE WORK
The parametrical model is defined by seven parameters that characterize the aperture features. These
parameters influence the daylight effects genereted
Table 1
Structure of the parametric
model.

This paper proposes an assistance method that
helps architects to design with daylight and
its energetic implications in mind, at the early
phases of design process. Due to the complexity

Parameter

Range of Values

Details

Aperture rate

0 to 1

Regarding to floor surface

Aperture proportion

1/1 or 1/2 or 1/3

Ratio between height and width

Aperture orientation

1 to 7

From South to Southwest

Aperture direction

True or false

Vertical or horizontal

Aperture number

1 to 20

Aperture position

1 to 11

The 4vertices, the the midpoints of the
edges and the center of opening surface

Figure 8
Intentions knowledge base
creation.
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characterizing the daylight behavior, the assistance
method will help design to embody his daylight
intentions and integrate them in the design process from the early phases. It will generate baseline
solutions that materialize designer intentions. The
early assessment of the energetic behavior of the
generated solutions helps designer to adopt an
environmental-friendly design.
With a reference research tool, the designer
formalizes his daylighting intentions. The intentions knowledge base translates the designer
intentions into physical and geometrical parameters that can then be used to generate potential
solutions. Generation results integrate visual information that will be an initiator for the creative
thinking (Demers, 2000). The intentions knowledge base integrates different levels of information characterizing the designer intents. The last
level integrates the parameters which are the
most detailed and concrete information describing the intentions. For each intention class, the
range of values for these parameters is found.
They are the result of simulations processed on a
parametrical model.
This knowledge base is valid for spatial configuration having the same features than the parametric
model. This is a limit of the currently proposed base
but does not close the possibility of integrating other spatial typologies.
The next step of this research work is to propose an evolutionary algorithm to translate the
designer intentions described by the intentions
knowledge base into potential solutions. A prototype of interface will be developped to create
dialogue between the different actors participating on the assistance method. The contribution of
these assistance methods on the design process
will be evaluated in pedagogical and professional
environment.
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Abstract. Abstract. Thinking about space and its conception lies at the very essence of
architectural design, yet only limited attention has been afforded towards developing and
advancing its medium of conception. With the objective of better understanding and shaping
spatial design workflows, the study sets its attention on what is widely embraced as the
medium of thinking about space and its conception in architectural design: The diagram. The
study begins with examining the cognitive affordances of the diagram in architecture design,
discusses its limitation, then propose a computational-augmented concept for a new class
of diagrams, the polymorphic diagram, to assist spatial thinking and cognition during the
conceptual design phase.
Keywords. Design; Diagram; Spatial Thinking, Design Cognition; Computation.

INTRODUCTION
In Architecture design, reasoning about space and
its configuration lies at the center of the conceptual
design workflow. It is an important mean of grasping and understanding the design situation and
the basis for shaping and emerging its solution. As
the discipline continues to evolve, technology is
increasingly embraced as the medium for design
production. While advents in modern design technology has indeed pushed the frontiers of design
and its expressive dimensions, the focus and contribution of such technology on spatial phenomena has been rather limited. Christian Derix (2011)
notes that inquiry in spatial design heuristics, its
methodology and mediums of support and assistance, have been rather stagnant when compared
to other design considerations such as geometric
form, energy conservation, or structural design and
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analysis. Even a cursory look at the state of design
technology would reveal that it is less directed to
enhance architects knowledge of the key aspect of
architecture: the conception of space. The problem
of neglecting spatial phenomenon becomes most
evident as projects become larger, and the matrix
of design needs and considerations grow in complication. With this rising complexity, the hope for
achieving a sensitive and responsive architecture is
rendered near impossible. This begs the question,
how can new advents in computation and information technology assist spatial thinking during the
conceptual design phase?
The answer to this admittedly open ended
question begins with a better and deeper understanding of the underpinnings of design thinking
and cognition. Drawing lessons from emerging

findings on how designers actually perform design,
then promote this understanding as the basis for
developing new design mediums capable of supporting and assisting spatial design workflows in architecture. There is much to be said about this, but
this is a short paper and its scope shall be focused
on the notion of representation and its role in assisting and mediating design thinking. In particular,
the paper sheds light on the prospects of diagrams
in influencing and shaping new design technology
capable of mediating and managing the complexity of spatial design thinking during the conceptual
design phase.
In Notes on the Synthesis of Form, Christopher Alexander (1964) had brought into question
the issue of design cognition. His treatment of
the issue was rather implicit within his discussion
about complexity of the design process and the
architects waning ability to resolve it. What is most
important to us here is his position on modeling,
both the model itself and the medium of representation. Alexander had famously noted that design
problems have reached unsolvable states; And that
a drawing-based design paradigm is insufficient
to over come and manage this complexity. He argues drawings no longer stand as a mean capable
of mediating thinking about design variables and
their overwhelming order of interactions, leading
him to assert that a new design paradigm is of the
essence. Alexander bases design on the ability to
‘model’, to structure knowledge about the design
situation. In his book, he articulates this modeling method to guide design production, but his
attempt has largely failed (Lawson 1997). Despite
this failure, however, the underlying essence of his
theoretical contribution continues to be relevant
to the understanding of design as a sensitive and
responsive modeling activity.
In the literature on design theory, modeling
the design situation, structuring knowledge about
its problem definition and its emerging solution
proposition is central to mediating design thinking
and cognition. It is the designers primary mean of

understanding the range of sensitive interactions
between the various design requirements and mediates their responsive resolution. As eloquently put,
“modeling [the design] situation is the fundamental
designerly way of knowing, thinking, and acting in
design” (Cross 2006).
Modern views on design postulate that designers model their understanding of the design
situation through establishing and manipulating
structures of design knowledge and information.
It has been demonstrated through empirical studies that such capacity is a necessary condition
for design expertise in architecture. For instance,
Charles Eastman (1969) indicates that during
the early stages of design experienced designers
bring to bear on the problem at hand a complex
repertoire of design knowledge and they “rapidly
structure it”. In a related study, Akin (2001) notes
the expert architects have exhibited rigorous
structuring and ‘restructuring’ behavior. The expert architect tend to perform substantial decomposition and recomposition iterations; restructuring design knowledge in search of a satisfactory
response to the complicated matrix of design requirements. But what does structuring the design
situation means?

STRUCTURING
While the notion of structuring is central to the discourse on design, exactly what the term means is
not clearly defined. Nevertheless, At a fundamental
level, the notion of structuring, as it relates to design thinking and cognition, refers to establishing
and articulating relationships between the various
design variables. In a commentary on design expertise Richard MeCoormac presents a suitable explanation. He notes that “ ... the real problem [of design]
is some kind of structural problem. I don’t mean in
the engineering sense, I mean in the sense of relationships” (Lawson 2004). Drawing on such view,
establishing structures of relationships underlies
our ability to model the design problem and reason
about its spatial fitness.
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MODELING MEDIUM: SHORTCOMING
AND LIMITATIONS.
An Architect’s ability to render sensitive and successful design relies on modeling their understanding of
the design situation, structuring knowledge about
its problem definition and its emerging solution
proposition. But such modeling process is in turn
contingent on the medium of representation, the
medium through which this knowledge is understood and developed into a sensitive and responsive
order. The cognitive and developmental affordances
of this medium, its role in supporting designers in
understanding and resolving design requirements,
draws from its versatility, its ability to transform,
combine, and layer design knowledge and information with a good degree of fluidity and flexibility. The
architectural diagram has long been used to fulfill
this role. In the literature on design, diagrams have
been described as ‘thinking’ drawings (Lawson 2004)
An elaboration of how diagrams afford this cognitive
capacity is discussed elsewhere (Herbert 1993; Fraser and Henmi 1994). What is of most importance to
us here is that diagrams are versatile models of representing and manipulating design knowledge and
information. Their service in modeling architects’
understanding of the design problem is invaluable.
Despite of the diagram’s invaluable role in design thinking and cognition during the conceptual
design phase, emerging shifts in contemporary design production are imposing significant limitations on the cognitive and developmental traits of
the traditional diagram. In contemporary design
workflows, a holistic examination of knowledge
and information is rapidly becoming a critical criterion for effective architectural production. That is to
say, designers require a conceptual design medium
that enables them to seamlessly interact with larger
sets of information that can be reliably and readily
integrated, transformed, repurposed, and communicated. Diagrams are becoming increasingly limited
in such regards.
Modern design technology does indeed offer
platforms to model information, in a manner that is
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integrated, transformable, and communicable. Yet,
it is hardly controversial, the role of such systems in
assisting design thinking and cognition, especially
during the conceptual design phase, continues to be
limited. The reason for such limitation is multi-faceted. Nevertheless, one of its dominant agents is related to the lack of representation and manipulation
of spatial design knowledge. Suffice it to say at this
point that when it comes to the conception of space,
one might argue that modern design systems are at
odds with how designer’s ‘know’ and think about the
design situation.
In recent years, research endeavors to bring
computational support to spatial design thinking
and cognition have been drawing on a critical concept of bridging between traditional and digital
design mediums. After years of investigating modeling media, it was determined that traditional design
drawings and digital technology are indeed problematic and limited in their own regards. However
cognitive traits and features of these mediums seem
to be complementary. Attempts to bridge between
the two mediums; to augment the cognitive traits of
design drawings with layers of computational intelligence and information technology is becoming a
dominant space of inquiry and development. This
paper is a contribution to such efforts, aiming to contribute to the advancement of a new generation of
modeling mediums – one that is based on a topological workflow, with space and its concepts of composition enabled as a versatile modeling construct.

REPRESENTATION
Among the critical underpinnings of such development is the issue of knowledge representation. It is
not an overstatement to say that the problem of assisting design thinking through computational strategies is largely one of representational modalities.
The important role of representation in design has
been empirically demonstrated by many design researchers. One of the earliest studies, whose findings
continue to be illuminating even today, comes from
Charles Eastman (1969). Eastman has shown that

designers necessarily rely on multiple representation
modalities to assist thinking and reasoning about
the design situation. He reported that “one of the
strengths of the human problem-solver is his ability
to use several representations (words, numbers, flow
diagrams, plans, sections, perspectives) to represent,
compare, and manipulate [design knowledge and]
information.” And further suggests that “any manmachine system to aid the designer must recognize
his reliance on multiple representations.”

MOVING FORWARD
Modern design systems do indeed offer multiple
representational modalities. This is best manifested
in BIM technology. Yet the role of such systems in
assisting design thinking and cognition, especially
during the conceptual design phase, continues to be
limited. The reasons for such limitation is multi-faceted. Nevertheless, one of its dominant agents is related to representation and manipulation of spatial
design knowledge. In Architecture, reasoning about
space and its configuration lies at the center of the
conceptual design workflow. It is the architects mean
of modeling the design situation, bridging between
its problem definition and its emerging proposition.
Paradoxically, however, modeling spatial information; knowledge about the design problem’s spatial requirements and its topological configuration
is perhaps the least developed feature in modern
design systems. In light of this, it is becoming clear
that moving forward, developing design medium
capable of mediating the complicated design situation, mandates that more attention should be set on
developing design systems capable of representing
spatial knowledge about the design situation and
facilitate its manipulation.

THE POLYMORPHIC DIAGRAM
The development of the polymorphic diagram aims
at bridging the gap between computation and design thinking through its focus on the issue of representation in reasoning about space and its conception. The polymorphic diagram is a conceptual

building information model that supports and assists modeling the design situation by allowing spatial design knowledge to be represented and repurposed in various forms of abstractions and different
levels of complexity. In essence, it is a medium of versatile and hyper dimensions of spatial design knowledge representation.
Embracing the diagram as a metaphor offers an
important philosophical and theoretical foundation
for developing next generation design technology.
In drawing on the work of Charles Sanders Peirce,
whose scholarship on the subject offered what is
widely regarded as the most penetrating examination of the nature of diagrams (Vilder 2006), it was
evident the diagrams’ mode of representation,
namely its abstraction, is the key feature underlying its cognitive and developmental instrumentality.
With diagrams, architects layer, combine, transform,
and reform knowledge structures in novel dimensions. It is by virtue of this abstract nature and its role
in structuring, and representing knowledge, that architects are able to manage complex design requirements and reason about their spatial conception.
While such views are hardly controversial today, they
have played only a marginal role, if any, in shaping
modern design technology.
Stan Allen notes that modern design technology
(especially that focused on visualization, but that could
also be broadened to include the majority of architectural design systems) “ignores what has traditionally
given architectural representation its particular power
of conceptualization, its necessary degree of abstraction, the distance interposed between the thing and
its representation” (Allen and Agrest 2000). He further
argues that that “design does not operate on the basis
of resemblance, but on the bases of abstract codes and
complex instrumentality.” Put in his own words, “Architecture presumes a transformation of reality, but an
architect’s attempting to work directly with that reality
will be paralyzed” Allen (2000). Thus, digital representation in a creative design process is not valuable in the
sense that it provides realism but that it provides degrees and layers of abstraction instead.
Design Tool Development - eCAADe 29

321

The theoretical inquiry into what is proposed as
a polymorphic diagram is keen to examine how this
could be realized. How are we to develop digital design mediums the representations of which offer the
necessary dimensions of viewing, examining, structuring, and transforming spatial design knowledge and its
topological configuration? Theoretical contributions
on this matter are now in abundance. However, the
means of transforming them into applied techniques
and methods are not straightforward. Incidentally, their
influence on shaping modern design technology is, at
best, marginal (Derix 2011). Thus, a weight of effort
must be undertaken to appropriate and transform such
theories on the architects’ spatial modeling behavior
and seed that into the core of what will become their
future medium of architecture design.

GRAPHS
One of the approaches that stands out as pertinent for
such endeavor involves the use of graphs (also known
as networks) as modeling constructs. For a sensitive and responsive architectural design solution,
architects are required to account for a complicated
matrix of interactions between the various spatial
design variables. An undertaking whose complexity
is increasingly burdening to the architects cognitive
faculties, especially in larger projects with multiple occupancies. Graphs are particularly suited to mediate
this complexity. This is duel largely to its unique capacity to capture and structure these multi-faceted interactions. Another important feature of graphs is its
mode of representation, namely its abstraction. Using
nodes and edges, a graph can be used to encode wide
ranges of information and organize this information
in multiple orders to fits some critical purpose. Relative to our discussion here, graphs offer the basis of
empowering a medium of hyper representations with
the necessary degree of abstraction to assist spatial
design conception.
In the context of the polymorphic diagram,
a graph enabled modeling medium is used to
bridge between the problem definition and its solution proposition; it is used to capture the problem
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Figure 1.
The project investigates a
sensitive and responsive spatial design workflow through
activating the interaction between the topology, geometry,
and fitness of spatial design
requirements.

requirements and mediates its architectural resolution. The focus of this process is spatial. That is to say,
this bridging between the problem and its solution is
driven by the definition of spatial requirements and
its possible degrees of configurations. Beside focusing on space definition and configuration, emphasis
is placed on improving the responsiveness, performance, and conservation of a given design concept.
This is proposed through activating the interaction
between space topology, geometry, and various notions of fitness. The architect engages the graph to
represent and investigate the project requirements
in terms of space, relies on organizing concepts to
elaborate their structure and situation, and reason
about the fitness of their situation and configuration
within a project using computational heuristics. Accordingly, our project have set its attention on investigating three primary spatial issues: representation,
concepts, and computation.
The issue of representation begins with encoding spatial entities and their interactions using
nodes and edges. However, it doesn’t stop there. The
polymorphic faculties of the graph is central to this
project. Basically, its ability to manifest spatial knowledge in various forms of abstractions and different
levels of complexity. In the course of understanding a design situation, accounting for its different
variables, and examining possible solution propositions, designers rely on various modes of representation, each suited for a given task. The polymorphic
diagram is designed to accommodate and assist this
strategic design behavior, allowing the designer to
vary the graph’s depiction of spatial-knowledge representation as required.

The issue of concepts involves identifying and
encoding organizational ideas that underlie spatial
thinking in architecture. In the context of our project, such ideas, or concepts of space, include Hierarchy, adjacency, stacking, and distribution. These concepts of space are devised as an additional layer to
describe the problem, namely its topology – the relationships between the various design requirements.
The issue of fitness involves developing a layer
of computational intelligence to evaluate the responsiveness of the proposed solution. The metrics
for such include the responsiveness to the spatial
requirements and their proposed topology.
While the graph holds all the modeled information about the design situation, engaging it in its entirety offers limited cognitive benefits. The problem is
two folds: the complete graph confronts the designer
a with an increasingly dense body of information
whose interpretation becomes significantly difficult.
Secondly, the ad hoc configuration of nodes and edges might not be the best to infer about some issue.
The polymorphic diagram is most cognitively beneficial when thought about as a series of sub graphs situated side by side, with each sub graph used to depict
and reason about a certain issue. Towards this end,
two concepts were developed: views, and layouts.
Views are used to produce subgraphs, a reduced sub
set of the entire graph structure. Layouts force the
graph into a certain configuration. They are particularly useful to assist the designer in modeling or reasoning about certain concepts of space. For instance,
a stack layout would vertically arrange the nodes of

the graph, clearly delineating the vertical order of the
spatial components. Between views, and layouts, designers can produce many subgraphs to reason about
different design issues.
Thus far, our discussion focused on the use of
graphs as the underlying construct for modeling
and reasoning about spatial knowledge. Beside the
graph representation, the polymorphic diagram
supports other forms of abstractions. While the
graph is particularly suited for modeling topology,
its use for elaborating and resolving the geometry of
spatial requirements, their situation in space, is less
appropriate. Alternative forms of abstractions are required. Hence, the ability to vary the graphs mode
of abstraction into blocking, stacking, and massing
diagrams is a critical feature of this study.
Clearly, the discussion of graphs in this paper
is not intended to cover any technical aspects. instead its mention is intended as theoretical contribution to on going discourse on the subject. New
modeling technology, especially that following topological workflows have proven to be very effective in architecture design. This is best manifested
in associative modeling systems, such as grasshopper and generative components, in the expressive
formation of buildings. Adopting similar strategies
and modeling workflows for the conception of
space can bring about an entirely new dimension
of spatial thinking and conception, and with it the
ability to be responsive and sensitive to the intricacies of design considerations and its complicated
matrix of interactions.

Figure 2
The Polymorphic Diagram
offers multiple forms of representations to reason about
the project’s spatial topology,
geometry, and degrees of
fitness.
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FINAL REMARKS
The discussion elaborated in this paper hopes to
contribute to the ongoing discourse on design technology, namely, promoting its role as a medium of
thinking and reasoning about space and its conception. It argues that such demand is based on the
premise that the gap between spatial design computation and its representation is beyond any doubt,
and in the bridging of it lies our ability to manage
the complexity of contemporary design conditions.
With a deeper theoretical and epistemological understanding of the diagram, particularly of its abstract, versatile, and polymorphic nature, coupled
with a mean for a digital implementation, the prospects of such development, casting computation as
a medium of spatial thinking and conception, can be
made possible.
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Abstract. Today, right along with the products marketed and manufactured by the mass
production techniques, continuously developing computing and technology have an
undeniable impact on customized design, in which the users have a say on the products
design and manufacturing. Mass customization is slowly settling down in architectural design
concepts as well, like housing which is one of the best areas where users can reflect their
living habits and preferences. In this study, user centric mass customization based model is
developed, which creates housing floor plan combining the user-supplied data with the best
possible creations generated by the genetic algorithms.
Keywords. Architectural Design Computing; Housing Design; Genetic Algorithm; Mass
Customization.

INTRODUCTION
Housing is where people’s basic needs are met. Within everyone’s house, there lies the most private areas of its users and these users are attached to their
places. Individuals’ expectations from their houses
are by satisfying their personal needs and wishes, increasing or at least protecting their living standards.
Therefore, people are instinctively prone to design
and build their own houses. Since the beginning of
the twentieth century until now, residential production is done with the help of industrial products and
tools. In this rapidly industrializing of construction
era, user participation in design process is neglected.
This result in identical buildings that are built with

the logic of mass production and using industrialized products, and these housings’ failure to fully
satisfy every individual residing in these houses is an
important problem. Residential design that is organized according to the needs of the user, is inevitable
to satisfy users.
Mass customization is designed to deliver highly
customized products with mass production efficiency
(Piller and Kumar, 2006). Mass customization plays a
very important role in the usability of the products
as in different levels of the work like design, manufacturing and distribution it is always in contact with
the users. It is in fact standing out in many fields like
Design Tool Development - eCAADe 29

325

computer hardware and software, particular shoes
and outfit, and in the automotive industry. Pine (1993)
indicates that advanced technology applications,
computer integrated manufacturing systems, computer-aided design and advanced computer technologies are the prerequisites for mass customization
to work correctly. With the software and hardware of
support of computer-aided design systems, mass customization began to be used in construction. There
are not many mass customized design examples until
now, and the rare applications are generally catalog
software which the user selects the materials. However one past study done long before computers participated in design practice, become starting point of this
work. It is a semi customization project that is done
by “United Architects” in İzmit between 1971 to 1977.
In this project users who are factory workers with low
income participated in design process and as a result
houses that are fulfilling the needs of its users are constructed (Çavdar 1978). In addition, the project was
both economically reasonable and constructed fast.
A computer aided design tool, which produces
floor plan and building form by processing user supplied information within a genetic algorithm, is developed to design mass customized residential buildings. Genetic algorithms or as a more broad sense
evolutionary algorithms are computational problem
solving techniques that use evolutionary processes
already existing in nature. Problems that are difficult
to solve with traditional programming techniques,
especially classification and multidimensional optimization problems are solved easier and faster with the
help of genetic algorithms (Atalağ 2001).
The main reason of using genetic algorithms for
creating models is that genetic algorithms may lead to
much more diverse solutions to a problem than traditional design process. In genetic algorithms, evolutionary processes void most of the inadequate individuals,
thus there is always improvement in designs. Nonetheless, not every unfit individual is killed; some of them are
saved to help diversity in designs. Genetic algorithms’
ability of constant improvement along with diversity
helps users find variety of choices suiting their needs.
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In this model, the aim is not giving all reins to
the user, as ordinary user might not be fully informed
about his needs. But instead this model tries to develop a channel of information between user and
the architect. In this attempt we are using genetic algorithms to show various different design solutions
to both the architect and the user who may not realize all the options by traditional design approaches.

MODEL FOR HOUSING DESIGN BASED ON
GENETIC ALGORITHM
The primary aim of the model developed in this
study, is to involve user participation within the
designing process. To succeed in creating a mass
customization model, one must use architectural
design computing combined with user friendliness.
To make the program open to non-expert user participation, the model starts from the most basic component i.e. room design and it is constantly evolved
to form full model of a housing element. Therefore,
the model uses bottom-up design approach. As for
computational component of the model, in determining the geometries of the rooms, routines of the
genetic programming are applied thus it is possible
to generate plenty of possible room designs, which
is nearly impossible in traditional design approach.
By these features, the model suits mass production
coupled with user customization and in turn they
produce mass customization model. The hierarchy
within the program starts from the smallest components genes, genes get together to build rooms
and rooms are combined to build floors and floors
finally make up housing elements. Matlab Scientific
Development Suite is used in the implementation of
the model.
With the start of the program, parameters of the
genetic algorithm are determined. These are population size, elitism factor, crossing and mutation ratio,
which are determined after series of experiments.
These parameters are embedded within the algorithm and the user cannot change these values.
When using genetic algorithm for generating room components of a building, genes and

chromosomes that are the fundamental components of the algorithm must be defined. Gene structure used in this model must be defined for the
whole space that the model uses and genes must be
unique meaning no two other gene carries the same
information. Furthermore, gene structures should
not change and it should be preserved within all
chromosomes, for concepts like gene transfers within chromosomes and genes getting mutations work.
Each one of the genes that are representing one
unit square component, i’th gene can be defined as
X and Y coordinates which in turn indicates the location of the gene.
Gene(i) = {Component(i).Coordinate_X, Component(i).
Coordinate_Y}, i=1,2,…,N

(1)
Since the chromosomes represent the genotypes of the rooms, a room that is N unit square,
consists of N different genes. So, a chromosome belonging to the j’th room that has N unit squares, is
defined like this:
Chromosome(j)= {Gene(1);Gene(2);…;Gene(k)}
= {Component(i).Coordinate_X,Component(i).
Coordinate_Y}, i=1,2,…,N
(2)

Figure 1
Crossing between
chromosomes

For a chromosome to represent valid room geometry, it must satisfy size condition as well as, the
components must not intersect or there should be
no spaces between two components. Thus, a chromosome cannot be structured randomly from the
genes. To ensure valid chromosome, chromosomes
are constructed by adding new genes randomly
only to the neighboring spaces. First step in creating a chromosome is to take the first gene as {0,0}
gene (gene residing in the 0,0 coordinate). From the
four neighbors of this gene, one of them is randomly
selected and is added to the gene set. After that, the
new gene is selected from the neighbors and this
carries on until the chromosome has the desired

size. The chromosome generating algorithm repeats
itself until population size is reached.
The initial chromosomes generated are evaluated by a fitness function. Fitness function should be
a mathematical function. For example, in room generation circumference/area ratio can be used. So, the
fitness function becomes:
Fitness Function = min(∑(ComponentSideNumber)/∑(C
omponentAreaSize))
(3)

The chromosomes are sorted according to this
fitness function; the ones that have less circumference/area ratio meaning their shapes are more
straight than others, will have higher ranks. However,
in this model, the aim is not to optimize the solutions
thus the chromosomes that are lower in rank is not
disregarded; on the contrary, they are preserved to
add diverse solutions. After the sort, some chromosomes that are in the highest ranks are separated
by elitism function. The aim in the elitism function is
to avoid mutations and crossings for the most successful chromosomes. The remaining chromosomes
are crossed over each other randomly. In the crossing over, the critical step is to control each gene to
ensure that there is no space between the genes, if
this condition is not satisfied than the new breed is
disposed. (Figure 1) In the end, all the solutions are
gathered and this time they are evaluated against the
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criteria that users entered. These criteria can be facing to scenery, such that the biggest side of the room
looks to a certain direction. If there is no other condition, the generated rooms are stored in the database.
Floor plan generating algorithm starts by retrieving the generated room shapes from the database.
Then all the rooms situated in one floor are drawn one
by one within the borders of that floor and every room
is checked to ensure no room is intersecting another
room. If there is any intersecting room, then this plan is
cancelled, and to find a new suitable plan every room is
shifted in the x and y axis to search for no overlapping
plans. This search continues until a suitable plan is found.

THE INTERFACE OF THE MODEL
This model, which aims mass customization in architectural design process, needs to combine the

genetic algorithm with user interaction. To succeed
in this, a self-explaining user interface that can even
make possible for a novice user to use the program,
is designed. There are three main screens in the
model; data entry interface, room geometry interface and floor plan interface.
Data entry interface is the main screen, which
greets the user and gets information from him. In the
first data interface, the user enters certain properties
of the site where the building will be erected and
residential type (apartment block, single detachment
etc...) of this building. If there are some restrictions
about the site dimensions user selects restricted option and enters the dimensions to the site properties
panel, else he selects unrestricted and only enters the
required area. Afterwards if there is a dominant direction where there is a road, scenery etc... , that direction
Figure 2
Interface for entering topological features of the rooms
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is marked. Within the ‘Residential type’ panel, the user
enters number of floors if it is a detached building,
else if it is an apartment block he enters floor number.
The user enters information about the rooms
that are intended to be in the building in the second
data interface. In this screen various room types are
listed such as kitchen, bedroom, study room etc…
and if the user wants a certain kind of room, he enters desired area of the room, if he does not want that
room, leaves it blank. As the user selects rooms, he
can see remaining area, from the occupancy panel
that is at the bottom of the screen. If desired some
rooms can be fixed to any direction. After that, if the
user wants to have bathroom adjacent to bedroom,
or dining room with living room, he can make it so
in this screen. Furthermore, if the user has more than
one floor to design this step is repeated. The resulting

information is saved into the database and the program moves on to the choice selection interface.
The shapes of best results of all rooms, which
are created by genetic algorithms and selected with
the fitness function, are shown via the display panel
of the first choice selection interface. The user can determine performance scores of each individual that is
created by evolution within the population and from
the database panel he can select whichever individual
he wants. If later he likes to remove some room forms,
this can be done in the same panel. After the user finishes selecting room shapes for all the desired rooms,
he will continue from the next selection interface.
One other selection interface is floor plan selection interface, which allows the creation of floor
plans as seen in figure 3. In this panel rooms that
are displayed with their code numbers, Here, on the

Figure 3
Selection interface for selecting floor plans
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main panel the rooms that are joined together according to the typological restrictions given by the
user, can be selected. ‘Detailed view’ button that is
found on the database panel, will enlarge the floor
plan and visualize it with a two dimensional image.
Like the other selection interfaces, the user can see
how well his floor plan is depending on the fitness
function from the performance graphic. Because the
choices are left to the users instead of automatically
selecting the best designs, the model complies with
the logic of mass customization.
To display the created floor plans and form of
the buildings, graphical interfaces are used. At this
interface, selected floor plans can be observed as
two-dimensional diagrams. If the user wants to
examine one of the floor plans in more detail, he
chooses it via the operator panel.

The user can pan, zoom or rotate the three dimensional model of selected floor plan using the mouse, to
get a better understanding of the model (Figure 4). In
the three-dimensional graphical interface, rooms are
represented with different colors, and there is a legend
showing which color is representing which room. In the
last stage, the user selects the most suitable floor plan
after experiencing it as three-dimensional model, and
stores in a database to send it to the architect.
By using genetic algorithm for mass customization of housing design model, one can design different types of housing units that will be installed on
different terrains and suitable for number of different people. One of the different types of housing is
one that has specific land borders, is 3-storey and
is designed by a family with many children can be
given as an example. As shown in figure 5 a detached
Figure 4
Graphical interface that
allows three-dimensional
visualization
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house that has specific boundaries of land, has bathrooms associated with the bedrooms and has a living space in each floor is designed. Every square in
the field, corresponds to a square meter. Vertical circulation in the building, is placed in the same place
for each floor. After the algorithm finishes design
process void spaces in the building mass can be used
as balcony, terrace, wardrobes, air conditioning and
plumbing units.

Figure 5
Three story residential design
for one family, perspective
view

In another possible scenario, each user is known in
which floor of a multi-storey apartment they will be residing, after each of the users designed their homes and
saved into a database the resulting housing can have
a form that is similar as in figure 6. After leaving fixed
spaces like entry and vertical circulation of the building,
user can change their own floor plans according to their
tastes and send it to the architect to discuss on it.
Figure 6
Perspective view of an apartment block designed in this
model.

All the information regarding a floor plan are
saved into the database, as a result users can take their
neighbors’ floor plan if they like it and apply it in their
own without any changes or with some small modifications. In addition, buildings designed with this model
can be built with prefabricated building elements thus
building process will be shorter and costs will be lower.

CONCLUSION
In this study, housing design model, which imitates natural evolutionary process of the genetic algorithms and
combines users’ preferences and allows them to customize their housing, is developed. This model is thought to
be used by users who want to design their own private
housing by participating in the design process or different people using same apartment block but customizing their houses according to their needs and finally
showing what they have in mind to the architect. Besides,
the model can be developed in the future so that it can
use different angles and curves to allow designs that are
more flexible. Furthermore as a future goal, the ability to
export the models into two or three dimensional architectural design tools will be added. By this way architects can
quickly work on the models and develop them further.
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Abstract. A Virtual Reality model was created in order to help in the maintenance of exterior
closures of walls in a building. It allows the visual and interactive transmission of information
related to the physical behavior of the elements, defined as a function of the time variable. To
this end, the basic knowledge of material most often used in façades, anomaly surveillance,
techniques of rehabilitation, and inspection planning were studied. This information was
included in a data base that supports the periodic inspection needed in a program of
preventive maintenance. The results are obtained interactively and visualized in the virtual
environment itself. This work brings an innovative contribution to the field of maintenance
supported by emergent technology.
Keywords. Virtual Reality; Maintenance; Interaction human-machine.

INTRODUCTION
The main aim of a research project, now in progress
at the Department of Civil Engineering of the Technical University of Lisbon, is to develop virtual models
as tools to support decision making in the planning of
construction management and maintenance. A first
prototype concerning the lighting system has already
been completed (Sampaio et al., 2009). A second prototype concerning the maintenance of the closure
of walls interior, is now being developed. This paper
describes another prototype concerning the maintenance and inspection of façades.
The interactive model integrates Virtual Reality
(VR) technology, the EON system (2010), and an application implemented in Visual Basic (VB) language.
The model allows interaction with the 3D geometric model of a building, visualizing components for
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each construction. It is linked to a database of the
corresponding technical information concerned
with the maintenance of the materials used as exterior closures. The principal objective of the interactive VR prototype is to support decision-making in
the maintenance domain.
The present project aims to bring important contributions to this domain, through the implementation
of virtual models able to relating the behavior of materials, their characteristics, anomalies and repair work
to each other. During this work the basic knowledge of
the topics involved, such as aspects related to the materials, the techniques of rehabilitation and conservation and the planning of maintenance is outlined and
discussed in addition, methods of interconnecting this
knowledge with the virtual model are explored.

The prototype for walls was trialed in a concrete project. This kind of building element has a
continuous lifestyle, so requires the study of preventive maintenance (the planning of periodical local
inspections) and of corrective maintenance with
repair activity analysis. The model facilitates the visual and interactive access to results, supporting the
definition of inspection reports. It will be possible in
the future to apply this to other building situations
whether in new constructions or those needing
rehabilitation.

INTERACTIVE AND COLLABORATIVE
MODELS
Virtual Reality technology can support the management of data that is normally generated and transformed or replaced throughout the lifecycle of a
building. This technology becomes an important
support in the management of buildings allowing
interaction and data visualization. At present, the
management of building planning can be presented
in a 3D form and various materials can be assigned
to the fixtures and furnishing enabling the user to be
placed in the virtual building and view it from inside
as well as outside. This study contemplates the incorporation of the 4th dimension, that is, time, into the
concept of visualization. The focus of the work is on
travelling through time: the ability to view a product
or its components at different points in time throughout their life. It is envisaged that the incorporation of
the time dimension into 3D visualization will enable
the designer/user to make more objective decisions
about the choice of the constituent components of
the building. In maintenance the time variable is related to the progressive deterioration of the materials throughout the building’s lifecycle.

The present prototype incorporates interactive techniques and input devices to perform visual exploration tasks. To support this system a data
base was created which included a bibliographic
research support made in regard to the closure
materials used in the exterior walls of a building,
anomalies concerning different kinds of covering
material, and corrective maintenance. Repair activities were also studied. The programming skills of
those involved in the project had to be enhanced
so that they could achieve the integration of the
different kinds of data bases needed in the creation
of the interactive model
The 3D model linked to a data base concerning maintenance produces a collaborative virtual
environment, that is, one that can be manipulated
by partners interested in creating, transforming and
analyzing data in order to obtain results and to make
decisions. For example, inspection reports can be
defined and consulted by different collaborators.
The process of developing the prototype interface
considers these purposes. The developed prototype
associates the characteristics of the coating component of the exterior walls to activities concerning the
maintenance of buildings (Figure 1).

WALL MAINTENANCE PROTOTYPE
Façade coatings play an important role in the durability of buildings, since they constitute the exterior layer that ensures the protection of the wall
against the aggressive actions of physical, chemical
or biological nature. Naturally, they should also give
the façade the required decorative effect. Since
this building component is exposed to bad atmospheric conditions it frequently shows an evident
degree of deterioration, requiring maintenance

Figure 1
3D model of the house: coating elements of exterior walls.
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interventions. To perform maintenance activities a
survey of failures in the building must be conducted in order to arrive at the best solution for repair
and maintenance.
In order to better understand the operation of
façade coating, bibliographic research of materials
usually applied to façade coatings was carried out
and a table of characteristics of these was drawn
up. Subsequently, a survey was made of anomalies,
probable causes, solutions and methods of repair for
each of the coatings studied.
The visualization of the maintenance data of a
building and the impact of time on the performance
of these exterior closure materials require an understanding of their characteristics (Gomes and Pinto,
2009) (Figure 2):
•• Types of material: painted surfaces, natural
stone panels and ceramic wall tiles;
•• Application processes: stones (panel, support
devices, adherent products, … ); ceramic tiles
(fixing mechanism, procedures, …); painted
surfaces (types of paint products, prime and
paint scheme surface, exterior emulsion paints,
application processes);
•• Anomalies: dust and dirt, lasting lotus leaf effect, covering power, insufficient resistance
to air permeability or weatherproof isolation,
damaged stones or ceramic tiles, alkali and
smear effect, efflorescence, fractures and fissures ….;
•• Repair works: surface cleaning, wire truss reinforcing, cleaning and pointing of stonework joints,
removing and replacement of ceramic wall tiles,
removing damaged paint and paint surface, preparing and refinishing stone panels, ...

Characteristics of the materials used in façades
Depending on the role that the façade coatings
play on the wall as a whole they can be classified
as finishing, sealing or thermal insulation. The most
frequent materials used as coating finishes are
painting, tiling and, as sealing coating of the natural stone:
•• Paint coating contributes to the aesthetic quality of
the building and its environment and also protects
the surface of the exterior wall against corrosion,
deterioration and penetration of aggressive agents
(Lopes, 2008). In order to obtain a good performance as an exterior coating, several aspects must
be considered, such as covering power and resistance to water, sunlight, chemical products and to
the development of micro organisms;
•• The ceramic coating consists essentially of tiling panels, cement and adhesive and the joints
between the slabs. The application of ceramic
tiling to building façades has considerable advantages particularly as some degree of waterproofing is afforded by the glazed surface along
with a great resistance to acids, alkalis and vapor. Other advantages are that it does not need
painting and that it can be easily applied or substituted during repair work (Ferreira et al., 2009);
•• The use of natural stone in the coating of façade
surfaces is a good solution both technically and
aesthetically. The stone coating is composed
of slabs of stone attached to the wall by a support system. The principal characteristics of the
stones are: reduced water absorption, sufficient
mechanical resistance to bending and impact,
abrasion and shearing parallel to the face of the
slabs (Veiga and Malanho, 2009).
Figure 2
Different type of materials applied as façade coatings.
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The database
The most frequent anomalies that occur in the coated façades were analyzed in order to create a data
base linked to the virtual model that could support
planning of inspections and maintenance strategies
in buildings. The database contains the identification
of anomalies that can be found in each type of material used in façades and the corresponding probable
cause. For each kind of anomaly the most adequate
repair solutions are also selected and included in the
data base. The following example concerning deficiencies in tiles presents the methodology implemented in this virtual application (Table 1).
The characteristics related to anomalies, causes, repair solutions and rehabilitation tasks were
included in a database of each type of material and
linked to the 3D model of the building. Thus, the
virtual model gives users the ability to transmit,
visually and interactively, information related to the
closure properties of exterior walls, allows them to
Table 1
Example of anomalies and the
associated repair solution

analyze the anomalies observed in an inspection
of the real building and to predict the corresponding repair work. The 3D virtual model can be seen,
therefore, as an important tool for anomaly surveillance in structures and for supporting decisionmaking based on the visual analysis of alternative
repair solutions.
The interface
The implementation of the prototype system makes
use of graphical software programming, Visual Basic 6.0 Microsoft, software to establish an adequate
database, Microsoft office access, graphical drawing system, AutoCAD Autodesk and VR technology
based software, EON Studio.
Human perceptual and cognitive capabilities
were taken into account when designing this visualization tool so the model is easy to use and does
not require sophisticated computer skills: many
potential users are not computer experts. It uses

Anomaly

Specification of the
anomaly

Repair solution

Repair methodology

Detachment

Fall in areas with deterioration
of support

Replacement of the coat
(with use of a repair stand as
necessary)

1º Removal of the tiles by cutting grinder with the aid of a
hammer and chisel;
2º Timely repair of the support in areas where the
detachment includes material
constituent with it;
3º Digitizing layer of settlement;
4º Re-settlement layer and
the tiles.

Cracking / Fracturing

Failure of the support (wide
cracks with well defined orientation)

Replacement of the coat
(with repair of cracks in the
support)

1º Removal of the tiles by cutting grinder;
2º Removal of material adjustment in the environment and
along the joint;
3º Repair of cracks, clogging with adhesive material
(mastic);
4º Settlement layer made
with cement in two layers interspersed with glass fibre;
5º Re-settlement layer and
the tiles.
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an interactive 3D visualization system based on the
selection of elements directly within the virtual 3D
world. Furthermore, associated with each component, there are integrated databases, allowing the
consultation of the required data at any point in
time. The interface is composed of a display window
allowing users to interact with the virtual model, and
a set of buttons for inputting data and displaying results (Figure 3).
For each new building to be monitored the
characteristics of the environment (exposure to rain
and sea) and the identification of each element of

the façades must be defined. The data associated to
each element are the building orientation, the type
of exterior wall (double or single), and the area and
type of coating.
Once each monitored element has been characterized, several inspection reports can be defined
and recorded and thereafter consulted when needed. An inspection sheet is accessed by the main interface (Figure 4).
Using the drop-down menus allowed by the
interface, the user can associate the characteristics
of the observed anomaly to: a façade element; the
Figure 3
The main interface of the interactive application.

Figure 4
interface.
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Inspection sheet

type of anomaly, the specification, details and the
probable cause of the anomaly, an adequate repair
solution and pictures taken in the building. After
completing all fields relating to an anomaly, the user
can present the report as a pdf file.
The case study
First, the 3D geometric model of a building case was
created (Figure 5). The building consists of a groundfloor, a 1st floor and an attic with dwelling space
shown. The coating elements of the walls were then
modeled as independent geometric objects. In this
way, each element can then support characterization data of the applied material and different kinds
of information related to maintenance.
All coatings studied were considered in this

case-study. Thus it was assumed that the main
façade is covered with tile and the remaining
façades are painted while hall façades are of natural stone. Figure 6 shows how to identify a façade
in the virtual model of the building. Figure 7 includes the inspection report of the anomaly previously considered.
A VR model to support the maintenance of
walls in a building was developed within a research project. It enables the visual and interactive
transmission of information related to the physical
behavior of the elements, defined as a function of
the times variable. The model shows the characteristics of each element of the building in the model
and the information related to inspection, anomalies and repair works. As the 3D model is linked to

Figure 5
Steps of the geometric modeling process.

Figure 6
Identification of a façade
element.
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Abstract. Computer technologies are used frequently and effectively in film-making. It is
almost inevitable to exclude computer aid in different phases of the process such as video
editing, compositing and generation of visual effects. Therefore, techniques and software
used in this field are improving every day. In this paper, potentials of a technique known in
film making industry as matchmoving will be elaborated to be used in architectural design
process. The types of software available for matchmoving purposes excel at generating 3D
environment data from video shots, making them very useful tools for architects.
Keywords. Architectural analysis; digital environment generation; matchmoving; motiontracking

INTRODUCTION
The main aim of this research is to connect architecture and film-making field. The technique known as
matchmoving is proposed for use in architectural
design process.
One of the current techniques used in film-making’s post-productional stage is a process known as
matchmoving or motion tracking. The specialized
software that deals with motion-tracking reproduces camera movement of an actual footage in digital
environments. While the software calculates camera
path using photogramettry techniques, it also creates a 3D data of the environment that the shooting
took place.
The context of this study is to research, both
possibilities and benefits of using matchmove
data in the field of architecture. As a method,
some matchmoving software products were examined and several shots processed. Then the

software performance and resulting solve data
were analyzed. Following the reference studies
mentioned, new techniques involving matchmove
technology in different phases of architectural design were proposed.

MATCHMOVING
Matchmoving is the process of creating a virtual
camera or recreating its path in order to match
computer generated imagery such as visual effects
with the actual footage allowing a smooth transition
(Hornung, 2010).
It is mainly used by graphic artists in fields such
as film-making, entertainment and advertising and
has a major role in this line of work.
In cases where there is camera motion in footage, the added artificial imagery has to be positioned properly in the scene or should follow the
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camera path in a consistent manner. In order to
provide this visually realistic scene and accurate
animations, properties of the actual camera have
to be defined and its movement path has to be recreated in a 3D space.
This is where matchmoving software comes
in. After the footage is imported into this specialized software, several calculation processes take
place and the camera path is created. As the final
step, computer generated imagery is imported
into the scene and merged within a video compositing software.
There are several matchmoving software available for graphic artists. Mainly the entire matchmoving process is identical on each software. However
they vary in price, usage, functionality and user interface. Some of them have minimal functionality being able to process only image sequences
whereas others have extra features such as support
for stereographic imagery and post processing. The
software available is listed below [1]:
•• 2d3 Vicon Boujou
•• 3DEqualizer
•• Andersson Technologies SynthEyes
•• Autodesk MatchMover
•• The Foundry Nuke
•• PFTrack
•• VooCat
•• Voodoo Camera Tracker

MATCH-MOVING PROCESS
Tim Dobbert (2005) explains the basic principle of
matchmoving process as conversion of 2D-data on
camera and the scene into 3D information. He also
defines the process steps as follows:
•• Identifying distinctive 2D features in the image
sequence.
•• Tracking the 2D features throughout the footage and defining their positions in every frame
•• Calculating 3D positions of the tracked features
with the help of the 2D tracking data
•• Camera position and path that matches the actual movement is calculated.
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••

Finally the 3D positions, virtual camera and its
path are imported to an animation or 3D modelling software package for further processing.

Matchmoving software uses photogramettry
techniques for the calculations and analyzes the
data called parallax, which is simply a change of perspective depending on perceiver’s position. (Dobbert, 2005)

PROPOSALS FOR USING MATCHMOVING
SOFTWARE IN ARCHITECTURAL DESIGN
PROCESS
The main goal of this research is to involve matchmoving software in different phases of architectural
design with its advanced video based 3D environment forming capabilities and to develop new computer aided design methods especially for the use of
architectural students. All of the proposed methods
within the context of this paper are essentially based
on gathering 3D spatial data from 2D information
and consequently using this 3D data as design reference. Raw 2D information may be a video shot made
in an empty building lot, a district with historical
buildings or an untouched natural terrain. It may also
be an artificial scene made up with a scale model or a
2D sketch on paper. In every case possible, it is much
easier and cheaper for students who are studying architecture to gather spatial information by taking a
video shot with a hand held camera and processing
it within a matchmoving software than setting up
a 3D laser scanner and using it on site. After the 2D
information is processed and converted to 3D data,
it can be used in different phases of architectural
studies such as; architectural environment analysis,
preliminary sketching and presentation.
In this paper, an example of digitalizing a scale
model by matchmoving technique will be explained
and three different matchmoving usage proposals for
architectural analysis will be mentioned briefly. For the
sketching phase, a case study will be examined. The
software, “Andersson Technologies - SynthEyes 2008”
will be used in every case study for matchmoving.

3D SURFACE GENERATION FROM A SCALE
MODEL WITH MATCHMOVING
An imperative benefit of using matchmoving software is its digitalization of a scale-model created in
the initial phases of the design process.
In this case study, an amorphous surface made
of clay was used to sample the whole process. The
steps that take place in this example cover the basics
of matchmoving (Figure 1).
Firstly, the scale model was marked by a pen
for the software to identify points on the surface
and then a 360 degree video shot was made to
provide the visual data with enough parallax to the
software. The video file was imported to the matchmoving software and automatic tracking was started. As a result of the solving process the software
successfully identified the majority of the marked

points and recreated the camera path. The unidentified points were selected manually and a manual
solve was started to define these points and increase the accuracy of the surface to be generated.
In order to have a smoother mesh, the number of
vertices were increased by an interpolation method
which defined possible locations of extra nodes. Finally, all the vertices created by the software were
selected and a surface generation command was
executed.
A typical resulting scene such as the one in
this case study includes a coordinate system, a
point cloud, generated mesh and the recreated
camera path. The scene can be exported to many
supported 3D modelling software. There, the scene
can be modified and be rendered with scene lights
and mapping.

Figure 1
3D surface generation process by matchmoving software

Figure 2
1-Marked scale-model made
of clay 2- Identified points
on scale model 3- Generated
point cloud in top, left,
front and perspective view
4- Generated surface by the
matchmoving software
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USING MATCHMOVING IN ARCHITECTURAL ENVIRONMENT ANALYSIS
Video shots can be considered as the transition phase
between still-images and 3D computer generated
models. Even though they do not provide complete
freedom when analyzing a product, gathering data can
be much more efficient than still images depending on
the type of footage. For that reason in particular, performing the environmental analysis process with video
footage may increase visual perception.
Three different usage proposals for the architectural environment analysis were made within this
study. They are as follows:
•• Facade and ratio expressions for buildings
Figure 3 shows several frames from a video shot.
After the shot was processed, the matchmove software identified features. Following that, some key

points such as window frame corners were marked
manually and processed again. Resulting scene has
3D locations of these identified points which enables
user to create and align simple geometries with facade elements. Representation of facade ratios by
a diagonal image was then created within the 3D
modelling software.
•• Creation of basic 3D representations of elements
such as buildings, roads, etc in a design area
Frames from a video shot of a building can be
seen on Figure 4. After the solve process, a point
cloud was generated by the matchmove software.
Using the 3D points in the scene, basic representations of the buildings were created and the final video was composited with the added 3D solids.
•• 3D terrain generation
Figure 5 shows a terrain generation example
Figure 3
Features identified by the
matchmove software and visual representation of facade
ratios by a diagonal image
created within 3D modelling
software.

Figure 4
Image shows original video
shot, basic representations
of the buildings created with
the help of the matchmove
software and composited
final video with the added 3D
geometry.
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from a video shot [2]. After the solve process, identified points were connected within the matchmoving
software to create a mesh of the terrain. The software
is also able capture images from the video and project these onto the mesh to create a more visually
realistic 3D representation.

USING MATCHMOVING IN PRELIMINARY
SKETCHING PHASE
The main purpose of using matchmoving in this
phase of design process is to use, the most important
examples of visual data, video footages, efficiently.
Via the specified software’s efficiency of gathering
3D data from video footage:
•• 3D environment data can be generated in the
design area
•• Preliminary sketches can be imported digitally
and thus further design studies can be carried on

••

Visual design data for the design area will be
ready for architects’ use as a reference for the
entire design process.

The proposed method is based on digitalizing a preliminary design product in order to enable
the architect to do further modifications and digital sketching. Using the data gathered from a 2D
sketch, planning and layout decisions can be made
and also relations to the surrounding area, terrain
and buildings can be observed efficiently (Figure
6). Also with a digitally converted facade sketch,
facade elements can be defined on 3D plane and
modified within 3D modelling software to finalize
their position or relations to each other. The same
conversion principle can be applied on a 3D design input - a scale model - without the need of a
3D laser scanner. The model including surrounding

Figure 5
Image shows identified features on the video shot, 3D
points and mesh generated by
the matchmoving software [2]

Figure 6
Layout design study steps
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Figure 7
Facade study steps

structures and the design area can be used to make
further design decisions after the model is digitally
converted by matchmoving software to provide
necessary 3D reference data.

FACADE STUDIES WITH MATCHMOVING
In this case study, using matchmoving software during facade studies in the design process is explained.
Essentially the whole process consists of shooting of a video, gathering the matchmoving solve
data and transferring the data between the animation software and the matchmoving software.
As a first step, the scale model of the design
area was made and physical tracking markers were
inserted to some key points on the model in order
to define the location of the digital model to be created and increase the accuracy of the whole matchmoving process. A video shot of the design area was
made on the selected model, moving the hand held
camera to different positions thus creating parallax
in order to provide maximum geometrical data. This
video was then imported to matchmoving software
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and thereby the solving process started.
After the automatic tracking process, the software was able to capture all the tracking markers
successfully therefore a manual tracking was not
needed at this step. With the calibration step, 3D
positions of points were defined, a point cloud was
formed and the camera path was recreated. By selecting three points defining the horizontal plane,
a coordinate system was set up. Within matchmoving software’s modelling interface a rectangular
prism representing the building was created and
positioned in the scene with the aid of the identified
tracking marker points.
Solve data from the matchmoving software including identified 3D nodes, primitive geometry representing the design proposal and the camera path,
were then imported to the 3D modelling software. A
preliminary facade sketch prepared earlier was also
imported and mapped on the rectangular prism. The
whole sequence was rendered inside the 3D modelling software. The resulting video shot with the
facade sketch and the rectangular prism serves as

Figure 8
Facade study process by using matchmoving technique

Figure 9
Solve result showing identified points in 3D and camera
path
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a transition step where it will be used in the matchmoving software once again to track the elements
on the sketch.
After this second solve process, the software
identified most of the new points on the facade and
calculated their positions in 3D space. Some unidentified points after the automatic tracking were
marked by the user and a manual track process was
executed to define their 3D positions. Within matchmoving software’s modelling interface, the identified points defining the structural elements were
converted into polygons.
As a final step, all 3D reference geometry
formed in the previous step, identified vertices and
camera path, were exported. In the 3D modelling
software the newly formed geometries were edited
and modified as a part of further design study.

CONCLUSION
In this study several design method proposals were
made that aim to use matchmoving techniques’ 3D
point generation capabilities. It is anticipated that
students of architectural studies may use these proposed techniques in the early stages of their projects

to create alternatives or express their ideas, especially when digitalising complex scales models to
do further sketching and modifying geometries on
polygon level. Exporting the vertex data to supported software to apply parametric design techniques
is also possible.
In order to use matchmoving techniques more
efficiently in architectural design process, it is necessary to specialise these software products for
architectural use. The anticipated software should
be utilised in parallel research such as augmented
reality, “Video Tracing” (Hengel, et al., 2007) and
“Probabilistic Feature Based Model Acquisition” (Pan,
Reitmayr and Drummond, 2009) and integrated with
these techniques. The predicted specialization steps
would be:
•• Creating a wizard interface within the matchmoving software that explains the method and directs
user the on intervention and input step-by-step.
•• Developing a plug-in for 3D modelling or animation software packages.
•• Developing fully specialised software that serves
as an independent design tool, based on feedback
from architects such as expectations and usage.
Figure 10
Facade sketch applied on the
solid and identified features
on elements
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Figure 11
Vertices connected and turned
into polygons

Figure 12
Further facade studies
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Abstract. Digital fabrication has become the true counterpoint to computer aided design
in architecture. Thanks to new C.A.D./C.A.M. technologies architectural design can now
manufacture complex buildings that only a decade ago could have been almost impossible
to develop. This convergence between C.A.D./C.A.M. technologies is producing a trend from
construction to manufacturing. Arbitrariness of architectural form should not be confused
with arbitrariness of architectural design, the latter being contradictory with the very essence
of design. Conventional or digital architecture must achieve design consistency and must rely
on architecture’s basic principle, that of necessity. New materiality is a term being coined
in relation to digital fabrication and the way it should address materiality in architecture.
Innovation in the use of conventional materials, the ways in which they may be manufactured
or tiled, as well as the emergence of new materials may outline what new materiality is about.
Keywords. digital fabrication; new materiality; ideation; representation; open form.

REPRESENTATION AND DIGITAL FABRICATION SYMBIOSIS
Although digital tools have been with us for over
40 years, the acceleration in the changes they have
introduced in our field of design has only been significantly manifested with the turn of the century.
What only begun as a timid and somewhat eccentric
incursion in our field has increasingly affected not
only the way architects design architecture but most
important, architectural language itself.
Traditionally, architects would draw and build
physical models, increasing the level of detail involved at every step of the design. C.A.D. tools soon
replaced these practices with the advent of virtual

space. The possibility to edit the drawn model with
the extraordinary enhancements that derive from
it completely outdated traditional manual drawing. Three dimensional modeling replaced physical
models as the plasticity of any virtual design is unmatched by any material manifestation. The structuring of information itself -layering, blocks, external
references, etc.- together with computers potential
to manage enormous amounts of data gave architects the possibility to deal with complexity in ways
that had no precedent in the history of the discipline.
It was their response to the increasing sophistication
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of modern societies, the complexity of the architectural discourse and the possibilities that these tools
entailed alone.
The enhancements that the use of C.A.D.
tools have introduced has been extraordinary enriched through the synergies that have emerged
from their combination with CA.M. tools. Kolarevic
(2003b) has referred to this kind of digital symbiosis
between representation and digital fabrication in
terms of “digitally-based convergence of representation and production processes”. Consequently,
the architect’s role has shifted and is increasingly
more concerned with the process of manufacturing
the materiality of the design itself. Digital fabrication naturally springs from digital design as it relies
on the computers’ precision and their unmatched
potential to manage complexity.
This digitally based convergence can go beyond a symbiotic relation. A typical action aimed
at the representation of an architectural form such
as sectioning can become a design strategy as Iwamoto (2009) has well suggested: “With computer
modeling, deriving sections is no longer a necessarily two-dimensional exercise.” Thus, instead of using
the section as a way to produce an orthographic
projection of a three-dimensional object it can be
used to do both: define the surface and build the
structural ribs that support it (Figure 1). This is possible thanks to the mentioned digital convergence
and the fact that the computer model defined in
the virtual space embodies the information necessary to communicate with a cutting-robot that will
produce the parts to be assembled regardless its
geometrical complexity.
The traditional architectural standard of architectural design aimed to ensure the constructability
of what has been projected is now, shifting from construction to manufacturing. The digital avant-garde
architect’s central role is recovering the medieval
precedent of the master builders and their interest
on both: geometry and materials. Obviously, architects have always dealt with the process of designing
architecture and its counterpart, the construction of
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Figure 1
Mafoombey, Martti Kalliala,
Esa Ruskeepää, 2005 (Photo
by Timo Wright)

its materiality on site. However, medieval tradition
did not strictly separate ideation from construction;
thus the authorship was diluted among the different
parties involved in the whole process. It was probably during Renaissance that these two stages of the
process were split into two; most likely, the drawing
skills of architects of the epoch and their eagerness
in relation to authorship recognition contributed to
such separation. As Kolarevic (2003a) has argued, “it
is debatable whether the drawings emerged in the
building industry because of the need to separate
design and construction or whether their introduction produced the present separation.”
The fact is that the digitally conscious architect
may well step over the limitations of drawing to precisely define the complete set of information needed
to build any complex geometry benefiting from the

convergence between representation and fabrication. Hence, the traditional limitations of “drawing what could be built and building what could
be drawn” as suggested by Mitchell (2001) can be
passed over. The extraordinary synergies produced
by C.A.D./C.A.M. design have foreseen the consistent
future that can be expected out of digital architecture as well as the surprisingly innovation that this
new technologies and their pioneering use can
achieve in our discipline.

TECHNOLOGICAL TRANSFER AND INITIAL
DELAY
Complexity as a theme has been accomplished
through the combination of C.A.D./C.A.M. tools.
The challenge to make blobs constructible pieces
of ravishing new architecture forced architects to
direct their interests beyond the newly discovered
potentials of digital ideation. Hence, they had to
control not only the curvilinear geometries conceived in the virtual space but the means of production to build blobs.
The somehow traditionally reactionary building
industry had to borrow technologies from industrial
design, the shipbuilding or the aeronautic industries.
The convergence between digital design and digital
manufacture was accomplished years earlier in these
more technological businesses. Just as the Eiffel tower
or Paxton’s Crystal Palace borrowed the steel structured frame and the glass wall from the engineers’
repertoire, the use of CATIA by Gehry’s office could be
considered an analogous technological transfer.
Several causes can be sorted to explain why
architects have initially delayed the use of these
new tools and made a consistent use of them. The
fact that architecture is, to some extent, a powerful
instrument of political propaganda and has traditionally served as a mirror of the empowerment of
its promoters, has most likely contributed to such
inertial fashion behaviour. The endless reinterpretation and reading of a glorious mythical past within
the discipline, something which could be simplified in the term classicism, stands for the repetition

strategies (Deleuze, 1968) to be found in the architectural debate for centuries. It is worth remembering that this reading had fortunately its last go with
postmodern historicism, only some decades ago,
although nowadays it is difficult to imagine; so deep
has been the shift in the architectural paradigm.
Architects’ own cultural background and disciplinary referents were, at its best, based on modernist models. The aesthetic austerity and the sobriety
in the management of form characteristic of the
latter led to a preference for geometrical simplicity.
A moderation that had its reasons in the use of the
new materials (reinforced concrete and steel), a logic
that addressed both: tectonics and materials, an explicit criticism of the classical repertoire and an aesthetic parallel with XX century avant-gardes.
In any case, their training at architecture schools
in the “certainties of the Euclidean geometry” implied
that “the emergence of curvilinear forms poses considerable difficulties” (Kolarevic, 2003b). Before the
fashionable curvilinear surfaced architecture made
its appearance with blobs -and was finally built at a
large scale in the most characteristic digital architectural icon, Gehry’s Guggenheim in Bilbao- computers had transformed the architectural debate in what
to became called deconstruction, most likely the
counter postmodernist trend, being, as it was, the
opposite to a repetitive attitude -differentiation as
termed by Deleuze-. Many of such folding architecture can be understood as a critical reading of modernism; although it did not properly deny it, it can be
thought of as a differentiation strategy worked over
modernist principals invigorated through the use of
computer tools; much of the work by Peter Eisenman
in the late 80’s can serve to illustrate this assertion.
With conveniently tuned software -again Gehry’s office pioneered the customization of CATIA’s
s.w. that would end in the development of Digital
Project by Gehry’s Technologies in 2002 (Iwamoto,
2009)- architects would finally be able to unleash
their imagination liberating themselves from any
kind of representational limitation. In doing so, they
would open the path to extraordinarily intricate
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geometries; a realm of complexity that could not
have been possible to achieve without the use of
computers.
The delay of the architectural discipline in
the integration of C.A.D.-C.A.M. techniques within
their work frame has, however, been compensated
through the innovation that has flourished ever
since. The shift of design paradigm has been so great
that even a new formal abstraction can be talked of
as architecture borne.

ARBITRARINESS OF ARCHITECTURAL
FORM AND DIGITAL BAROQUE
Unlike engineers, that have to solve deterministic problems (no matter how complex these may be), architects
have to deal with complexity in various ways. The problem of architectural form is not only determined by
tectonics or other objective performance causes. It also
relates to the meaning of the architectural object and
its contextualization within an architectural grammar.
And what is normally most distinct from the engineers’
problematic: it is anchored to a site, the locus, a contextual reality. That is the reason why architecture can
never be pure engineering and stands for a certain professional rivalry. We must then clarify why we should
distinguish between the arbitrariness of architectural
form and the logic of architectural design.
A ship’s hull can be engineered as a form that
may optimize a certain amount of parameters. Consequently, the engineer can design it according to
such dynamic and structural needs. As a result, most
hulls have an extraordinary formal similitude, as they
try to optimize a number of parameters that are basically related to hydrodynamics, resistance and a
constructive logic characteristic of the shipbuilding
industry; consequently they tend to attain a sort of
type object configuration.
The contextualization of architectural form
within architecture’s own discourse is one of the several aspects that make the work of architects rather
distinct from that of engineers. Eisenman (2007) has
addressed this issue on several occasions, in his architectural work as well as theoretically, stating: “the
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becoming unmotivated of the architectural sign
initially requires a separation of the column’s structuring function and its sign function”. So as with the
ship’s hull, the column will always be a structural
element capable of supporting -basically- vertical
loads. Contrasting with it, it will also be a syntactical
element within architectural language, something
that also interacts with a given heritage. Any column recalls a classical origin; its referential canonic
precedent cannot be obviated: it can be criticized or
it can be recalled, but it cannot be pretended to be
considered as a new syntactical element. Obviously,
depending on the material and the stresses involved
its shape can be optimized structurally wise, just as
the ship’s hull or any engineered element. However
whether the column may be Ionic or a miesian cruciform steel pillar is a matter that transcends its tectonic justification: the column in itself cannot naturally attain a type object configuration as engineered
objects tend to do.
Much on the contrary, architects cannot produce such typified forms; at least they no longer do.
It is obvious that there is a typological history within
architecture; gothic cathedrals, for example, were
typologically developed and most of their evolution
can be traced as a result of such typological conception. At that time, those buildings were very much
like ships; consequently, the preoccupation for the
consistency between geometry and tectonics was
quite evident. The limitations regarding balanced
loads over the bearing parts was greatly overcome
centuries later with the improvement of structural
calculus, on the one side, and the advent of steel
and reinforced concrete, on the other side. Modernity obviated architectural tradition regarding such
limitations and asymmetry soon became the evident
compositional device to prove this emancipation.
However, it was not until the development of structural analysis software based on finite elements that
the liberation of any kind of compositional rhythmic
constraint was truly achieved as can be found in the
oblique supports group in Villa d’Ava, designed by
Koolhaas.

There is still another reason why architectural
form may be considered arbitrary despite architectural design cannot be regarded as arbitrary at all.
Much of criticism casted on architecture relates to a
confusion of both things. This other reason can be
found in its functional program and the fact that different shapes can shelter the same function. Recently, addressing this issue, I wrote: “Structural needs
are not arbitrary and neither can be the elements
disposed to satisfy them. However, functional needs
refer to the habitability of architectural space. This
space has to be designed according to site tensions
and functional needs but the complexity inherent
to such combination together with the multiplicity
of formal solutions that satisfy both sets of requirements make it impossible to optimize the relation
between form and function” (Marcos 2011). This
multiplicity of formal possibilities that can satisfy a
given set of architectural needs makes architecture a
discipline bound to both: the logic of tectonics and
to the openness of a design that cannot be objectified. Something that is quite obvious when different
proposals for the same architectural competition are
critically observed. Many of them are correct architectural designs although they may differ very much
from each other.
Thus, different architectural forms can serve to
a same use, and it is difficult to decide which one in
particular is better than the rest, provided a minimum of quality design. In this sense, architectural
form is arbitrary. It is not the result of a deterministic
problem, as can be found in other analogous disciplines. “Form does follow function”, as Sullivan stated long ago, but not only. It is the result of a great
amount of data inputs that have to be solved in an
architectural geometry.
However, architectural design cannot be arbitrary because it is founded on principles that
cannot be altered: such as tectonics, functionality,
durability, scale, constructability, or architectural
language, only to mention a few. These principles
transcend fashions or styles becoming invariants
of architecture. As in the case of the column, the

tectonics involved can be objectified so that the final design must meet such structural requirements.
Consequently, reinforced concrete or steel used by
modernist architecture changed architecture’s own
grammar settling a new architectural canon (Miranda 2005). Nevertheless, the unmotivation of the
architectural sign cannot be ignored. Hence, architectural form may be arbitrary in terms of the potentiality of different designs fulfilling program and site
requirements, but must be consistent with the objectification of its tectonic and performance needs;
moreover, it has to address the grammatical implications of being a language in itself.
It is quite obvious, as Picon (2010) has wittedly pointed out, that Digital architecture cannot
be thought of aside the digital culture stream; it
belongs to its time and it is nourished by the same
inputs. Complexity, accordingly, is not only a possibility because of the advance in the discipline, it
is also the result of an increasingly complex world,
with more and more sophisticated societies and an
accelerating culture nurtured on an enrichment of
cultural layering.
The tendency of digital designers to produce
installations of unlimited geometrical complexity
often obviates the problems involved in architecture
with regard to material resistance and its relation
with scale. New materiality must address the suitability for the use of materials and certain geometries. Considering the process of manufacturing and
the qualities of each material, it should optimize the
election of the material and its shape making use of
computational potential for analysis. Architecture, as
has always done, must rely on necessity and tectonics as much as architects must be conscious of the
duality between such arbitrariness of architectural
form and the necessary consistency of architectural
design. The use of new geometries should not fool
architects with a fashionable formalistic splendour
that could end up being meaningless in terms of architectural language as such formal intricacy could
be inconsistent with architecture’s tectonics or other
performance requirements.
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Digital architecture should neither recall any
formal repertoire of architecture’s past since that
would result in revivalism, something that after
postmodern historicism is simply unacceptable.
Digital baroque, as it has been named, is simply an
absurdity. Some of the recent formal investigations
of architects as Evan Douglis cannot be further from
what should be expected out of new technologies
and their use in architecture. It is quite clear that the
extraordinary control over form that C.A.D./C.A.M.
tools entail can produce the finest work and finishes
with CNC-milling robots as can be seen in Douglis’
Helioscope. However, it is more than doubtful that
this kind of ornamental revival may have any sense
from an architectural point of view representing, as
it does, a reactionary reading of architecture. Digital
culture can only look forward being, as it is, an avantgarde within architecture. The richness of the geometries that computer tools enable to manage should
encourage architects and designers to explore new
possibilities, not to try to emulate forms that have
completely lost their meaning and their reason to
be. What sense does it make to reproduce geometries that were a clear result of a handmade work
carved out of materials like stone or wood executed
two and a half centuries ago characteristic of the ancien regime with sophisticated CNC-milling robots
working on foams and resins at the beginning of the
XXI century for contemporary society?
FROM CONSTRUCTION TO MANUFACTURING
Certainly, digital culture in the field of architecture
was incomplete until architects became aware of
the synergies produced between the digital control
over the geometry and its eventual digitally controlled manufacturing. Computers played a major
role in the transformation of architectural language
during the 80’s and most especially in the 90’s. The
development of three-dimensional modeling completely changed the trends and shifted from deconstruction to blobby architecture or to the first materializations of digital architecture. Undoubtedly,
Gehry’s Guggenheim in Bilbao stands alone with
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the general recognition for being the first large
scale building to be constructed characteristic of
digital architecture, even though it was only halfdigital. The conception phase was conventionally
designed with sketches and physical models (Colomina and Gehry, 2003); only when these were laser
scanned a digital three-dimensional model was
produced, the rest of the process onwards was carried out digitally.
Apart from the original complex geometries of
the building, probably one of the most remarkable
things of Gehry’s Guggenheim was the complexity
involved in its construction. Not only the geometries of double curved surfaces had to be carefully
designed and precisely defined, but because they
had to be built, unlike blob architecture -mostly paper or virtual architecture- C.A.M. techniques had
to be used. That is the most important contribution
Gehry has made in digital architecture. Once it became clear that the new realm of digital complexity
-capable of being handled with C.AD. tools from a
design point of view- had its counterpoint in the
use of C.A.M. tools, digital fabrication emerged as
the natural materialization of bold digital architectural designs.
Digital fabrication has given architects the
chance to build their digitally conscious architecture
revealing a new world of possibilities in the uses of
materials, finishes and what it is most important:
their assembly. This is what we refer here to as the
shift from construction to manufacturing. Obviously
buildings are constructed but the way in which materials are being dealt with, and the increasing tendency to manufacture every single part of the building
and assembly it on site is probably a result of dealing with enormously complex geometries and the
intricacy of the formal designs (Figure 2). Most of this
digital fabrication is dedicated up to date to facades,
skins, membranes and panels. Consequently, if the
complexity of the design affects not only the surface
treatment of the facades and the paneling but becomes a factor in the overall design, it will entail a
comprehensive digitally fabricated architecture.

Modulation and repetition was a compositional
device characteristic to architecture throughout history until the advent of digital architecture. Construction relied on those compositional devices that simplified enormously the constructive process based,
as they were, on regularity. Modernity brought with
it asymmetry although as Hitchcock and Johnson
(1932) anticipated as early as 1932, one of its ordering principles was regularity. Digital architecture, on
the contrary, has brought irregularity: the informal.
This architecture is possibly one of the best materializations of an apparent chaos; however, as chaos
theory states, even chaos has a subjacent order.
Figure 2
C_Wall, Andrew Kudless/
Matsys, 2006 (Photo by
Andrew Kudless)

Cecil Balmond is certainly one of the pioneers
among those engineers that work for architecture to
solve the tectonics of informality. This irregularity of
form is quite similar to a lack of hierarchy, a general

informality that confronts with classical modularity
or even modernist regularity. Balmond (2002) has
referred to this kind of geometric situations of the
complex and irregular in the following terms: “As the
effects are multiplied by extension or overlapping,
surprising and ambiguous answers arise. Because
there is no hierarchy, only interdependence, I call
this template of ideas informal.”
An extraordinary complex geometry is full of
irregularities; control over such irregularities not
only affects the design, it requires C.A.M. techniques
and total station positioning for assembly on site. In
this sense, we can understand the shift introduced
through digital fabrication of the informal complex
geometries -pure manufacturing to materialize an
architectural design- in comparison to classical or
modern construction of regular geometries whose
formal control does not require such sharpness and
accuracy and may thus be, constructed on site instead of manufactured and assembled.
The idea of irregularity links digital designs
with digital fabrication as it makes possible the
manufacturing of customized singular elements,
an architectural dream come true. The articulation of complex double curved surfaces or folding
geometries has lead to the necessity to customize
each of the panels that constitute the whole, something that would have been unimaginable without
digital fabrication techniques (Figure 3). Iwamoto
(2009) refers to the design of Gehry’s Disney Hall in
relation to this: “This building method revealed that
the complexities and uniqueness of surface geometries did not significantly affect fabrication costs,
and it is this realization, that one can make a series
of unique pieces with nearly the same effort as it
requires to mass-produce identical ones, that forms
a significant aspect of the computer-aided manufacturing that has since been exploited for design
effect.” This customization of the manufactured
tiling or any other parts to be digitally fabricated
with CNC routing, cutting, laser cutting, etc. has really spurred the viability of complexity in terms of a
new materiality.
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NEW MATERIALITY, PARAMETRIC DESIGN
AND DIGITAL FABRICATION
The term new materiality has been coined in relation
to digital architecture and the way it can address
the theme of materiality in the designs (Picon 2004).
Conceptually, new materiality in the realm of digital
architecture could be understood as the constructive logic intrinsic to materials and new fabrication
methods. In spite of the enormous variety of digital architecture –a good example of how architects
have assimilated the deleuzian discourse of difference and repetition- the truly digitally conscious architect should combine the mastery of the tools as
well as the aim to understand the material implications of built architecture.
Because of the synergies that spring from digital
design and digital fabrication, architects are bound
to the inner logic of manufacture and assembly, of
how their bold geometries can acquire materiality
and become built realities. This recalls an ancient
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tradition in architecture, that of medieval master
builders, as has noted Kolarevic. In fact, it also relates to Gropius’ and the Bauhaus’ pedagogic ideal of
conceiving architecture as the discipline into which
the medieval concern on the materials and the integration of the arts and crafts into a polyphonic work
could be merged.
The characteristic concern about complexity on
which digital culture in architecture was based from
a design point of view has found in digital fabrication its counterpoint with the capability to manufacture customized designs. The possibility to digitally
design and to mass produce singular elements such
as tiling of irregular surfaces to build up a complex
whole has given architects the potential to deal with
complexity not only as an aesthetic reference or an
ideological principle, but to manufacture and assembly complex buildings (Figure 3). This is what Cache
(1995) has referred to as “the foundation for a non
standard mode of production”. The mechanic capacity of robots can now be used to mass produce not
just regular elements but singular ones at hardly any
greater cost.
However, the increased complexity that can be
achieved with new design tools has often led to the
banalization of form inconsistent with architecture’s
own tradition. A new materiality should articulate an
architectural constructive logic as stated by Milizia
in the XVIII century for new digital fabrication techniques, consistent with the fact that architecture is
pure applied physics and is founded on necessity.
Regarding the idea of new materiality, a final conclusion could be its connection with the
idea of emergence, which citing Picon (2010) is a
property to be found in nature’s and in artificial
designs: “Whitehead saw the world as founded on
processes rather than substances. In such a perspective, that Kwinter and others like to characterize as a new and radical materialism, emergence
appears as a fundamental property shared both
by nature and design”.
New materials are being designed, and it is
likely that some of them may soon become part of

Figure 3
Airspace Tokio, Thom
Faulders Architecture 2007
(Photo by Thom Faulders
Architecture)

the building industry. Extraordinary qualities can be
achieved through the design of the inner structure.
Materials with inner structural hierarchy can achieve,
for example, negative Poisson’s ratio or enhanced
structural performance (Lakes, 1993). Intelligent
glass that is being developed at Cornell can be a
spectacular platform to perform augmented reality features on surfaces, possibilities that now seem
almost science fiction but that are already being
manufactured and could soon become part of construction standards. This is yet to come, but it may
well become part of the near future.
Parametric design has drastically changed the
status of architectural design in as much as it has
produced open designs or open forms (Figures 2,
3). The architect’s role has shifted from form imposing to form finding strategies. A parametric design
generates a parameterized typology of forms within
the range of parameters. The codification of the form
may generate a debate in itself, but in connection to
digital fabrication it opens the possibility of customized design and varied tiling in the definition of curvilinear surfaces. ‘Open form is possible thanks to abstract constructs such as parametric or algorithmic
designs. Its definition is topological instead of geometrical; unlike conventional designs, it is non material.’ (Marcos 2010), something relevant as it connects
architectural typology with the series of parallel designs emerging from a particular parametric design.
In relation to architectural ideation, Lisa Iwamoto (2009) has recently classified a whole series
of digitally conscious design strategies: sectioning,
tessellating, folding, contouring and forming. All of
them involve a conception of form linked to how it
is built, how it acquires materiality. Using Iwamoto’s
own words “Digital fabrication, in particular, has
spurred a design revolution, yielding a wealth of architectural invention and innovation”.

non material. Moreover, parametric designs define
clear topological relationships between the parts
of a particular design. Parametric design and digital fabrication -significantly customized mass production- enables architects to manage extraordinarily complex geometries. Digital fabrication can
be also used as a quick way for prototyping and
build reduced mock-ups. Architect’s initial technological delay in the use of C.A.D./C.A.M. tools
has been balanced thanks to the boldness and
the innovation that may be found in their recent
designs. A new architecture-borne abstraction
can be claimed to emerge from digital architectural designs. Digital fabrication has proved to
be the ideal counterpoint to C.A.D., enabling the
manufacture and assembly of complex designs
that would have been unconceivable without
those tools, but that would have been impossible
to bring into the materiality of built architecture
without the management of C.N.C. and milling
robots. Arbitrariness of architectural form must
not be confused with arbitrariness of architectural
design as it relies on the idea of openness and the
impossibility to optimize form and function. New
materiality also refers to a wise use of materials according to their intrinsic qualities complemented
with innovative ways to manufacture or to assemble conventional materials. Laying of bricks
digitally positioned can, i.e., produce unexpected
finishes and ways to work masonry. The pending
challenge that digitally conscious architects must
confront is the effort to design simplification instead of formal proliferation, having a good reason for every design decision or for any material
use. Digital architecture will achieve its maturity
when complexity is achieved as a result of initial
design and site conditions, not just as an aesthetical or an ideological trend.

CONCLUSIONS
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Abstract. This paper examines methods for the generation of structures that exhibit
rectangularity. Rectangularity in architectural and urban structures can be traced to various
reasons, including facilitating the design process, since the use of rectangular geometry limits
both the space of possible solutions and the operations necessary to search the solution space.
With the help of computer-based methods it becomes possible to explore huge solution spaces,
however most existing methods stick to traditional concepts for the generation of geometric
structures, such as the use of predefined elements (rectangles). These approaches do not take
into account geometric irregularities which the structure to be generated may be subject to. In
this paper we present a method that makes it possible to create a nearly rectangular structure
within a freely definable boundary.
Keywords. Rectangularity; Structures; Design Tool; Design Process; Evolutionary Optimization.

RECTANGULARITY IN BUILDINGS
Architectural design is a process of systematic exploration in a potentially infinite space of possible
solutions. The result of this process is an abstract
representation of a spatial configuration (e.g. floor
plans or urban plans). Rectangularity is a common
characteristic of such configurations (in the following we use the more general term ‘structure’ to
stand for the two-dimensional aspects of a configuration). Precisely which factors have actually led to
the use of rectangular forms is still not fully understood (Bafna & Shah, 2007). However, numerous
advantages can be mentioned which are related to
the use of right angles. The right angle turns out to
be practical in many ways, for example for the furnishing of layouts (due to rectangular furniture) or

as a means of simplifying the construction (impact
of the available materials and construction methods). For movement in space, it has been found
that right angles also facilitate spatial orientation.
Through experiments Sadalla and Montello (1989)
figured out that, during pathway traversal, people
tend to remember changes of direction better,
when they are a multiple of 90°.
In addition, it is often good to create spaces with
a convex shape so that they can be overseen by an
inhabitant from any point in the room because this
creates a sense of security and well-being (Alexander
et al, 1977). If many such (convex) spaces are put together, the use of straight lines and right angles helps
to keep the influence of the shape of one room on the
shape of another as low as possible (see figure 2).
Digital Aids to Design Creativity - eCAADe 29
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This raises a further important aspect, which is
the handling of rectangular structures during the design process. Handling means on the one hand the
ability to create formally consistent structures (aesthetically resolved through geometric similarity) and
on the other, the ease of use of the tools needed to
create such structures. This aspect will be examined
in more detail in this paper and serves as a reference
point for considering the development of new design tools.

TOOLS AND THEIR IMPACT ON DESIGN
The tools used in the design process have a significant impact on the resulting design. This is due to the
fact that each tool allows only certain kinds of operations. This in turn constrains the scope of the user’s
actions to those offered by the respective tool (in
other words, you can’t draw a curve with a straightedge). The German architect Günter Behnisch remarks that: “Cardboard models give rise to stodgy,

flat incorporeal buildings: wooden blocks produce
wooden block architecture, and modelling clay produces relatively free plastic structures.” (Kaeppel,
Kandzia, Behnisch, & Partner, 1987). Such limitations
can be inspiring, leading to a specific design methodology, but it can also be constraining, leading to
monotonous results. In the late 19th century, Sitte
(1911) was concerned about the widespread use
of the drawing board, which in his opinion had led
to largely simplified forms in urban planning. For
Steadman (2006), however, tools play only a secondary role with regard to the emergence of rectangular
shapes (see p. 120). He argues that it is the flexibility of the shape of the rectangle itself which allows
one to create many variations of formally consistent,
rectangular structures based on simple operations,
such as packing and scaling (see figure 1). The fact
that a rectangle still remains a rectangle after scaling
helps in arranging elements within a given outline
(which once again should ideally be a rectangle).
Figure 1
Transformation of packed
rectangles compared with
that of packed triangles (from
Steadman, 2006)
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However, the assertion that the impact of the
tools is not as significant as previously thought can
be qualified by the realisation that the notion of tools
encompasses more than just the drawing instruments themselves, but also the mental concepts and
methods used when designing. If one considers the
concept of the rectangle as a “device” or tool itself employed by the designer as a means to support mental
work, then Steadman’s explanation for rectangularity
can also be understood as a result of a tool: in this case
the mental concept of working with rectangles.

CONSTRUCTING DESIGN WORLDS
Mitchell (1990) writes that during the design process
designers are moving within an implicitly created
design world, which is determined by the choice of
design tools and methods. According to Steadman’s
argumentation the design world employed consists
of elements (rectangles), which can be combined to
form rectangular structures through simple operations, such as translation and scaling. Due to our limited mental capacity (Miller, 1956) such a design world
makes sense, because on the one hand it limits the
solution space, and on the other, provides simple operations for searching through this space effectively.
Through the use of computer-based design
tools we have reached a previously unprecedented level of freedom in designing that allows us
firstly to control forms of considerable technical
complexity and secondly makes it possible to very
quickly explore large solution spaces. The pinnacle of such systems is the automation of design
processes. These systems allow designers to pass
complex evaluation and generation mechanisms
to the computer in order to let him independently
calculate optimal solutions. One prominent example of such design automation is the generation
of layouts, which, since the early 1960s, has been
a recurring theme in the application of artificial
intelligence in the field of architecture. Considering the topic of rectangularity, it can be noted,
that the systems developed for generating layouts
more or less follow the prototypical design world

described above. By way of example, the work of
Elezkurtaj (2004), Arvin and House (2002) as well
as Schneider, Fischer and König (2010) can be mentioned. As an elementary form all projects use rectangles, which are joined together without gaps
or densely packed within a rectangular boundary.
This can be described as an additive approach.
Such simplified assumptions, of course, also simplify the algorithms used for their generation and
evaluation. This reduces the computational time
required to reach a solution, while the use of basic
forms and known operations facilitates the interaction of the user with the system.
An alternative approach to the additive method
is to subdivide, i.e. to generate a structure by subdividing a given surface. The works of Flemming
(1977), Duarte (2005) or Knecht and König (2010) are
examples of projects which work with subdivision
methods. With regard to the forms produced, however, all these projects are limited in the exploration
of the solution space to purely rectangular structures. The work of Doulgerakis (2007) is an exception in that it does allow non-orthogonal structures.
However, it can be noted here that the angle occurring within the structure is not taken into account in
the generation process which often leads to poorly
usable or uncomfortable rooms.
But how can a system, or more precisely a design world, be constructed that makes it possible
to create rectangular structures without using predefined elements (rectangles) or limiting the design
space a priori through geometrical restrictions (such
as the solely use of right angles)? This will be discussed in the following by developing a method for
generating nearly rectangular structures.

GENERATING NEARLY RECTANGULAR
STRUCTURES
Despite the frequency of right angles in architecture and the built environment, pure orthogonality in cities and buildings is rare. In general, most
building sites have geometric irregularities (obtuse or acute angles). If these need to be taken
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into account in the design of a spatial configuration, this inevitably leads to non-rectangular
shapes. Using rectangles alone one is unable to
respond to such irregularities. Here we should
note that neither the shape of a rectangle is a
prerequisite for architectural spaces, nor is a perfect right angle absolutely necessary: “There are
reasons why they [the walls] should be nearly
straight; [...] But there is no evidence that their
sides need to be exactly the same nor its corners
absolutely rectangular” (Alexander et al, 1977;
see figure 2). To consider geometric irregularities
and at the same time obtain predominantly rectangular structures, angles need to be handled
more flexibly. Rather than ignoring angles (which
is the case with rectangles as all its four angles
are equal), the following system generates structures that adhere wherever possible to the principle of right angles – in short: who cares about
rectangles if you can use right angles!

A PARAMETRIC APPROACH
A simple algorithm for generating nearly rectangular
structures in a given polygon is based on its division
starting from its centre point (cp) to the midpoints of
its bounding edges (mp). The resulting quadrangles
must then be divided again using the same method.
The result is a grid formed of compact, nearly rectangular quadrangles (see figure 3).
Figure 3
Subdivision of a surface from
its centre point to the midpoints of its bounding edges

A problem with this method is, firstly, that polygons with a high number of edges result in the increasing occurrence of acute angles, and secondly,
that it is restricted to convex polygons. Furthermore, it
always creates the same grid-like structures, as determined by the linear sequence of the algorithm. One
can also speak of a parametric approach because the
results are completely dependent on the input parameters. To create structures that satisfy the requirement
of right angles but otherwise “develop” freely, a different, less linear approach needs to be found, which can
generate a wider range of possible solutions.

AN EMERGENT APPROACH

The scenario examined below describes the
optimization of a structure in terms of the above
criteria within a freely definable boundary. This
boundary can be either a building outline or a plot
that needs to be parcelled. To generate the structure, we use only the subdividing approach.
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For dealing with problems where the solution is not
already conditioned in part by the definition of the
problem (e.g. where the direction is not clear), Evolutionary Strategies (ES) are a suitable approach. ES,
which are inspired by the process of biological evolution, create solutions in an iterative process of trial
and error, which gradually adapt to specific requirements (fitness criteria) without defining a specific direction of improvement (Rechenberg, 1994). Crucial
for the successful application of such strategies are
the generative mechanism and evaluation mechanism. The generative mechanism frames the solution
space within which the best solutions are searched
for. It is important, therefore, that this mechanism
can generate a large number of different solutions.

Figure 2
Range of possible corners
(top) only nearly rectangular
lines are easy to combine
(bottom) (from Alexander,
1977)

Consequently, we have chosen to subdivide the given area by Voronoi tessellation. Voronoi tessellation
is suitable for the generation of structures because it
is able to generate a wide range of possible solutions
(from a rectangular grid to a honeycomb grid to totally free allocations). The evaluation mechanism
checks the angles occurring in a structure according
to their deviation from the right angle.
To create a structure that is as rectangular as
possible within a given boundary the algorithm
works as follows: in the first generation, a random solution is generated for every individual. This happens
by randomly distributing points, from which the Voronoi diagram is calculated. The resulting Voronoi
diagram (which consists of centres, regions and their
edges) is then examined to determine which edge
points are located within the boundary polygon
and which intersections occur between the Voronoi
edges and the polygon. For the interior points, each
of the three interrelated angles is calculated. These
three angles arise from the fact that in Voronoi diagrams three edges always meet at one point. For the
intersections of the Voronoi edges with the boundary, the angle of intersection is calculated (see figure
4). Afterwards the deviations of the occurring angles

from the right angle (90°) or multiples of right angles
(e.g. 180°) are totalled. The various possible solutions
(individuals) are sorted in terms of fitness, and the
best solutions are then carried forward to the next
generation and the rest discarded. New solutions are
generated through the combination or mutation of
the best solutions. Based on this simple generation,
evaluation and selection rules, the structure is progressively optimized in an iterative process.
The software tool we developed to demonstrate
the functionality of the algorithm described above
(see figure 5) is interactive, allowing the user to intervene during the optimization process. For example,
the boundary shape can be changed at any time,
causing the structure to adapt to the changes in real
time. The designer therefore receives immediate feedback on his actions and can explore the space of possible solutions in dialogue with the tool (Schön, 1992).
Using this tool, we tested the algorithm in a
variety of test cases. From the results, we can infer
that specific types of solutions recur again and again,
most notably the creation of continuous lines (see
figure 6: 1b, 1c, 2a, 2b, 3a). These lines are usually
located centrally within the boundary and trace the
form of the boundary (see 1a, 1b, 2b, 3a).

Figure 4 (left)
Resulting angles of the
structure in relation to the
boundary

Figure 5 (right)
Screenshot of the tool during
optimization
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The algorithm implemented at present is still
very simple and is not yet optimized for performance.
The calculation of the examples above takes at least
2-3 seconds (about 30 generations) to complete. To
obtain more responsive user interaction it is necessary to reduce the speed of calculation to a fraction
of a second. This would then make it possible, for example, to add new rooms or to move existing rooms
in real time, whereby the angles occurring within the
structure always remain approximately at right angles.
To improve the results, the evaluation mechanism also needs to be extended (see Figure 7). For
example, it would be conceivable to introduce additional criteria, such as the convexity of the resulting
regions (7a), the proximity of the edge of a region
to the corners of the boundary (7b) or parallelism
(7c). Similarly, approximately rectangular structures
could be corrected subsequent to their evolution, for
example, to straighten crooked lines (7d). A combination of the iterative evolutionary algorithm and a
working method for directly improving problematic
cases could also reduce the calculation time.
To arrange a large number of regions within the
boundary, it is also worth examining whether hierarchizing the subdivision algorithm (i.e. the re-subdivision of the approximately rectangular regions)
could bring further benefits. When creating denselypacked sets of rectangles it has been shown that
such an approach can have a tremendous impact on
the speed of calculating a solution, since the number
of elements that have to be optimized is simultaneously reduced (Koenig & Schneider, submitted).

CONCLUSION & OUTLOOK
The dominance of the right angle in architecture
has many causes. This in itself is not the focus of this
paper, likewise the issue that new design tools have
made geometric construction less dependent on
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rectangles. However, computer-based methods are
particularly useful in the design process (for example, as a complement to existing CAD systems) and
open up new ways of generating structures. In this
paper, the right angle served as a starting point for
the generation of structures. We discussed methods
for dealing with rectangularity that are not dependent on predefined elements (rectangles) or a prioi
defined restrictions for the occurring angles.
The division of an area and its optimization for
near-rectangular structures represents one promising approach. The implemented evolutionary algorithm can be enhanced further and alternative subdivision algorithms are currently being investigated.
In a later stage, the evaluation mechanisms will be
extended to include functional constraints (such as
topological relations and spatial variables).

Figure 6 (left)
Three different boundaries
with three different variants
for each
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Abstract. This paper discusses a design course covering the complete process chain from
parametric modelling to digital fabrication. The course was run as a 2-semester elective
course at Hochschule für Technik Zürich (HSZ-T), a Swiss University of Applied Sciences that
offers as the only school in Switzerland a Bachelor of Architecture as an extra-occupational
part-time study (joining ZHAW in 2012). The design objective was to develop pieces of urban
furniture with help of parametric modelling and fabricate them with digital tools. Each of the
eleven objects was realized in collaboration with a different professional enterprise chosen
by the student, which let us experience a wide range of different materials and production
technologies.
Keywords. Parametric Modelling; Digital Fabrication; Furniture Design; Part-time study.

INTRODUCTION
Ever since architects and designers discovered
the link between digital design and digital fabrication, they have been challenged to apply
emerging new technologies to the design of furniture (and ‘pavilions’, but this is a different story).
The complexity of constraints in furniture is rather low compared to buildings while the freedom
of interpretation is great – perfect settings for a
case study.
Founding in 1994 the C-Labor at HfG Offenbach and in 2000 the NEWCRAFT project (a
‘mass customization’ network of designers in collaboration with professional carpentries), Jochen
Gros was an important driving force in the early
years of parametric modelling in furniture design
(Gros, 2000; Steffen, 2003). In the first decade of
21st century, numerous researchers at design and
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architecture faculties experimented with the influence of parametric modelling on furniture design.
On the CUMINCAD database, projects are documented as conference papers by Schein (2002),
Ebnöther (2004), Kilian (2006), Steinbächer (2007),
Vamvakidis (2009) and Sprecher and Kalnitz (2009).
It is interesting to follow the developing mindset
towards the use of computers in design. While Gros
started off in 1995 with a systematic collection of
traditional wood joints adapted to CNC milling machines and Kilian (2006) wonders in his ‘chair design
experiment’ about “circular dependencies” in parametric modelling, Sprecher and Kalnitz (2009) state
with their C-chair that “architecture is now more
then ever putting life at the center of its preoccupation” and that “architectural forms have given place
to energetic formations”.

COURSE OBJECTIVES
Part-time studying at HSZ-T means that students are
employed at least 50% (some even 70–80%). Lessons
take place very concentrated on a few days and often
do not end before 10 pm. Students of HSZ-T are profiled as experienced hands-on architects, able to realize
the design of a building with high-level workmanship.
The recent shift in using the computer from imitating analogue drawing techniques to interrelating
form and information with algorithms – namely the
shift from ‘Computer-Aided-Design (CAD)’ to ‘Computational Design’, described and coined for instance
by Menges (2009) – is currently not reflected in the
school’s agenda, as it is not understood as relevant
for the daily workload of an architect.
Within the specific environment of part-time
studying, it seemed advisable to create an awareness
of how easily accessible digital design and fabrication
tools have become in recent years and to which extent the building industry is already penetrated with
the respective technologies. We wanted to introduce
technologies that we considered as suitable for daily use in the design and construction process – this
meant relying on familiar top-down design approaches. The course intended to meet three objectives:
•• First, giving insights into ‘Parametric’ and ‘Generative Design’ as discussed in magazines and
promoted by an architectural avant-garde.
•• Second, making students experience the direct
relation between digital drawing and digital
fabrication (‘digital chain’).
•• Third, and most important, communicating these
technologies on a profession-oriented down-toearth level to make them useful for the student as
employee in an average architectural office.
As we could not expect from practicing architects to have experience in programming, we decided to introduce ‘Grasshopper’, a popular graphical algorithm editor tightly integrated with McNeel’s
Rhino. The intuitive user interface of Grasshopper
(introduced as successor of ‘Explicit History’ in 2008)
makes it possible to build parametric models without

programming knowledge – a feature most interesting for visual thinkers like architects and designers.
In a second step, we asked the participants to
adopt their acquired knowledge of Grasshopper to
a design problem, namely a piece of urban furniture
for the school’s courtyard. Students were to develop a
design idea, drawings, 1:6 model and a cost estimate.
As most of the students were in the last year of their
Bachelor studies, they were free to choose the topic
and material for their urban furniture by themselves.
In a third step in the second semester of the
course, the participants developed workshop drawings
and realized their design with help of digital fabrication.
A third of the teaching hours were used for each
of those steps, applying different educational concepts – ‘Grasshopper Introduction’ with a traditional
teacher-student relation, ‘Urban Furniture Design’
with individual coaching and ‘Digital Fabrication’ on
the students’ own responsibility.
We encouraged the students to choose between two different approaches:
•• Fabrication of variants (simple objects that can
be adapted with help of parametric modelling
to different constraints such as input parameters of individual spaces and users).
•• Geometric complexity (complicated objects
that become only feasible with help of parametric modelling, such as ornament and free-form).

RESULTS
Nine of eleven participants decided to work on a
seating object – it seems that chair design is especially appealing to architects. However, one student
designed a barbecue and another student developed a light installation with LED lamps. In contrast
to the limited design subjects, their interpretation
and materialization was extremely diverse.
Only three of eleven participants investigated
‘geometric complexity’ with objects consisting of 34
up to 198 varying pieces. The rest of the students
went for a ‘fabrication of variants’. They stated that
their object could be potentially adjusted to different
users or uses, while the object itself was built from
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Figure 1
Igor Gasic’s ‘breakpoint’chair allows a lot of
possible and impossible
configurations.

Figure 2
The realized configuration
consists of 49 bolted pieces
from solid iroko hardwood.
Photo: Kyeni Mbiti
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Figure 3
34 different lampshades
from three sheet metal pieces
are the building kit of Dan
Cajöri’s lamp object ‘sinus’.
Figure 4 (right)
The sine-like altering inclination of the lampshades causes
an interesting visual effect.
Photo: Kyeni Mbiti

few different or even similar pieces. While the small
‘geometric complexity’ group had to deal in fact with
managing many different pieces in planning and production, parametric modelling remained hypothetical for the ‘fabrication of variants’ group and could not
be realized in the workshop, as our budget allowed
only the exemplary construction of just one option.
Grasshopper
All of our students seemed to have been fascinated
by Grasshopper. They were able to build their own
models from the very start – without ever having
programmed – and gave us very positive feedback
about their first steps. It was especially revealing
for them to discover the algorithmic secrets behind
some of the largely published free-form buildings
and de-mystify them by modelling their geometries
through defining a few relations, like for instance
Foster’s Swiss Re ‘Gherkin’ Building. Therefore it came
as a big surprise for us that only half of the eleven
students actually used Grasshopper to generate
their urban furniture design.
Digital Fabrication
During the design phase, all students used the digital tools (laser cutter, digital cutter) the RAPLAB at
ETH Zurich gave us kindly access to. Students experienced that the geometry on the screen is exactly the
same geometry the CNC-tool will follow and that any
mistake on the screen will cause the same mistake in
the material – drawing a curve suddenly meant taking responsibility. In furniture design, this goes even
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Figure 5 (left)
Brush arrangement and
density of Georg Strassburg’s
brush stool is organized with
help of a Grasshopper model.
Figure 6 (right)
Sitting on 37 brushes is far
more comfortable than one
can imagine.
Photo: Kyeni Mbiti

a step further, as those curve-lines can be judged for
their ergonomic or aesthetic qualities.
When it came to the final realization of their
object, the special hands-on profile of the HSZ-T students played a major role: Many course participants
either had a technical background or close relatives/
friends working at medium-sized producers. Most of
the objects could be realized at cost price in collaboration with a professional enterprise (ranking from 120
to 900 EUR). This had several effects on the objects:
•• The workmanship was beyond the possibilities
of an academic workshop.
•• As every design was fabricated on a different
machine, the range of materials and production
technology was very wide.
•• All of the objects were stable and – most of
them – even ergonomic.
Evaluation
After the course, we asked the participants to give
us a personal feedback. None of the participants
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had experience with parametric design; some had
worked previously with database or web programming. In the process of the course, many students
declared that they had felt not experienced enough
to use the newly acquired parametric tools to solve
a difficult design task and therefore relied on proven design concepts and strategies. However, about
half of the students do believe that they might use
parametric tools in their office. All students consider
façade design an appropriate field for parametric
planning, “especially where repetition and subdivision are a topic”. One student recommended “to invest more time into programming and to determine
the digital fabrication strategy in advance.”

CONCLUSIONS
The results of our course were well received by fellow students, teaching colleagues, external specialists and curators. However, the projects were rather
appreciated for their design and workmanship. In
our course set-up, the design task (urban furniture)

had been considered adequate for the design tool
(Grasshopper). In the progress of our course, the design task became more and more independent from
the design tool.
We got the impression that parametric modelling with its inherent algorithmic logic is far less
universal as it is considered to be – and this we
state after the approach is discussed, developed
and applied, in most cases within an academic
context, for about ten years. To make our course
an introduction to ‘Parametric’ and ‘Generative
Design’ with the example of urban furniture, the
design task should have been specified in a way
that parametric modelling is not a nice-to-have,
but the only means to solve the task. For us as
teachers, the interaction of parametric modelling
and real design problems with ergonomic requirements remains a challenging task.
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Abstract. The relationship between music and architecture in the European context, the
similarities, interdependencies and differences of both disciplines, served as starting point
for the academic project ‘Camera Musica’. In this project interior design students composed
animated spatial interpretations based on the characteristics of pieces of music – video clips –
by using visualization- and compositing-software. The goal was to convey specific knowledge
in animation techniques as digital design tool and to discover experimental design concepts
which arise between the disciplines of music and space.
Keywords. Music; architectural space; animation; compositing.

INTRODUCTION
Music and architectural space
Since antique times exists a strong connection
between music and architecture. Already the
Pythagoreans developed in the 6th century BC
a common foundation by empiric experiments,
based on harmonic ratios as aesthetic principle for
the composition of music – in terms of harmonics
– and the design of architectural space – in terms
of proportion theory.
During the Renaissance the correspondence
between balanced proportions of architectural
space and musical harmony has been elaborated, as
to be read in Leon Battista Alberti´s treatises ‘De re
aedificatioria’ (1485) in which he describes the ideal
spatial proportions based on Pythagorean ratios.
At the beginning of the 20th century this objective number theory gave way in favour of a more subjective/metaphoric connection between music and
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space: like for example the chapel of Notre Dame du
Haut in Ronchamp which Le Corbusier himself describes as an „acoustic sculpture“ or the urban planning
project ‘Bloch City’ by Peter Cook (1983) who transfered
the notational system of Ernest Bloch´s concerto for
violin and orchestra – notes, bar lines and staves – into
a city´s tower buildings, bridges and lanes.
There´s certainly no absolute guideline to design architecture or space in the same way music is
composed, but at least for the present time it is to
adhere, that the design process – of architects as
well as of composers – can originally be based on a
personal artistic/associative intention, which is then
elaborated into a concept.
Visual and emotional impacts of buildings are
often inspired and/or described by musical parameters like rhythm, melody, chords and so on. On the

Figure 1 (left)
Le Corbusier: Notre Dame du
Haut, Ronchamp
Figure 2 (right)
Peter Cook: Bloch City

other hand a piece of music is composed out of ‘ material’ (notes, tone pitch and duration, volume etc.),
‘structure’ and gets a ‘form’, definitions that resemble
parameters known from the architectural context.
Transformation of music into architectural
space can be based on different layers – like the
already mentioned association – and beyond that
the acoustic and the compositional layer (Dermietzel, 2005). The associative layer stands for the spontaneous, subjective, emotional interpretation of a
designer or an architect in respect to a composition
– for example while or after listening intensively to
a piece of music. When music and space are functionally related – either if the music is composed for
the performance at a special place or if the place is
built for a special kind of music – the acoustic layer
comes into focus, which is mostly related on building physics.
The compositional layer at last contains characteristics of music or sound which synergize with
spatial characteristics based on equal mathematical
structures:
•• The tone pitch involves the vertical dimension:
stepwise change of tone pitch can be equalised
with human movements like walking or dancing, on the contrary the gliding change can be
associated with levitation;
•• Elapsed time in a composition represents the
horizontal dimension, divided into sections by
for example by rhythm;

••

••
••

The change of dynamics can be interpreted
as spatial depth, if it happens abruptly: loud =
nearby, quite = distant. Gradual change of dynamics implement a more omnidirectional sensation;
Timbre can also represent spatial depth: sounds
seem to be distant for example, when the high
pitched frequencies are strongly muted;
The conciseness of a composition means – according to the reification – that a concise form
(regardless of whether 3D-object or melody) always appears to be spatially in the foreground.
It also deals with spatial depths (Behne, 1989).

Representing architectural space via animation
In architectural animation, the three-dimensional
representation of an architectural design is enhanced by the fourth dimension of time. Animation
techniques are employed by architects either to create cinematic walktroughs or as generative design
tool (Burry, 2001).
Walkthroughs expand the perspective with the
inclusion of the representation of movement around
and through buildings, a relatively extreme process
compared to traditional architectural exposé such as
physical models that place absolute reliance on the
viewer´s cognitive and interpretative skills. This way,
the visual experience of a three-dimensional space
can be simulated realistically, because in most cases
the user visually perceives the surrounding space
Digital Aids to Design Creativity - eCAADe 29
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from a moving viewpoint – either because the body
is moved or just the head. Visualisation software
translates this into the animation options of a virtual
camera or objects move in the field of view.
Animation can also be used as a device of the
representation of morphological shifts in architectural form through movement in reaction to
external forces. Often time is taken as the fourth
dimension and is the device by which such shifts
are explored.
Classes of visual perception of motion
All objects and object attributes animated in a virtual scene are managed by a timeline. To achieve realistic visual perception, one can differentiate between
the following classes and subclasses of motion that
can be simulated with the animation tools within a
visualisation program:
Movement of the entire field of view:
•• locomotion and head movement
Local movement within the field of view:
•• object movement and the movement of surfaces
•• movement of people and other living creature
•• movement of one’s own limbs

CASE STUDY: CAMERA MUSICA
Starting point, methodology and goal
Similarities, interdependencies and differences
of both disciplines, music and architecture in the
European context, served as starting point for
the academic project ‘Camera Musica’. In this project students composed video clips – animated
spatial interpretations based on the characteristics of pieces of music by using visualisation- and
compositing-software.
After introducing the aspects of the first part
of this paper to the students, the academic project
began with the students´ own choice of a piece of
music. The only requirements were that it should
be instrumentally, not longer than 3 minutes and
with distinct sequences. The students were asked
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eCAADe 29 - Digital Aids to Design Creativity

to analyse the music and to translate the compositional aspects – like tone pitch, rhythm, dynamics
etc. – into spatial parameters, locomotion and camera/object movements. They also should work on
the associative layer to clarify the emotional facets of
the music and to work out keywords and references
for further atmospheric interpretations of geometry,
light, material and so on.
The main goal was to convey specific knowledge on one hand in animation techniques as representation possibility for architectural space and
on the other hand in the experimental use of the
computer as digital design tools while generating
spaces, which focus on perception in motion rather
than on functional or programmatic parameters. In
this respect the case study was meant to trigger the
generation of virtual animated spaces as a creative
output of an experimental design-process.
Process
The design-process was pre-determined by the following definition of specific steps for the translation
of music into virtual animated spaces.
•• select a piece of music – instrumentally, 3 minutes long, with distinct sequences – and describe it subjectively-emotionally by words and
images;
•• define keywords and reference-images;
•• analyse it objectively-rationally by naming the
sequences and by extracting patterns, structures,
repetitions and so on out of the composition;
•• create a matrix containing the worked out emotional and rational aspects observing the timeline;
•• develop a storyboard;
•• translate everything into a computer-generated animation, containing the aspects of geometry, light, material, camera and especially
movement and sound;
•• compose the animation together with the chosen piece of music.
The students choice of music ranged from classical Pachelbel’s canon in D Major over guitar music

of the band ‘Explosions In The Sky’ to ‘Apocalytpica’,
a so called ‘Cello Rock Band’. The first three preparative steps were accompanied by an introduction
into the basics of computer-generated animation
technniques:
•• the method of keyframe animation
•• the principles of frame rate and duration
•• animation of camera and (target) objects
•• the interdependencies of perspective, image
section and framing
For key frame animation, object properties such
as size, colour, and camera angle a. o. are determined
at specific points in time, in the so-called key frames.
The animation software calculates the changes in
the individual frames between the two key frames
by mathematic interpolation.
The frame rate for the individual images determines the quality of an animation. It is set in images

per second or frames per second (fps). The optimum
calculated frame rate relates to the 50 milliseconds
that the retina needs to process a light impetus and
receive a new one: a playback of 20 frames gives the
viewer the illusion of a fluid motion. The frame rate
varies depending on the platform: 25 fps is regarded
as a mean default value for the frame rate of a computer animation.
The duration of a computer animation is typically noted by the total number of frames necessary for the intended length of the animation. To do
this, the mean value of 25 fps is multiplied with the
number of seconds that an animation should run
for – in this case the duration of the chosen piece
of music.
The animation of a virtual camera corresponds
to the movement of the field of view when the observer moves about or moves his or her head. Like a
static camera, the animated camera can be moved

Figure 3
Reference images for the song
‘Somewhere Around Nothing’
by ‘Apocalytpica’, work by
Viktor Schiller.

Figure 4
Animated Camera, static target object; static camera, animated target object; animated
camera and target object
(from left to right).

Digital Aids to Design Creativity - eCAADe 29

377

around a room arbitrarily or focus on a target object.
The following camera animations are conceivable:
•• Animated camera, static target object
•• Static camera, animated target object
•• Animated camera and target object
The options for camera animation correspond
to the settings of a static camera in a visualisation
software. These settings – like perspective, image
and framing – become visible when the factor time
is added to an animation.
The perspective is determined by the viewing angle of the camera, panning around the three
spatial axes. Rotating the camera around the vertical axis corresponds to the viewer turning his or her
head to pan a room.
The image section is defined by the size of the
display detail – the distance between the camera
and the scene and the focal length. In animation it

is differentiated between three categories: long shot
or full shot, intermediate shot and close up.
Framing separates the visible portion of the
animation from the area beyond the camera, the
off. This, in combination with perspective and image
section creates a filmic composition. The composition can be limited to the image format making it
appear closed, conveying order and careful arrangement. The contrary, namely spontaneity is conveyed
if the objects in a scene are truncated and reach
beyond the border of the image format. In addition
to framing, experienced directors use spatial parameters such as vertical elements that divide the image
into two parts, or window or door openings to frame
the plot.
An animation requires thorough preparation.
Before aspects such as duration and camera or object motion are determined, a concept must be created that illustrates the chronology as well as the
Figure 5
Image sections: close up and
full shot; framing (from left
to right)

Figure 6
Matrix out of patterns and
structures of composition,
keywords and reference in
ages for the song ‘A Song For
Our Fathers’ by ‘Explosions
In The Sky’, work by Janine
Bläß.

378

eCAADe 29 - Digital Aids to Design Creativity

intended statement and a detailed design. To clarify
these aspects, the students were asked firstly to
translate the result of their preparation into a matrix that represents time elapsed (in seconds), sound
level, tone pitch and different timbres and secondly
to combine the matrix with a storyboard that visually
illustrates the chronology of the plot.
The last two steps were first to translate matrix
and storyboard into a computer-generated animation, containing the aspects of geometry, light, material, camera and especially movement and sound
and second to compose the animation together with
the chosen piece of music.

Discussion of the results
Within the project the students produced 3-minute
video clips, which corresponded analytically and
emotionally to the chosen compositions. Thus the
results were as different as the pieces of music taken
from various music genres – from classical music to
heavy metal.
The result of Janine Bläß – for the guitar song ‘A
Song For Our Fathers’ by the band ‘Explosions In The
Sky’ – has its origins in the monitoring of weather
phenomenons in the reference images she found.
The geometry exists of two helical surfaces/umbilical
cords – which sybolize the two lead guitars and move

Figure 7
Film stills for the song ‘A
Song For Our Fathers’ by
‘Explosions In The Sky’, work
by Janine Bläß.

Figure 8
Film stills for the song
‘Somewhere Around Nothing’
by ‘Apocalytpica’, work by
Viktor Schiller.
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vibrantly while producing hairy bulges due to the
tone pitch. Both helixes are textured with different,
colour-changing materials. The initially ambient light
becomes visible and volumetric. The camera perspective changes from the outside, the observers point of
view to the intimate inner space built by the helixes,
dependent on the densification of the piece of music.
Viktor Schiller chose ‘Somewhere Around Nothing’, a fast and furious piece of music by the cello rock
band ‘Apocalytpica’. His video clip mirrors a panicstricken escape, driven by the fast rhythm of the music. Gloomy atmosphere – symbolized by the dark,
shimmering material he created – alternates with
glimmers of light. A ghost light leads the camera´s
way throug maze like spaces which seem to emerge
just in time to catch the steps of a desperate refugee.

CONCLUSION
Right from the beginning the students were higly
motivated to transform their chosen piece of music
into digital animated videos. The threshold to learn
and use a quite complex animation software was accordingly low. In the context of this project, the use
of the computer as an experimental, digital design
tool worked well. All in all the process proved to be
a good way to achieve animated spaces and to sensitise students for perception in motion in architectural visualisation.

OUTLOOK
••

••

••
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The following steps are …
to analyse the generated animated spaces regarding their components (like movement/
locomotion, geometry, light, material, …) and
their interdependencies;
to compare the animations with the results of
an earlier project, where the description of human characters served as starting point for the
students to design ‘anthropological’ spaces and
to visualise them in stills;
to compare the perception of dynamic and
static spaces or rather perception in motion and
motionless perception of spaces;
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••
••

to extend the design methodology to other
starting points, i.e. fine arts;
to extend the research by using stereoscopic
projections.
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Abstract. A non destructive testing process is becoming a technical need, thousands of
buildings and huge urban areas will have to be adapted to restrictive energy-saving standards
and sustainability criteria. Analysis and diagnostics are required on a massive scale. Building
Information Modeling seems to be the adequate environment to assemble huge amounts of
data. At this moment both hardware and software technologies are performing moderately
well separately. The challenge is to connect them and in the long run automate data collection
and conversion to a unified model that could be maintained during the programmed building
life cycle. The aim of this research is to discuss the challenge of NDT hardware and BIM
software systems integration and define the basic steps for the best practices to undertake it
in a fast and accurate manner as well as to define the present and future connections to be
developed. A 3 phase joint research project is proposed here and basic needs are analysed.
Many lessons have been learned from field work, data translation and data incompatibilities
with many shortcomings being detected.
Keywords. BIM; Architectural Non Destructive Testing; Architectural conservation
databases; information interoperability

INTRODUCTION
Architecture is becoming a strategic asset for communities and countries with a rich heritage. Millions of houses and buildings were erected during
the 20th century when, until recently, energy saving and sustainability were not a global concern
(ECOFYS, 2005). Traditionally, buildings were not
maintained periodically by their users or owners
but left abandoned till they reached a state that

required extensive rehabilitation or restoration. This
short-term thinking is now obsolete, sustainability
is becoming a constant concern and energy-saving
regulations are imposing strict standards for building efficiency.
Architects and building engineers require input
data to produce accurate diagnostics and to plan
efficiency and conservation protocols (Koo and Van
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Hoy, 2000). Monitoring and observing building efficiency requires scientific methodology and periodic updating for rapid intervention to take place.
Till now building pathologies have been inspected
visually and maintenance and repair proposals formulated on an expertise and personal proficiency
basis rather than on scientific and objective diagnosis. NDT technology is reaching an advanced level of
accuracy in this field (Maierhofer, 2009).
BIM technology is not only a new formula for representing new building proposals, used as a building
information database, it could also help architects and
builders to represent built buildings and act as a maintenance and life cycle monitor to control and measure
performance with the support of periodic inspections
and integrated monitoring devices. Creating as built
representation databases might seem easier combining NDT technologies (such as 3D scanners, ultrasonic
testing, Ground Penetrating Radar, thermography
and photomodelling) with BIM technology. The latter
seems to be the adequate platform for creating building conservation databases based on the information
gathered by NDT systems. It is assumed that these
high tech hardware and software solutions could
help research teams to accelerate their data collection process and simplify the analysis, diagnostics and
decision making for accurate repair and maintenance
activities in cities and urban areas. It is also supposed
that the major benefit will be in the following stages
when periodic inspection is performed and hidden
anomalies are easily detected; the availability of standardized data will help in performing long term planning for new and less aged buildings. Applications
and long term benefits are huge.
Till now, however, the building data representation and analysis gathered by NDT has been performed by skilled technicians each working independently, using different types of diagnostic tools, producing incompatible data sets. Valuable information
about the state of buildings is stored in isolated files
or unconnected databases. NDT building representation in BIM software is still a promise not a reality,
huge post processing work is required to interpret
384
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the gathered data and turn it into a feasible analysis
model. Actually, this task requires highly skilled technicians to perform it. Although the final result is a rudimentary BIM representation of a building, skilled ND
technicians and proficient BIM users are required. Defining NDT activities, working protocols and standardization of data organization are required for systematic execution of NDT tasks by any type of users. NDT
is a collaborative activity that should and will always
be performed by a team of proficient technicians;
connecting the results and defining the big picture is
necessary for building long term corrective measures.
Hardware and software should be adapted to the NDT
requirements: ease of use, transportability, accuracy,
interoperability, modularity, connectivity and mobility. Shared and analyzed real world case studies are
necessary and a very close collaboration between
software, hardware and users is also necessary.

THE AIM OF THE ARCHIINSPECTION
PROJECT
The aim of the ArchiInspection project is to test the
interoperability of BIM and NDT technology. The
planned activities are: the analysis of some non destructive hardware and software solutions, establishing data gathering protocols with available onsite
technologies, translation and validation, interpretation, integration of some data sets and geometric
modelling in BIM software.
The main questions that drive this research are:
•• Are these technologies capable of reproducing
exact replicas of existing buildings in commercial BIM environments?
•• What are the possible weaknesses of these technologies and what are the strategies, processes
and solutions to be developed in the future?

THE COLLABORATIVE PROPOSAL
The University of Salamanca (USAL) and Camilo José
Cela University (UCJC) were aware that they lack experience in integrated NDT and BIM interoperability.
Till now both teams had performed these activities
separately and not as an integrated process.

Salamanca University has a specialized team
in NDT equipped with data collection technologies such as 3D-scanning, drone-driven aerial
photography for photogrammetric modelling,
thermal detection and ground detection radar
exploration. The USAL team has performed several non destructive tests on historic buildings in
Avila, Spain.
The Camilo Jose Cela research team (arquiTICs) has a long experience in three dimensional
data representation and use BIM in Building
modelling, they developed an as built representation project of a community centre using a mix

of advanced and non destructive conventional
methods. Using a combination of BIM and NDT
technologies for existing building representation was a new step forward and a challenge
to meet. An analysis framework and work protocols were proposed. Their aim was to develop
systematic data collection, information organization and data analysis for accurate problem
definition and solution testing (Garcia, et al,
2008). The 210 King Street project [2] was one
of our references for building our framework of
representing existing buildings with BIM based
NDT technologies [FIGURE 1].

Figure 1
Proposed BIM-NDT interoperability framework.
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A two stage plan was designed:
•• The Stage One aim was to generate a full data
set of an existing building and perform an integration trial.
•• The Stage Two aim was to create a collaborative
community based on the original source data
and research results as an open source information repository.
Stage One:
In Stage One both teams established a joint collaborative activity to perform a real NDT case study. A
one-storey 40 year-old building on the University B
campus outside Madrid’s urban area was selected
[FIGURE 2]. The size and situation allowed activity to
be less restricted (many authorizations and permissions are required) for this early phase. Initial testing
protocols, working conditions, problems, weaknesses and needs were defined.
Work was divided into the following steps:
1. Roles and schedules to be defined
2. Non Destructive Hardware tweaking
3. Software evaluation matrix to be built and solution selection started
4. Data extraction protocols to be established
5. Data extraction with NDT to be planned in several stages
6. First attempts for data integration to be performed

7.
8.

Data analysis and solution seeking workshop to
be organized
An experts meeting and a second test for protocol testing to be planned

On project start, both research teams were aware
that a successful digital NDT project depends on four
major factors: hardware, software, information and
users. Considering the NDT hardware component,
the equipment within the researchers’ reach was: 3Dscanning, drone-driven aerial photography, photogrammetric modelling, thermo graphic detection and
ground detection radar. Other existing but not available NDT technologies can be added in the future. As
for the software, the applications used were donated
by manufacturers (Quantacad) or were beta solutions available on the web (Photofly) and others were
in-house. The third component was the NDT data.
Two major raw data groups (vector and raster) were
obtained from the hardware-software surveying operations. Several import-export strategies were tested
to analyse the filtering, organizing and processing
activities involved. Most of the information acquired
couldn’t be directly linked to the BIM model. The user,
the fourth component is also critical in the NDT process. Skilled technicians and proficient BIM users are
needed for data collection, organization, processing
and running scientific analysis applications. User ability for activity planning, data organization and accurate data processing is essential.
Figure 2
The one story building, subject of the NDT study, real
(left) and scanned (right)
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The selected NDT [1] technologies were:
1. 3D scanning with a Faro Scanner capable of
producing a point cloud data set of information
of the existing building
2. 3D photogrammetric photo modelling based
on ground and aerial (microdrone) photographs
3. Thermography for testing building efficiency
4. Ground Penetrating Radar analysis for underground data extraction.
Results obtained from the first pilot tests were
not valid for BIM modelling; many problems were
encountered especially during geometry translation to commercial BIM software. The BIM platforms
required auxiliary plugins to import point cloud
files. These conversion techniques were not able to
turn the information into parametric geometry and
building types. BIM operators are required to model
the raw data to create an idealized building representation. There is no standardized data model to
support existing buildings.
REVIT was the selected BIM platform for the
first attempts of geometric modelling; the 210 King
Street project was the reference example that supported our research. Some BIM auxiliary applications
and third party solutions are being analyzed for further work (IMAGINIT) [3]. During the research an alternative to point clouds was introduced in the analysis: the Quantapoint laser scanning based on a Faro
scanner used a different approach [4]. The Quantapoint suite of building surveying tools turns REVIT
into a modelling BIM environment for scanned data.
Laser scanning technology offers accurate, light,
visually clear and relatively small files that don’t require point servers. Using this technology supposed
a paradigm shift, and some additional training was
necessary to use it.
Other BIM platforms were not rejected as point
clouds could also be introduced in them. A plan was
therefore drawn up for testing other BIM platforms
to analyze their interoperability with NDT technologies and data.

Other NDT technologies such as thermography
and photomodeling were also tested. Raster based
information obtained with the thermography imagery offered an interesting vision of some of the hidden aspects of the building structure. Although useful as an independent NDT surveying technology,
this information was limited. Specialized software
produced accurate information for the main purpose of the technology: detecting hidden defects
through infrared imagery. Transferring this data to
BIM programs isn’t possible; there is no mechanism
we know of that could map this information over
the walls and installations of the building model.
Photomodelling didn’t fulfil the promised results
either. Tested solutions required highly accurate
photographs, which required special optics and
definition. Technical photographic techniques were
required. Models generated with image recognition
techniques are of limited use and are difficult to export to BIM programs. The lack of direct conversion
to universal BIM formats such as IFC standards and
the limited capacity of BIM software to import non
parametric data turned out to be a disadvantage.
Photomodelling could, however, help in determining visible anomalies and building pathologies for
monitoring and documenting; mapping visual information could help in conserving the visible components of the building and photogrammetry could
add interesting data to building information.
Connecting raster data sets with other analysis
applications and mapping them in BIM models is still
hard and imprecise. Building a unified model is the
only way to build an integrated view of the complex
information hidden in an existing building. Unfortunately BIM data models have not yet been adapted
for interoperability of NDT data and building description databases. Different types of data about
building behaviour will remain in parallel data bases
until designers solve their association problem with
BIM models.
A hidden disruptive factor is the site, the building surroundings, obstacles and additional elements, which in some cases add value to the NDT
Information/Knowledge Architecture & BIM - eCAADe 29
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Factors

BIM oriented NDT Technologies, ArchiInspection Research

NDT Technology

3D Scanning

Professional Level

Photomodelling

GEO Radar

Thermography

Highly skilled

Highly skilled

Highly skilled

Training

Advanced

Intermediate

Advanced

Highly skilled
Advanced

Training Needs

Obligatory

Obligatory

Obligatory

Obligatory

Task Complexity

Complex

Intermediate

Complex

Complex

Duration Of Work

Depends on

Depends on

Depends on

Depends on

On Site

Building size & complexity

Building size & complexity

Site size& complexity

Building size & complexity

In Office

Building size

Building size

Building size

Building size

Hardware

High

High

High

High

Software

High

High

High

High

Personnel Training

Intermediate

Intermediate

Intermediate

Intermediate

Data

Intermediate

Intermediate

Intermediate

Intermediate

Low

Very Low

Very Low

Very Low

Tested Apps

QuantaCAD
Realworks, ScantoBIM

Photomodeler
Photoscene editor

SPIVIEW

Build-IR

Problems Encountered

New point cloud standards, Translation
Obstacles on site

Obstacles in front of
building reduce accuracy or abort process

Ground obstacles and
terrain levels reduce
accuracy

Obstacles on site reduce accuracy

Intermediate
Each generation is
better

Low
Through generic
models

None

Low
Through generic
models

Modeling Geometric
Medium res template

Geometric Modeling
Low res template

Reference
Decal on site model

Medium Res
Decal on building

Low

Very low

None

None

Investment Required

Hardware-Bim Interoperability

Bim Interoperability
Evolution
Data Use
Intgration Level In Bim
Database
Captured Data
Data Representation
Most Common Data

Raster

Sound waves

Infra red

Pixels High Res. Images

Pixels Low Res. Images

Pixels Low Res. Images
Pixels Mid Res. Images

Ascii, ptc

jpg

Jpg

Jpg

Intermediate/high

Low

Low

Intermediate/Low

Ndt Management
Requirements

High, Areas, references,
activities

High, Building & activities

High, Site & activities

High, Building & activities

Bim Connection

Intermediate, Evolving

Low, Undetermined

Not connected

Not connected

Short

Short

Intermediate

Short

Change Monitoring

Progressive changes

Progressive changes

Variable

Constant change

Data Maintenance
Frequency

Each inspection

Each inspection

Each inspection

Each inspection

Accuracy

Data Life Span
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Table 1
Comparative study of
ArchiInspection NDT
technologies’ BIM level of
integration

survey, and in others add complexity due to unnecessary data. Some NDT activities such as photomodelling lose their accuracy and even fail if the site is
full of obstacles (vegetation or fixed elements of any
type). Photo retouching doesn’t solve the issue: the
software produces incorrect results. Raster based
technologies require clean sites and interiors, an idealized situation unavailable in the real world.
Both teams looked for possible unconventional
solutions for data integration for long term analysis
and monitoring of the building life cycle. The ONUMA
[5] system, a building life cycle cloud computing integration platform, showed great potential. Its open
architecture paradigm could help the data integration
challenge in the future. The vRIS project is a reference
for real time cloud-based BIM and near-real time information about the building environment and energy
performance [FIGURE 3]. These kinds of projects will
require the intense support of NDT surveying to detect on site the building anomalies that produce performance anomalies (Lavell, 2010).

PANEL OF EXPERTS:
Due to the multidisciplinary nature of the
NDT activity and the high level of proficiency that
this demands, the two research teams interviewed
many professionals. A collaborative workshop on
NDT data interoperability and integration was held.
Some NDT experts attended the event. Discussions
were held on surveying protocols, equipment use,
software application in documenting, analysing
and diagnostics formulation.

The research team obtained from the workshop
some important information relating to organization, equipment, software, information and personnel [TABLE 2]:
1. BIM integration in monument conservation is still
hard and inaccurate, heavily ornamented buildings are difficult to reproduce, sculpted details are
not possible to introduce in parametric models
based on idealized building elements and construction techniques. Buildings with reduced artistic content are easier to represent and monitor.
2. Systematic observation and analysis is needed,
buildings have hidden anomalies and weaknesses. Many building pathologies are not detected
with established digital NDT techniques and
proficient technicians are capable of observing
failures hard to detect with scanning or imaging.
3. NDT training is hard; inspectors should acquire
advanced knowledge in construction techniques, material science, photogrammetry,
image processing, geometric modelling, data
management, BIM use and programming.
4. Valuable information is retained in NDT data
files and inspection reports. There is no framework to assemble it and use it as a reference.
5. Digital equipment has a limited quality; it does
not reach the level of precision of analogue
equipment which is still useful and capable of
capturing relevant information.
6. Conserving digital equipment is a hard task; it
requires special care during handling as well as
constant tweaking and calibration at the start

Figure 3
vRIS near-real time information about the building
environment and energy performance system , courtesy of
Onuma Inc.
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of each inspection and surveying task.
Some of the NDT hardware defects relate to its
closed architecture; adding accessories and modular components is limited and many cases useless. Upgrading is a missing property in such expensive equipment. Hardware should be able to
integrate different surveying technologies, which
would allow users to perform standardized tests.
8. NDT equipment produces heterogeneous information classified into three major data sets: vector, raster and numeric. Connecting all of them
in a unified BIM model is required. For the time
being integration is relatively easy in pairs, the
challenge is to connect them simultaneously.
9. Digital photography based raster data collection
is still in its early stages with regard to the information it offers compared to traditional techniques. Its major weaknesses are Optics (lens accuracy) and data capturing (CCD precision).
10. NDT protocols are needed; monitoring activities, data collection, database creation, analysis
methodologies and systematic documentation
of actions are essential. Sharing this information regarding problems and their solutions
could provide valuable input for researchers
7.
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and manufacturers. Intensive collaboration is
necessary to enhance these emerging applications and technologies.
Stage Two:
The USAL and UCJC teams agreed to create a wiki
repository to share expert opinions, raw NDT data,
and test results for public research under the creative commons license. This contribution could help
researchers, hardware manufacturers and software
developers who are interested in BIM and NDT data
interoperability and integration and help develop further research. The repository could be used as a sandbox to test solutions with the help of the community.
Complex and complete examples could be
added in the future, these could help in different
ways: understanding the whole non destructive data
acquisition process, simplifying data extraction activities for professionals, easy interpretation of the
output data, accurate representation of building
information and analysis and performance comparison of building life cycles.
ArchiInspection collaborative networking will
benefit researchers who are looking for complete
data sets to develop their research work. Full sets

Component

Proposals

Hardware

Modular components of equipment
Easy upgrade for longer hardware life cycle
NDT equipment integration (two or three devices working together)
Data collection accuracy

Software

Capable of directly transferring and converting data to BIM standards
Bidirectional BIM Data Base connection
Lifecycle DB
Standard data models
BIM Data standardized transfer
Open platform design for easy integration of future generations of NDT technologies
Ability to store relevant physical information and represent it graphically and numerically Ability
to map data over simplified building geometry
Represent and store as built information for analysis

Personnel

Standardized NDT protocols
BIM Data transfer
Accredited Training

Data

Standardization of NDT data for long term data conservation and analysis
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Table 2
Selected Recommendations
proposed by the experts team

interoperability of all the systems required to develop NDT surveys [TABLE 3].

of NDT samples are not available due to the copyright conditions imposed by the clients who finance
them. Sharing data is crucial, learning how to capture, clean and organize the information is critical.
Some manufacturers are trying to introduce their
own standards and translating information from universal formats to their proprietary file system. Non
standardized data formats could harm the information owners, taking into consideration the information life span. Many workarounds are required to
change from one standard to another and probably
data will be lost.
A wish list was created to help the all the
agents involved in the process especially hardware
and software developers in their quest for a better
Table 3
NDT present situation and
desired future

MAJOR RESEARCH FINDINGS
1.

2.

Extensive work should be performed to enable NDT technologies to become an accurate
input device for BIM software. A modular and
flexible design paradigm is required to keep it
functional and technically accurate over a long
time frame.
Commercial BIM needs to standardize its data
models and adopt sustainable long-term open
architecture that can be maintained during the
building life cycle by consecutive management
teams and different levels of users.

NDT STATE

Actual (Present)

Expected (Future)

Hardware

Highly specialized, independent

Specialized, multi-functional

Software

Highly specialized, independent and unconnected

Specialized, integrated and connected

Architecture

Closed, platform dependent

Open, platform independent

Location of NDT information
and tools

Desktop

Mixed, desktop and cloud

Interoperability of
hardware, software and data

Low level of integration

High level of integration

Life cycle Orientation

Short term,

Long term

Time span

Valid for a limited time,
Await for next inspection

Valid for long time
7/24 monitored

Information use

Non accumulative

Accumulative

Data structures

Fragmented,
stored in independent databases

Integrated,
organized in connected databases

Data type

Independent non standardized

standardized

Data structure

Fragile

Robust

Information sharing

User owned, closed, unshared

Team Owned, open, shared

Durability

Short durability

Long durability

Practice

Periodic

Continuous

User knowledge impact

User dependent

User independent

Level of user knowledge

Expert

Proficient user

User participation

Physical, in site

Virtual, online monitoring
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3.

4.

5.

6.

7.

8.

Some emerging surveying techniques like laser
scanning or cloud-based BIM could dramatically enhance the NDT surveying process.
Hardware and software are designed as independent systems; connecting and performing
accurate building life cycle monitoring is a big
challenge.
BIM and NDT manufacturers should join efforts and produce standard data for representing and connecting surveying and monitoring
work. This would ease the analysis and comparison process for long-term sustainable design.
Building conservation and maintenance could
be an extended professional service and a good
job opportunity for many EU countries. On the
other hand training programs should be put
into practice due to the complexity of the activity and the level of proficiency required. Users
should be proficient technicians and advanced
BIM users to be able to transfer the captured
data to the basic model. All the activities are
critical; errors could result in misleading judgments. NDT is not a one-man task; it is a teambased activity, with each member needing to
be proficient in his field. The human factor is
still critical and required for controlling the input and output quality at all stages.
BIM and NDT integration and interoperability require normalized protocols, which could
guarantee the effectiveness of the inspection
and surveying processes and accurate analysis
of the building in each revision period. The lack
of adequate feedback reduces the value of the
tests performed.
There is widely available expertise to draw on in
some European countries to contribute to our
proposed ArchiInspection repository but there
remain many problems to identify and to solve
in the future.
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Abstract. The paper presents the intermediate results of an ongoing research project with
the aim to develop concepts and tools for architectural design in industrialized housebuilding. Architectural design aims to enable different “situations” in the built environment
involving people, behaviour, experience and environment, with desired technical, functional
and aesthetic properties. “Situations” may be represented by configurable modular
“architectural objects” that also reflect the variability of an industrialized building system.
In three case studies the relevance of the concept of architectural object is investigated;
in architectural design, and through modularization, development and organization of
technical platforms. The results however also show a need for further research concerning the
implementation in a BIM environment.
Keywords. Architectural object; Situation; Design configuration; Industrialised housebuilding; BIM.

INTRODUCTION
The paper presents the intermediate results of an
ongoing research project with the aim to develop
concepts and tools for architectural design in industrialized house-building. Industrialized house-building in this context refers to an efficiently managed
construction process using highly developed off-site
manufactured modularized technical-functional
house-building components or modules. Development of an industrialised building system is done
separately from application of the system in various
building projects (Lessing 2006). Building design is
seen as a process of configuration where variable or
interchangeable parts of the technical platform are
determined (Hvam et al. 2008).
Architectural design deals with a problem
complex that besides technical aspects also

concerns user functionality and aesthetics. During a traditional design process the architects
have a central role in coordinating different requirements concerning use and construction.
This is often done in an iterative process defining
problems and solutions in parallel. This approach
is however not suited for the special bi-folded
design process in industrialised house-building,
where product development is separated from
project design.
In design practice the configuration system
for a technical platform contains information about
the platform’s technical parts and the restrictions
for design (Olofsson et al. 2004). The configuration
system normally does not include information about
functional parts, e.g. furniture or activity spaces, or
Information/Knowledge Architecture & BIM - eCAADe 29
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aesthetical properties of different solutions. This
information is supposed to be handled independently by the designer. However, if information about
user activities and aesthetics could be included and
handled by the configuration system the architect
would be able to work with more complete configuration modules representing whole architectural
“situations”.
The research reported here is part of a larger
project that aims to investigate research questions in three areas of importance for industrialised
house-building:
•• How are the preconditions for architectural design affected in product development?
•• How can the processes be organised to facilitate architectural design?
•• How can the information be organised to facilitate architectural design?

THEORY
Architectural design does not only affect the built
environment but also intentionally affects the humans who use and experience it (Steadman 1979;
Hillier 1996). The built environment sets conditions
and gives possibilities for human activity; therefore
it is relevant to conclude that architectural design
handles man and building as a socio-technical system (Ekholm 1987).
The environmental psychologist Roger
Barker has introduced the concept ”behaviour
setting” to refer to a concrete unit of behaviour
and milieu, with “the milieu circumjacent and
synomorphic to the behaviour” (Barker 1968). According to Amos Rapoport ”the environment can
be conceptualized as a system of settings within
which a system of activities take place” (1997).
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Christopher Alexander’s similar concept ”pattern” is described as a design unit with a strong
emotional content referring to concrete systems
of place and human activities and experience
(1977). The inseparable unit of social activity
and built environment is named “fabric” by John
Habraken in a similar attempt to capture the essence of the built environment in use, as a living
organism (2005).
The built environment is generally thought of
as organized in different levels of design or “intervention” (Habraken 1982, 1998; Ekholm 1987). The
level order reflects both the artefacts’ size and other aspects, and how they are controlled in different levels of social systems. Based on this insight,
the Swedish National Board of Public Building
identified three levels of building parts: society related, building related and organization or activity
related parts (Ahrbom 1980). Based on the analyses above, the level order of socio-technical systems regarding control of the built environment
in a building design context consists of four main
control levels. See Table 1.
Hypotheses
The ideas of “behaviour setting” (Barker 1968), “pattern” (Alexander 1979) and “fabric” (Habraken 2005),
comprise the background of our concept “situation”, which refers to units of people, behaviour,
experience and built environment. In the context
of object-oriented architectural design software, a
“situation” can be represented as an “architectural
object”, referring to real situations of people, behavior, experience and environment as a unit. Phenomenal properties must be attached to this whole
scene. See Fig.1.

Control actor

Controlled built environment

Control level

City authority

Infrastructure (streets, sewer etc)

City, neighborhood

Building management

Building related building elements

Building

Building user organization

Organization related building elements

User organization space

Building user

Activity related building elements

Activity space
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Table 1.
Levels of control, built elements, and actors in the system man-built environment.

Figure 1.
Constituents of an architectural object

A primary hypothesis in the project is that the
concept of architectural object could be a support
for architectural design in industrialized housebuilding. An architectural object may be modularized and parametric and part of a configuration
system and composed of parts of the building system and user activities, e.g. furniture and activity
spaces. Architectural objects may also be organised in design levels reflecting the control levels
that are expressed in the composition of situations
earlier observed in the built environment. The hypothesis however calls for a reformulation of the
research questions in order to include the concept
of architectural object. The revised research questions are therefore formulated accordingly:
•• How can architectural objects be a support for
the organization of product platforms, and project related information, to facilitate architectural design in the processes?
•• How can a level structure of architectural objects support the design configuration process
from an architectural point of view?
•• How can the preconditions for architectural design benefit from implementing the concept of
architectural objects in product development?

METHOD
The pre-conditions for supporting architectural
design in industrialised house-building using the
concept of architectural object were examined from
different perspectives. Three case studies were designed and conducted at two companies with different modularization strategies concerning the technical platform.
The first case study
The first case study was partly conducted as a benchmarking survey to document the present architectural design methodology and the information
processes of a company involved in industrialised
house-building. The studied company Open House
Production AB, Sweden, was specialised in producing multi-family housing based on volume elements.
During its 5 year house-building operation about
1500 apartments was finished in Oslo Norway and
the Swedish Malmo region.
The introductory part of the study recognized
that the company architects’ product models were
built up from their own volumetric design modules
rather than objects reflecting technical components
or modules in the technical platform. These design
Information/Knowledge Architecture & BIM - eCAADe 29
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modules, besides dealing with the technical aspects,
implicitly included a model of user activities and
phenomenal properties of the built environment.
Consequently, the architect’s conceived platform
could better support the design process, where a
comprehensive architectural view is needed to handle the complete set of project requirements including a customer focus. This observation supported
the relevance of the concept of architectural object.
In the main part of the study the concept of
architectural object was analyzed as support to the
modularization of the technical platform. This was
made on the bases of a realized project. The purpose
was to define a selection of configurable architectural objects that reflect the variability of situations
effective in that project, and possible to achieve using the company’s house-building system.
As a result of the case study it was shown possible to include the technical platform objects as
parts of different architectural objects. Related information concerning user activities and phenomenal properties could also be conceived as included
in these architectural objects. From this point of
view architectural related information was shown

possible to handle in a comprehensive way according to these objects. The derived objects were developed as modularized parts of a product platform
(see Fig. 2), possible to use in other projects. In an
industrialized house-building process including
volume elements, architectural objects could be
developed during the product development phase
and applied during building project design as configurable design units.
The experience of the case project shows that
industrialized house-building need not take the
technical systems solely as starting point for modularization and configuration, if presented with this
alternative concept. If architectural design could
be supported by predefined architectural objects,
then deviations from the platform could easier be
avoided in the design process. The information can
be made accessible to all parties in the design, production and facilities management processes as part
of a BIM environment.
The results from this case was further dealt with
in a conference paper (Ekholm and Wikberg 2008).
The second case study
The second case study was mainly experimental, and
used complementary project data received from the
same company as studied earlier. The case investigated the possible support of architectural objects
in the design configuration process, using the Open
House building system as reference. It explored
whether a design process based on architectural
objects is feasible and what the advantages would
be. The intended benefits in a further development
would be a configuration methodology complying not only to a technical systems view, but also
with meeting client objectives concerning use and
experience.
The case took as a presumption that an already realized block of 56 rental apartments
was to be designed using architectural objects
as modules of the product platform. The case
study tried to back trace the executed design and

396

eCAADe 29 - Information/Knowledge Architecture & BIM

Figure 2.
Derived product platform in
case 1

simulate how it could have been achieved using
a platform transformed into architectural objects. The obtained platform should once again
reflect the variability of situations observed in
the project, and the limitations effective in the
system. Decisions relevant to the design process
were considered in relation to control levels in
the built environment. On each level of control
the client’s building program and the industrial
house-building system were guiding and restricting the design, but also the master plan and
other stakeholders’ interests were considered to
influence the decision making. Levels of control
identified in the case project were the city level,
the building level, the apartment level, and the
individual activity level, motivating the organization of architectural objects for each of the levels.
Still a rather limited number of customizable architectural objects were needed within the range
of freedom offered by the system. The outlined
process also shows that only four design levels
are needed to handle the variation expressed in
the studied project.
As a conclusion it was found likely that the concept of architectural object can support a coherent
architectural view in the industrialised design process. The results are further described in a conference
paper (Wikberg and Ekholm 2009).
The third case study
In the third case study the applicability of the concept of architectural object in product development was analyzed. This urged for additional studies of methods for product and platform development to include these parts in a proposed design
process model.
The study was conducted in cooperation
with Derome AB, a large actor in timber related
business, but fairly new in the industrialised
house-building business. Data was jointly collected, with an affiliated research project within
the LWE research platform supported by Tyréns
AB, a major Swedish AEC consulting company.

The objective was to develop an industrialized
house-building platform open to a variety of
multi-story housing designs.
The research investigates a method to analyze
the results of the development specifically with
regard to the flexibility of the platform. The analysis is based on the use of architectural objects as
a design interface in different design levels. In the
case study, design limitations faced with in a house
building system were pin-pointed through performing a functional requirement (FR) analysis of
the system parts versus required activity situations
in a program, here represented by hypothetical
architectural objects. From a functional performance point of view the use of architectural objects
as complementary target objects was successful,
also giving support to the hypothesis that architectural objects are useful for architectural design in
product development. The resulting method is here
shown to complement the traditional quality function deployment (QFD) methodology (Akao 1990)
and functional requirement analysis in product and
platform development, and shows the relative dependence of design decision levels explored in an
earlier paper.
As a result from the study a step-by-step method was proposed:
1. Analysing the requirements on the technical
platform.
2. Using the results of a QFD related functional requirement (FR) analysis.
3. Presenting a representative pattern of architectural objects.
4. Testing system related modules against the architectural objects as part of an extended functional relation analysis.
5. Interpreting the output of the matrix, addressing the need for further product development if
components or modules are missed out or not
up to standard.
A conference paper describes the case results in
depth (Wikberg et al. 2009).
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RESULT
A platform organization model
In most industrialised house-building systems
neither the product platforms nor the technical
platforms support a comprehensive architectural view, since the modularity is primarily based
on technical building parts. Transparency of a
platform from an architectural point of view is
therefore hard to achieve. Product platforms with
predefined products may however offer this transparency but are generally not adaptable to different demands from a comprehensive view. Market
demands for more customized solutions may
therefore bring the industry to accept traditional
project focused design processes. The proposed
platform organization model with architectural
objects is an alternative solution, and a first step
towards integrating architectural design with a
clear customer focus in the industrialized design
configuration processes.

Architectural objects are defined as objects
having technical, functional and aesthetic properties, representing real activity situations in a design
project. Empiric results have also proven the possibility of modularizing technical platforms according
to architectural objects (Ekholm and Wikberg 2008).
In the platform organization model situations are
represented by configurable architectural objects,
where each object may hold variable properties
concerning its activity and building elements, and a
resulting experiential property (see Fig. 3).
Specific situations may also be formed through
including architectural objects, representing parts of
situations. The platform model may this way form a
hierarchy of enclosure with several composition levels (see Fig. 4).
Composition levels
Most architectural objects on superior levels are
expected to hold a number of included architectural objects in lower levels. The model in Fig. 4
Figure 3.
Architectural object properties and dependencies in the
platform organization model.
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instantiates the application of four such composition levels to a platform, even though more or fewer
levels may apply. Founded in the theory these composition levels are supported by levels of control in
the built environment, where different control actors

may control different parts of the built environment.
This is further explored as part of the empiric work
(see case study 2).
In a multi-family house design, these four composition levels may refer to the block, the building,

Figure 4.
A platform organization
model with several composition levels.
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the apartment, and the user activity space (see Fig.
5). A positive effect from introducing levels is the
reduction of architectural objects needed for specifying particular situations on lower levels. This may
also facilitate additional customization options to a
product platform from an individual user perspective, as especially objects on lower levels are likely
to fit in several superior situation contexts. On the
other hand this will inevitably have as a result that
the organization of architectural objects in a product
platform may form a complex system harder to administrate in the configuration process. This applies
when one lower level architectural object specifying e.g. a prefab bathroom situation may fit several
superior level situations specifying more generic
apartment situations. However, if not open to any
variation, these bathrooms may as well be predetermined parts of each of these alternative apartment
situations.

configuration process. When designing a situation
this is made within limits enforced by superior object properties. The model with several illustrated
levels (see Fig. 5) shows that activities determined
on a superior level this way may restrict possible activities on a lower level. The same applies to building
elements. This way, for example exterior walls, load
bearing walls and fire walls on a building space level
may impose certain limits on the user organization
space level for placing windows, entrances and partition walls in an apartment. Altogether the alternatives for varying included properties in an architectural object depend on the options given in platform
development. Examples of included properties eligible for variation on a user organization space level is
depicted below (see Fig. 6). Dependency relations in
the created situation are shown in accordance with
the initial model illustrations (see Fig. 3 and 4).

Variable object properties
In addition to specifying a design through the level
organization, the platform model features the possibility of varying object properties within preset limits of the product platform. Thus each architectural
object may from the start have variable properties
describing its activity, its elements and its resulting
phenomenal properties. The phenomenal properties are dependent on the full situation context
and are only perceived by the designer in the very

The research question how architectural design information, or specifically architectural objects, can
be represented in CAD software has only been dealt
with principally in the case studies, and will be part
of the further development work in the research
project.
Implemented in industrialized house-building,
a design methodology including architectural objects should support issues of both multi-disciplinary collaboration and user participation in the

DISCUSSION

Figure 5.
Hierarchical platform
organization
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design process. To over-bridge these issues is often
hard in systems building. The perceived interface of
architectural objects could bridge this gap through
firstly encouraging concurrent engineering in the
platform development and modularization phase,
and secondly make the level of freedom in the platform more transparent from a user point of view in
the actual design configuration phase of a project.

idea of architectural objects (situations) in the design process, and that the idea of architectural object
could be applied in industrialised house-building for
configuration of assembly modules and enhance the
quality of architectural design. The results however
also show a need for further research concerning its
implementation in a traditional BIM environment.

CONCLUSION
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As stated a concept of architectural objects as a representation of situations have been developed together with a systems model and a process model
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Abstract. Current data storage and retrieval strategies usually use keywords and are
not well suited to retrieving spatial configurations, the proportions of rooms or their
interrelationships. Instead of using text-based research, a graphical inquiry and query system
is proposed that can recognise formal structures on the one hand and concept sketches on the
other. Using artificial intelligence methods and multimodal interaction, knowledge is stored in
semantic models.
From previously stored planning solutions in a BIM, semantic fingerprints are derived that
describe their functional and topological characteristics. The search system likewise derives
a semantic fingerprint from the spatial configuration of a concept sketch and compares it with
fingerprints stored in the repository. Similar matches are then shown to the designer.
Keywords. knowledge management; ontology; case-based design; industry foundation
classes; multimodal.

INTRODUCTION
Current developments in the building sector strive
to represent the building’s geometry along with all
related information in semantic models (BIM). Our
research looks at how we access the knowledge
stored in such semantic models. For this it is necessary to define requirements with regard to data
structure and corresponding methods for retrieving and accessing this data. Information regarding potential design solutions can, for example, be
organised according to their functional and spatial

properties (Table 1). In this paper we examine corresponding strategies for retrieving, visualising and
using such data.
Furthermore, 3D knowledge-rich parametric
modeling systems are central to BIM and the life
cycle of a building. As buildings are composed of
geometric components, geometric information
forms a substantial part of BIM. The buildingSMART
e.V. [1] has established an open specification that
is not controlled by a single vendor. The file format
Information/Knowledge Architecture & BIM - eCAADe 29
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Spatial (Building)

Spatial (Urban)

Functional

Constructional

Technical

Organisational

Adjacency

Surroundings

Use

Details

Energy

Process

Access

Proportions

Concept

Material

Light

Time

Orientation

Escape routes

Room log

Cost

Proportions

Building element

Ventilation

Construction

Heating

Structural

Electricity

Table 1
Properties of projects and
their sub-aspects

Sanitation

Industry Foundation Classes (IFC) is an interoperable
BIM standard for CAD applications.
Through the appropriate administration and
archiving of semantic models (BIM) and their corresponding meta-information, it is possible to call up
relevant reference projects that can serve as a source
to inform the design process. If after a first querysketch has been undertaken, the displayed reference
projects do not correspond to the designer’s idea,
the search query – that is the sketch drawing – can
be further refined until it begins to match various
reference projects. One can think of this process as
systematic and targeted solution browsing.

RELATED WORK
In the early stages of the architectural design process,
architects are only rarely able to specify the required
information. Case-based reasoning (CBR) is an area
of Artificial Intelligence (AI) and describes a knowledge management process based on conclusion by
analogy. It attempts to assess similarities according
to the basic premise that similar problems have similar solutions. In CBR a case consists of a problem and
solution description. By entering a new problem description to obtain similar solutions the CBR system
first searches for an old problem description. Figure
1 illustrates the basic concept of CBR, where similar
problems have similar solutions. Aamodt and Plaza
(Aamodt and Plaza 1994) described this adaptation
of the thinking process inside the CBR cycle with the
verbs retrieve, reuse, revise and retain.
Since the middle of the 1990s the approach
of applying CBR to design and architectural tasks
has been known as Case-Based Design (CBD). The
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Figure 1
CBR basic concept

case-base contains information on buildings that
have already been built or designed, enabling the
computer to adapt solutions accordingly, on its own
or with help from the architects. Table 2 provides a
brief overview of some CBD systems based on two
studies published by Heylighen et al. (Heylighen
2001) and by Richter et al. (Richter et al. 2007) regarding the proposed approach.
Six of the CBD prototypes (CADRE Hua et al.
1996, FABEL Schaaf and Voss 1995, IDIOM Smith et
al. 1995, SEED Flemming et al. 1994, SL_CB Lee 2002
and TRACE Mubarak 2004) aim to partially or completely automate the generation of building layouts
by applying the retrieved solution. Two of these prototypes (CADRE and IDIOM) leave the selection of
the reference project to the user. The remaining four
(FABLE, SEED, SL_CB and TRACE) apply the solution
to the given architectural problem automatically and
generate building layouts independently with very
little user input. The more state-of-the-art approaches aim to support users during the design process,
for example Archie II (Kolodner 1993), PRECEDENTS
(Oxman and Oxman 1993), CaseBook (Inanc 2000),
MONEO (Taha 2007), CBA (Lin and Chiu 2003) and
DYNAMO (Heylighen 2000).
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The study by Richter et al. in 2007 identifies
an acquisition bottleneck in putting complete case
descriptions (problem and solution) into the casebase. We assume this is due to a lack of adequate
input strategies, indexing methods and knowledge
management procedures. First of all, a user interface
should support the graphical sketch-based workflow of architects combined with textual, schematic
and tabular input strategies. Secondly, a lightweight
indexing strategy is needed in contrast to the overall data storage method used. Sketches are widely
used in engineering and architectural fields as they
are a familiar, efficient and natural way of expressing
certain kind of ideas. Juchmes (Juchmes et al. 2004)
proposed an approach for analyzing hand-drawn
architectural sketches and Sezgin et al. (Sezgin et
al. 2001) introduced an implemented system that
combines multiple sources of knowledge to provide
robust early processing for freehand sketching.

Analogy

X

X

Semantic net

X

X

X

Sub-problems

X

X

X

Learning

X

FABEL

X

Graphical Information

CADRE

Adaptation

X

Verbal

X

Graphic

Abstraction

Archie-II

Topology

Floor plans + text

CBD application and
supported
feature

Output System

Input System

Applying solutions

Data Storage

Reference projects

Table 2
CBD systems
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Sim-U-Sketch is a sketch-based interface for
Simulink (Kara and Stahovich 2004) where users
can construct functional Simulink models simply by
drawing sketches on a computer screen. To support
iterative design, Sim-U-Sketch allows users to interact with their sketches in real time to modify existing
objects and add new ones.
For multi-touch tables, a diagram editing tool
has recently been proposed (Frisch et al. 2009). This
tool already provides an intuitive way to create and
interact with the displayed components but still requires more interactions than usual paperwork.
The COMIC system (Den Os and Boves L. 2003) is
a large European project that studies multimodal interactions in design applications using pen and speech.
In multimodal systems, methods like mode detection
(Willems et al. 2005) are already mature enough to be
applied to improve usability. As for the retrieval of similar sketches, a number of approaches already exist in
Information/Knowledge Architecture & BIM - eCAADe 29
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the literature. Yaner (Yaner and Goel 2004) examines
the retrieval and mapping tasks of visual analogy. Finally, Spatial-Query-by-Sketch proposed by Egenhofer
(Egenhofer 1996) describes a visual spatial query language for geometric information systems.

METHODS
Assuming that the given semantic model has a sufficient quantity and depth of information, what
strategies can one use to retrieve useful and relevant
metadata? Current search strategies involve labelling information with keywords. Spatial and functional relationships are reduced to typologies and labelled with corresponding verbal descriptions. Such
descriptive labels are, however, unable to represent
the complex, overlapping and interconnected information stored in semantic models.
Spatial structures are generally highly complex
structures that can be represented as a graph (see
Fig. 2) enabling them to be compared with one another, a task that in computational complexity theory is designated as a NP-hard problem (complexity
class). To reduce the complexity, an index structure is
compiled for the spatial structure. Thus the computationally intensive part is done a priori and the determined index will be used for the retrieval process.

Inspired by the principle that a person can be
identified through their fingerprint, so-called semantic fingerprints (Langenhan and Petzold 2010)
are created that store metadata concerning the
different sub-aspects of building information and
model them in an ontology. It is assumed that each
project exhibits a finite number of characteristics in
the different sub-aspects or sub-graphs. A characteristic in the semantic fingerprint is a combination
of individual pieces of information that relate to
one another in a particular way and are present in
this combination in similar projects. The extraction
of such sub-aspects from the semantic models into
sub-graphs takes place automatically.
A key part of the research work is the elaboration
of taxonomies for particular sub-aspects and the modelling in an ontology with a view to querying semantic
models. The ontology can be understood as a pattern
of information in order to create an index of particular
properties. For this we researched different techniques
from the fields of knowledge management, case-based
reasoning and multimodal query languages.
The proposed semantic structure of our previous work is a selective semantic and is used to formalize the structure of a floor plan. Four main concepts to describe spaces of housing constructions
and their relations were introduced:
•• Room – the most atomic structure in a formal
representation;
•• Zone – consists of several rooms, for instance a
sleeping zone;
•• Unit – groups zones, such as apartment or terrace;
•• Level – the current floor level of the building.
We introduce a sketch-based visual-querylanguage (Langenhan et al. 2011) based on the proposed semantic. The user interface focuses on specifying space and their relations by drawing them. This
query style supports the spatial thinking approach
that architects use, which often have a visual representation in mind without being able to provide an
accurate description of the spatial configuration.
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Figure 2
Adjacency graph of a spatial
structure

Figure 3 illustrates a web-based retrieval interface that can be used with standard input devices
such as a mouse or keyboard. To create a schematic
query the architect sketches a space using layers
for the level, rooms, zones and units. The mockup shows menu options for editing the schematic
sketch in layout mode (1), space mode (2) and relation mode (3). Navigation within the layers and the
actual spatial configuration (5) as well as specifying

the semantic structure is done using the space navigator (4). The results (6) of the visual query show up
on the right-hand side.
In a multi-touch environment, gestures and
pen-input (Weber et al. 2010) are recognised, making
it possible to work in a familiar and intuitive manner.
We have already developed such a system in prototype form for the semantic description and research
of floor plans based on raster graphics. In Figure 4

Figure 3
Mock-up retrieval

Figure 4
Sketchboard: multi-touch
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we can see a) a search query being sketched, b) the
identified room, and c) the function and handwritten
functional description.
Two different connection types have to be considered, because two entities are either adjacent or
directly connected. In the schematic view this is indicated by two parallel lines if the entities are directly
connected or one line if they are only adjacent to
each other. To summarize the semantics of the visual
query language:
•• Rectangles represent structural entities,
•• Enclosings imply part-of relation,
•• Single lines indicate adjacent connections,
•• Two parallel lines indicate direct connections.
The retrieval interface provides a sketch-based
approach to formalize the query. In analogy to the
real world, the user interface can be considered as a
blank piece of paper where the architect sketches his
initial ideas for the building. For instance he or she is
looking for reference projects where several apartments are connected with a central corridor and at
least one apartment is composed of a sleeping zone
and a living zone. Now, after sketching his ideas, the
architect searches for similar reference projects.

ALGORITHM
Basically, the visual query will be internally represented as a graph structure. Now, the application
searches for graphs in the repository which contains

this substructure or a similar substructure. In graph
theory a similar problem is known as Subgraph-isomorphism which is known to be a complex computational problem. Thus the number of matched vertexes is a potential measure of similarity. We adapted
Messmer’s method (Messmer and Bunke 1999) for
exact subgraph matching by modifying the generation process of the index structure. Using a wellfounded total order on the graph structure extended
the limitation of 19 nodes per graph, which now
depends on the number of nodes with the same label. In our case, labels are equivalent to types in the
semantic structure, such as AT for attic floor, AP for
apartment or CI for circulation. Our current objective
is to refine the definition of the semantic fingerprint
to further reduce the complexity of the graph.
Furthermore, we adapted the retrieval process
which uses a decision tree as an index. Figure 6 displays a decision tree for the graph database with two
graphs containing the semantics of a floor plan using
the proposed structure and a sample query graph in
Figure 5. With this specific query graph, an architect
would search for two directly connected apartments
in an attic floor. Each leaf of the decision tree (Figure
6) is a possible alignment of the adjacency matrix
representing a graph.
Thus all leafs beneath the last matching node of
the search path, respectively the associated graphs,
are added to the result set R. The number of exact
row column vector matches N for the query graph
Figure 5
Retrieval process: sample
query graph
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divided by the number of nodes of the query graph
|V|q is used as a simple similarity measure.
Sim(q,R)= N/|├ V┤|┤_q
In our example the similarity would be 66.6%
as only two of three comparisons match. Our current work focuses on researching further standard
approaches for solving the MCS problem and the
subgraph isomorphism respectively.

SUMMARY
As the retrieval approach performs the search in real
time and presents the best matching results, the architect can continuously refine his or her query by
performing vague conceptual freehand sketches
in a digital environment. The approach discussed

in this paper uses cognitive strategies for dealing
with information to bridge between the analogue
and digital. The retrieval is based on visual workflow and semantic descriptions. The representation
of architectural data in terms of semantic models is
helpful to architects as it enables them to use such
information at a later date. In addition to the sketchbased queries discussed here, a model-based query
language would also be conceivable in the future,
whether in the form of “scanned” physical models on
a multi-touch table or BIM.
The obvious outcome of the proposed semantic
fingerprint is the ability to access valuable information. Furthermore, automatically analyzed semantic
models can put forward both commonly used as
well as best practice projects. Besides traditional 2D
and 3D visualization techniques, other strategies

Fig 6
Retrieval process: decision
tree
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such as diagrams, mental maps, visual thesauri or
conceptual maps (de Vries et al. 2005; Segers 2004)
represent a useful extension to knowledge-based
design in the early design stages.
The use of semantic-rich BIM as a knowledge
container allows smart indexing and the use of information in future. Apart from the topological and
functional inner structure, the orientation of spaces
as well as their urban configuration, and the relationship of buildings to one another will be focused on
by combining BIM and Geographic Information Systems (GIS).
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Abstract. This paper investigates relationships between the process of conception and
production in digital domain with reference to the very nature of architect’s profession.
Authors combine some theories of actual paradigm shift with specific mechanisms of digital
fabrication. A scope of control and collaboration strategies will be cited and a few next will
be developed as an aftermath of the FABRICATE 2011 conference and publication. These
remarks can be seen as an attempt to outline essential design principles for digital master
builder architects.
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INTRODUCTION
In recent years a powerful outfit was given to architects. It is the outfit of digital fabrication technologies that allow to quickly convert digital ideas into
real entities. It also enables automated fabrication
of full-scale building components directly from
digital information models. The advent of digitally
controlled fabrication means that the architect is as
close to the materialization as in the original craft
process. Furthermore, he gained the precision, control and the ability to explore complexity which was
previously impossible. As the available tools become
more sophisticated, it must be considered that the
role of such tools is not only to make working methods more efficient, but to contribute to the idea of
architectural creation.
“Over the past decade, key relationships between design and making have been thoroughly
redefined by integrated and automated digital
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technologies” (Glynn and Sheil, 2011). Computer
aided design and manufacturing processes enabled
a direct translation of virtual creations into physical
artifacts and therefore have attracted the interest
of many architects. Integration of the design, analysis, manufacture and assembly of buildings around
digital technologies reveals the opportunity to fundamentally redefine the relationships between conception and production in architecture.

ARCHITECT MEANS BUILDER
Etymologically, ‘architect’ derives from the Latin architectus, what itself derived from the Greek arkhitekton where arkhi- stands for ‘chief’ and -tekton stands
for ‘builder’. From the very beginning, being an architect meant being a builder. The understanding of
the essence of architecture by the ancients was distinctive. For Vitruvius, it was the work, in which the

artistry, skills and knowledge of an architect was expressed. A wide range of knowledge required from
an architect briefly summarized the division for a
practical knowledge (fabrica) and theoretical knowledge (ratiocinatio). Through centuries, from Ancient
to Middle Ages, master builders were in charge of all
aspects of buildings. Simulated by the cultural transformations in the history of civilization, architectural
activity has always been defined by the relationship
between art and technology, ultimately materialized
in forms of physical buildings. Architects were closely involved in both the shaping of the space and the
construction process. Strong intentions for creating
physical structures simply rest in the architect’s nature. The progressing integration of the conception
and production phase under digital tools can satisfy
this primary desire.

PARADIGMS IN ARCHITECTURE
Since architecture has emerged as an autonomous
field of human activity, we marked the characteristic forms of paradigms, which define the correlation
between conceptual ideas – models – and their materialization in the form of buildings. In the history
of architecture, Renaissance was the turning point
in crystallization of the discipline’s autonomy and
obligatory paradigms at the same time. Leon Battista Alberti, in his Ten Books on Architecture, insisted
that architecture should be independent from the
structure. Hence, this led to the separation of the artists and architects from the builders and craftsmen.
Through his theories, Alberti became an advocate of
architects engaged in design but not in construction
(Garber 2009b). This model of relationships between
the ‘annotated’ and ‘built’ architecture, turned out
to be a symptom of a process leading to the deeper
stratification in the field of architecture. It caused
extreme effects of two opposite phenomena, building architecture without an architect on the one
hand, and creation of annotated architecture deprived from its materialized condition on the other
hand. Paradoxically, it was the Industrial Revolution
that seemed to pave the way of a real split between

annotated architecture and its physical constructing. Some intellectual efforts spectacularly reflected
in the treaties of John Ruskin could be seen as a
reaction for a prospective threat of repetitive architecture from ‘spiritless machines’. With many of his
utopian demands, Ruskin’s thoughts proved to be
a creative impulse towards a return to architectural
values, which integrate elements of original ideas,
reliable design and craftsmanship. Echoes of those
aesthetical and moral paradigms of John Ruskin certainly sounded in manifestos of Chicago School or
modern Bauhaus. The doctrine of modernism, freed
from the historical ballast, inspired a fresh approach
to architecture and became a new area for solving
current social, technical and aesthetic problems. Regardless of the number of significant reevaluations
of the Modernism, contemporary digital architecture
remains a cultural phenomenon, in which architects
intensify the relationship between the process of
conceiving and constructing of buildings.

DIGITAL PARADIGM
Over the past two decades, the use of computers in
architectural design has allowed architects to better estimate their intentions virtually and gain a far
greater degree of control over the design. New digital protocols and techniques give the opportunities
to move away from traditional methods of conceiving and constructing buildings.
Some writers see this as a paradigm shift in the
design and production process. It can be described
as the move from the old paradigm of ‘the possible
to the real’ to a new one, ‘the virtual to the actual’
(Garber and Jabi, 2006) [Figure 1]. According to Stanford Kwinter (2001): “What is most important to understand here is that unlike in the previous schema
where the ‘possible’ had no reality (before emerging), here the virtual, though it may yet have no actuality, is nonetheless already fully real.” Manuel DeLanda (2002) intensified this even more, deliberating
the use of digital modeling software and its ability
to reconfigure the design process itself. ‘The possible
to the real’ paradigm is initiated with the creation of
Information/Knowledge Architecture & BIM - eCAADe 29
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an immaterial form which then has a material substrate later applied to it. In ‘the virtual to the actual’
paradigm the virtual construct already has embedded some information including materiality, weight
or assembly process.
Digital architects do not prepare a two-dimensional hard copy set of documents anymore to represent a possible building. They develop precise virtual construct that is actualized through translation
to another medium. The process of translation has
replaced the process of interpretation in the former
paradigm. From the very start three-dimensional
forms exist in a computational three-dimensional
space where all geometrical points are a set of three
coordinates that locate each point. As a result, a coherent object, is automatically measured and build
informationally – and computers can actually fabricate the same object for good via a suitable CNC
machinery (Carpo 2011). Owing to CAD-CAM integration, design and production is merged and overlapped in a single, seamless process of creation and
production. This could be seen as a manifestation of
rejecting the Albertian Paradigm which claims that
architects should not make things but should just
design and annotate them. Today, in many cases, existing CAD-CAM technologies have already achieved
that stage: an architect’s design can be immediately
and automatically fabricated – if need be, in front of
the architect and while the architect is still working
on it (Carpo 2011). Present CAD-CAM technologies,
often seen as a part of the Building Information
Modeling (BIM), have already started to bridge the
gap between design and fabrication in architecture.

FABRICATE 2011
FABRICATE 2011 was an International Peer Reviewed
Conference, Publication and Exhibition hosted by
the Bartlett School of Architecture and held on
15-16 of April 2011 in London. It brought together
pioneers in design and making within architecture, construction, engineering, manufacturing,
material technology and computation. FABRICATE
2011 served an unusual opportunity to explore the
world’s most recent approaches by discussing the
progressive integration of digital design with manufacturing processes. This event was a great chance to
see how digital technologies impact on design and
making in the 21st century.
All projects submitted to the conference could be divided in two main categories, what has been reflected in the FABRICATE: Making Digital Architecture publication. The first section of this book contains case
studies from multi-institutional programs, departmental research groups, doctoral candidates, design
units and individual graduates. Much of this work
could be called a proto-architectural and came from
renowned institutions such as Delft, Harvard, MIT,
The Bartlett, CITA, and London’s Architectural Association. The second section contains works coming
from world-known architectural practices and engineering firms including Foster+Partners, Zaha Hadid
Architects, Arup, Buro Happold, Amanda Levette
Architects, Ron Arad Associates. The rich content of
the conference was constituted by 31 case studies
covering a cross section of scales and typologies.
FABRICATE conference was an excellent opportunity to track the latest developments in the domain of
Figure 1
Diagram showing the old
paradigm versus the new
paradigm.
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digital fabrication. Therefore, this London’s event was
treated as an exceptional case study to illustrate not
only the most recent developments in the application of computational techniques in design and making, but also the shifting paradigms of contemporary
architecture. Examples presented at The Barlett, together with views advocated by the keynote speakers
led to some general observations, which will partially
constitute components of an ongoing PhD dissertation conducted at the Faculty of Architecture, Silesian
University of Technology. Two particularly interesting
aspects were noted. The first problem describes the
importance of information and particularly the use of
information models in architectural practice. The second aspect concerns the imperishable importance of
a geometry in the process of transferring the design
intent to physical structure.

INFORMATION FLOW
Information is in the center of collaboration, coordination and communication in architecture. It has
expanded beyond representation-based documentation that drives the construction phase (Szalapaj
2005). Design computing continually develops itself for more aspects like analysis, simulation and
material performance (Kalay 2004). These new
components allow architects to better understand
and manage how their virtual ideas are realized,
and to innovate or challenge traditional construction methods. The synthesis of such technologies
has led to the emergence of building information
models which promise to revolutionize contemporary design practice (Garber 2009a).
Digital technologies have fostered an integrated and collaborative relationship between
the process of design and the act of making. Digital files carry information of all the parts which
would be transferred from computer to robotic
machinery (Picon 2003). Today, design and making can be a simultaneous process based on the
exchange of information between design and
fabrication in a rapid flow of data (Glynn and
Sheil, 2011). According to Mario Campo (2011)

this way of operating evokes somehow an ideal
state of original, autographical, artisanal handmaking, except that in a digitalized production
chain the primary object of design is now an informational model.

ESSENTIAL GEOMETRY
Three-dimensional geometry is the core of the process of converting virtual geometries into physical
materials. In many cases architects use various parametric and generative techniques to build digital
‘master’ geometries. These master models become a
sole of information for fabrication processes (Villalon
and Lobel, 2007).
With regard to fabrication, design information
embedded in the digital geometry must be operated
according to specific, machine dependent guidelines.
Since, every fabrication machine typically has its own
characteristics, that logic had to be put into the geometry model. The designer must think about the design
elements they wish to create according to specific
machinery they want to use (Villalon and Lobel, 2007).
A lot of parametric and constraint-based logics is used
in order to create models which were then translated
into machine-ready formats, fabricated and assembled (Schodek 2005). This geometric rigor is deployed
to integrate manufacturing constraints, assembly logics and material characteristics in the fabrication.
The geometry still represents the core of the architectural design process. It plays an essential role
from conception to production of physical elements
(Stavric and Marina, 2011). Through precision in creation of digital models and control over their translation, buildings can be more consistent with the architect’s original intention. Digital fabrication workflows exhibited during the FABRICATE 2011 coincide
with control and collaboration strategies described
by Richard Garber and Wassim Jabi (2006). These six
strategies below are still particularly important in the
context of providing proper design information by
digital architects.
•• Geometry is created as a shared 3D virtual as
opposed to a set of annotated drawings.
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••
••
••
••
••

Geometry is rule-based and parametrically constrained, so as to encode materials and assembly methods.
Geometry is linked to an integrated database,
so as to enhance collaboration.
Geometry is rationalized, segmented, and ordered for physical assembly.
Geometry is sent directly to Computer Numerically Controlled (CNC) hardware for manufacturing.
Geometry is translated and transferred digitally,
thus avoiding interpretation errors.

SELECTED CASE STUDIES
Many of the FBARICATE 2011 case studies revealed
successive digital fabrication strategies. Many of
the demonstrated projects could illustrate not only
one or two strategies but they could mirror several
of them. It also appeared that some of the strategies have become common daily routines for digital
designers. Therefore, an attempt to formulate new

problems relating to the geometry was made. Strategies listed below were derived from the 5 selected
and most influencing projects discussed during the
conference [Figure 2].
1. Geometry is prepared to explore material behavior and to support feedback from the physical structure.
2. Geometry is generated to explore performance
logic rather than formal intent.
3. Geometry is built as an exact hardware’s tool
path to embed fabrication logic.
4. Geometry is shared across different platforms
and file formats as a coherent set of information.
5. Geometry is translated into physical artifacts in
a nonlinear, many stepped process.
Research Pavilion by the ICD/ITKE (1)
A temporary research pavilion was designed,
fabricated and constructed at the University of
Stuttgart. This example presents one strategy of
Figure 2
Five selected Fabricate 2011
case studies illustrating five
digital fabrication strategies
(source: [1],[2],[3],[4],[5])
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material-oriented computational design where
structure and space is informed by the physical
behavior of bent plywood and the constraints of
the fabrication tools (Menges, Schleicher and Fleischmann, 2011). Three models were used to develop
this project: the computational design model, the
FEM model derived by structural engineers, the actual model measured by geodesic engineers. The
project’s coordination and mediating was done
through the design model. In this model relevant
material behavioral features were embedded in the
form of geometric relationships captured into parametric principles. The computational generated geometry was directly driven and informed by physical
behavior and material characteristics as well as by
the fabrication constraints of the employed industrial robot (Menges, Schleicher and Fleischmann,
2011). This project reveled geometrical complexity
and performance capacity without differentiating
between virtual form generation and physical materialization processes.
Unikabeton Prototype at the Aarhus School of
Architecture (2)
This project was a final result of the cross-disciplinary
research project exploring topology optimization
with robotic fabrication of concrete casting molds
(Søndergaard and Dombernowsky, 2011). This prototype challenged the scheme for the optimization
of a non-uniform doubly-curved concrete slab supported by three asymmetrically placed concrete
columns. A minimal surface form-finding software
was used to generate the design space for the slab.
In next few steps the geometry of the slab was topologically optimized for overall structural loads.
The optimization output was generated to meet
the fabrication requirements of the one-sided CNC
milling process. The result of the optimization process was then remodeled in Rhino to prepare the
surface for milling. Eventually, an inverted negative
geometry was directly milled in polystyrene blocks.
The Unikabeton Prototype revealed the potential of
a new language of geometric form specific to the

computational logic where maximum of structural
performance is generated by the smallest possible
means (Søndergaard and Dombernowsky, 2011).
Free-Form Construction Project at the Loughborough University (3)
This project illustrated the design and construction
of an additive fabricated wall component. It was a
part of a wider research on digital design environments for additive fabrication (De Kestelier 2011).
A prototype of a wall component was printed on
the concrete printer to demonstrate its current capabilities. Within this technology the concrete is
deposited without the use of any formwork what introduces a lot of freedom in geometrical complexity.
Traditional methods of modeling, even parametric
modeling, was not sufficient in this case. Therefore, a
parametric model was set up in Generative Components. Designers had to define the shape of the wall
as well as the actual tool path as the same time. The
manufacturing process became an integral part of
the design. There was no intermediate step needed
to go from 3D model to a set of fabrication instructions. The geometry and the design process had the
fabrication technology embedded in it.
Galaxy SOHO by Zaha Hadid Architects (4)
The Galaxy SOHO Project is a commercial mixeduse development currently under construction in
Beijing, China. This large scale project can be considered representative of the digital design, coordination, documentation and fabrication techniques
currently being developed by a prestigious architectural practice (Ceccato 2011). The conceptual phase
of the design was developed using Maya software.
The master surface geometry formed the basis for a
3D digital coordination process using CATIA/Digital
Project. The 3D model was used in all conventional
BIM processes including geometry development,
digital coordination, clash detection and drawing
production (Ceccato 2011). It was also used as an
instrument of contract and according geometric authority of the facade system. The facade geometry
Information/Knowledge Architecture & BIM - eCAADe 29
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was developed in few steps of rationalization and
optimization, all based on parametric definitions.
This example illustrates the design, geometric development, fabrication and construction of a complex
cladding system which geometry was shared as a
coherent set of information.
Waved Wooden Wall by designtoproduction (5)
The Kilden Performing Arts Centre in Kristiansand
(Norway) was designed by ALA Architects. The most
interesting part of this building is a timber wall defining the water front facade. designtoproduction in
close cooperation with timber specialists developed a
pre-fabrication and assembly concept for this facade.
The geometry of the wall was prepared as a parametric model in Rhino, using RhinoScript and some extensions written in Microsoft.NET. It was defined by a
ruled surface between a straight line at the top and a
curved line at the bottom. In order to meet specific
requirements, a surface with all generatrices having
parallel XY-projections was generated. The parametric model was used directly to export the production
data for all timber components. The facade was carried out in a step-by-step approach where a tangible
geometry was a result of every automated procedure
(Stehling and Scheurer, 2011). This geometry was
then validated and punctually adjusted before continuing. This system was flexible and allowed designers to decide whether to repeat any automated step
or resolve it manually (Stehling and Scheurer, 2011).
The parametric system consisted of a set of specialized tools applied one after another to ensure the flexibility and pragmatism of a real-world project.

DIGITAL MASTER BUILDER PRINCIPLES
Digital fabrication brings the potential to put the
designer once again in direct control of the craft of
material shaping and construction. The quest for
responsibility provides a necessary outline for the
development of new principles in the realization of
a design into physical architecture. As architects and
designers become more familiar with available means
and methods of digital fabrication, they will be able to
418
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better collaborate, coordinate and communicate with
fabricators and manufacturers. They will not have to
seek assistance of intermediaries in order to translate their design information into a fabrication-ready
format. They will simply control data that ultimately
drives the fabrication equipment on their own.
The new distribution of roles between making
and designing calls for the development of a new
set of design principles. All the strategies described
earlier underline the importance of a digital model,
free of representational annotation, which is used
to transfer ideas into real. These strategies connect
software with hardware, they organize and translate data from virtual to physical environment. They
help architects to maintain control of original design
intentions. Finally, they could be proposed as principles for a digital master builder architect.
CONCLUSIONS
•• The historic links between architecture and its
means of production are increasingly being
challenged by the emerging of digital fabrication The architect, like his medieval forbears,
becomes far more directly involved in issues of
fabrication and construction and the interactive
relationship between practitioner and material
(Kolarevic 2003). In the Albertian paradigm interpretation was necessary to mediate between
the architect’s intention and the realization of
the building – a possible to real relationship
that could not ensure precision in the translation from drawing to building. In the information model the ability to translate and actualize
data from the virtual state is embedded. In other words, one could say that information geometry is both virtual and actual at the same time
to ensure the translation of designer’s ideas into
materialized world.
•• Due to CAD-CAM integration digital architects
today are increasingly designing and making
at the same time. Mario Carpo (2011) writes:
“Acting almost like prosthetic extensions of the
hands of the artisan, digital design and fabrica-

••

••

tion tools are creating a curiously high-tech analog of preindustrial artisanal practices”. Digital
designers similar to traditional craftsmen make
with their tools what they have in their minds.
The very essence of making digital architecture
embraces the translation of a geometry from
the virtual to the actual state.
The process of making buildings, stimulated by
the digital paradigm, verifies the domain of an
architect. The scope of new abilities to pursue
architecture is developed. The position of an
architect as an independent, visionary creator
is being replaced by the position of a leader in
egalitarian team of experts. This new leadership
introduces the issue of architects’ liability and
displays itself in providing, understanding and
handling of a master geometry.
Computing in architecture “brings the ability
to control fabrication digitally, to drive cutting,
bending and assembling, to simulate and optimize material performance, to control geometry with precision” (Penn 2011). Digital fabrication tools simply place more control and responsibility into hands of contemporary architects. These advances represent an opportunity
for architects to relocate themselves within the
space of the construction industry, back in the
heart of the process. A digital master builder architect should deeply understand relationships
between the tool, material and form. Providing
the exact geometry, which is the core of information flow in architecture, truly exhibits designer’s consciousness. The ultimate transition
from virtual intents to actual artifacts happens
through exchange of geometrical information
with fabrication logics embedded in it. According to Matthias Kohler (Glynn and Sheil, 2011)
”in the near future, more and more information
will be provided very explicitly by architects”.
This is particularly important since this information will be transmitted to machines that actually build from this data with no other person
being responsible for its outcome.
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Abstract. The paper describes pilot project conducted to achieve first understanding of the
IFC standard and BIM process in Serbia. During the project a research team have developed
information model of the actual building using IFC standard and BIM technology and used
that model to simulate an actual construction processes. The experience from this project
shows that BIM principles and the way IFC standard is incorporated in applications are still
a set of recommendations that each software developer interprets separately. At the end of the
paper a possibility of further development that would bring BIM and related ICT standards to
expected functionality is discussed.
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GENERAL
Recently a new wave of technical advances has
swept the architecture, engineering and construction (AEC) industry. The term Building Information
Modelling (BIM) is in use to denote a spectrum of
both technological and methodological changes in
the way the AEC profession is conducted. The objective of promoting BIM generated models as the
international standard that will replace traditional
AEC project documents spurred worldwide interest
in the necessary adaptations of national AEC standards. The project described in the paper was commenced as the mean to achieve a first experience
with BIM technologies for the AEC industry in Serbia.
The project goal was to create a BIM model
based on the data from the actual building project

and to evaluate the model by comparing it with
the actual design and construction processes. The
project team decided to skip thorough learning of
available commercial BIM applications and to start
modelling after brief acknowledgment with applications using available demos. This approach simulates the method that most AEC teams in Serbia use
when they introduce new technology in their existing business process, so we expected to experience
all problems that AEC industry in Serbia will face in
the future. Second, as we have already advocated
approach to computer-based design that is similar
with BIM, we wanted to compare functionality of existing BIM applications with our expectations what
BIM ought to provide.
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OBJECT ORIENTED MODELLING AND BIM
The object oriented modelling principle was developed in computer sciences during the 1970s as an
answer to growing software complexity and the
need to invent a method that will enable rapid and
reliable development of complex systems. Today,
object oriented modelling is de facto standard in
the software industry and is becoming an essential
standard for modelling all other branches of human
endeavour.
It is logical to expect that BIM should embrace
at least following object oriented modelling concepts: class, object, inheritance, and abstraction
(Rumbaugh 1990). A class is the blueprint (specification) defining abstract properties of the group
of similar items, their relations to other classes, and
the rules of their behaviour. Using a class, properties
common to all items pertaining to that class are enumerated and their type and range are defined. An
object is an instance of the class i.e. a specific sample
of the class. An object is created when all abstract
parameters of the class acquire their actual values,
and this process is termed as instantiation. An object

must belong to only one class as an instance of that
class. An inheritance is a process of deriving new
class (subclass) from actual class (superclass). Subclass inherits attributes and methods of superclass,
and may have extra attributes and methods defining
specialization of the class. An abstraction is a mechanism to reduce and factor out details so that one can
focus on a model using as much concepts as needed
on particular level of analysis.
If we see BIM as the exercise in object oriented
modelling then the process should start from defining all classes representing all building elements.
Those classes should be implemented in the BIM
application as the library of elements. Actual modelling turns into a process of choosing classes and instantiating them into objects depicting actual building elements (Figure 1).

OPEN STANDARDS FOR AEC
Based on years of research on a general data model
for AEC (Eastman et al. 1991; Björk 1989) the term
Building Information Modelling (BIM) denotes a process of using Information Technology (IT) to model
Figure 1
Main object oriented modelling concepts and their relation to BIM
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and manage data encompassing the whole facility
lifecycle (Lee et al. 2006). The BIM concept means to
build a facility virtually, prior to building it physically,
in order to work out problems and simulate and analyze potential impacts. It is easier to fix a problem
by moving element with a mouse than to demolish and rebuild elements on a construction site. The
commercially developed BIM applications support
creation of the computer-based facility model using parametric three-dimensional (3D) components
with attached descriptive parameters that are necessary to fully identify particular elements. Still, those
applications typically use proprietary data formats
to represent facility models thus keeping all information locked in distinct software.
The need to establish interoperability among
applications dealing with different phases of the
facility lifecycle, such as architectural design, civil
engineering, HVAC design, building construction,
and facility management (FM), was met with the development of the Industry Foundation Classes (IFC)
standard [1]. The currently available model is Version 2, Revision 3 and is also registered as the ISO/
PAS 16739:2005 standard. IFC is a neutral and open
model whose development is conducted by the International Alliance for Interoperability (AIA), which
has 550 member organizations in 24 countries. The
standard provides the following basic functionality:
•• Data interchange without information loss
among all AEC and facility management (FM)
applications.
•• Unified model-based description of all building
components.
•• Information on the graphical representation of
components.
•• Description of relationships with other components and their location in the whole structure.
•• Link to property and classification data, and access to external libraries.
The open specification of the IFC data model
allows commercial software developers to write interfaces for their software that enable exchange and

sharing of the same data in the same format with
other software applications, regardless of the internal data structure of any individual software application. All leading software companies like Autodesk,
Bentley System, Graphisoft, Nemetschek, Data Design System, Solibri, Tekla, Archimen Group, Vector–
Works, etc. support IFC in their applications.
Being an object-oriented data model, the IFC
standard is comprised of class definitions representing all things and events occurring in the facility lifecycle. At the top of the hierarchy is a domain
layer that describes classes related to basic functional units: building controls, plumbing and fire
protection, structural elements, structural analysis,
heating, ventilation and air conditioning, electrical circuits, architecture, construction and facilities
management. Below that layer rests the interoperability layer that defines all classes essential for connection and cooperation among disciplines. Next
is the core layer, containing basic model classes
depicting controls, products, and processes. The
resource layer is at the bottom, embodying classes
that represent all building elements. Elements encompass not only physical components, as traditional models, but also actors and their roles, time,
price, approval, etc.
The IFC standard does not produce one monolithic data model encompassing the whole lifecycle.
Instead, many separate models are generated. In the
context of IFC, a View is a defined as a subset of the
IFC Object Model that a number of implementers
have agreed to support in their implementations.
The software certification process is conducted according to IFC Views. Depending on agreement
many IFC Views can exist with partially overlapping
content or with entirely different contents. The data
exchange between applications should occur within
the scope of a specific View. The entire facility lifecycle is represented across multiple Views.
The IFC standard relates to the representation of a particular instance of the facility, its components, properties, and relationships. Using the
vocabulary of object-oriented modelling it can be
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said that it deals with object instances. It does not
allow representation of the object classes and their
relationships (i.e., that part is covered by the International Framework for Dictionaries (IFD), registered as
the ISO 12006-3:2007 standard [2]).
IFD is the classification system for all information in the AEC/FM field. It is an object-oriented
framework that defines objects, collections and their
relationships. It is intended to work as the overarching structure that will provide support for the development of the unified AEC/FM vocabularies at the
national, regional or domain levels. Since all share
the same structure it will be possible to translate
terms between languages and domains, preferably
using automated software agents. IDF identifies
each object in the model and this provides the capability to define context within which a concept
is going to be used. Each object can have multiple
names providing for the definition of synonyms or
usage in different languages. An object is related to
a formal classification system using references. The
standard supports the following types of objects:
Subjects, Activities, Actors, Units, Measures with
Units, and Properties. Relationships are divided into:
Association, Collection, Specialization, Composition,
Involvement, Property Assignment, Sequence and
Measure Assignment. Using these mechanisms the
user can create a model-based definition of all concepts in AEC/FM including facts about classification
systems, information models, object models, and
process models. In other words, IFD functions as the
IFC metamodel. Also IFD provides a unique global
reference for any AEC/FM concept. The mechanism
that relates IFC and IFD standards is scheduled to
be published in the IFC 2x4 standard revision. The
actual realization of IFD is the IFD Library, an international initiative currently run by four nations: Canada, Netherlands, Norway and USA. The purpose of
the library is to provide semantic knowledge to the
construction industry in a global and uniform way.
In addition to the above described standards
a second type of interoperability formats has
been developed based on another open standard
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- eXtensible Markup Language (XML). XML is a
general-purpose specification capable of describing
published data (Harold and Means, 2004). The data
description mechanism is based on the insertion of
tags in the traditional text and the user can choose
any term to define a particular tag. The language
permits representation of arbitrary data arranged as
a hierarchical tree with one element serving as the
tree root (Harold and Means 2004). XML enables the
structured representation of any kind of information
but does not provide any mechanism to infer the
meaning of the terms used in tags. One approach to
the definition of a tag’s meaning is the XML schema.
It is a language that provides a description of a type
of XML document, usually articulated in terms of
constraints on the structure and content of related
XML documents. Many schemas have been developed for the AEC/FM field. The gbXML (Green Building XML) schema is used for describing data relating
to the building energy efficiency of the facility and
its impact on the environment. The aecXML schema
is used for depicting all building data in design,
engineering and construction disciplines, and the
CityGML schema is used for geo-spatial data representation. Also IFC data can be represented with the
ifcXML schema. Since the IFD is an EXPRESS model,
the EXPRESS to XML Schema Converter [3] can be
used to obtain the XML schema for IFD.
Open standards developed for the AEC/FM industry relate to the problem of interoperability since
this is the most obvious obstacle in the industry.
These standards enable the highly structured representation of information about buildings but do not
consider the problem of information reuse outside of
the context of a particular facility lifecycle or the automatic creation of new information for later reuse.

THE SCOPE OF THE PROJECT
The first phase of the project consisted of the development of the electronic model of the office building
based on the existing documentation. The traditional
documentation consisting of the 2D CAD drawings
was used as the outline to construct elements of the

electronic model. The process is simplified as the existing drawings can be used as trace layouts enabling
quick and precise location of the elements. The commercial BIM application ArchiCAD v12 was selected
for the task because its routines for the modification of the element’s parameters have visually most
comprehensive interface. The construction starts by
selecting design tool specific for some class of building elements, like wall, beam, column, slab, stair, window, door, etc. The user creates required object by
providing values of the parameters that suites his/her
design. If the supplied procedures or object library
doesn’t suit designer’s needs the user can use the basic 3D modelling techniques or some external modelling application to create required element.
The reliance of the system on element libraries is
the main characteristic of the BIM software. The user
is forced to think about required elements in his/her
design and to obtain in advance all necessary values
required for the elements he/she wants to construct.
Thus the greatest burden in the process is shifted toward initial design phases and to the preparation of
necessary information required to construct building elements. That way system prevents inclusion
of undefined elements yielding to unforeseen work
and costs that in traditional practice can often be detected only during construction phase. Once created
an element becomes part of the electronic building
model and all future operations refer to that unique
data structure. All graphical representations like
layouts, sections, perspective view or virtual reality
walkthrough use that single data structure to create
required representation.
The second phase of the project included
simulations of the processes occurring during actual building construction like contracting, and
cost, time, and resource management. The commercial BIM application that was used in the first project phase demonstrated few shortcomings in this
phase. Its reliance on the library for the creation of
new elements in the building model was perfect in
the first phase where the goal was to create model
from a scratch. But second phase required large

amount of changes and modifications of existing
data. The process of instantiating objects from the
library that is implemented in the ArchiCAD does
not allow definition of the types of objects. To select
all objects in the model that belongs to same type a
user have to use search procedure to find all objects
having same set of common attributes. The second
phase required too much effort to find smart ways to
select types of object in the model in order to modify
its parameters. Whole process had to be adapted to
the application’s behaviour instead of following natural sequence. Problems with ArchiCAD motivated
project team to expand the scope of the project and
to conduct experiments with Autodesk Revit application. The unique parametric change engine and
support for management of data both on element
and class levels provided environment that is fit for
all requirements of the second phase of the project.
First experiments were conducted using demo Revit
files. Unfortunately, further experiences with IFC file
format and with the Revit’s object modelling mechanism, which will be further documented later in this
paper, diminished our anticipations.
The third phase of the project investigated
IFC based interoperability on three levels: 1) using
solely one commercial software, 2) using IFC format to interchange data between two commercial
application, but using their native formats to keep
project data, and 3) using Open source BIMserver
to keep whole project data in IFC format and using commercial applications do create and modify
model’s data. It was surprising to observe that even
same application was unable to restore full project
information from the exported IFC data. Even parts
of geometry were missing, and parameters describing particular objects were significantly reduced,
constraining parametric modelling of the imported
project elements. Data interchange between different applications suffered from the same defects. To
our surprise same IFC files, when browsed with free
applications like Nemetschek IfcViewer [4], DDSCAD Viewer [5], or Tekla BIMsight [6] demonstrated
less errors and with more parametric information.
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The third experiment with BIMserver revealed that
crucial problem in interoperability is the commercial application developers’ habit to treat modelling
mechanism that lies in the core of their software as
single representation method, and to adapt information available in IFC files to their needs.

DEDUCTIONS FROM THE PROJECT
The experience from this project shows that BIM
principles really changes established practices in
architectural design, and shifts focus of the architecture from the creation of design documentation to
the real building modelling. Unfortunately the BIM
principles are still a set of recommendations that
each software developer interprets separately.
Even if object oriented modelling principles
represent logical choice on which BIM software
should be based, and that IFC standard is an objectoriented data model the core software mechanism
in commercial applications was developed before
the advent of IFC format. In the case of ArchiCAD
that mechanism is based on procedural modelling
language that doesn’t follow principles of object oriented modelling, albeit in the version 14 of the software, which was released after the conclusion of this
project, it is possible to distinguish information pertaining to types of building elements from information about instances. The newer software like Revit
has implemented distinction of instances from types
of elements in its core software mechanism enabling
it to behave closer to principles of object oriented
modelling. Unfortunately relations among elements
are modelled in accordance to Revit’s unique parametric change engine that treats relations as binary
relations among elements. A user should explicitly
attach each pair of elements one to another to model a relationship. While this mechanism represents
advantage comparing to other commercial software
it still lacks ability to model property common to
group of elements as the property that elements inherit from the class higher in the hierarchy.
Related to the discussion about adherence to
the object oriented modelling principles is the issue
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of element libraries. If we look at the IFC standard
we see that it defines classes necessary to represent
all concepts related to building during its lifecycle.
Regrettably, at the time when development of the
commercial software started IFC was still under
development and could not provide inspiration
for software developers. Instead element libraries
closely follow core software architecture. As a result
BIM applications are completely incompatible on the
level of element libraries. It is possible to export element from one application, to import it to another,
and with a moderate to a high effort to incorporate it
in the library. But the element in the library loses majority of parameters, and behave like 3D block. In the
case of Revit it looks possible to create fully parametric library element from imported object using Family Editor. But in the case of ArchiCAD it is impossible
since parametric elements in its library can be constructed using only special purpose GDL language.
On the level of modelling capability BIM applications also show disparity. On the first glance all
applications look similar, providing to user modelling tools that cover all building elements. But the
modelling knowledge acquired with one application
can not be transferred to another application. ArchiCAD has rich modelling interface, which visually
demonstrates all parameter modifications, enabling
easier learning. On the other hand modelling principles differs from the element to the element, and
it is necessary to master all peculiarities to master
modelling techniques. It is regrettable that some
functionality like solid modelling, that was a research
topic some 40 years ago, still does not function as
expected creating artefacts and preventing spontaneous creation of the building model. The Revit has
different concept providing same modelling method
to all elements, but the interface is less informative
and requires a lot of learning effort. On the level of
the change management ArchiCAD resembles old
CAD systems with its association of elements to layers and need to search for elements that need to be
changed. Also it is not possible to change all parameters independently of the view in which the user

currently works. Revit on the other hand relies for its
functionality on the unique parametric change engine that enables modification of any parameter in
any view and automatically propagates that change
to all affected elements. Because of described functionality the program is an example that other developers should follow.
The experience with the use of the IFC standard
shows that seamless data transfer is still something
to expect. Often some data is missing and some
strange objects appear. Also most of IFC related data
have to be entered manually instead of deduced
form the building information model. The problem
obviously arises from the fact that all commercial
applications have their own data structures that represent building model and that in modelling IFC import and export developers try to adapt information
available in the IFC standard to their data structures.
During the project a valuable help was provided by
free applications like Nemetschek IfcViewer, DDSCAD Viewer, or Tekla BIMsight. Without them it was
impossible to deduce if false transfer of data between commercial applications was to blame on improper export or import procedures. Similar function
was provided by BIMServer [7] application. In addition BIMserver provides centralized storage and version control that simplify exchange of IFC files. Also,
ability to decompose project to subprojects and
to provide their clear management enables easier
collaboration.

FUTURE DEVELOPMENT
BIM and IFC definitely represent great technological advancement in the AEC field. But, as it is
a case with all technologies, its embracement is
not a straightforward process. Users are reluctant
to change their established habits of working,
and to invest time or money into a new business
process. Without a pressure from the users, software vendors will continue to expand existing
software architectures, and to force users to accept their applications as proper BIM solutions.
Based on the experience from our project we

think that future advances in the BIM acceptance
relies on building a greater interest in BIM related
standards like IFC, IFD etc.
Since the IFC is the open and independent standard we see it as the primary candidate for keeping
all project information. BIMserver application already fosters the view of the IFC format as the central project repository. At the moment it is hard to
expect that users will readily accept this idea, since
it is evident that native commercial software formats
provide models that are richer in information, and
that require less effort to construct. The solution is
the development of more free applications that supports IFC based BIM. The BIMserver is the platform
on which such development could be based. Since
it is Open Source application, everyone can modify
it to its purpose. In the first phase the development
should be directed toward tools that enable modification of existing IFC models, since it is hard or
impossible to do this in commercial applications because they transform IFC model to their native formats during import process. Further development
could provide greater control of users over parameters in IFC models enabling creation of richer information content. Hopefully wider use of the IFC standard spurred by the existence of free IFC based BIM
tools will persuade software developers do modify
data structures in their applications to better fit IFC
structures. This development direction could evolve
toward distributed design environment that we envisioned long ago (Petrović and Svetel, 1999), where
collection of design agents operates on the unique
standardized building representation.
Second direction of development could be directed toward applications that manipulate information about IFC models (Svetel and Pejanović, 2010).
The IFC standard is intended to represent only object
instances, so it is valuable to keep information about
particular projects that can be used as examples in
the future. If we want to infer information about types
of objects or to talk about experience gained on more
projects or to create application independent libraries of objects we need other information standards.
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The above described IFD standard provides a step in
this direction but IFD only provides domain ontology, the structure of concepts and the relationships
between them. The standard lacks power to express
classes, aggregations and rules. Information standards related to those issues are developed under Semantic Web initiative. The goal of the endeavour is to
build a unified information medium that is both understandable for people and computers, and that can
be used for the automatic deduction of meaningful
inferences. The Semantic Web knowledge representation is based on the layered structure of representation standards. The upper layer exploits functionality
of lower layers and provides greater semantic expressiveness. At the bottom level resides XML. Meaning is
expressed in the next layer containing the Resource
Description Framework (RDF), a data model for representing information about entities on the Web. The
next level of the semantic expressiveness is achieved
with ontology. In the Semantic Web domain, ontology is identified as the formal representation that
defines relationships among terms. The first level of
ontological functionality is achieved with the RDF
Schema (RDFS). Like other schema languages, RDFS
provides information about basic RDF structures. It
accomplishes this task by supplying constructs that
allow the declaration of classes, subclasses, property,
and subproperty relationships among resources.
RDFS provides a limited set of inference rules that
are restricted to the transitive closure of the hierarchies. The Web Ontology Language (OWL) currently
provides the highest level of ontological functionality among Semantic Web technologies. It is a family
of languages based on two semantics. OWL Lite and
OWL DL are based on Description Logic semantics
that guarantee completeness of reasoning. OWL Lite
is a restricted version of OWL DL and is intended as a
quick migration path for thesauri and other taxonomies. OWL Full provides maximum expressiveness
and the syntactic freedom of RDF, but does not support complete or efficient reasoning. The language
provides constructs like class, property, property restrictions, Boolean combinations, enumerations and
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instances. A wide range of services like reasoners and
editing tools enable users to express and test knowledge using this formalism leading to the widespread
acceptance of this technology. So far, few prototype
systems that link Semantic Web and IFC standard are
developed. The easier technique to extend existing
AEC standard formats and enable knowledge management functionality is to add semantic annotations using RDF. The method is demonstrated in the
system for conformity checking in construction. The
norms are extracted from the electronic regulations
and formalized as SPARQL queries in terms of the IFC
model. The conformity checking process is based
on matching an RDF representation of a project to
a SPARQL conformity query. The project’s RDF representation is extracted from the ifcXML schema and
later manually enriched with domain knowledge.
More projects are using OWL to add knowledge management functionality.

CONCLUSION
The initial goal of the project was to use solely BIM
principles and IFC standard to model actual building.
Project demonstrated that assertions on conformity
to the BIM process and IFC standard given by majority of commercial BIM software developers are exaggerated and that functionality of their products substantially differs. The adoption of the BIM method
and IFC standard on the current development level
requires cooperation between AEC staff with the
teams specialized in the application of information
technologies in the AEC industry. Further development is necessary to achieve full potential of the BIM
methodology, and it should be based on the available BIM related standards.
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Abstract. Throughout the world, global warming has been considered a severe problem,
which has led to efforts being made for technical development to reduce greenhouse gases
in the building sector. As more attention has been paid to energy consumption by residential
housing in the building sector, policies and studies on domestic dwellings tend to focus on
quality improvement and energy-efficient housing development rather than quantitative
housing supply. Yet, policies and guidelines considering residential energy efficiency are
inclined to focus on performance and lack in integrated consideration in connection with
design. Hence, it seems necessary to compare and analyze design and energy efficiency and to
study correlations between housing design and energy. Lately, BIM technology has been used
in buildings domestically and proved reliable in respect of its features that enable overall
comparison and prediction of housing design, performance and efficiency.
The present study is to use the BIM technology to analyze energy consumption and the
standard drawing schemes for rural areas to find ways to improve efficient design in singles
housing sector and to suggest how to take advantage of buffer zones and how to improve
housing design in favor of energy efficiency.
Keywords. BIM; Energy Analysis Tool; Rural Standard Drawing; Buffer-Zone; Sustainable
design.

INTRODUCTION
Each country throughout the world has given top priority to greenhouse gas reduction by paying increasing attention to energy efficiency and renewable
energy sources and boosted up policy implementation for greenhouse gas reduction. Currently, Korea’s
greenhouse gas emission from the perspective of
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international standard, according to the data published
by IEA in 2009, has ranked the 6th place among OECD
member states, and the 9th in emission per capita. Subsequently, the government has declared the green policy to reduce greenhouse gas emission and engaged
in studies on mid- and long-term policy development.

Table 1
Increase form of Drawing &
Apartment

The building sector takes up 24% of overall domestic energy consumption, which suggests that
technical development for energy saving inside and
outside buildings is crucial. The government has revised the ‘criteria for standard housing construction’
and promoted policies to renovate over one million
old houses into green homes. Unfortunately, specific
technical components are at a test-bed stage of referring to those used in the advanced countries, and
relevant studies are limited to public office buildings,
large building complexes, apartments and offices in
urban areas.
Among residential buildings at home, there
are as many single houses as apartment units. Energy consumption by single houses takes up 41%
of all residential energy consumption. Therefore, to
achieve the mid-term goal of energy saving by 2020,
technical development to save energy consumed by
single houses as well as apartment ones is a must. To
put that plan into practice, BIM technology is adopted in the building sector. From architectural design
to construction to management, the technology is
capable of integrated analyses and prompt and convenient plan-cost relational analyses.
BIM-based annual energy saving efforts will
be conducive to improving the quality of life at national and individual levels. Above all, it will prove
a great help for better living conditions in rural areas with relatively lower economic capacity and for
energy operation. Accordingly, this study is to seek
how to design better energy-efficient single houses
in rural areas.

BACKGROUND AND OBJECTIVES
The present study is to seek ways to save energy,
specifically in relation to energy consumption for
heating, which takes the highest percentage in overall energy consumption by residential houses. The
buffer zones that have recently been installed in rural areas and residential housing are applied to new
housing design and the resulting energy efficiency is
comparatively experimented in regard of the types,
placement, sizes and materials of the buffer zones to

investigate the correlation between optional ranges
applicable to design and efficiency.
For the experiment here, 76 types of the ‘standard drawing schemes’ suggested by the Korea Rural Development Corp. up to 2010 are chosen as the
sample for energy simulation. As the modeling tool
for the simulation, Revit Architecture2010 is used to
model a target house following the standard drawing schemes. For energy consumption simulation,
Autodesk’s Ecotect 2010 is used to figure out how to
reduce energy consumption of buildings.

CORRELATIONS BETWEEN THE STATUS OF
RESIDENTIAL HOUSING AND ENERGY
According to the National Statistics Office’s census, the number of single properties has decreased
steadily since 1985, whereas that of apartment housing has been consistently on the rise. In 2000, apartment buildings took up a larger percentage than
single housing as a result of apartments-oriented
housing supply in lieu of single houses.
Increase form of Drawing & Apartment
Year

Drawing (%)

1985

77.3

Apartment(%)
13.5

1990

66.0

22.7

1995

47.1

37.5

2000

36.8

47.3

2005

32.2

52.7

In terms of energy consumption per residential
housing type, energy consumption by single properties has gradually decreased since 1995, whereas
annual energy consumption by apartment houses
has steadily growing. Since 2001, energy consumption by apartment buildings has exceeded that by
single properties.
Such changes resulted from new housing supplies focused on apartment buildings irrespective
of existing housing and from the maintenance cost
generated by apartments. As in the Table2 below, a
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single property compared to an apartment unit of
the same size costs more for maintenance and energy consumption for heating.
Heating Cost Comparison Drawing & Apartment
Criteria

Drawing

Apartment

Monthly Average
of Heating Cost
on January

250,000won

145,000won

Security Cost

180,000won

15,000won

Moreover 41.2% of single properties are over 20
years old, and most of them were built without taking into account the heating and insulation. In contrast, most apartment housing was built relatively recently with more efforts exerted for energy security.
For long-term energy saving, it is necessary to make
appropriate efforts for improvement of existing residential buildings.
Overall, energy consumption per household is
proportionate to income, whereas in view of correlations between income and energy consumption
levels, the proportionate increase of energy consumption to income shows a downward tendency.
Regardless of income levels, low-income households
should bear a higher percentage of basic spending
out of income.

RELEVANT DOMESTIC INSTITUTIONAL
SYSTEMS
Domestic architectural energy-saving-related standards are enforced under the Acts on Building and
the on Reasonable Energy Use. Currently stipulated
under the Act on Building, the heat-loss prevention provision is largely concerned with the partial
insulation criteria and the thermal performance
criteria for energy-consuming buildings. In developed countries, by contrast to the belated efforts at
home, since the emergence of the Climate Change
Convention in the early 1990s, standards for energy-saving housing design have been tightened up
to a great extent.
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Recently, as studies on energy efficiency have
been carried out actively at home, the BIM technology has emerged as an integrated object-oriented
information modelling and analysis solution applied to the field of housing for information modeling, energy-environment analysis, construction cost
estimation, construction period prediction, design
error detection and construct-ability analysis. Still,
as it has not been adopted domestically for long
compared to the advanced counterparts, the technology is under active consideration and review to
seek some localized development and application.
Accordingly, applicable technical development in
compliance with institutional environment lacks
as of now. Hence, specific cases of eco-friendly design approaches and relevant data collection are far
from reality as seen from the following study results
recently reported. For faster and more active application, case studies on detailed environmental techniques and accurate definition are required.

STANDARD DESIGN DRAWING SCHEMES
FOR RURAL AREAS AND BIM-BASED
ENERGY PERFORMANCE ANALYSIS
Since 1995, the Ministry of Land, Transport and
Maritime Affairs has provided free standard drawings for rural areas in an attempt to relieve building
owners of cost and time burdens and help people
to choose drawings suitable for their preferences.
The standard drawings capitalized on mass production of standardized building materials to save
cost of construction and provided a wide range of
area (size)- based designs for families to choose.
So far, a total of 76 types of standard drawings for
rural areas have been developed and distributed
6 times. The following drawings, types and stories
have been provided every year under the standard
drawing scheme:
The following table delineates housing types
as rectangular types, modified rectangular types,
-shaped types, -shaped types and combined
types. Rectangle-typed housing accounts for 64.5%,
and average housing area is 92.95 m2.

Table 2
Heating Cost Comparison
Drawing & Apartment

Rectangular types of residential housing takes
up 57.89%, which is a larger percentage than the
modified rectangular types,
-shaped types,
-shaped types and combined types, In addition
to the larger percentage of 57.89% compared to
the other types, as a rule, unevenness in shapes
leads to bigger housing sizes. Single-storied housing amounts to 84.21% in the standard drawings
scheme. This is ascribable to economic conditions in
rural areas, cost, social phenomena and the intent of
the standard drawing scheme.

••

••

••

TARGETS AND CONDITIONS OF SIMULATION
Each process in energy performance analyses requires certain conditions. The following table concerns the overall thermal transmission coefficient
among the property values of simulation targets and
its rationale. And it is the basic condition for simulation commonly applicable to each energy performance analysis.
Table 3
outlines the targets for the
simulation.

Table 4
Table Energy efficiency depending on buffer-zone

Criteria

Summary

Orin Number of type

10-27-Na

Structure

Masonry+Lightweight timber

Building Area

85.22m2

Floor

1 floor

Ceiling Hight

2,400mm

Criteria

••

Wall:
Overall
thermal
transmission
coefficient=0.4(revised standard for insulation design following Korea National Housing
Corp.’s enhancement of criteria for insulation
performance)
Floor:
Overall
thermal
transmission
coefficient=0.5(Ministry of Land, Transport
and Maritime Affairs’ Notification # 2010-371100608_ revised scheme on energy saving
housing design criteria)
Roof:
Overall
thermal
transmission
coefficient=0.25(Korea National Housing Corp.’s
enhancement of insulation performance criteria for insulation practices_ Top-floor livingroom ceiling exposed to the air)
Glass:
Overall
thermal
transmission
coefficient=2.1(Ministry of Land, Transport
and Maritime Affairs’ Notification # 2010-371100608_revised scheme on energy saving
housing design criteria)

Image

None buffer-zone

Plan

Buffer-zone

Image

Heating load (Wh/m2)

185,709

161,828

Heating load reduction
(Wh/m2)

Buffer-zone reduces 12.85% of heating load

Common element

Depth=2425mm, Height=2400mm, Width=8000mm
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SIMULATION USING ALTERNATIVE
COMPONENTS
Greenhouse-based energy efficiency was compared in an experiment. As seen in the table below, the standard ‘greenhouse type’ suggested
in the standard drawings was applied to the target model in the experiment. As a result, postinstallation energy consumption for heating decreases by 12.85% per area of unit in contrast to
pre-installation.
To maximize the greenhouse-based energy efficiency, the following alternative components in
designs, types and materials of greenhouses should
be considered:
•• Analysis of different consumption of energy
for heating per unit area at different depths of
greenhouses;

Depth(mm) Heating load (Wh/m2)Heating
load reduction (Wh/m2) Ratio of Heating load
reduction
•• Different energy consumption for heating per
unit area at different heights of greenhouses;
Height (mm) Heating load (Wh/m2)Heating
load reduction (Wh/m2) Ratio of Heating load
reduction
•• Different energy consumption for heating per
unit area at different widths of greenhouses;
Width (m)
Heating load (Wh/m2)Heating
load reduction (Wh/m2) Ratio of Heating load
reduction
•• Different energy consumption for heating with
different greenhouse designs.

Depth(mm)

Ratio of
Heating load
reduction
(Wh/1200mm)

162150

23558

-

2400

161828

23881

-0.17

3600

161710

23998

-0.06

4800

161607

24101

-0.06

6000

161531

24177

-0.04

None bufferzone
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Heating load
reduction
(Wh/m2)

1200

Height (mm)

434

Heating load
(Wh/m2)

Heating load
(Wh/m2)

Heating load
reduction
(Wh/m2)

Table 5
Table Analysis of different
consumption of energy for
heating per unit area at different depths of greenhouses

Table 6
Different energy consumption for heating per unit
area at different heights of
greenhouses

Ratio of
Heating load
reduction
(Wh/300mm)
-

185,709

-

1800

162,812

22,897

-

2100

162,335

23,374

0.26

2400

161,828

23,881

0.27

2700

161,689

24,020

0.07

3000

162,694

23,015

-0.54

3300

163,327

22,382

-0.34

3600

163333

22376

0.00

Results of simulation using alternative components
•• The deeper the greenhouse, the higher the
energy efficiency. However, the increment in
energy efficiency started to reduce at a certain
depth. Using 1200mm mostly used in apartment buildings as a baseline to apply different depths, the efficiency was relatively higher
when the depth was doubled to 2400mm. No
further difference was found above that level.
•• Energy consumption for heating around houses
in rural areas was compared in an experiment by
changing the heights of a greenhouses by 30cm(
) starting from the height suggested in the standard drawings for rural areas. The decrement in
energy consumption for heating rose in proportion to the heights of greenhouses, and then began to take a downturn at 3000mm. This finding
indicates that a greenhouse should be installed
within a certain range of heights for efficiency.
•• Unlike in the experiment regarding the length,
width and height of greenhouses, types usually
found in ordinary housing were extracted for a
simulation for performance analysis. 3 schemes
were derived as alternatives for comparison:
Table 7
Different energy consumption for heating per unit
area at different widths of
greenhouses

1.
2.
3.

Alternative 1 - A greenhouses with a slant-line
roof similar to that of a house;
Alternative 2 - Low walls surrounding a greenhouse; and
Alternative 3 - A greenhouse with a glass roof.

Those three types were compared with the existing greenhouses. As a result, alternatives 1 and
2 were found to produce efficiencies of 12,62%
and12.64%, respectively, which were similar to the
existing model. By contrast, the glass roof showed a
low efficiency of 4.8% due to wider area exposed to
the air. This suggests that the roof of a greenhouse
should follow the existing one for efficiency, which is
an important component in design selection.

DERIVING BETTER DESIGN FOR A BUFFER
ZONE
An optimal alternative centering on efficiency was
examined on the basis of numeric data derived
through an energy performance analysis tool using
the alternative component of a greenhouse.
With other control components being equal,
the depth of a greenhouse showed higher efficiency

Width (m)

Heating load
(Wh/m2)

Heating load
reduction
(Wh/m2)

Ratio of
Heating load
reduction
(Wh/1m)

185,709

-

-

4

166,991

18,718

10.08

5

165,609

20,100

10.82

6

164,223

21,486

11.57

7

163,128

22,581

12.16

8

161,828

23,881

12.86

None bufferzone

9

160,476

25,233

13.59

10

159,237

26,472

14.25

11

157,965

27,744

14.94

12

156,628

29,081

15.66

13

155,682

30,027

16.17
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materials used for the target model with 3 sides fitted with glass panels.
The simulation found that the optimal alternative resulted in 16.39% of efficiency over the case
where no greenhouse was installed.

values compared to other alternatives when it increased from 1200mm to 2400mm. When the height
of the greenhouse was changed by 30 centimeters
starting from 2400mm for the target model, the
highest efficiency was found at 2700mm. In terms of
the length of the greenhouse increased by 1 meters,
nearly consistent increase in efficiency was found,
suggesting that the optimal alternative should be to
install a greenhouse facing south. Finally, given conditions affecting the energy performance analysis, 3
representative types of greenhouses used in practice
were chosen and compared with the target model.
In sum, the highest efficiency was gained when
the roof of the greenhouse was built with the same
Criteria

Alt1

CONCLUSION
The present study attempted to verify the greenhouse-based energy saving effects around single
houses and to elicit optimal alternatives based on
components determining the types of buffer zones.
From the standard architectural drawings in practical use nationwide, average values in terms of frequency, stories and areas were derived, and a target
Alt2

Table 8
Different energy consumption for heating with different
greenhouse designsa

Alt3

Image

Chart

None B.Z
/

436

Heating load (Wh/m2)

Alt1

Alt2

Heating load reduction (Wh/
m2)

Alt3
Ratio of Heating load reduction (%)

None buffer-zone

185,709

-

-

Referance house

161,828

23,881

12.86

Alt1

162,266

23,443

12.62

Alt2

162,237

23,472

12.64

Alt3

176,795

8,914

4.80
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Table 9
Optimization alternative
simulation

Criteria

Optimization alternative

Image

/

Heating load (Wh/m2)

Heating load reduction (Wh/
m2)

Ratio of Heating load reduction (%)

None buffer-zone

185,709

-

-

Optimum of depth alternative

161,828

23,881

12.62

Optimum of height alternative

161,689

24,020

0.07

Optimum of width alternative

155,682

30,027

16.17

Optimum of type alternative

161,828

23,881

12.86

Optimization alternative

155,253

30,456

16.39

model was chosen to build a model applied with
the property values in drawings based on the BIM
modeler. With such approaches to change the types
of buffer zones and with the energy performance
analysis tool, the analyses here on correlations with
energy efficiency found the following conclusions.
•• The higher the values of depth in the reference
house, the less the energy consumption for
heating per unit area. However, the decrement
was found to drop sharply when it was in excess
of 2400mm.
•• Appropriate height for the reference house was
found 2700mm. The reference house was applied with 2400mm, but the analysis on decrement and increment in 30cm( ) found that the
energy consumption for heating per area of

••

••

unit began to rise at 3000mm .
Energy efficiency against the length of a greenhouse was found to have a proportional relation. Decreased energy efficiency as per increased length showed relatively high values
compared to other components.
As for the alternative design referring to a
greenhouse, three types of improved houses
mostly seen in domestic rural areas underwent
energy performance analyses, which found that
in terms of elevation the more the permeable
materials were used, the further the efficiency
dropped, and that higher insulation performance on the roofs with non-permeable materials led to higher energy efficiency. This seems
attributable to high-temperature air diffusing
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through the top as its density lowers.
Based on the aforementioned resulting values,
an optimal alternative was developed and its energy
performance was analyzed. As a result, compared to
the reference house, energy consumption for heating per unit area ended up in 16.39% of efficiency
generated. This resulting value should be taken as
a relative value rather than an absolute one given
the energy performance analysis tool’s incomplete
reliability. Further, diverse in-depth studies need
carrying out by considering opportunity cost and
correlations with other design components. Still,
the present study is arguably meaningful in that it
took advantage of the buffer zones and defined their
relations with energy performance based on performance analyses with specific approaches. Hopefully,
this study will build a base to establish correlations
between energy efficiency and design components.
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Abstract. This article discusses the difficulties faced by the BIM (Building Information
Modeling) systems to be widely adopted among most part of architecture and engineering
professionals in Brazil. A revision of the issue and investigation of possibilities for improving
the practice of architecture were made by creating a new model of BIM software addressed
to a wider audience. It lists the main critical points in the usability of BIM software, based
on a survey made with 300 professionals. The analysis is followed by a study of a new BIM
software that could reach a wider audience of architects by implementing a tool that directly
links the users to the construction materials market, also including a tool for easy budgetary
calculations.
Keywords. BIM Software; Architectural design; Architecture in Brazil; ICT; Collaborative
design.

INTRODUCTION
There are two main obstacles to a wider acceptance
of BIM systems among Brazilian architects. The first
one concerns the inner logic of the main commercial
systems available on the market, made to work with
projects in advanced design stage. Most BIM systems
are not focused in the conception stage of a project.
On the contrary, their basic workflow allows the user
to draw 3D models of preconceived projects that lately
becomes the source for generating technical drawings,
material lists and budget calculations. Therefore the
system is considered poorly suited for being used in the
preliminary stages of the design process, when design
changes are quite often and desirable.
The second obstacle, which mainly falls on
medium and small offices, concerns the difficulty
of acquiring data, as well as updated prices for

construction materials. Since the BIM software users
are always in charge of data acquiring and updating
instead of the software itself, the prices of construction components demands a major effort, often incompatible with the workflow of small architecture
offices. However, in large offices and construction
companies, it is possible to have a professional specifically focused in the database updating.
It should yet be stressed the fact that the majority
of BIM software data base employs patterns of constructive systems widely used among different countries in
North America, Europe and Asia, but, in some aspects,
distant from the construction ways used in Brazil. Adapting the data bases to the local constructive reality also
constitutes an issue and a drawback for the utilization of
BIM software in projects in countries such as Brazil.
Information/Knowledge Architecture & BIM - eCAADe 29
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HYPOTHESIS
In Brazil, where construction is still fairly based on
handmade process, BIM-type software slowly begins
to be adopted in architecture offices. At the same
time, modeling software for faster and easier modeling such as Google Sketchup, are widely spread
among designers. A survey of over 300 professionals
in 20 Brazilian cities found that 80% of them uses the
Google Sketchup in their projects.
On the other hand, Brazil already has large retailers using e-commerce, providing a growing supply of building material data, including updated
prices. That data can be useful for immediate price
quotes and to offer designers the complete framework of materials available on the market.
This paper comprises the hypothesis of the connection between the two previously discussed matters:
(1) the Sketchup software and its usability advantages;
(2) databases of building materials provided by retail
online stores. Together, they could result in a new kind
of software, with friendly interface and easy access to
an accomplished database. Our bet is that software
with such features could help to spread the using of
BIM systems in Brazil and, in consequence, contribute
to the improvement of professional practice.
The intuitive and easy modeling process of
Google Sketchup would be replicated on the use of
the tool: applying the information over the 3d model
and generating a report. It is believed that, with an
easy and computerized modeling process, the use of
BIM software on the preliminary steps of the project
would be graced, becoming in this way an auxiliary
tool for decision taking on the project. A tool that,
more than offering the final price of the executive
project, would offer parameters that could assist the
designers on the choices of form, materials and constructive solutions.

THE SOFTWARE
In Brazil, where construction is still fairly based
on handmade process, BIM-type software slowly
begins to be adopted in architecture offices. At
the same time, modeling software for faster and
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easier modeling such as Google Sketchup, are widely
spread among designers. A survey of over 300 professionals in 20 Brazilian cities found that 80% of
them uses the Google Sketchup in their projects.
On the other hand, Brazil already has large retailers using e-commerce, providing a growing supply of building material data, including updated
prices. That data can be useful for immediate price
quotes and to offer designers the complete framework of materials available on the market.
This paper comprises the hypothesis of the
connection between the two previously discussed
matters: (1) the Sketchup software and its usability
advantages; (2) databases of building materials provided by retail online stores. Together, they could result in a new kind of software, with friendly interface
and easy access to an accomplished database. Our
bet is that software with such features could help to
spread the using of BIM systems in Brazil and, in consequence, contribute to the improvement of professional practice.
The intuitive and easy modeling process of
Google Sketchup would be replicated on the use of
the tool: applying the information over the 3d model
and generating a report. It is believed that, with an
easy and computerized modeling process, the use of
BIM software on the preliminary steps of the project
would be graced, becoming in this way an auxiliary
tool for decision taking on the project. A tool that,
more than offering the final price of the executive
project, would offer parameters that could assist the
designers on the choices of form, materials and constructive solutions.
Acquiring data
In order to test the proposed hypothesis - combining building materials information available on the
internet with a simple and intuitive interface inside
Google SketchUp software - it was necessary, at first,
to develop an online application focused in data acquiring, generically known as crawler.
Initially, a list of building materials retailers that
have e-commerce stores on the Brazilian market

Figure 1
Bim.bon interface with the
Products’ Tab opened.

was produced. In order to determine the relevance
of their data, a preliminary analysis of each vendor
was performed, considering: 1 - amount of items
on retail; 2 - items categorization (basic materials,
finishing materials, decorative objects, etc.); and 3 price relevance and whether the e-commerce website structure allows or not the access of data by a
crawler application.
After that, the technical development of the
crawler began. Due to its operation mode it was necessary to build a crawler application for each chosen supplier. The data collected were stored in an
indexed database, which maximum index amount
reached 40.000.
To reach the current version, it was necessary to
process a large amount of acquired data from retailer
websites and organize them into general categories
in order to calculate their total costs. For instance,
this arrangement allows the user to, by inserting a
brick, have the total cost of all complementary components necessary for the construction of that wall,
such as cement, sand, manpower, etc.

inevitable, resulting in 2 months of work conducted
by a team of architects and architecture students.
The outcome was a new database, indexed in
three layers: raw data, common / usual products and
groups of 3D models. The index of each layer was respectively 40,000, 4,000 and 1,200 items.
Interface
It was also a challenge to build a friendly software
interface by using intuitive features and easy navigability, resembling the Google Sketchup interface
itself. The plug-in works in just one window, divided
into three tabs: Products, Materials and Report. The
first allows access to ready-made products, whose
3d models can be downloaded by the user through
software interface; the second tab contains a list
of materials that can be applied, as properties, in a
constructive / construction element modeled by the

Data processing
Once owning a large amount of retailers’ database,
each one containing information such as product
name, price, technical description, category, image,
etc., the following challenges were faced: 1 - Which
items were ambiguous? i.e., Which products represented the same items but had different names
among different suppliers; 2 - Which items had
equivalent geometry, so they could be represented
by the same 3D product, and 3 - How to index a specific brand product and match it to a generic products used in budget / price composition, i.e., for purposes of automated algorithmic calculation, trademarked products like “Kitchen Faucet with Aerator
- Chrome C23 1158 - Brand Forusi” should be treated
only as” Kitchen Faucet”.
At this point, it became clear that it would be
unviable, to build a software intelligence to address all these issues. Thereby, human intervention
to process and organize all the data acquired was
Information/Knowledge Architecture & BIM - eCAADe 29
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user, and at last, the report tab gives access to the
worksheet of items included in the model.
In the ‘Products Tab’, the user can search and
download industrialized products in a database of
four thousand items. The elements catalogue is kept
constantly updated and expanding through the data
acquiring operation often performed by the crawler
system. The ‘Materials Tab’, which includes features
associated with the application of properties in
non-industrialized building blocks, has a list of XXX
standard items, such as wall, roof, floor, glass, etc. The
calculation method is based on computing the area
of the face element multiplied by the price of associated material.
In both, Products and Materials tabs, the user
can create new custom items, using the functions
“Create Product” and “Create Material. Features that
resemble the conventional BIM software, where the

user is in charge of entering information and associate it with the modeled geometry. Thus, it is ensured
a freedom of use that allows the user to expand the
database offered by the software through the addition of materials and customized products, or unavailable in the original database.
In the ’Reports Tab’, the user has a complete list of
the items included in his model. Each topic in the report contains an updated price checked on the internet by the Bim.bon crawler, finally delivering a budget
spreadsheet with a margin of error within 15%.

DISCUSSION
The research highlights the large distance between
the major BIM software frameworks in the market
and the reality of most architectural offices in the
country, also considering the operational problems
in its usability. The proposed system has as its focal
Figure 2 (left)
Bim.bon interface with the
Materials’ Tab opened.
Figure 3 (right)
Bim.bon interface with the
Reports’ Tab opened.
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point the improvement of the usability on BIM systems, attracting less skilled users and smaller offices.
In Brazil, most architects work in small companies,
and yet most BIM software’s are not suited for that
reality. One possible reason for the success of Google
Sketchup software in the country regards to the low
investment needed to start learning it.
Besides the ease of use, another project highlight is the access to information. Considering that
the internet has an increasing volume of construction data available, we have to work absorbing,
processing and delivering the filtered data to the users. The software offers an important contribution to
the field of architecture, because it processes a large
database of about 40,000 items and makes it easily
available to the user in a simple interface. It can lead
to a less time consuming and effective design practice by delivering a larger volume of information and
data into design process workflow.
Another feature that is worth mentioning is that
the proposed system works as a plug-in integrated
with the Google SketchUp software, which is very often used as a tool for architectural design in the preliminary stages of a project. Thus, the Bim.Bon software allows the designer to try many possibilities
of changes in his project rather than only being an
architectural budget system. The ‘Report Tab’ reflects
the model changes in real-time, offering instant results that can be used for taking designing decisions.
Finally, we believe that major transformations in
architectural process could result from a change in
the methodological steps that improve access to information and aid decision-making. The article concludes by arguing that other relevant information
could be retrieved on the internet and also be available on the software. It considers the possibility that
the Bim.Bon software can also provide information
on thermal, acoustic, structural, electrical, hydraulic
and energy systems by attaching relevant information from thousands of components to its database
and by delivering to designers simple calculation
methods to instigate the investigation in architectural projects.
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Abstract. Existing presentation of building information models is mostly based on a 1:1
mapping of spatial information to spatial visualisation parameters. This approach limits the
presentability of non-spatial properties and can even produce misleading presentations. An
area cartogram is a type of map where the size of the areas is tied to some non-spatial value
instead of the real size of the object. We identified five types of cartograms, applied them to
typical building geometry and evaluated the resulting presentations in terms of readability.
Finally a use case scenario is given to prove the need of such formal studies and to provide
the basis for further evaluation.
Keywords. Building information model; information visualization; area cartogram; spatial
structure; building element structure.

PROBLEM
Building product models contain spatial as well as
non-spatial information. The type of visualization we
are studying aims at presenting non-spatial information in spatial context. Visualization can be described
as the mapping of data to visualization parameters.
The number of visualization parameters is restricted
due to human perception, with only a small subset
of spatial parameters. In most cases spatial visualization parameters are directly mapped to the spatial
properties of the objects in question. This approach
has two problematic implications:
Spatial visual properties, especially the size
of objects, have a high influence on the perception of the visualization. Whenever there is a huge
difference between the size of an object and its
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importance regarding the represented facts, the interpretation of such visualization will be error-prone.
Furthermore direct mapping occupies more
than half of the available visualization parameter
set (position, shape and size). With only colour and
annotation left, it is hard to show more than two
additional non-spatial properties in spatial context.
Even with only two abstract properties encoded into
it, the visualization can become overloaded and difficult to perceive.
A piece of information is considered to be spatial if it describes geometric properties of the building. Consequently any piece of information describing something else is non-spatial. Examples for nonspatial information are for instance execution time

schedules, expected or cleared cost values, physical material properties such as heat conductivity
or light transmittance. The values may be planned,
measured or simulated and aggregated by statistical
functions (e.g. mean or deviation values). However in
the scope of our formal analysis all these values are
treated the same - as abstract non-spatial properties.
The visualization methods described here are applicable for any of them. To prove usefulness, the last
section outlines a use case scenario, showing how
the arbitrary values can be replaced with values from
a construction domain specific example.

METHOD: A FORMAL APPROACH
TO BUILDING PRODUCT MODEL
VISUALIZATION
In building product models information is aggregated in a way that increases interoperability of
software tools. Consequently research concentrates on the semantic enhancement of the 3D
building model, the integration of additional data
(e.g. schedules, cost) with the building model and
how this integrated model can be utilized by tools
and algorithms. Often authors touch visualization
questions within the scope of their analytical questions, in order to show off their results. Few authors
tackle visualization problems explicitly though
- mainly in the area of schedule (4D) visualization
(e.g. Benjaoran et. al. 2009; Chang et. al. 2009).
However there is no systematic research about visualization in order to support the human user in
the exploration of building product models. The
potential opened up by building product models
for visual analysis of the product data remains idle
due to the lack of more general approaches. On the
other hand the established research in information
and exploratory visualization avoids the special
cases of spatial information and/or treats them as
exotic, marginal topics.
Cartography is a domain traditionally dealing
with spatial and non-spatial information as well.
By this domain methods of abstraction were developed to highlight the meaningful information.

One of these methods, called anamorphic maps,
preserves only some spatial properties (position,
shape and topology) of the original objects in the
final presentation. Thus non-spatial object properties can be mapped to the unused spatial visualization parameters.
A well-studied subtype of anamorphic maps is
the group of area cartograms or area-by-value cartograms. In an area cartogram the area of visualization
objects does not reflect the spatial size of the data
objects but a non-spatial property instead. This way
area cartograms can adjust the visual weight of the
presented objects, which is done either by a simple
normalization or by encoding a non-spatial property
into the area. The non-spatial property can be used
as a reference value for a second non-spatial property which is then encoded in the colour parameter.
Geospatial examples from the domain of cartography often use inhabitant numbers as reference values. Because the reference value is then distributed
uniformly over the presentation area, cartograms are
also known as density-equalizing.
In order to answer the question whether area
cartograms are applicable for building models, we
first identify and describe types of area cartograms
including the algorithms to generate them. In a second step we describe the characteristics of building
model geometry and apply the cartogram algorithms to a prototypical example of building geometry. The resulting visualizations are then evaluated
in terms of readability.

TYPES OF AREA CARTOGRAMS
To obtain a representation with the targeted area
value, the original spatial object can be scaled, distorted or replaced by a completely independent representation of the desired size. Each of these changes to the single visual object has an impact on its
relations to neighboring visual objects and those affects topology and continuity of visual presentation
as a whole. Position may be recalculated compared
to the original position to keep the original topology
as much as possible.
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Thus area cartograms can be categorized according to the following criteria:
•• Continuity: Given a set of objects with spatial
properties such that they fill the space continuously – does the corresponding group of representations fill up the cartogram area continuously as well?
•• Preservation of topology: How much of the
neighborhood relations are retained?
•• Preservation of position: How closely is the position of the original objects matched?
•• Preservation of shape: How closely is the shape
of the original objects retained?
There is a strong interdependency between these
criteria. They can’t be equally fulfilled at the same time
(see e.g. Roth et. al. 2010). Algorithms for the creation
of area-by-value cartograms balance these criteria to
achieve a reasonable trade-off. Some methods even
relax the fundamental criterion of target area values by
introducing a cartographic error. They allow for some
deviation of cartogram areas from their target values to
better satisfy the other criteria, producing an approximation to the value-by-area cartogram.
Scaling
Simple scaling of the objects preserves both shape
and position absolutely, but neither continuity nor
topology. Downscaling produces gaps, upscaling
produces overlaps.
Gastner-Newman-Cartograms
The algorithm proposed by Gastner and Newman
(2004) projects the original map onto a distorted
grid, which is calculated such that cell areas reflect
values of the objects on the grid cells. The algorithm
maintains continuity as well as topology totally. However shape is distorted, but the characteristics of the
shapes are retained partially. A special form of the
algorithm introduces additional shape-preserving
constraints. Tobler (2004) gives an historical overview
about computational methods of displacement-grids
for continuous area-by-value cartograms.
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Dorling cartograms
Each data entity is represented by a circle of the appropriate size. The algorithm arranges these circles
in such a way, that neighbourhood is maintained
as closely as possible (Dorling 1996). The non-continuous cartogram maintains topology, but totally
ignores the original shape of the objects.
Rectangular cartograms
This type of cartogram is similar to the Dorling cartograms, but uses rectangles instead of circles. It allows for better preservation of continuity. Van Kreveld and Speckmann (2007) present an algorithm to
create rectangular cartograms.
Spatially ordered treemaps
Treemaps are a method to present hierarchical nonspatial values as the area of rectangles continuously
covering a given canvas. For spatial data some of
many possible layout algorithms are based on the
position of the original objects. Spatially ordered
treemaps maintain continuity, but are not capable
to preserve topology in all cases. Shape is changed
to rectangular. To come closest to the original shape,
aspect ratio of the bounding box could be approximated. Wood and Dykes (2008) discuss an extension to squarified layouts which produces ordered
treemap layouts with rectangle aspect ratios near 1.
TYPICAL BUILDING GEOMETRY
Typical building geometry consists of horizontal
levels and vertical elements, so that an orthogonal
structure appears in vertical cross-sections. Floor
plans also often show orthogonal orientation. Due
to the nature of architecture the geometric structure
of a building can be examined in terms of the enclosed spaces or in terms of the space-delineating
building elements. In most cases one of both is sufficient and better suited to tackle a certain problem.
In order to focus on the basic issues the chosen
examples are based on a very simple orthogonal floor
plan layout with rooms, walls and openings, which also
can be taken as prototypical for a vertical cross-section.

Spatial structure
The spatial structure consists of three-dimensional
volume, continuously filling up the overall building
volume.
Building element structure
Building elements are made up of walls and slabs separating rooms. These space delineating elements are of
reduced dimensionality, one dimension is significantly
smaller than the others. Furthermore there are openings
(doors and windows) being part of the walls and slabs.

CASE STUDIES
Implementation
In order to produce comparable graphics (with
unique aesthetics) the algorithms have been implemented using Java and processing. The input data
of the floor plan layout was prepared with ad-hoc
scripts to fulfill the requirements of the algorithms.
Particular attention was paid to the topological integrity of the input data, otherwise Dorling and rectangular cartograms wouldn’t be achievable. For the
Gastner-Newman-cartogram preprocessing of the
layout plan consists of the insertion of additional
nodes along the straight course of the walls.
In the following each cartogram type is shown
and discussed for the spatial structure as well as the
building element structure of the sample layout with
arbitrary area target values attached to the respective objects (Figure 1).

Cartograms applied to the spatial structure
Presentation of room areas in floor plans and
vertical cross-sections is similar to cartographic maps
in that the spatial objects are continuously filling up
the layout. Area cartograms can be applied rather
straight forward to the spatial building structure.
1. Simple scaling: Scale is calculated to the maximal value which doesn’t produce overlaps.
2. Gastner-Newman cartogram: The values in the
examples have a high deviation from the size of
the original area. Thus shape distortion is rather
strong. Strong local distortion can lead to aesthetically unpleasant presentations, which are hard
to read. However it can be very useful for smooth
weighting of single areas (fish eye zoom).
3. Dorling cartogram: The high level of abstraction
makes it suitable for an anamorphic presentation because it shows clearly, that this is not a real floor plan
4. Rectangular cartogram: Shape is maintained because the original is orthogonal, proportions can be
retained as well in this simple case, but might be distorted in favor of topology for more complex cases.
5. Spatially ordered tree map: In this case shape is
maintained, because the original geometry consists of rectangles as well. In contrary to rectangular cartograms proportion can’t be retained,
instead the abstraction of the outer boundary
being a rectangle is introduced, which matches
the original geometry as well. Topology can be
preserved in this case, but it might not be possible in more complex situations.

Figure 1
Sample layout with area target values for rooms (left) and
building elements (right)
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Figure 2
Simple scaling (left and
Gastner-Newman-Algorithm
(right) applied to spatial
structure of the sample floor
plan

Figure 3
Dorling Cartogram (left) and
rectangular cartogram (right)
applied to spatial structure of
the sample floor plan

Cartograms applied to the building element
structure
In contrary to the spatial structure the building element structure does not continuously fill up the presentation area. This simplifies the construction of area
cartograms because the area of an element can be
changed without influencing neighbour elements.
However the elementation, neighbourhood and topology are more complex to define and describe in order to be preserved in the visual presentation. Another problem is how to normalize the areas of elements
which are not directly comparable, because they refer
to different base units, e.g. walls and openings.
1. Simple scaling: Because of the reduced dimensionality of the building elements, simple scal448
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Figure 4
Spatial treemap applied to
spatial structure of the sample
floor plan

2.
3.

4.

5.

Figure 5:
Simple scaling applied to
building element structure of
the sample floor plan

ing can be applied to the reduced dimension
without losing the original topology.
Gastner-Newman: The same arguments are valid as argued for the spatial structure
Dorling: The algorithm can be applied to the
building element structure with the following definition of topology: Walls are neighbors
when they are connected and border on the
same room. Openings are contained in the walls.
Although the rough position of the elements is
retained, the visualization becomes hard to read.
Rectangular cartograms: A rectangular cartogram, when layed out for optimized preservation of topology, would look similar to the simple scaling solution.
Spatial treemaps are designed to show a continuously filled area. They can’t be applied to the
non-continuous building element structure.

answered by means of visual exploration. With the
chosen task of cost control the non-spatial property to be visualized in spatial context is set to a
cost property, retrieved from calculation, submission or invoicing. Questions to be answered are:
1. Which parts of the building will definitely have
superior costs and therefor need special treatment in planning detail, careful supervision
during execution or special attention during
invoice verification?
2. What are the reasons for exploded costs? How
correlate cost values to other key parameters,
such as schedule irregularities or delays, trades
and companies present on the site or the
planned building use?
3. Which parts of the building are at risk of exploding costs and how high is the probability
of excessive costs?

ENVISAGED APPLICATION DOMAIN
SCENARIO
In the following a construction domain scenario
is described in order to prove usefulness of the
value-by-area cartogram approach for building
product model visualization and as a basis for further studies. The scenario is placed in the context
of execution design, contracting and execution of
construction work. A visualization scenario consists of a task to be performed and questions to be

Figure 6:
Gastner-Newman-Algorithm
(left) and Dorling-Algorithm
(right) applied to building element structure of the sample
floor plan
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For the first question to be answered a single
abstract value must be shown in spatial context.
When the value is encoded by color, then small, but
very expansive building elements or rooms might be
dismissed. An area-by-value cartogram can be helpful, to prevent this misinterpretation.
The second question demands for visualization of the correlation candidates as a second value
in addition to the cost value itself. By weighting the
area according to the costs values, values of the candidate property which correlate to high cost values
can be made visible.
In order to visually answer the third question
the height of potentially increased cost values has
to be shown together with the probability of the
occurrence of the cost-triggering events. The principle of the cost value as reference for a second
value is similar to the visualization for the second
question. However for the second question the
users exploratory focus is on correlation of values,
while it is on spatial clustering of values for the
third question.

RESUME
It has been shown that the concept of areal cartograms is applicable for simple building geometries. 5
types of cartograms have been applied to an example
of spatial as well as building element structure. While
all of them are applicable to the spatial structure, rectangular cartograms and spatial treemaps turned out
to not be useful for the building element structure.
In a next step more complex geometries will be
fed to the algorithms. For cartographic models spatial information is sufficient in 2D or 2.5D. In contrary
building product models rely on the full 3 dimensions. It will be analyzed whether cartogram algorithms can be adapted to 3D geometry.
A practical use case scenario for cost control
was outlined to prove general usefulness of the concept. Case analysis has shown that the types of cartograms provide different levels of abstraction. Their
appropriateness will be studied in the context of the
drafted cost control scenario.
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Abstract. This paper presents a framework of study of an iterative evolution of a modular
component designed in an attempt to simulate material constraints and motional response
with the perspective to be multiplied into a dynamic system. The main scope of this project
was to investigate the process that maps a territory of possibilities, among which lies the
potential architectural solution. In order to explore this field a parametric model has been
developed. The simulation of the materials nature has been embedded in the algorithm on
a geometry constraint basis in an attempt to simulate the behavior of the system comprised
by elements in tension and torsion. A multiplication process of the module was introduced
at a following stage of the research focusing on regular tessellations and circle packing on
the plane. Responsive performance has been studied on a selected specimen of the evolution
given a hypothetic context scenario according to which the scale of the design was set at a
façade component level. The resulting responsive permeable skin was presented as a potential
design solution among the successive approximations of this algorithm. Along the course
of the research the parametric tools were used not only as a medium of synchronous output
visualization but also as a mechanism to simulate material properties, structural constrains,
environmental data, and worked as stimuli of inspiration driving the overall design process.
Keywords. Parametric design; generative design; simulation and visualization; responsive skin.

INTRODUCTION
The emergent significance of parametric control in design is indisputably present in an increasingly numerous architectural conceptions.
Quoting Achim Menges (2006), “parametric
modeling has been understood as instrumental
for its ability in im¬proving workflow, its rapid
adaptability to changing input and its delivery
of precise geometric data for digital fabrication
and performance analysis”. A broad field of innovative practice in architecture is being carried out through parametric design as a result

of a process-oriented approach. Several research
studies on the applica¬tion of such methods
in architecture have already been carried out
presenting morphogenetic design techniques
through experimentation on form, materials and
structure not as separate elements, but rather as
complex interrelations in polymorphic systems
resulting from the response to varied input and
environmental influences (Menges, 2006).
In the generative process presented in this
paper parametric modeling was also used in
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order to articulate the development of prototypical forms which were later evaluated on the
basis of their performance in a simulated environment (Frazer, 1995). Simulations are essential
for designing complex material systems, and for
analyzing their behavior over extended periods
of time. A computer simulation of the motion
of the structure and the display of the structure
as an animation of moving parts can identify
problems in its initial geometric andkinematic
conception. It can also assess the effect of the
changing geometry of the structure on space
definition, building morphology, and functionality (Liapi, 2000). In the sciences, ‘model’ means
more than the geometrical description of an object that we commonly use this term for. A model
is an abstraction of a process, and can be refined
as understanding of a process develops, so that
complex problems can be accurately modeled
(Stathopoulos and Weinstock, 2006).
According to Kepes (1956), a pattern in nature is
a temporary boundary that both separates and connects the past and the future of the processes that
trace it; “Patterns are the meeting-points of action.
Noun and verb must be seen as one: process in patterns, pattern in process”. Seeing the parametric design process as an evolution of geometry in time a
pattern is what both separates and connects the archetype and the multiplicity of its iterations. The concept of the pattern is kept as a reference at each stage
of the design methodology in an attempt to entwine
the consequential steps of the evolution of the form;
“Architectural form is conventionally conceived in a dimensional space of idealized
stasis, defined by Cartesian fixed-point coordinates. An object defined as a vector whose
trajectory is relative to other objects, forces,
fields and flows, defines form within an active space of force and motion. This shift from
a passive space of static coordinates to an
active space of interactions implies a move
from autonomous purity to contextual specificity.” (Lynn, 1999)
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PATTERN AS A PROCESS; DEFINING THE
UNIT
On a first level approach the parametric model used
was oriented accordingly in order to examine the
combinations and possibilities of the comprising elements of the cylinder with the model working like a
conceptual sketch; (Schenk, 1991; Asanowicz, 2007).
“As a design medium a sketch represents something
to be interpreted and understood in different ways
and to be made more concrete later as further decisions are taken.” (Park and Gero, 1999)
The experimentation begun by analyzing a cylinder
into two sets of generative parts into the topology of two
coaxial circles connected with straight lines along their
circumference in equal intervals. The parametric representation of the cylinder provides an infinite number of
distinct cylinders by setting the radius and the height
as variables. The visual feedback of this change of variables may depict a series of results of a predefined static
geometry. Also it could imply a key frame in a sequence
of a dynamic relation between geometric elements
(Lynn,1999) of distinct material and structure in a “postgeometric” design approach according to Aish (2005),
since the various material interpretations of the same
geometry are integrated in the descriptive system of the
geometry itself. In this way the possibilities for obtaining
new forms from the same description include the constraints of the material comprising the form.
Therefore, a parametric model was designed
in an attempt to reproduce material constraints and
dynamics between components on a first level of
qualitative research. The CAD software used in the
exploration of this was Rhinoceros 4.0 and the parametric modeling was carried out in Grasshopper ™
graphical algorithm editor.
Firstly, the definition for the model focused on
representing rigid linear elements of fixed length
and circular elements of variable circumference, that
is to say in terms of material constraints rigid rods in
compression connecting elastic circles in tension.
The second variable induced was torsion where
different sizes of “aperture” were observed and the
distance between the circles decreased accordingly.

A third parameter of axial inclination was added
to the so far deriving topology of the hyperboloid by
rotating the common axis of the circles and testing it
in various positions. The same procedure was carried
out in the alternative of one circular rail of constant
circumference and one of variable connected by linear elements of fixed length.
The experimentation proceeded by testing the
behavior of skew lines of variable length as a simulation of an elastic material in tension connected with
circles of constant radii in torsion and inclination,
followed by an additional test of circular rail of constant circumference and one of variable connected
by linear elements of variable length. This part of the
qualitative experimentation on this specific geometry concluded with a final testing of both primary

components (circles and lines) of variable sizes in an
attempt to simulate the behavior of the system comprised by elements in tension and torsion.
This part of the experimentation is describing
a general background for the following research
along with the principles defining the geometry
for the unit. In this stage the process of parametric
modeling worked as a medium of inspiration (Frazer,
1995) for further investigation on the potentials of
this specific topology.

PROCESS AS A PATTERN; ANALYZING THE
UNIT
On a second level the research turned to several
natural systems in order to study function and mechanics brought about the principles deriving from

Figure 1
Lower circular rail of constant radius and upper circle
of variable radius connected
by linear elements of fixed
length-tension testing. Conetruncated cone.
Figure 2
Lower circular rail of
constant radius and upper
circle of variable radius connected by linear elements of
fixed length-torsion testing.
Hyperboloid
Figure 3
Sequential states of module
in torsion and orientation.
Extendable circles- rigid
constraints.
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the geometric properties of this configuration. Architecture has frequently drawn inspiration from
the inner logic of nature’s morphological processes
(Frazer, 1995); this parallel step along the course of
the experimentation was triggered by the visualization of oscillating parameters and this animation implying the evolution of a form and its shaping forces
(Lynn,1999) creating a motion effect of a pore dilating and closing. Therefore, the geometry was visually
interpreted as a ‘void’ and the systems investigated
extended from plants stomata to coral polyps in fluctuation during nutrition.
According to Frazer (1995), in regard to natural
ecosystems and their applicability on architecture,

an ecological approach to architecture does not necessarily imply replicating natural ecosystems, but the
general principles of interaction with the environment. The emergent algorithm for the geometry was
elaborated with analogies drawn from nature both
in a conceptual and a metaphoric sense in a design
hypothesis context (March, 1976) in order to evolve
to the next stage.
Having established a conceptual model of the
behavior of the module the research proceeded
with experimentation on the multiplication of the
module. Given the wide spectrum of potential configurations a framework of study was set according to the scope. By maintaining as a reference the
Figure 4
“Architects learn to use
natural forms from observing
living structures: trees, bones,
shells, petals and microscopic
creatures” (Pearson, 2001)
Stomata and coral polyps as
units and in multiplication.
Figure 5
Mapping of the process.
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initial experimentations on the conceptual module
a phylogenetic tree (Dawkins, 1986) was designed
in order to specify the different qualities of each
deriving generation and the potential evolution of
each branch. The networking process included the
outcome of the so far explored spatial, geometrical
and structural constraints on the geometry and its
iterations. The combinations concerning the material properties of the components in terms of rigidity
and elasticity on a unit level were classified in order
to evaluate their prospect in further development.

PATTERN AS TEXTURE; POPULATION
METHODS
The preliminary research included investigation in
texture in architecture and in nature; texture has not
been approached as an outcome of additional ornamentation of Classical architecture as Alberti states in
“De re aedificatoria” (Book VI, Chapter 2) or a substantial property of the un-processed material, but rather
as a link between material performance and design
decision. The sense of texture in this case is referring
to the design of a multipliable unit as a conceptual
“brick” that would accumulate form, structure and
logic in “bonding pattern and structure” in the words
of Mies van der Rohe (Johnson, 1947).
Under the spectrum of the research context,
several experiments on the tessellation of the unit
were carried out. The module was tested on triangular, rectangular and hexagonal planar uniform tiling
of identical modules and it was extended to a gridding experimentation on spiral planar circle packing [1] containing modules of various sizes for the
purpose of study. However, irregular and non-planar

gridding of the module exceeded the scope of the
study, it was incorporated in the potential systems as
to be addressed at a future study.
The parametric definition of the module as a
unit was embedded in the design of the multiplication pattern along with its variable attributes of orientation and aperture in an attempt to explore the
behavior of the system as a whole. Several structural
constraints had to be taken under consideration
along with the geometric attributes of each tessellation experiment such as avoiding intersection
among neighboring modules when their components are in expansion. For this reason the parameters affecting the units’ geometry were linked to the
parameters defining the geometry of the grid which
was designed to be structurally independent in order to provide stability for the system. Conceptually
the modules were connected to the grid in a way
that their ability to move and rotate would not be
obstructed. The connecting material part of the surface was conceived as an elastic medium in tension
that would constrain the modules allowing motion.
The multiplication of the hollow unit produced perforated surfaces of adjustable proportions between
the structure of the grid and the module- the material and the void. This structure had the potential to
evolve into a metaphoric filter of variable porosity
given the modules attributes.

PATTERN AS INFORMATION; ENCODING
THE RULES
The previous stage of the research concluded in
creating a set of modules that interconnected in
a spatial level. The parameters that controlled the

Figure 6
Basic gridding systems at
various states of torsion and
orientation
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movement of the modules were embedded in their
definition, although, a system connecting them was
yet to be invented since they were so far considered
as independent units in terms of responsiveness.
According to Bateson (1979), as cited by Andersen and Salomon (2010), the sequential repetition of similar parts within a pattern allows one to
forecast the next iteration, and once the rules of
combination between the parts are established (in
music, on a facade, in a text, or on a piece of fabric)
any deviation will stand out (and is coded positively
as information or negatively as a mistake. Along with
this approach an irregularity in the geometric pattern of the grid could be interpreted as a source of
information concerning the performance of the system. Therefore, a set of rules for responsiveness had
to be defined merging the initial parameterized values of aperture and orientation of each module into
a new hierarchy level.
The first approach was based on a homogenous
behavior of the system in which all the components
were adjusted simultaneously and each module
shared the same characteristics in diameter of opening and direction of inclination. The approach was applied in each type of multiplication separately offering
distinct textures in each case in the topography of the
surface. This systemization could favor a uniform type
of adaptation of the system to the external source
that triggers the fluctuation of variables, in terms of
conceptual design. That is to say, it could be suitable
for a synchronous overall control of the modules concerning the input – output relationship.
The second approach was oriented in creating a
dynamic relationship between geometrical entities. In
order to achieve this attractor points were integrated
into the algorithm. The first set of attractor points
were used to decrease the aperture of the modules
related to them by a relationship of proximity within a

field of adjustable power. The second set of attractor
points was used to define a vector input along which
the modules were aligned to or not according to the
variable range of attraction. This experimentation
provided interesting results of texture of the surface
in terms of anaglyph and perforation patterns.
Information as pattern; responsive expression
The scope of this paper extends to a case study
on a first level experimentation basis given a hypothetical response scenario. In order to explore this
perspective, a product among the possible results of
the algorithm was chosen following a natural selection path among the branches of the phylogenetic
map describing the subject of experimentation in
terms of materials, structure, gridding and scale.
The scenario’s product for study was defined
as a hexagonal gridding perforated façade element
comprised of expandable and rigid components connected by elasticconstrains. The connection of the
modules was simulated by an inflated elastic membrane which was chosen as a design solution in order
to permit the movement of the hollow parts. Climatic
response and occupant interaction were proposed as
performative objectives for their significant presence
in several dynamic facades (Anshuman, 2005).
In terms of environmental response this responsive skin was treated like a sun screening device experimenting with the penetration of sunlight to the
interior. A necessary stage on this experimentation
was to establish a relationship between geometric
and non-geometric data. To achieve this parametric
definition of the solar path along the year [2] was integrated to the initial algorithm and it was associated
with the orientation of the modules using the sun angle as a vector input. A morphological and luminous
performance evaluation was performed by simulating the skins texture change according to the sun’s
position while producing various shading effects and
Figure 7
Solar response as skin texture.
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light penetration level on the interior. The solar study
was carried out at several days of the year at distinct
states of orientation in order to assess the environmental potentials of the responsive skin system.
In order to engage user association to the system (Anshuman, 2005), a potential motion path was
simulated and according to the proximity of the user
the aperture of the modules fluctuated using the position of the person as an attractor point. The system
was set to an aesthetic evaluation using several possible trajectories of motion at various range levels.
The combination of the two sets of input created
a dynamic fluctuation effect on the skin’s texture. This
effect provided aesthetic and performative feedback
producing texture and composing a metaphorical
semi-permeable membrane between two distinct environments through various void dynamics.

CONCLUSIONS
This paper presented a qualitative design experimentation on the evolution of a dynamic modular component multiplied and interrelated into a
performative responsive system. A field of possible
iterations was charted in order to investigate the
width of the spectrum deriving from a basic geometry. The framework of analysis could be of value to
a perspective future research in terms of processbased design.
The course of the research revealed a wide field
of experimentation which exceeded the scope of this
study and may be addressed at a following stage; on
a modular level the optimization in terms of structural efficiency could benefit from experimentation
on material testing in a quantitative approach. In reference to multiplication, proliferation on-non planar

Figure 8
User motion response as skin
texture.

Figure 9
Sensitive Skin*; user interaction and solar response .
Façade element conceptual
design.
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surfaces may be explored. Responsive performance
may be related to additional environmental input
such as sound, wind or humidity and extend to a
quantitative optimization method. Fabrication of
prototypes could provide a material ground on the
concepts discussed during the research.
Parametric tools allowed the simulation of the
module, the system and the environment as separate algorithms and as a whole in terms of geometry,
scale, and material properties, structural restrains
and environmental data and providing real-time
digital visual feedback and that were integrated in
a substantial way into the dynamic process of architectural design.
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Abstract. The paper presents a performance-oriented design explorer tool focusing on finding
spatial concepts based on acoustic parameters. The design explorer is a genetic evolutionary
algorithm realizing evaluation through room acoustical and room morphological criteria.
The paper describes the concept of the design system focusing on the synthesis of geometry,
assignment of material properties, on the implementation of evaluation criteria and on the
description of relevant acoustic criteria. The presented experimental algorithm is part of
doctoral research work in progress. It marks a research milestone describing the concept
and implementation of an evolutionary algorithm for spatial acoustics and presenting results
produced by the proof of concept algorithm.
Keywords. performative design, room acoustics, evolutionary algorithm, design methodology.

INTRODUCTION
Performative Design is a design approach driven by
performance-criteria of a spatial construct or building. The starting point of performative design is not
the imagination of the final form, but a performance
oriented understanding of requirements and capacities that the design should satisfy and unfold. The
requirements and capacities may be defined as e.g.
structural, environmental or acoustic criteria or other
relevant criteria. The process can be focused on one
of these requirements but it can also be based on
a combination of different criteria. Consequently, a
performative design explorer is a reverse mapping
process of given or desired performance requirements towards a formal representation realised in
geometry and materiality. The final design results

from a bottom-up process entailing “[...] a transition
from a design paradigm of “form making” to one of
“form finding”” (Oxman 2008, p. 3). Thus the designer’s task changes to the design of a design system,
which has the ability to explore an area of possible
design results that satisfy the required performance
criteria and unfold initially not entirely anticipated
performance capacities.

EVOLUTIONARY DESIGN EXPLORER
The basic principle of an acoustic evolutionary design system is relatively simple. It is based on a repetitive process that creates geometry, assigns
acoustic properties to the geometry, calculates the
acoustic behaviour, evaluates the acoustic quality of
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the created individuals, manipulates geometry and
properties until acceptable results are produced. The
design explorer is basically a twofold process. The
geometry-synthesis-algorithm creates geometry
based on a genetic code. The evaluation algorithm
assigns quality values to each individual mainly
based on acoustic criteria. Consequently, as a design
is usually not generic but related to a specified design brief, the design explorer needs a description of
the design task.

DESIGN TASK (INPUT DATA)
The starting point of a form evolution algorithm is
the definition of a design task that should be solved
by the algorithm. In the present case the design
task can be described as the finding of an acoustically performative spatial envelope for a specific
receiver-source configuration. The receiver-source
configuration is a spatial configuration of sources
that propagate sound and receivers that receive the
propagated sound. This spatial receiver-source configuration can be understood as the desired spatial
relation between spectators and the orchestra. It is
regarded as the initial and crucial design specification which is defined by the designer and which
is the main design decision besides the intended
acoustic requirements. Figure 1 shows a model of
the concert hall of the Philharmonie Berlin and the
corresponding source (red) and receiver (green) configuration. The acoustic target values are based on

the decision what type of acoustic room is intended.
Due to research in the field of room acoustics (Fasold
and Veres 2003; Barron 1993; Beranek 2004; Templeton 1993; Kuttruff 2004) accepted acoustic values for
opera or concert halls or other acoustic purposes are
published and will be described and listed below.
In addition to these basic design decisions, specific
contextual constraints are implemented, which are
deduced from the particular nature of the given design task. It is obvious that the spectators, represented by the receivers, need to have an uninterrupted
sight to the source and that the spectators should
be located in the interior of the envelope. Another
implicit constraint is the reduction of the envelope
volume in order to satisfy basic spatial as well as economic criteria. Besides these implicit constraints and
requirements a design task needs to be specified
by morphological definitions. The explicit morphological definitions lead the design process from an
universal search process, driven only by acoustical
parameters, to a process also influenced by individual and intuitive design intentions. By defining and
applying spatial morphological parameters as evaluation criteria to the design process the evolutionary
design explorer takes the designer’s intentions into
account. The alternative concept of direct user interaction through manual evaluation and selection is
rejected because of the drawbacks like limited speed
and efficiency of human evaluators or altering evaluation criteria (Duarte 2001, 13).
Figure 1
modell of the Philharmonie
Berlin, with source/receiver
configuration
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GEOMETRY SYNTHESIS ALGORITHM
The intention of the presented evolutionary design explorer is to provide a tool for finding spatial concepts
with good acoustic performance. Thus the algorithm
creating the geometry of the envelope has to be as universal as possible. The geometry created by the synthesis-algorithm should not be limited through structural
preconditions. The synthesis-algorithm should be able
to produce a wide range of different shapes.
Almost every shape can be approximated
to a desired precision with simplicial complexes,
which are mathematically defined as instances of a
k-simplex (Attar et al. 2009). Almost every arbitrary
surface, even if it is double curved, can be approximated with a grid of the 2-simplexes which we call
triangles. A tetrahedron is also an instance of such
a k-simplex, which means that every volume can be
more or less approximated with tetrahedrons.

Thus the geometry synthesis algorithm is using
polyhedrons to form a spatial envelope. It transforms
a given simple point list into polyhedrons. It is creating
a polyhedron out of four points and is appending the
following polyhedrons by using the next point and the
nearest three points of the already existing object. Such
a one dimensional and homogenous notation of geometry by a point list is very robust in regards to the implementation into a genetic evolutionary algorithm. Every
gene can be handled with the same mutation parameters and can easily be recombined for crossbreeding at
every point of the genome without regarding the fitting
conditions of the geometry of the different parts.
The result of the synthesis algorithm is a watertight, not self-intersecting geometry, which can be
generated from a genetic code consisting of a homogenous structure that is a point list. Even convex
or concave structures can be generated in this way.

Figure 2
k-simplex shapes (Attar et al.
2009, p. 233)

Figure 3
Synthesis of polyhedron based
on a simple point list.
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MATERIAL PROPERTIES ASSIGNMENT
In order to enable a subsequent analysis of acoustical performance, properties related to the acoustic
behaviour have to be defined within the genetic
code. The material related properties, which are relevant for acoustic performance, are the absorption
value α and the scattering value d, both described
as a value between 0 and 1. To preserve the homogenous structure of the genetic code, every point is
assigned with absorption and scattering value. Thus
the genetic code is organized in groups where every
group contains the point coordinates, the absorption value and the scattering value.
Due to the homogeneity of the genome the
material properties are assigned to the points contained in the genome. However, for the acoustical
analysis the properties must be assigned to the surfaces of the phenotype. Thus the synthesis algorithm
transforms the point-related properties into surfacerelated properties. As a surface of the phenotype is
represented by three points of the genotype, the
corresponding absorption value of the phenotypic
surface is generated from the assigned absorption
value of these three points of the genotype. This can
be realized [i] by the arithmetic mean of the points’
absorption values or [ii] by assignment of the maximum or minimum value of the three point base or
[iii] by a random selection from the three point values. In empirical tests the different methods of absorption assignment have not shown any significant
differences in the results.

EVALUATION ALGORITHM AND CRITERIA
The evaluation of the generated, individual phenotypes is a crucial aspect in an evolutionary algorithm. Based on the fitness ranking resulting from
the evaluation process, individuals are selected for
reproduction and thus provide the main input for
P0
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P1

the next generation. In most cases the fitness value
is composed of several different evaluation criteria.
In an evolutionary algorithm these different criteria
are transformed into a single fitness value for each
phenotypic individual. Formally the weighted quality value can be written as follows where w * f(x) is
the weighted evaluation function of a specified evaluation criterion:

For the given design task of finding spatial concepts for enhanced acoustics, the evaluation criteria
can be divided into two main groups: The first group
includes acoustical criteria and the second one includes criteria relating to space morphologies. The
acoustical criteria are well known and described in
the scientific literature of spatial acoustics (Barron
1993; Beranek 2004; Kuttruff 2000), for example the
desired reverberation time for concert halls is between 1.4 to 2.0 seconds. Besides the reverberation
time other acoustic energy based criteria like early
decay time, initial time, centre time or lateral fraction
coefficient are relevant parameters. These parameters refer to the early and differentiated reflections
in the related space and describe different energy
ratios between direct sound energy and reflected
sound energy.
These values are only available if a room acoustic simulation provides the energetic impulse response for the considered receiver positions.
Compared to acoustical criteria, criteria relating
to space morphologies cannot be defined in such
a relatively straightforward and quantifiable way.
There are no universal definitions for space morphological criteria for concert halls, or indeed most
other building typologies. Nevertheless, the authors
P2

Pn
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zo
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Table 1
Genetic code including
absorption value ∞ and diffusion value d

are integrating morphological parameters into the
evaluation algorithm that allow different types of geometry to be distinguished. Such as angles between
surfaces, surface sizes, surface quantities, view axes,
internal angles of surfaces, maximal or minimal
volumes and many others. These criteria and their
weighing in the evolutionary algorithm need to be
defined by the designer based on project specific
priorities and thus cannot be universally defined. For
the current experimental proof-of-concept implementation the selected evaluation criteria are listed
in the following table 2.
Table 2
List of exemplary fitness
criteria of the evolutionary
algorithm.

criterion

characteristics

reverberation

acostics

sight line prevention

morphological

min / max volume

morphological

receiver inside

morphological

surface angles

morphological

For the proof-of-concept the authors limited
the acoustic evaluation parameter to the reverberation time in order to avoid time consuming calculations of room acoustic simulations. The presented
algorithm investigates if the evolutionary algorithm
works on an elementary level and if criteria which
are related to spatial morphology are influencing the
evolution of individuals.

EXPERIMENTAL APPLICATION TO EXISTING SPATIAL CONFIGURATIONS
The experimental set up of the above described genetic algorithm is representing a proof of concept
and therefore it was required to reduce the amount
of parameters to the relevant minimum .
The experiment investigates if the algorithm
is capable to create valid spatial output based on
a receiver-source configuration and if a receiversource configuration is feasible as an input parameter to describe a design task. Thus the experimental application of the algorithm should show if the
algorithm is able to evolve valid hulls based on the

receiver-source configuration which are not selfintersecting, which provide sight-line prevention
between receivers and sources, which enclose all
receivers and sources and if the results are distinguishable related to the initial design task (receiversource configuration).
The following figures show some results of the
explorative design system described above. The receiver (green) and source (red) configurations are
based on existing concert halls. These are the Semper Opera in Dresden and the Philharmonie in Berlin. The absorption value is represented by surface
colour ascending from blue (0) to red (1). The evolutionary progress is mapped from the left to the right.
The implicit side condition of sight line prevention,
interior placement of source and receivers and an
optimal reverberation time of 1.4 to 2.0 sec. are implemented in every series.
Without implementation of supplementary
morphological conditions the evolution of the shape
is negligible. The evolution process is focused on the
adaption of material properties to achieve the required reverberation time.
If the morphological constraint of volume minimization is added to the evaluation algorithm the
shape evolution becomes more differentiated even
if the quality value approximates the maximum of 1.
The experimental set-up demonstrates a tendency of the evolutionary algorithm to prioritize
the ‘optimisation’ of the absorption value over geometric adaption. The convergence of absorption
values during the evolutionary form generation
process is plotted in figure 8. The absorption value
decreases very quickly from a high level to nearly 0.
Regarding the reverberation formula, which is expressed as a specified ratio of Volume to equivalent
absorption surface, one possible interpretation is
that the created volumes remain too big. In other
words, with the given parameters the algorithm is
not capable to shrink the shape significantly without violating the sight line prevention side condition. Thus it is more efficient to adapt absorption
values of the surfaces.
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Semper Opera, Dresden
Figure 4
Left: frame 200, q=0.70.
Middle: frame 2500, q=0.73.
Right: frame 7300, q=1.0

Philharmonie, Berlin
Figure 5
Left: frame 200, q=0.74.
Middle: frame 3000, q=0.74.
Right: frame 4600, q=0.74.

Figure 6
Left: frame 200, q=0.82.
Middle: frame 3000, q=0.82.
Right: frame 7000, q=0.99.
Additional side condition:
minimize V to 0.1 x max.
volume.

Figure 7
Left: frame 200, q=0.83.
Middle: frame 3000, q=0.83.
Right: frame 9500, q=0.97.
Additional side condition:
minimize V to 0.01 x max.
volume.
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The test series also demonstrates that increasing optimisation pressure through the integration of
the minimisation of the volume as evaluation criteria
has a significant influence on the results. In the first
two series, the geometry hardly changes. However,
in the following series the individual geometries differ all the more once the target value for the desired
volume is decreased. Side conditions as sight line
prevention, which are integrated as soft conditions
into the fitness function, are also achieved and provide additionally optimisation pressure.
The side conditions like sight line prevention or
maximal volume size are integrated as soft constraints.
They are implemented as evaluation criteria into the
evaluation algorithm. Due to this implementation
method individuals can ‘survive’ even if constraints are
violated. Thus the selection process is more tolerant
and provides a bigger scope for evolution.

CONCLUSION
The presented evolutionary algorithm is composed
of a geometry synthesis algorithm and an evaluation algorithm. The geometry synthesis algorithm
was able to create valid shapes with the assignment
of individual acoustic properties based on the described initial source-receiver configuration. As a
consequence the definition of the source-receiver
configuration is regarded as a valid input data for
the design system. The source-receiver configuration, which is the representation of the design brief,

offers the possibility to define tasks which differ from
known spatial concepts that still mainly refer to traditional musical presentation format. Regarding the
results of different source-receiver configurations
one can state that the created shapes are not arbitrary but refer to the initial definition of the design
task. Thus it provides the potential to explore new
design concepts for acoustical spaces.
The point list used for encoding geometric and
material properties proofed to be a universal and efficient notation in the context of the proposed genetic evolutionary algorithm. The implementation of
morphologic side conditions has a positive influence
on the evolutionary process. The morphological side
conditions are capable of increasing the fitness pressure. The implemented geometric criteria, which are
sight line prevention and volume minimisation, are
relevant and valid parameters for a form evolution
process for acoustical spaces. The influence of spacemorphological criteria is significant and dominant
at this stage because more differentiated acoustical
simulation results are missing.
Future research should aim for the description
of additional space-morphological criteria which are
eligible to influence the shape evolution towards intuitive design intention. The integration of geometry
related acoustic criteria by implementing a room
acoustical simulation into the evaluation algorithm
is intended and holds the potential to significantly
improve the design system.

Figure 8
Development of absorption
value during the form evolution process.
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Abstract. This paper discusses ergonomic human body support in regard to people
reading and talking on public benches. An applied experiment has been developed where
design parameters are structured and associated to anthropometric dimensions relating
to observed ergonomic postures. These are incorporated to a procedural design strategy
using a geometric model with combination rules. The procedure has been tested, allowing
a generation of alternative designs to emerge from ergonomic fitness parameters. The
experiment helped to formulate a design methodology for optimizing the information during
the product design and manufacturing processes.
Keywords. Bench; urban furniture; generative design; anthropometric data, behavior data.

INTRODUCTION
The word bench is usually defined in dictionaries as a
straight and hard seat, with or without armrests and
backrest, generally meant to fit more than one person. A study on public parks argues that traditional
benches normally promote constraints in users’
postures because of a non-adequate shape (Bessa,
Alves and Moraes, 2001). It is indicated that straight
benches are the reason for which users look for places, other than the bench, to sit, in order to increase
interpersonal interaction.
In ergonomics, seat designs are usually associated to work stations considering the activity
realized by the user as well as information regarding anthropometrics, biomechanics, physiological and anatomical aspects of the target population. On the other hand, the dimensions of urban

benches usually consider a single posture, usually
with an erected trunk, slightly bending backwards,
horizontal thighs and vertical legs. As reading and
talking are usually performed in different body postures, this apparent design homogeneity seems to
conflict with a variety of functional and even cultural aspects of the bench utilization. Since different
postures occur on the same bench, the adaptive
design to meet requirements emerging from different activities and classes of users (gender and age)
is a difficult problem to solve.
As mass customization (Toffler, 1970; Davis,
1987) stimulates personalization and engagement
of costumers in the production process, parametric
modeling software such as Grasshopper, allows designers to intuitively create generative systems for
Generative and Parametric Design - eCAADe 29
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any design purpose by attributing specific functions
and forms related to its use and user. Physical data
regarding ergonomic and anthropometric information could relate to different uses as a way to determine optimal seating positions. This relationship
would then be fed into a digital model, allowing variations according to the design goal.
The objective of this paper is to structure a design methodology for public benches integrating the
anthropometric and behavioral aspects of the users
(Vettoretti, 2010). The paper is divided in 6 parts.
Part 1, Material and Methods, describes the adopted
procedure for gathering information regarding people reading and talking on the benches, which are
analyzed in part 2. Part 3 presents the design experiment’s strategy and the design parameters that are
utilized. Part 4, exposes the data and the strategic
design application in a parametric model using Grasshopper [1], a generative modeling plug-in for the
software Rhinoceros [2]. The process of the digital fabrication of a selected model resulted from this experiment is described in part 6. In the last part the results
and discussions from the process are presented, as
well as suggestions for the researches development.

••
••
••
••
••

Position: related to where the user is leaning on
the bench.
Rotation: related to the user’s rotation on the
bench
Trunk inclination: related to direction of the
user’s trunk inclination
Thigh inclination: related to direction of the
user’s thigh inclination
Leg inclination: related to direction of the user’s
leg inclination

Figure 1 exposes the subdivision for each posture classification.
Figure 1
Subdivisions for Posture
classification

MATERIAL AND METHODS
Static anthropometry takes the dimensions of a still
body while standing, sitting, lying or in any specific
position, as a reference for furniture design (Iida,
2005; Panero and Zelnik, 2002). Such an approach
while valuable, only provides information about
anthropometric data and does not relate this to the
user’s potential behavior, as a non expected use of
the designed object.
In order to retrieve information about different patterns of the use of urban benches, the actions of reading and talking were identified and
photographically registered in four parks in Brazil.
The registered information for each performed
activity was classified in types of users (identified
by gender and age), types of benches (5 different
models were found), and posture information. This
last were sub-classified in:
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ANALYSIS
Once the information was collected and tabulated,
an analysis was made using the Chi-Square test (Siegel, 1979), and the following was observed:
•• The analyzed benches do not fully satisfy users
while reading or talking
•• The preferred bench morphology had a back
rest and an inclined seat
•• Men tend to read while women tend to chat
•• Men tend to sit without rotation while women
tend to rotate at 45°
•• Rotation is important when it comes to talking,
but not to reading. More than 70% of the users
which were interacting with others were rotated

••
••

••
••
••

Postures with position P1 and trunk inclination
T1 – both favored by the typical bench design –
appeared in only 20% of the cases
Elders were more conservative in their postures.
Most of the time they sat following the posture
suggested by the bench morphology. Youth
and adults tend to rotate on the bench and incline their trunk backwards
Postures with trunk inclination backwards T3
are desirable in both activities
Whilst reading, the combination of postures P3
+ T3 + E2 + C3 tends to occur together
Whilst talking, postures with rotation tend to
occur with the trunk inclined backwards

THE DESIGN EXPERIMENT’S STRATEGY
A design strategy was defined using generatrixes
and guidelines (Mitchell and McCullough, 1991).
The generatrixes shapes were given by the anthropometric and ergonomic parameters related to the
bodies’ profile, while seated. Whereas the guideline
refers to a set of combination rules defined by use
trends, observed during data research.
In the proposed design strategy, the space occupied by one user is defined as “module+transition”.
One module is generated by the interpolation of two
identical curves and gives the minimal straight space
for sitting. The interpolation between two different
modules is defined as transition and the association between modules and transitions results in the
bench shape. Figure 2 illustrates the design strategy.

Design Parameters for Generatrixes
The information on the different postures along
with the anthropometric data was simplified by
schemes allowing the identification of different
design parameter values such as dimensions, inclinations, angles and distances between users.
These results established domains applied in the
design system. The profile follows the information obtained when combining the specific value
of each parameter domain (positon, trunk, thigh
and leg inclinations). This proposed design method allows the direct use of the observed data into
the computational environment and thereafter
the results are used in the bench design process.
Figure 3 introduces all the design parameters
for the generatrixes with domain bounds for each. As
shown in tables 1 and 2, different values were stablished according to target populations. Dimensional
parameters were related to anthopometric data for
men and women and inclination parameters were
related to posture observations identified in different age users.
Design Parameters and Combination Rules for
Guidelines
Design parameters for the guideline are given by
the shoulder width combined with the necessary
dimension of two rotated users. The maximum
angularity between modules was restricted to
45° and the width used for “module+transition”
was 70, 8 cm, related to the highest percentile.

Figure 2
Design strategy of
“module+trasition”
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trends obtained as data search results. For reading
it was excluded the A and B combinations, because
of their angularity, which forces users to face each
other. For conversation, it was excluded the E and F
for the opposite reason.

Combination rules for the sequence of modules were defined based on shape grammar theory
(Stiny, 1980). After a primary vocabulary for each
“module+transition” was defined (figure 4), the combination rules were formulated contemplating all
possible options in which users face the same side of
the bench (figure 5).
For each activity there were some optimal
combinations identified and related to the posture

Flowchart for data application
A flowchart was devised as to describe the system.
The proposed sequence organizes parameter information to be applied separately, when a specific user
group is targeted for bench manufacturing, for instance. This process turns possible to adapt benches
design for different users and their related activities.
Figure 6 introduces the proposed flowchart, which is
divided in three steps. In the first step the activities
sequence is defined, and in the second, restrictions
for users divided by gender and age. The last step is
to detail each module’s inclinations according to its
previous defined activity. Each definition takes the
system to a different table of data values.

Figure 3
Design Parameters for Shape
Generatrixes

CREATING THE PARAMETRIC MODEL
After collecting the data and establishing the domain
bounds, this information was fed into Grasshopper.
Each parameter was identified and distributed into
different sets. Subsequently a number of rules were
Dimensional parameters

average
population

W 95%

M 5%

Table 1
Dimensional parameters related to anthropometric data

M 5%

{a}

{a} seat height from floor (cm)

39,4

39,4

48,3

43,2

52,8

{b}

seat depth (cm)

38 - 44

41,2

51,3

41,9

52,4

{c1}

backboard height from seat, until 30°
inclination (cm)

35 - 50

x

x

x

x

{c2}

backboard height from seat, after 30°
inclination(cm)

93

75,2

88,1

80,3

93

{d}

backboard depth (cm)

5 - 44

41,2

51,3

41,9

52,4

Inclination parameters
{e}
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W 5%

angle between backboard and vertical (degrees)

observed
population

youth

adults

elders

5° - 90°

5° - 90°

5° - 90°

5° - 35°

{f }

angle between backboard and seat (degrees)

95°-180°

95° - 180°

95° - 180°

95° - 115°

{g}

angle between seat and base (degrees)

55°-180°

55°-180°

55°- 180°

55°- 105°
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Table 2
Inclination parameters related to postures observations

Figure 4
Primary vocabulary

Figure 5
Rules combination

Figure 6 (right)
Flowchart

applied to each set in order to relate it to the others.
For example, if the angle between the seat and the
back rest is larger than 30°, the back rest is higher
than the other ones. These relationships allowed
the creation of unlimited ideal profiles (curves) for
any kind of activity. The profiles were then arranged
along a previously established guideline. In order to
create a seamless bench, where different uses can
take place, it was necessary to interpolate the different curves, since each activity demands very different parameters inside the domain. Such results were
obtained through a loft operation between the ideal
profiles. By changing parameter values, such as seat
height or backboard depth, one can generate an infinite array of design options, as shown in figure 7.
The definition of the activities and combination rules
sequences along the guideline might influence the
shape of the guideline itself as shown in figure 8.

DIGITAL FABRICATION
The material for the prototype fabrication was
6mm corrugated cardboard. Several 1:10 models
were fabricated in order to test the process and
the usability with articulated mannequins. One
of these was chosen for full size fabrication ( 1:1
scale) with a length of 3 meters and a width of 1,8
meters, including 3 “module+transition” (3 postures base).
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Figure 7
Family of benches

Figure 8
Different activities and combination rules sequences for
guideline
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The laser cut machinery used had a work area
of 60x90cm, imposing the bench subdivision in 18
pieces of 60x60x90cm. At the end, 419 layer sections
were cut and 18 modules assembled. Figure 9 exemplifies the assembly of one piece and the user’s test.
Once all the modules were brought together, the designs seamless surface emerged (figure 10).

RESULTS AND DISCUSSION
It was argued that the wide range of postures assumed by users during reading and conversation activities is not usually considered in urban bench projects. Setting the adequate dimensions and shapes of
such a bench constitutes an intricate problem which
can only be achieved by new design and fabrication
technologies. A design methodology integrating
anthropometric and behavior aspects of users was

then proposed, using Grasshopper as a platform for
absorbing and processing data.
The system accomplished the seating profiles
and the resulted interpolations shaped the final
surface. It should be noted that the interpolation
results in an infinite number of ideal sections constituting a data base for alternative designs within
the structure of the same design brief. The generated alternative surfaces have, in turn, enabled
different potential postures to emerge during the
generative process. This is a relevant point of the research that exemplifies how the design methodology could support the designer’s creative process.
Further research could focus on the development
of methods for usability tests, in order to assess the
fitness degree of the bench shape from the user’s
points of view.

Figure 9
Assembly of one piece

Figure 10
Final prototype
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Abstract. “ZipShape is a universal method to fabricate single curved panels from any
plain material without moulds” was the first statement of a paper presented at the Antwerp
eCAADe conference in September 2008 (Schindler, 2008). In contrast, the paper at hand
introduces ZipShape as a highly specific composite combining different materials and
their characteristics. Between those two texts, a paradigm shift took place – from abstract
geometrical concept to experiencing the inseparable relation of form and material behaviour.
This second step of ZipShape-research was initiated by Swiss design office schindlersalmerón
through several workshops with Fachschule für Holztechnik Hamburg, CITA at Royal
Academy of the Fine Arts Copenhagen, Bern University of Applied Sciences BFH–AHB Biel
and The Detmold School of Architecture and Interior Design.
Keywords. Mouldless Bending; Wood; Parametric Modelling; Digital Fabrication; Unrolling.

INTRODUCTION
The question of making curved shapes from plain
materials has challenged many architects, designers and engineers, especially since the 20th century.
With the shift from serial production to individual
digital fabrication at the turn of the millenium, it became tempting to make bent shapes even without
the use of moulding tools.
The ZipShape method, for the first time described by Schindler (2008), is built upon a simple
geometrical idea that was sketched on a train ride
in 2006. A curved element is assembled from two
slotted panels that interlock only when bent to the
desired shape. The curvature is defined by the difference between the angles of the teeth’s flanks.
There are no voids or openings in the panel volume
after assembly, which distinguishes the ZipShape

method from wood bending methods with regular
slots such as Glunz’ ‘Topan MDF Form’ [1], Michalik’s
‘Cortiça’ chaise longue ([2]; Reis and Wiedemann,
2010) or Kuhn and Lunin’s ‘Dukta’ ([3]; Sauer, 2010)
and concepts that allow bending of sheet metal into
predefined geometry such as Tschacher’s ‘La Chaise’
(Steffen, 2003) or ROK’s ‘Flat2Form’ ([4]; Hensel, Kraft
and Menges, 2009).
With its repetitive but individual detailing,
ZipShape is predestined for generative modelling.
From any given master curve, a parametric model
(initially in Vectorscript, since 2010 in Grasshopper) generates the corresponding detailing. Subsequently, all distances are measured and unrolled
into linear sections. All details are parametric and
adjustable at any time.
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Figure 1
The ‘Ziprocker’, developed
with R Aimer, K von Felde,
O Illner, S Rehders, T Schütt
and H Wolf, is a cantilevering rocking chair with a total
material thickness of 40 mm,
consisting of a spruce core
with walnut veneer tops. The
shape was derived from a
car seat.
Fachschule für Holztechnik
Hamburg, January 2009
(Photo: Kyeni Mbiti)

Our fabrication strategy for the ZipShape panels is either cutting with a 5-axis-milling machine
(using a saw-blade for the teeth flanks and a flatnose bit for the horizontal parts) or a 3-axis mill with
parallel finishing perpendicular to the tooth. Despite
of the beauty of ZipShape’s constructive logic, both
fabrication methods take their time. Because the
curvature is defined by the teeth’s geometry, the
mould needed during the adhesive’s drying process
is replaced with a large vacuum bag – the vacuum
bag becomes a form-flexible mould.

FROM UNIVERSAL TO SPECIFIC
When we thought about materialization, we immediately came up with wood, because we knew that
the milling machines’ blades we considered appropriate for fabrication worked very well with the easy
machinability of wood. We could bend some carved
massive panels from MDF, plywood and massive
wood down to a radius of twenty times the material thickness. This is quite impressive if compared to
cold bending of wood, which may achieve a radius of
about fifty times the material thickness.
Our most stunning prototype was a cantilevering rocking chair we developed during a seminar at
Fachschule für Holztechnik Hamburg (Figure 1). By
gluing two top layers of hard wood veneer (cherry
or walnut) on a soft wood core made of spruce, we
even achieved a radius of five times the material thickness. This was sufficient to receive public recognition
and a number of awards, but on closer inspection
the workmanship of our prototypes was not satisfying: The carved panels bent only between the teeth,
which made the surfaces look polygonal. The tight
radii overstressed the wood fibres at the surfaces. On
the outside of a curve, fibres tended to crack while
they buckled on the inside. Besides, the cold bending of the panels required the physical strength of up
to three people. Even though, this strength was not
always sufficient to make the two panels interlock
properly. In addition, it turned out that our model at
that time was not precise enough and did not exactly
reflect the desired curve, as shown by Aimer (2009).
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One year later we got invited to hold a workshop about digital wood joinery at CITA, the Centre
for Information Technology and Architecture at the
Royal Academy of Fine Arts in Copenhagen. As the
geometry definition relies on the teeth’s shape and
the teeth are not making use of wood properties, we
started our experiments with Extruded Polystyrene
(XPS), which we could machine quite quickly with
existing facilities on the campus. Wood was meant
for a second phase to investigate structure, bending
behaviour and the time-consuming gluing process
with a vacuum bag – but we got captured by the experiments with ZipShape’s geometry and never made
it to the second phase within the three days of the
workshop: Even when participants had a good cause
to question the ‘wood’ in the workshop title, we were
thrilled with the manufacturing speed and especially
with the ease of bending foam without a vacuum bag.

NEW COMPOSITES
After observing that the same construction principle
could behave so differently with a different material, we
decided to drop ZipShape’s universal status and began
regarding material decisions as part of the principle.

We concluded that the toothed section of a
ZipShape panel had to consist of two different areas – the teeth and the thin layer that keeps them
together. The teeth should be elastic and withstand
pressure to be able to define the geometry, whereas
the connecting layers have to resist to tension and
be bendable at the same time – a perfect match for
wood’s fibre structure and its anisotropic behaviour.
Wood-cork-latex composite + Veneer
As Polystyrene seemed to be inappropriate for visually
and haptically attractive design, we scoured for wood
based products with similar characteristics and found
a product called ‘Recoflex’, a composite of wood, cork,
and latex particles sold in large panels. Recoflex is quite
elastic, but becomes stiff as soon as layers of veneer are
glued on its tops. Because of its elasticity the material
between the teeth can be of double thickness than in
massive wood, which evens the polygonal teeth geometry to smooth surfaces (Figure 2).
During our first structural tests at Bern University for Applied Sciences, we were surprised that
the choice of adhesive was the factor with greatest
impact on our samples’ bending resistance – some

PUR adhesives were completely absorbed by the
sponge-like material and seemed to have hardened
it in bent state. With a span of 400 mm and a sample
width of 100 mm, we detected a maximum load of
about 80 kg, which made us confident to continue.
Case Study ’ZipLiege’
The wood-cork-latex composite with veneer tops
was thoroughly tested with the production of two
large daybeds. Both objects have a ZipShape core
made of Recoflex, covered on both sides with ash
veneer. The daybeds’ shape was derived from the
body dimensions of two potential users, taking on
the idea of ‘serial unique’ items (Figure 3).
The most prominent improvement was the radius:
The eCAADe 2008 paper specifies a minimal ratio of radius divided by material thickness rmin / t of 20 (Schindler,
2008), whereas the Recoflex composite allows a significant improvement down to a ratio of 3 (minimal radius
of 75 mm with a material thickness of 24 mm).
The elasticity of the wood-cork-latex core is
clearly noticeable for the daybed’s user and contributes to the object’s comfort. It is a surprising effect,
as the veneer tops do not hint to this behaviour.

Figure 2
‘Recoflex’ is a composite
of wood, cork, and latex
particles.
It is quite elastic, but becomes
very stiff as soon as layers of
veneer are glued to the tops.
ETH RAPLAB, Zürich, July
2010
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The two daybeds were manufactured in a Swiss
carpentry. Table 1 shows a cost calculation for two
scenarios: a) with manual NC code programming by
the carpenter and b) with omitted NC code programming through automation. Even in scenario b) the
manufacturing of one daybed takes about 15 hours,
which makes it a high-priced product (Table 1).
Extruded Polystyrene Foam (XPS) + Veneer
For the ‘ZipLiege’ Case Study we evaluated on the
5-axis milling machine a production time of 1.1 meters per hour with a width of 0.6 m (which equals 0.7
m2/h). Again, this result is questioning ZipShape’s
efficiency.
A workshop at The Detmold School of Architecture and Interior Design gave us the opportunity to

investigate a production concept that goes without a
milling machine. We used common extruded polystyrene (XPS) for the core in combination with a large CNC
foam cutter to cut the teeth into the panels. As the hot
wire cuts the whole ZipShape profile in one go without
changing the tool, the process accelerated significantly
to a production time of 4.4 meters per hour – four times
faster than the 5-axis milling machine.
The foam cutter is able to cut any ruled surface. Consequently, we experimented extensively
with edge fillets and advanced interlocking systems.
The hot wire is especially interesting for twisted
geometries, where teeth flanks are not planar and
therefore cannot be sawn (Figure 4). To make the
XPS panels resistant to tension, we used once more
wood veneer as top layers on both faces.
Figure 3
The ‘ZipLiege’ is made of an
18mm Recoflex core covered
with ash veneers. The shape
is derived from body dimensions. It was 5-axis sawn at
Schreinerei Schnidrig in Visp
and vacuum-glued at BFH–
AHB in Biel.
Designers’ Saturday 2010,
Langenthal, November 2010
(Photo: Kyeni Mbiti)
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Table 1
Cost analysis of case study
‘ZipLiege’, based on calculations by Schreinerei
Schnidrig, Visp

a) Cost Portion

a) Hours / Daybed

b) Cost Portion

1 Manual NC code programming

Work step

29 %

8

–

b) Hours / Daybed
–

2 CNC 5-axis milling machine cost

29 %

4

41 %

4

3 Material cost

11 %

–

15 %

–

4 Gluing veneers and edges, bending

8%

2

12 %

2

5 Surface Treatment

16%

7

23 %

7

6 Others

7%

2

9%

2

TOTAL

Polystyrene is quickly and easily workable, light
and inexpensive. However, in terms of surface feel,
stability and sustainability it is not comparable to
wood or wood based products.

EXTENSIONS TO THE PARAMETRIC MODEL
Tolerance and Resilience
To be able to match a ZipShape sample with its desired curvature, a number of material characteristics
had to be respected and included in the parametric
model. In the first place, a continuous tolerance distance had to be established between the two slotted
panels. This distance depends not only on the material

23

15

characteristics of the chosen adhesive (e.g. foaming
properties), but as well on the chosen production
technology. For instance, it turned out that sawing
the teeth requires less tolerance than milling – and
even the sharpness of the respective tool’s blade(s)
exerts an influence: We experienced during a day of
milling with the same bit that the pieces fabricated in
the morning fit smoothly, while the ones produced in
the afternoon could hardly be assembled.
The second factor is material resilience – a factor
that had to be included into the parametric model, especially for the elastic Recoflex: To work against material’s
resilience, an experimentally determined ‘resilience factor’ exaggerates the curvature in the unrolled surfaces.

Figure 4
Hot-wire-cut Snap-Fit Joint
System by J Bieniek, F
Nienhaus , L A Pinkcombe
and A Wood
The Detmold School of
Architecture in collaboration
with University of Florida,
May 2011
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Respecting both tolerance and resilience, the
curvature of our ZipShape-prototypes came very
close to a 1:1 paper printout of the desired curve
(Figure 5). But for every new constellation of material, adhesive and production technology, those factors have to be evaluated by experiments.
From bent to twisted
For an exhibition at Designers’ Saturday 2010 in Langenthal Switzerland, we developed a large sculptural
object meant to test ZipShape’s spatial potential and
its capacity to cover not only bent but as also twisted
geometries.
Our starting point was the bending behaviour of a
paper strip, as investigated recently for instance by Nettelbladt [5] and Lachauer [6]. These spatial geometries
seemed especially interesting to us, as unrolled paperstrip-like ribbons can be nested in parallel on panels
without any waste (Figure 6). To realize the object, we
developed an extension to the parametric model that
calculates a developable linear paper-strip into any
given spatial curve – identical to the bending behaviour of a manually deformed paper strip. The design
input is reduced to a spatial curve, while the formal
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composition becomes a derivable (but for us as designers not precisely foreseeable) part of the method.
After Designers’ Saturday, the dismountable
‘ZipSculpture’ was shown in November 2010 on the
occasion of the ‘Open Day’ at BFH–AHB in Biel (Figure
7) and in February 2011 as part of the exhibition ‘The
Art of Trees – A Forest Gallery’ at the UN Palace of
Nations in Geneva.

CONCLUSIONS
The eCAADe 2008 paper proposed to investigate
further “universal fabrication of ruled surfaces”,
“reducing the radius” and “testing other materials
than wood and wood composites” (Schindler, 2008).
Those three points have been worked further. There
is no other cold bending method known to the authors that renders possible a comparable ratio of radius and material thickness. While working towards
that goal, we reflected our results and drew the following conclusions:
From geometry to experience
Having started from an abstract geometric model,
we learned first to take the fabrication constraints

Figure 5
Four XPS samples with an
increasing ‘resiliance factor’
that exaggerates the curvature in the unrolled surfaces.
The black curve displayed on
top of the second sample is
the original master curve.
ETH RAPLAB, Zürich,
August 2010

Figure 6
Twisted geometries from developable strips.
BFH–AHB, Biel, October
2010.

Figure 7
The ‘ZipSculpture’ as exhibited at Open Day in Biel in
November 2010 is a continuous, developable ribbon
assembled from eight elements with 300 individual
tooth geometries and a
total length of almost 20
meters.
It could be realized with the
help of A Rosenkranz, S Kraft
and C Rehm.
BFH–AHB, Biel, November
2010.
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into account and second to design actively with
material characteristics – recognizing form, material and production technology as an inseparable
system. We were especially surprised that the effects of material and fabrication factors could not
be precisely predicted and had to be determined
experimentally. As soon as we respected material
and production technology, we left our consistent
geometrical model behind.
From school to market, or: The journey is the
reward
At present, the project may be regarded as quite an
academic success, counting four invited workshops
at different schools and a multitude of invited lectures, complemented with a number of awards. Its
descriptive way of interweaving material and information processing seems to represent a contemporary mindset in architecture and design.
However, applying ZipShape to the market is a
process more demanding than expected. The perfect material combination has not been found yet.
It seems that the technology’s strength is not replacing existing technologies in existing market fields.
We believe that ZipShape’s potential is inventing
new applications based on the specific characteristics of the method.
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Abstract. This paper describes the first stage of an applied research project that explores
parametric design strategies in a context of rural bus stop shelters. The aim of the research
is to propose a possible method for improving current state of public infrastructure in
rural locations of the Czech Republic. The research project examines, in a practical
way, how advanced design techniques and new technologies could help architects and
designers participate in some areas of the building industry that have been out of reach of
professional designers. Rural bus stop shelters in Czech Republic serve as an example of
one particular ‘unreachable’ area. During the first stage of the research (described in this
paper), we developed a parametric system of design and production of a bus stop shelter
and we commissioned a fully functional prototype to be built. In the outlook of the research,
participation of users in the design process is outlined.
Keywords. Parametric design; mass customization; participatory design; bus stop shelters.

INTRODUCTION
A bus stop shelter, too small to be a proper building and too localized to be a standard object, usually
stays out of interest of architects and designers. Still,
many are designed (not necessarily by a professional) for a specific location.
In cities and dense urban areas bus stop shelters are well maintained since they yield a considerable profit from advertising placed on them.
In a city, bus stops are built and managed by one
company; they are prefabricated, identical, with
minor variations allowed by modular assembly system. There is no need for great design differentiation, and in some cases a common design can help
people orient in a busy environment. In cities, bus
stop shelters can be easily recognized and thanks

to standardization their construction and maintenance costs are reduced.
In rural areas, there is usually only one shelter in a
village. The shelters have a considerably unique appearance and can differ in shape, material, construction system, number of walls, openings, quality of detail or cost.
Individuality and ad hoc solutions have always played
an important role in rural life and culture. Even a strong
tendency of prefabrication and mass production during
the communist era of Czechoslovakia did not set a trend
of prefab shelters in Czech or Slovak villages. This huge
demand for individuality on one hand, and the marginality of the topic from architects’, builders’ and manufacturers’ point of view on the other hand, have led to a whole
range of strange, surprising, weird and funny solutions.
Generative and Parametric Design - eCAADe 29
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PROBLEM DEFINITION – RESEARCH BRIEF
There can be several reasons for which village bus
stop shelters are not designed professionally. It is
not the aim of this research to define them all. We
focused on solutions for the two most obvious ones;
(1) high cost of professional designer work (compared to an average village budget and cost of local
labor) deter councils to assign the commission to a
professional and (2) a demand for individual solutions excludes professionally designed and mass
produced city-style shelters.
The experiment tests two hypotheses.:
1. If we could automate or eliminate the postconceptual architectural work (design development, technical design, production information, tender documentation or on site supervision) the overall unique shelter price would be
already close to that designed by non-professionals for free. A standard architects’ fee for
a bus stop shelter can easily double its cost.
However preparation and conceptual work
usually make less than 10% of the whole fee
for a standard building.
2. If we could use some of the advantages of mass
production, e.g. automation, quantity rebates
or trained yet inexpensive labor, and still produce unique enough shelters, their price could
compete with the ones mass produced.
The described project takes advantages of

methods of mass customization.(More in Kolarevic,
2003) Early theoretical experiments in architecture,
carried out for example by Oosterhuis(1999), Duarte
(2000), Larson(2001) or Matcha(2009) were focused
on parametric generation of single family houses. All
the experiments supposed more or less independent parametric system driven by a non-professional
user, customer. Users were asked to express their
preferences intuitively or to make informed and conscious decisions (about number of rooms, their sizes,
material or features). As a result of such a system, design documentation was supposed to be produced
automatically and many times, CAM manufacturing
techniques were suggested for facilitating differentiation. Such proposals outlined a useful framework
which serves as a reference in our experiment.
Several practical examples of mass customization can be found in fashion industry, such as already famous Nike’s ID where you can mix and match
color of your shoe parts, Freitag’s F-Cut online tool
in which you can mark particular pieces of a former
truck tarpaulin from which your messenger bag will
be made. [1], [2] Both of these examples represent
an upgrade of the companies’ standard service and
as such the custom made products are considerably
more expensive. An interesting example of custom
co-designed products is represented by an online
company Fluid Forms which focuses on production
of smaller objects and jewelry. [3] The objects are designed by a professional with some degree of user
Figure 1
Examples of variability of
bus stop shelters in the Czech
Republic.
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participation already in mind. You can for example
‘design’ a pattern on your clock by picking a location
and a scale on Earth’s map.

••

PARAMETRIC DESIGN – METHODOLOGY

Figure 2
First shelter we designed
plays with various modes of
waiting, the shape reflects a
rather conservative situation
in Czech rural areas.

As practicing architects we approached the brief intuitively. First, we designed a single shelter for a specific
site and for a specific client. The concept was inspired
by a traditional village chapel and the floor plan allowed for various arrangement of waiting people. The
general appearance of the shelter refers to both the
concept and material limitations, such as structural
capacity or maximum dimensions of sheet metal. The
structural concept is based on folded edges of each
of the cut metal sheets. Folding angles are different
for each edge. Individual pieces were folded together
manually. Neither scaffolding nor special technology
was needed during the assembly process.
The original shelter was already designed to take
advantage of mass customization including parametric
modeling, user participation and digital fabrication. In
the next step, we designed several other versions of the
same concept for different site and client conditions in
the same way. From that we were able to generalize (or
almost reverse engineer) four rules that helped us define a framework of our variable design family.
•• Shape variation needs to be rather substantial.
Layout should allow for various modes of waiting (individuals, strangers, neighbors, friends,
children…). The overall shape will have to re-

••

••

flect rather different contextual conditions.
The design family should have a single topology
in order to automate production of shop drawings. Multiple topologies would render such a
small project too complicated. Seemingly topologically different variations are facilitated by
post-rationalization. Vertices are merged into a
single one when they get too close to each other.
Limit size of individual structural members to
the maximum standard size available off shelf
(for sheet metal in Czech Republic it is 1.5 x 3.0
m). Bigger sizes would increase material and
fabrication cost. A small change in shape can
have a significant impact on cost. Split larger
faces in order to simplify production.
Try to minimize waste. Freeform shapes cut off a
standard rectangular sheet leave behind a lot of
waste. Economy of production is compromised by
design. In our case, triangles of a pitched roof do
not always fit onto a standard rectangular shape of
metal sheets. We should try to save money by careful nesting and final pre-production adjustments.

In this stage of the project, a fully independent
parametric design system proved to be unnecessary.
The most important parameters, that had a major influence on the overall appearance of a shelter, were
usually the least specifiable ones, e.g. historical context,
cultural preferences or general character of the given
village and its landscape. Early practical tests showed
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it was easily manageable to process these inputs intuitively and devise a shape which would reflect specific
conditions. Such a traditional approach allowed us to
adjust and process various parameters including their
weights according to our intuition and experience.
A parametric model and design tools were used
during later design stages. Thanks to custom built
scripts in Rhino3D, we managed to automate most
of the time consuming tasks, such as cost and manufacturability analyses or production of documentation, in a relatively short time. By our estimation, we
saved about 80% of the design time by automating
20% of the tasks. However, due to the custom built
tools, the overall development time of the first prototype was almost twice as long. The “investment”
starts to pay off with the third shelter.
Our parametric model starts with a single, yet
complex parameter – shape of a shelter. The computer runs analysis in real time. We could either change
the input shape and test it again or leave it and generate raw shop drawings. With several custom made
software tools, such as unfolding or labeling script, a
complete set of shop drawings and details could be

produced and checked within half a day of work. It
would require further development to fully automate
the task, which would be worth doing only from a certain number of shelters produced regularly.

PROTOTYPE
Cost of skilled labour in Czech Republic is still below
the cost of modern CNC machines. The whole fabrication process was devised to be compatible with
both hand and CNC manufacturing. The prototype
was built with a manually operated machine that
cut and folded weatherproof metal sheets. It could
be produced locally for a standard price. The material was selected for its universality which allows for
different options to be built in the same exact manner. Thanks to the thickness of only two millimetres,
it was possible to generate cutting patterns directly
from a simple 3D model without adjustment for material thickness and physical imperfections. The material allows for prefabrication, easy transportation
and maintenance. The prototype was produced and
assembled in two weeks time. The final treatment of
the metal sheets could be another parameter.
Figure 3
Variations of a single design
family.
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OUTLOOK
A semi-automatic design tool described in this paper can offer designers new opportunities in marginalized areas of building industry. Yet, any commission starts and ends with a client. The next step
in our research is to test whether and how clients
and users can participate in the design process.
The result of participatory design process is generally received better by local inhabitants. Contextual

parameters defined during the participatory design
process can serve as an input for a fully automatic,
generative design tool. Being locked in predefined
boundaries of possible solutions, an outcome of
the participatory design process is supposed to be
relevant, buildable, partly design by us and partly
co-designed by the users.
At this time there exist more than twenty
basic versions which differ in size, cost, utility

Figure 4
Shops drawings were generated automatically a prepared
for manual transfer on metal
sheets.

Figure 5
Built prototype.
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function, safety or liability to vandalism. These
qualities and features are well described on every
version’s data sheet. The range of versions is not
closed as we expect to improve the basic set over
time. For every different site, the basic options
can be pre-selected using both subjective and
objective criteria, such as load bearing capacity
(in some regions, there could be more than 1m of
snow during winter months), cost or orientation
to the Sun and wind. The pre-selected group can
help to start a participatory design session. All
the options are topologically identical and so it
is would be rather simple to algorithmically generate new variations. Thanks to the parametric
model and CAM methods, design and production
of such variable bus stops could be sped up and
carried out within standard budgets.

CONCLUSION
The aim of the project was to practically test a semiautomatic experimental strategy that could improve current state of rural bus stop shelter “design”
and could inspire solution of similar problems – for
example, only a small proportion of family houses
are individually designed by a professional architect or a designer. It turned out a fully automatic
generative design system was impractical since
its limitations and complexity would outweigh its
benefits. For our practical experiment we managed
to automate most of the post-conceptual work.
With such a tool, a designer could be much more
productive. The cost of such a custom designed
shelter would be comparable to a shelter not designed at all.
For the second part of the experiment, a fully
automatic design is suggested. The experiment
should test various ways of user participation in design of mass customized, user co-designed architectural objects.
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Abstract. The present paper is part of an undergoing research that aims at developing
software that can generate urban plans, based on contemporary urban design concepts, in an
optimized way. As a design method, the project proposes the use of the trilogy formulation/
generation/evaluation, which starts with an outline of the design requirements, proceeds with
the definition of generative procedures that can result in these requirements, and follows with
the evaluation of the generated designs.
The paper describes the development of a computer program that implements some of
Marshall’s evaluation methods, and further elaborates them to define generative criteria and
to optimize the resulting designs with GA techniques. The program aims at generating what
Marshall calls a “characteristic structure”, a type of urban fabric that is usually found in
vernacular urban fabrics.
Keywords. Generative design; urban design; genetic algorithms; shape grammars.

INTRODUCTION
The present paper describes part of an undergoing
research that aims at developing software to generate urban plans, based on contemporary urban
design concepts, in an optimized way. As a design
method, the project proposes the use of the trilogy
formulation/generation/evaluation, which starts
with an outline of the
design requirements, proceeds with the definition of generative procedures needed to achieve
these requirements, and follows with the evaluation
of the generated designs. The process does not end
here. The result of the evaluation process must retrofit the generative phase, adjusting its parameters

for further elaboration and optimization until an optimal solution is obtained.
Although this type of procedure has been
often applied to architecture and industrial design,
it is not commonly seen in the field of urban design.
This field has developed several evaluation methods,
most of which generate objective data, but its generative methods are often simplistic and still based
on early functionalist precepts. Little effort has been
applied to describe urban structures in terms of an
underlying logic that can be used to systematically
generate new patterns based on successful existing
urban areas.
Generative and Parametric Design - eCAADe 29
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The part of the project presented here shows
the use of parametric subdivision rules and genetic
algorithms to create certain types of urban fabric,
based on concepts discussed by Marshall (2005).
This strategy is then compared to the use of simple
parameterization.

BACKGROUND
The 1960’s saw a strong reaction against modern
architecture and urban design, which resulted in
spaces often more adapted to cars than to people.
Christopher Alexander, for example, criticized the
hierarchical route structure of planned towns and
suggested that a city should look more like a semilattice than like a tree. Moreover, modern architecture methods of design were considered too subjective, making it difficult – if not impossible -- to take
advantage of the new power of the computer. The
reaction against modernism in architecture started
with the Design Methods Movement and continued
as a series of systematic studies that aimed at helping architects design in a more objective and wellgrounded way, usually taking advantage of automation for analysis and synthesis.
In the late 1970’s Alexander proposed a set of
verbal rules for designing successful urban spaces
based on traditional city patterns. In the early 1980’s
Hillier and Hanson developed at Bartlett-UCL a set
of tools for analyzing the social effects of urban design. In the 1990’s, at the same university, Batty used
fractal geometry for urban analysis and simulation.
More recently, Marshall (2005), also from UCL, has
extended these concepts, proposing new strategies
for generating and evaluating street patterns, with
the aim of helping designers create better urban environments not just in terms of efficiency from the
circulation and density points of view, but mainly in
terms of creating opportunities for social interaction.
Even though Marshall does not mention in
the book the use of geometric rules for generating
the street patterns he describes, it is possible to
imagine the use of parametric shape grammars
to describe and create some of them. The shape
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grammar formalism was developed in the 1970’s by
Stiny and Gips to generate rule-based designs. It has
been used initially to create original abstract compositions, but its applications soon evolved to architecture in both synthesis and analysis, and incorporated
the concept of parameterization.
Marshall’s analytical method is very objective
and systematic. He developed concepts and a precise
mathematical model that permits an objective assessment of the street fabric. Through a set of case studies he establishes the values within which the optimal
street structures should fall. For this reason, his theories can be used for directing the generative process towards optimized urban fabrics. However, the
number of possible parameters is very large, so the
search for an optimized solution means that an enormous amount of possibilities must be considered. For
this reason, we propose, in the present work, the combination of his analytical methods with optimization
methods, such as genetic algorithms (GA).
The concept of GA has been developed since the
1950’s in the field of Artificial Intelligence to deal with
problems that incorporate a large number of parameters. It is based on Darwin’s theory of evolution and
mimics the process of mating and natural selection
through the recombination of parameters and the
application of an evaluation (“fitness”) function. The
combined use of shape grammars and GA has been
proposed by Gero since the late 1980’s. In this technique the order of application of the rules is considered as one of the parameters that can be changed
and recombined to result in optimized designs.

OBJECTIVES
The present paper describes the development of a
computer program that implements some of Marshall’s evaluation methods, and further elaborates
them to define generative criteria. More specifically,
the program aims at generating what Marshall
calls a “characteristic structure”, a type of urban fabric that is usually found in vernacular urban fabrics.
The objective of this work is twofold: on the one
hand to develop a set of automated tools that could

be easily used in urban planning education, and on the
other hand to create a meaningful example of the application of an optimization technique - a genetic algorithm - in urban design. Marshall’s descriptions of good
street patterns, combined with a rule-based system,
provided the framework for the generative system,
and his objective evaluation methods were used as fitness functions.

IMPLEMENTATION
The design strategy implemented is essentially top
down, and can be used to fill up delimited areas that
require the characteristics of a typical mixed-used,
traditional neighborhood with spaces that have
unique qualities and a variety of scenes, perspectives and scale. The program being developed will
allow for the generation of street patterns, quickly
analyzing them, and finding optimized solutions in
terms of the selected criteria. Unlike in typical Genetic Algorithm implementations, we plan to develop it
in such a way that it can be used independently for
generating and analyzing urban plans (designed automatically or “step by step”). The GA function will
allow the user to choose which analytical tools will

be used as the fitness function, so that the result of
different types of optimizations can be compared. In
other words, the GA will not be a complete black box,
as it permits the user a certain level of interaction.
Also, differently from most automated design
software, the program will generate and analyze
schemes made of simple lines, which is much quicker
and looks more like a possible alternative in a work in
progress than a final solution. Differently from many
automated design implementations, it does not have
the pretension to be the sole means of design; it recognizes the fact that the use of computer programs in
the design process cannot overshadow the designer’s
intentions. This can encourage users to apply further
changes to the results “manually”, trying more alternatives, and maybe even using the analytical tools again
to test new alternatives, adapted from the automatically-generated ones.

GENERATIVE ALGORITHM
The development of the algorithm started with the
deconstruction of a small patch of a traditional urban pattern, similar to what Marshall call a “characteristic structure” (Figure 1). The patch was extracted

Figure 1
Deconstruction of a traditional urban structure.
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Figure 2
The four rules inspired by the
analysis.

Figure 3
The application of the five
rules to generate the patch.
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from Lisbon´s Bairro Alto, an area that was initially
planned in the XVI century and was transformed
after the XVIII century earthquake. The analysis of
the patch revealed certain typical patterns that
were translated into four basic shape rules (Figure
2), which allow for a recursive splitting of blocks, for
the introduction of a loop, and for the insertion of a
square. Figure 3 shows the application of rules 1 to 4
in the generation of the original patch. Interestingly
enough, these rules capture the generative nature
of many vernacular grids of similar morphological
types. The street networks developed in such fashion generate structures that fit in Marshall’s definition of a route structure. He describes characteristic
structures as being “semi-griddy”, typically having
short and long routes and some differentiation in
depth. The street structure should contain a relatively great amount of ‘T’ junctions, some crossroads and
eventually some few tributary or stemming streets

(cul-de-sacs and dead ends). All the street networks
generated by the four rules fall in street morphological types that correspond to Marshall’s generic description of a characteristic route structure. The recursive application of additive rules guarantees that
the generated network is a route structure. Routes
in Marshall’s definition are linear paths “which may
be continuous through junctions with other routes”.
The next step consisted in establishing possible
ranges of parameters for each rule and implementing them computationally (Figure 4). Next, an overall
diagram of the part of the program that generates
characteristic structures was outlined (Figure 5). The
input element for this part of the program is a rectangular grid with unequal block dimensions in x and
y. The algorithm analyzes the dimensions of each
rectangular block and decides which rules can be
applied. Parameters are considered and applied in a
modular fashion, for instance, modules of 10 meters.

Figure 4
Definition of functions. The
transformation functions are
on the right column.
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Figure 5
Program general diagram.

The size of the module will determine the chance of
generating coincident crossroads (X crossroads). The
larger the module, the higher the chances of generating X crossroads, and the smaller the module, the
higher the chances of generating T crossroads.
The user has a chance to bias the generation
by defining the likelihood with which certain rules
may be applied. For example, one can decide how
often Rule 2, which introduces a green area, will be
applied after a block has been subdivided. Figure 6
shows an example of a pattern generated by this recursive subdivision process, which is combined with
conditional statements. The program was implemented in AutoCAD VBA. Rule application is partially
constrained by the area of the rectangle to which it
applies. Area is also used to define the stopping condition in the algorithm.
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Figure 6
An example of an urban pattern generated with the algorithm developed.

GENETIC ALGORITHM
The next step of this work will consist in developing
a genetic algorithm that uses the generative function above and combines it with a fitness function.
The quality of urban spaces is a subjective issue,
thus difficult to evaluate through objective values.
For this reason, we will base our fitness function
on the three desirable characteristics of an urban
pattern proposed by Marshall, some of which are
based on Hillier’s spatial syntax: relative connectivity between 0.35 and 0.45, limited depth (but some
differentiation), and complexity level between 0.35
and 0.6. Depth is the number of turns that one has
to do to get from a given street to the main road.
Connectivity is the number of routes with which a
given route connects. Continuity is the number of
links that forms a route. Relative connectivity and
complexity are measures of the street network. The
sums of depth, connectivity and continuity of all
routes each divided by the summation of their sums
provide the network relative ratios for these three
properties. In other words, these ratios provide
the network’s relative depth; relative connectivity
and relative continuity which are properties of the
network. Complexity is a ratio which evaluates the
degree of intermixture between regularity and recursivity of the network which is the number of distinct route types above the maximum depth level
divided by the number of routes. A distinct route
type corresponds to a route with a distinct combination of depth, continuity and connectivity.
The way the generation algorithm draws the
network enforces the definition of a route structure.
At each rule application a route is defined. However,
the amount of calculations required to yield the network values of relative connectivity and complexity
are rather complex. It involves the registration on a
table of the three main properties of routes: continuity, connectivity, and depth. Connectivity and continuity can only be filled in the table at the end of the
route structure generation. Depth is automatically
registered in the table at each step of the generation.
A route code is simultaneously registered, which will

help finding the connectivity and continuity values
for each route. Once the three route properties are
filled up, the route type column can also be filled and
their summations can be computed. These tasks end
the calculation of the properties of routes. From this
point on, an algorithm computes the properties of
the network, in particular, the ratios corresponding
to relative connectivity and complexity. These are
purely mathematical calculations following Marshall’s concepts. With these two values the network
can be ranked and compared with the characteristic values of the characteristic structure of street
patterns. If fulfilled, the generation process has
achieved its goals. If not, it loops back and regenerates the grid.
Here we need an optimization algorithm, in
this case a genetic algorithm. In order to do so, we
need to register the genetic code of the route structure as a tree by keeping track of all steps of the
generation and registering the corresponding genotype. At each step two or three rectangles are produced through the application of one of the rules
1-4. The genetic code of a particular route structure
is, therefore, given by the tree of rules applied until the end of the generation and the value of the
modular size being used. The reader should note
that the size of modules influences the number
of crossroads and, therefore, it also influences the
characteristics of the street network. In short, the
genotype encodes the order in which rules were
applied at each step of the generation.
At this point, we should discuss the tangible
meaning of manipulating the genetic code. As just
stated, the modular size influences the number
of generated crossroads. If the module size is bigger, chances are that we will get a higher number
of crossroads. Marshall states in the definition that
a characteristic structure contains a majority of ‘T’
junctions. As such, by comparing the number of
crossroads with ‘T’ junctions, we will know if the
module’s size should be raised or diminished in the
following generation. In the case of deciding which
rule to apply there are two factors that influence
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the results: (1) the rule chosen to be applied and (2)
the likelihood set for the application of each rule.
For instance, Rule 3, which creates a small square,
if used too many times, the network will tend to
have two many green spaces. In the case of Rule 2,
the network will tend to form more sets of parallel
streets of the same size forming a slightly different
visual pattern. The genetic code can be manipulated
in two different ways: (1) simply by changing the
rule to apply or (2) by changing the likelihood with
which rules are applied. The latter seems to define a
more meaningful way of controlling the results as it
takes into consideration the meaning of influencing
the occurrence of particular kinds of morphological
types. It is also the option used by Marshall in a recent work (2009).
For this purpose, we are currently developing
algorithms that evaluate each condition, based on a
graphic analysis of the urban patterns that will have
been previously drawn by the generative algorithm.
A graphically enhanced interface will improve the
designer’s interpretation of the network being generated. For example, by drawing the blocks of each
subdivision with a progressively narrower line, it is

easy to retrieve the information about the depth of
each route (Figure 7). Besides simplifying the computational process, this strategy also allows the user
to visually understand the reason why a possible solution was ranked lower than another one. A similar
strategy will be used for coding the other characteristics. The level of connectivity of each route, for example, will be color-coded.
Finally, we plan to develop an interface in which
the user can set up certain initial parameters, such
as the grid’s overall dimension and the blocks’ mean
area, and the desirable values for the fitness function (within the ranges of values proposed by Marshall). The program will then show, step by step, the
generation of families of solutions, the evaluation
of each solution according to the three criteria, the
selection of the two best options, the combination
of their genes (parameters and sequence of rules),
and so on.

DISCUSSION
In a recent publication Marshall (2009) shows
a network simulation tool called NetStoat. The
generative formalism of this tool is also based on
Figure 7
Drawing recursively subdivided streets in progressively
narrower lines helps perceiving depth information. Color
coding can also be used for
representing connectivity.
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shape grammars. It was developed to allow for
testing four types of generative rules which may
be used individually or together, by setting the
likelihood of the occurrence of certain rules of. The
four generative patterns are called tree, span, Tspan and grid. Tree is based on a stemming fractal
rule. Span is based in our rule 1. T-span constrains
the rectangular subdivision by drawing a new, perpendicular street to the largest side of rectangular
blocks. Grid divides rectangles into four parts with
an orthogonal cross. NetStoat is used as an analytical instrument to understand and evaluate the
properties of street patterns generated with these
basic rules.
Our approach is design-oriented. However,
the information extracted from Marshall’s analytical work could be used to set heuristics to
improve our genetic search. In generic terms, additional propositions from Marshall’s work could
be encoded to improve our proposed model. For
instance, Marshall’s rules also allow the generation of route structures and they could easily be
added to our generative algorithm. As long as
rules are defined as route additions a route structure is always built.

CONCLUSION
We have described ongoing research developed
with the goal of coupling optimization algorithms
with shape grammar-based generative tools for
urban design. The ultimate goal is to constrain the
generation of street network patterns towards solutions with characteristics set a priori, namely, depth,
connectivity, continuity, and complexity as defined
by Marshall. This work complements the City Induction project, which is aimed at developing an urban
design support tool, by adding optimization to its
formulation, generation, and evaluation capabilities.
(Duarte et al., 2011)
We expect that this work can help evidencing
three important concepts in contemporary urban
design: (1) the combined use of rules and parameters can be much more powerful in design than

the use of parameterization alone, (2) it is possible
to use objective evaluation methods to guide the
generation of urban fabrics, and (3) it is possible to
combine the automated generation of optimized solutions with an active participation of the designer in
the process (in other words, GA does not necessarily
need to be used as a black box).
The expected application of this work is twofold. In urban design practice, integrated in urban
design support tools, for generating urban environments with certain, desired features, thereby
helping to gain an increased control over the outcome. And in education, to enhance the students
awareness regarding the topological properties of
urban fabrics; to provide methods to objectively
analyze and evaluate properties of street patterns
and relate them with their expected performance;
and to provide greater awareness of the advantages of using a dynamic approach to urban design supported by parametric design and objective
analytical methods.Future work consists of further
developing the implementation and testing it in
workshops. The application will have a potential
for teaching urban design along with generative
systems, including parametric design, shape grammars and genetic algorithms.
An interesting future development of this work
would consist in defining an algorithm for interpreting the route structure of existing urban fabrics. This
would allow analyzing any fabric, existent or generated, including a generated network in an existent
context. Such approach would extend the usability
of the tool and is regarded as fundamental research
for future work.
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Abstract. Performance as an architectural design paradigm has been emerging during the
recent years. We have developed an understanding that we formalized as a taxonomy for
performative architecture that considers performance from three points of view: health,
safety and security performance; functional and efficiency performance; and psychological,
social, cultural, and esthetic performance. This paper focuses on a design project that
explores these ideas as a performative architecture proposal. The project focuses on the
architectural transformation of the Defense Line of Amsterdam, 41 forts, as a green belt. This
transformation considers a holistic approach of defining a general method and guideline. We
developed a series of parametric models for the definition and generation of designs. The first
model computes an urbanization level for each fort. Consequently, models are developed in 4
stages: regional design, urban design, building design, and production of a scale model, and
these are applied in an iterative manner to reach design outcomes for the project.
Keywords. Performative architecture; performance evaluation; taxonomy; parametric modeling.

PERFORMATIVE ARCHITECTURE
Development of new instruments and methods
contribute to a new understanding of the way
buildings are imagined, constructed and experienced. Due to recent developments in technology,
cultural theory and the emergence of sustainability as a defining socio economic issue, there is an
increasing interest in performance as an architectural design paradigm (Kolarevic, 2005). The paradigmatic appeal of the performative in architecture lies precisely in the multiplicity of meanings

associated with it; however, performance is still
one of the least defined concepts in architecture.
Being performative is usually associated with
sustainability and complex digital models analyzing
the structural and environmental behavior of buildings. This limits performance to a merely technical
interpretation (Menges and Hensel, 2008). Performative architecture must also consider other aspects,
because architecture has always performed socially,
semantically, ideologically, and in a basic manner as
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a shelter (Hagan, 2008). Therefore, the question “what
is architectural performance in the digital age” gains
importance. Is this performance comparable to the
performance of a machine or a theatrical performance (Leatherbarrow, 2005)? There is no single answer
for this question because of the multiplicity of the
meanings and connotations of the word performance
(Oxman, 2009). Determining different performative
aspects in a particular project and reconciling conflicting performance goals in a creative and effective way
are key challenges in performative architecture.
Within the scope of this paper, performative
architecture is considered as the shift in the orientation of architectural theory and practice from what
the building is to what it does. Therefore, it defines
the architectural object, not by how it appears, but
rather by its capability of affecting, transforming and
doing; in other words, by how it performs. The aim
of performative architecture is to prevent clashing
ideas between the performance aspects by optimization methods. Optimization should not be limited
to a technical interpretation. If performative architecture is limited to simulation and evaluation, then
there will not be much difference between performative architecture and engineering. Performative
architecture should have the capability to generate.
It uses digital generation and modification to search
for design alternatives. The generated emergent effects of the architecture (on nature, site, people, climate and time) are analyzed both qualitatively and
quantitatively in performative architecture.
In this paper we present an approach to performative architecture and its exemplification through
a project: the architectural transformation of the Defense Line of Amsterdam.

PERFORMANCE ASSESSMENT
Building performance assessment is multidisciplinary and it has generated applied research that
lacked a coherent theoretical framework until recently. We have developed a taxonomy to be used
as a guideline while developing and assessing performative architecture models. The development of
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this taxonomy is based on a literature research on
Building Performance Evaluation (BPE) and an analysis of selected buildings as case studies. The analysis
of these case studies has been conducted in terms of
project goals and the process to achieve these goals.
The knowledge and experience gained from the literature and the analyses have been formalized in a
taxonomy of criteria for performative architecture.
The first level of this taxonomy is based on an
adaptation of the classical classification of qualities
defined by Vitruvius. Firmitas has been interpreted
as health, safety and security performance (branch
1), utilitas as functional and efficiency performance
(branch 2), and venustas as psychological, social,
cultural and aesthetic performance (branch 3) (Preiser and Vischer, 2005). Branch 1 pertains to building
codes and life safety standards projects must comply
with. Branch 2 refers to the state of the art knowledge about building types and systems. Branch 3
pertains to research based design guidelines, which
are less codified, but nevertheless equally important
for designers. These branches are further specialized
in the taxonomy as sub-goals.
The application of a number of these sub-goals
may interact and even conflict with each other, requiring resolution in order to be effective. Using this
taxonomy, what causes architecture to be classified
as performative is the correct selection of performances and relationships. Environmental performances could clash with economic performances, or
aesthetic ones could clash with social ones. Defining
the adequate geometrical relationships to prevent
these conflicts is the main task of performative architecture. Especially, the parametrization of the Branch
3 aspects must be addressed by the design team
when exploring the design solutions.

ARCHITECTURAL TRANSFORMATION OF
THE DEFENSE LINE OF AMSTERDAM
We have developed a performative architecture
proposal as a design project in order to explore and
test these ideas. This project deals with performative architecture to address a model of design to

generate transformation alternatives for an actual
design problem of Dutch Landscapes: the transformation of the Defense Line of Amsterdam, which
involves the conservation of 41 forts, assigning them
new functions and designing additions. The Defense
Line of Amsterdam is a ring of fortifications around
Amsterdam, constructed between 1880 and 1920,
conceived as a logistical system in combination with
the low lands, which can be flooded in wartime.
The invention of the airplane and tank made the
forts obsolete almost as soon as their construction
was finished. The Defense Line was inscribed to the
UNESCO World Heritage List in 1996 because of its
historic value for all mankind. Moreover, the forts
are important elements of the Dutch landscape for
enriching the topography while demonstrating a
unique historic example of defense and water management technology. Presently almost all forts remain in good condition.
The design of the forts is mainly reasoned to
meet the requirements of the military function and
they all consist of the same elements. These are:
ring of water, glacis of muddy slope, front of the
fortress covered with sand, fort, courtyard, bridge,
shed and defense dike. The forts are designed as
artificial hills for camouflage reasons. Owing to the
fact that the front of the fortress is covered with
sand, it is impossible to notice the fort from the
outer side of the ring.
A few forts have been given new functions by
private investigators. After 1996, privatization of
forts gave way to charitable organizations. Currently the transformation of the Defense Line is an actual subject in The Netherlands. This transformation
should not be understood as renovating the forts
and assigning them new functions individually. The
original concept and design of the Defense Line involves a holistic understanding; therefore, its transformation requires the definition of a general guideline rather than focusing on its parts separately. For
this reason, performative architecture is used to define a guideline for the generation of alternatives for
the collection of forts.

A century after the forts were constructed,
many new relationships are created between forts,
water, infrastructure and urban areas. The first step
for transforming the Defense Line is to analyze these
relationships. Concentration of infrastructure and urbanization affect the number of potential users, the
scale of the transformation, and the size of needed
additions for each fort. The definition of the guideline for the transformation is initiated by a parametric model that computes urbanization levels for the
fort sites using the following inputs: waterlines, land
transportation connections (rail lines and highways),
urban areas, Schiphol airport noise level contours,
green zones (forests, nature reserves and recreation
areas), and green houses (Figure 1a). We have used
parametric design using the Grasshopper® software
as a medium for this exploration as a result of an inquiry into the state-of-art of computational tools for
performative architecture.
The fundamental logic behind the parametric
urban model is very simple: a surface populated
with boxes whose height varies in relationship to
an attractor point. These location of each box on
the surface corresponds to a physical location in the
area where the forts are located, and the height of
the box corresponds to the urbanization level of that
location as a combination of the inputs described
above (Figure 1c). In order to achieve this, first, a
surface that covers the region is created and divided
into a grid. Then, the input data mentioned above is
used to deform the height of the grid cells successively. Two factors are used to control the deformation: weight and area of influence. The designer assigns an importance to a specific input by selecting
a weight for that input, which controls the height of
the deformation of grid cells. Similarly, the area of influence of the specified input is determined by the
designer (Figure 1b).
Computation of urbanization levels reveals that
the sites of the 41 forts have great disparities. We developed a model in order to create a guideline for
the transformation of the forts. This model, named
‘performative design model’, uses the performative
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Figure 1
A diagrammatic summary of
the process for the parametric
urban model. a) different
inputs to calculate the urban levels for the region of
Defense Line These inputs
are: waterlines, rail lines,
highways, urban areas,
Schiphol airport noise level
contours, green zones (forests,
nature reserves and recreation areas), and green houses;
b) different values of weight
and area of influence for different inputs; c) the output of
the parametric urban model.
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architecture taxonomy as a guideline and consists
of a series of parametric models through the design
stages. The performative design model illustrates
the following emergent effects of performative
architecture:
•• combining developing technologies with cultural heritage;
•• using capabilities of affecting, transforming and
doing to define additions to the forts (an element of the cultural heritage);
•• disclosing functionality and reasoning of a
building through the form;
•• automatically generating different design alternatives for different sites;
•• enabling quantitative and qualitative analysis
through digital and physical models;
•• producing creative and effective design solutions;
•• producing new effects that transform culture.
The performative design model for the transformation is articulated in four stages, parallel to
the stages of a conventional design process. These
stages are: regional design (1/50.000); urban design
(1/1.000); building design (1/200); and the production of scale models; therefore, the model provides
design support from conceptual stage until production of scale prototypes in an iterative manner.
Stage 1: Regional Design
The first input for the model is the selection of a site.
The urbanization level of the site defines the scale
of architectural transformation. The defense Line is
transformed into a green belt around Amsterdam.
The forts are transformed into nature parks and botanical gardens. The forts within the sites with high
urban levels will be selected as transit points. They
will become official visitor centers and all the forts
will be connected by boat tours, biking and hiking
trails. Guided tours take the visitors through this
green belt around Amsterdam. The forts that host
the visitor centers will provide a wider range of activities. They will be used by two groups of users: those

that use the fort as a transfer area that connects the
urban elements within the site, and those that aim to
do sightseeing and spend time around the fort. The
forts with low urbanization values will be used by a
small number of users such as locals living in neighborhood and biking or hiking trail groups.
The simplest functions are the ones that provide space for basic human activities such as: walk,
relax, sit, climb, play, picnic, eat, talk, swim and sunbathe. Complex functions hold cultural, commercial
and educational activities. The botanical displays in
the interior of the forts educate visitors about the
region’s flora. They provide workshop spaces where
visitors can experience and learn how to grow plants
or places for presentations to increase environmental
awareness. The complexity of the function defines
the size of the addition needed. For basic activities,
the additions can be urban furniture, a floor or a roof
structure. For instance, some structures provide shade
and shelter, while some only provide suitable seating
areas. Closed spaces are needed only for more complex functions, which can also be used to create suitable spaces for what are, basically, greenhouses or the
compartmentalization of nature by humans.
The output from the urbanization level computation is processed as the input of the definition of
complexity of the addition and required area (Figure
2). The final step of this stage is the generation of
masses to meet new functional requirements.
Stage 2: Urban Design
The second stage of the performative model consists of two levels of independent parametric investigation. The first one concerns the definition of
the relationship between the fort and the addition.
The second one concerns the connections between
elements of the site (the ring of water, the front
fortress which is covered with sand, fortress, courtyard, bridge, shed, and defense dike) and the urban
environment. The elements of the urban environment are transit points (train stop, bus top, road,
car park, marina, etc.), urbanized areas (residential
areas, industrial areas, greenhouses, etc.), and nature
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zones (water bodies, forests, grasslands and microclimates). Elements of the site and urban nature are
both variables for the connections.
The relationship between the fort, addition
and connections between elements of the site and
urban environment are parametrically independent. However, in real life they need to coincide with
each other. For the success of the transformation
the addition must provide the needed connections
between elements and desired relationship to the
fort. Definitions in levels 1 and 2 of this stage act as
attractors for the masses which were generated in
the first stage of the performative model. Different
configurations of the needed volumes are created as
an output of this stage (Figure 3).
This stage of the performative model enables
generation of designs having different relationships

to the original structure. Dissimilar architectural
points of views are created regarding the conservation of forts. The production of digital and physical
models (in the final stage of the model) allows the
quantitative and qualitative analysis of the different configurations. Due to this, the performative
model promises success for the conservation of this
UNESCO heritage site.
Stage 3: Building Design
The camouflage character of the forts has been very
inspirational for the initial design ideas of this project. Accordingly, the additional buildings are interpreted as deformed stripes which resemble artificial
hills similar to the forts. These continuous stripes
are obtained from catenary arches which define the
space for the required functions. Primarily catenary
Figure 2
A diagrammatic summary of
the process for Stage 1: positions of forts, inputs for computation of urbanization levels, urbanization level of site,
complexity of functions that
corresponds the urbanization
value of site, bubble diagram
of program elements and relationships between them.
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arches define compartmentalization of nature and
function as elements that let sunlight in or provide
shadow during specific times. To achieve these elements two parametric models have been defined for
the building design stage. The first model computes
catenary arches; the second one computes sunlight
angles according to time and date. The alterations in
the hierarchical structure of the performative model
are possible by defining new dependencies between
levels 1 and 2 of this stage (Figure 4).

 x
y = a cosh 
a
(1)

The catenary equation (1) is used to obtain
curves for the idealized arch. The first input for the
parametric model for a catenary arch is assigning
two points for maximum and minimum values in x
axis to control the position of supports. Then, the
pole position controls the minimum value in the y
axis, which is chain length. The input named as steps
is the number of points that are computed according
to the catenary equation. The increase in the number
of steps brings about more accurate results.
A lot of similar parametric models can be found
online for the definition of catenary arches; however,
none of these are adequate to achieve continuous
deformed stripes from catenary arches. Therefore,
this stage of the performative model must go beyond the computation of the form of a chain, which

Figure 3
A diagrammatic summary
of the process for Stage 2:
definition of the relationships
between the fort and addition:
connections between elements
of the site and the urban
environment, reconfiguration of masses according to
attractors.

Generative and Parametric Design - eCAADe 29

507

Figure 4
A diagrammatic summary of
the process for Stage 3.
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is supported by its two ends and acted on only by
its own weight. The interdependent variables of a, x
and y must be fed parametrically into the performative model.
Level 2 of this stage consists of computing sunlight angles according to changing time and location
in order to generate needed spaces of the greenhouse according to their sunlight needs. The computed sunlight angles are not used only for analysis.
Along with the catenary arches, they are the generative factor of the form of the addition for the fortress.
The output vectors of this model are matched with
the categorization of plants according to their sunlight needs. The locations of these matches define
the voids of the form that lets sunlight inside, and
the catenary arches define the solid parts of the form
which works as a structural system.
Stage 4: Production of a Scale Model
Deriving values for the attributes in the first three
stages of the model results in a generated form for
the addition to the selected site of Defense Line of
Amsterdam. The final stage is the conversion of this
3D model to the 2D files for the CNC cutter. This
parametric definition enables production of physical
models from 1/1000 to 1/200 scale. In each of these
scales the presentation requires different levels of
detailing. Before conversion to 2D, some preparatory steps are necessary according to the scale of

the model. After these final modifications to the 3D
model, the contouring of the form through 2D sections can be done. The basic parameters for contouring are scale, angle and spacing. Scale defines the
desired scale of the physical model. Angle defines
the rotation angle of the orthographic cut planes to
the reference surface. Spacing defines the uniform
distance between the sections. The contouring for
the each stripe must consist of the sections that are
parallel to the stripe.
Production of scale models does not have to
be the last stage of the performative model. 1/1000
scale is proper to visualize the results of previous
stages. On the other hand, 1/500 and especially
1/200 scales are proper for investigating compatibility with the surroundings and relationship with
existing elements of the site. If the results are not
favored, the designer can go to the parameterization
stage to change rules, relationships between rules,
and parameters of the attributes. Therefore, this is an
iterative process.

CONCLUSIONS
After the definition of design stages, the effort is
moved directly to two other levels of the design:
one is the parameterization process, preliminary to
the computational generation of alternative solutions; the other is the selection process among the
large set of generated instances. Parameterization

Figure 5
Stage 4 of the performative
design model: production of a
physical model.
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is the fundamental step of modeling in order to
exploit the potential and advantages offered by
parametric modeling. It is the determination of attributes (two kinds: dependent and independent)
and the rules they are subject to follow. Parameterization describes the dependency chain used in the
model as a hierarchical structure. The selection and
definition of the interrelations during the earlier
structuring of the model are set according to the
performance criteria, which were established after
the regional and urban analysis done for the Defense Line.
It is possible to computationally generate an
infinite number of alternative design solutions, but
this potential becomes useless if it is not associated
with meaningful control, categorization and selection
processes. A performative model is convenient within
this scope since the designer is the decision maker in
every stage of the design, where stages are defined
as modules corresponding to different performances
related to design. The design exercise that is presented in this paper is considered ‘performative’ because it considers performance as both quantitative
and qualitative performance. Preferably, these can be
measured and alternatives can be assessed through
comparison of these measurements. However, performance of qualities, such as esthetics or certain
spatial and architectural qualities, cannot always be
objectively measured and the designer’s judgment
needs to have a place in the decision process as well.
This makes it performative architecture as opposed to
engineering.
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Abstract. This article discusses the use of digital technology in the design and construction
of a geodesic dome built in a student workshop as the bearing structure for an artificial
sky lighting installation. Digital tools were used for the whole process from preliminary to
detailed design, fabrication and assembly, in order to allow the investigation and precise
representation of the geodesic geometry. However, limited possibilities, in combination with
the intrinsic nature of the geometry, which allowed segregation of tasks, did not permit a
full exploration of the potential of the digital continuum at that time; even though taking
advantage of digital technologies, the process maintained some of its linear characteristics.
A couple of years after the successful completion of the installation, the project is ‘revisited’ in
retrospect, and the design process is ‘reengineered’ considering the design potential of recent
advances in digital technology. In this work in progress, an attempt is made to work with an
inclusive model that contains geometric, structural, material and manufacturing input and
constraints and can inform design, fabrication and assembly processes, allowing for dynamic
manipulation and control of parameters at any given time; thus, reconfiguring in real time the
design, as well as the related processes.
Keywords. digital tools; parametric design; geodesic dome; artificial sky.

DESIGN OBJECTIVE: DESIGN PROGRAM,
CONSTRAINTS AND CHALLENGES
The project was initiated at the Department of Architecture at the University of Thessaly in spring 2008,
as a response to the school’s decision to enhance
daylighting studies and incorporate them in the architectural design sequence.
Since a geodesic structure seemed a relevant paradigm, as evidenced in numerous artificial sky installations (Mansy et al 2005), the goal
served as a motivation for a student workshop,

exploring geodesic geometries and technologies, as well as lighting performance. The actual
designing team was narrowed down to a group
of senior students of the Team [K]-onstruction [1]
of the school, assisted by professional specialists
and supervised by the professor in charge. Available means, tools and knowledge background
of the students were defining parameters of the
process. Real constraints, budget and purpose
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related, defined decisions, while the time-frame
was not restraining. Demand for easy and safe
mounting by an inexperienced student crew was
of key importance, while the lighting installation
demanded a high level of precision, yet a considerable amount of flexibility, allowing low tolerances for displacement.
A brief feasibility study revealed the possibilities and challenges of a custom designed hybrid
structure consisting of a primary bearing hemispheric geodesic dome with pin-joined custom elements
(struts and joints) carrying a secondary inner ringdome structure for the lighting installation. (Fig. 1)
The final installation is a 4.0m diameter freestanding dome structure raised on a 0.90m high
base. The primary structure is a modified class-I
three-frequency icosahedric hemispherical geodesic
dome; that is, the geodesic polyhedron is generated by the icosahedron by subdividing into three
parts each edge of its original faces. (Kenner 1976)
For the final dome configuration, 165 struts (of eight
different lengths) and 61 node joints (of nine types,
in four-, five- or six-strut arrangements) were fabricated; typical strut consisting of a circular steel tube
(26,9dia.x1.5mm) and typical node joint produced of
steel plates (4mm thick). The secondary inner structure outlines a hemispherical frame for the 145 luminaires, arranged after Tregenza (1987)’s model for
sky luminance distribution.
This article refers in detail to the primary
bearing geodesic dome of the installation; the
secondary system and lighting system are not
addressed.

THE PROJECT AS REALIZED: AN EFFECTIVE, YET INEFFICIENT, PROCESS
In the actual project (Vrontissi 2009), digital technology was used to:
•• Provide diagrammatic sketches on possible alternatives at the conceptual phase
•• Define exact geodesic configuration and extract geometric data
•• Design the dome elements (design of node
joints and definition of strut lengths)
•• Share the design output with the manufacturer
•• Decide on the assembly sequence
Preliminary design
While a geodesic dome seemed the apparent solution for the bearing structure, preliminary studies
proved difficult the task of directly relating the lighting pattern with a geodesic one. Alternatives were
considered and discussed based on diagrammatic
digital models, generated with conventional 3dmodeling software, open source (Blender) or proprietary (AutoCAD and 3ds Max), to finally support the
decision for a hybrid structure consisting of a bearing geodesic dome combined with a secondary inner structure for the lighting installation.
Design development - defining the geometric
configuration
Initial studies focused on geodesic principles
(Fuller 1975; Tarnai 1996; Wong 1999) and constructional complexities through physical models,
while design development was based on digital
models.
Figure 1
Plan, elevation and section
of the artificial sky lighting
installation
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Application specific software tools (namely Cadre Geo [2]) was tried out to define the geometric configuration of the geodesic dome and extract the related geometric data. (Fig. 2) Input included selection
of base polyhedron, sphere radius, geodesic class and
frequency, as well as definition of zenith and cutting
plane. Output, in the form of tables or 2d-drawings
and diagrams (in .dxf format), contained information
about overall quantities and identity (absolute and
type related) of vertices and edges, as well as specific
data for each edge (‘strut’: type, length) and vertex
(‘hub’: type, amount and identity of neighboring vertices, as well as angles in section and relative angles
between neighboring vertices in plan). (Fig. 3)

parts), as well as manufacturing and assembly constraints (cutting, folding, piercing and processing
capacities of available machinery). (Fig. 4)
This proved to be a rather laborious task, tedious, yet exceptionally demanding, as the 3d-modeling of each node joint, though following the same
routine, was performed separately, while additional
cross-checks had to be performed periodically to
ensure consistency of the design of all elements and
optimization of the construction process (i.e. to identify the ‘critical node’ from which the design of all
nodes was to be derived, to readjust the geometries
of node joints, to calibrate positioning of holes and
strut lengths in order to ease strut fabrication).

Design development - design of node joints
Several alternatives for the joint configurations were
studied on full-scale mock-ups before the digital 3dmodeling of the node elements was finalized.
Once determined, the geometric output was
imported in conventional 3d-modeling software
(Autocad) and a set of the actual 3d-models of all
node joints was produced, informed by structural
and material input (strut diameter, bolt types, thickness of steel for plate connectors and strut end

Fabrication process
While a file-to-factory approach was envisioned, directly using the set of 3d-models of the node joints
for production, further modifications were needed
in order to translate the design output to fabrication
data. Given the specifications of the available facilities, tables (for strut lengths), 2d-drawings (of the
node joints and strut end elements) and accompanying diagrams (with folding directions) were necessary for fabrication.

Figure 2
Studying geodesic geometries
in relation to the resulting
amount of different strut
lengths and node types

Figure 3
Defining the geometric
configuration using Cadre
Geo: input screen, output
table (overall data) and hub
diagram
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Figure 4
Typical design process for
the 3d-modeling of the node
joint including construction
optimization steps

The 3d-model of each node joint was unfolded
to a 2d-drawing to be sent to the fabricator for the final pieces to be cut, pierced and marked (with type
and orientation) as indicated on the 2d-drawing and,
then, folded as instructed by the accompanying diagram.. At the final stage, all pieces were meticulously
hand-tagged and arranged by type, based on the explicit inventory of the initial geometric output. (Fig. 5)
Assembly
The assembly of the geodesic dome - extensively
tested on physical models at first - was cautiously designed, based on the recurring geometric patterns;
the geodesic dome being basically composed of five
identical sectors.
Further editing of the digital material was needed in order to explore the geometric patterns of the
geodesic structure and decide upon the assembly
sequence. Three elements (Fig. 6) were of crucial importance for the assembly process:

••

••

••

the overall 3d-model of the dome, composed
out of the, so far, individual 3d-models of the
node joints, mapping (by color indexing) different types of struts and nodes within the overall
figure, in order to display in a self-explanatory
way the geometric patterns
the catalog and individual 2d-diagrams for every type of node joint, containing information
about node type, quantities, orientation and
type of neighboring struts
the actual marking of node type and orientation on the node pieces

The actual mounting of the geodesic structure, the highlight of the workshop, was smoothly performed in a day (five working hours!) by a
crew of fifteen students. Starting from the base,
mounting was performed by level, adding five
identical pieces or geometric entities in each
step. (Fig. 7)
Figure 5
Typical fabrication process
and preparation for assembly
for node joints
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Figure 6
Extra tools used in the assembly process: indexing of
dome elements (model, catalog, diagram) and individual
marking

Figure 7
Assembly process of the geodesic dome, performed in sets
of five, based on the recurring
geometric patterns

Comments
In this first approach, digital tools allowed the investigation and precise representation of geodesic
geometries, otherwise difficult, if not impossible,
through mathematic constructs, or of low precision
through physical models.
Although the design approach was universal
and similar process was used for the design of all
pieces, each element had to be modeled individually from scratch, locally defined and then globally
transferred, in an effective, yet inefficient, process,
requiring an enormous amount of effort and time

for a large series of, otherwise, repetitive tasks and
control-checks.
Furthermore, the approach was quite fragmented, for different parts of the design development, as
well as for different steps of the whole process. Five
discrete tasks, each one using a different set of digital tools, could be identified : overall geometric configuration, design of dome elements, overall dome
design, fabrication, assembly; some of them progressing simultaneously, some requiring a fixed input from a prior stage and some partly overlapping.
It was a laborious, not to mention problematic, task
Generative and Parametric Design - eCAADe 29
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to transfer information across different tasks and
software applications; the Cadre Geo tables or 2ddiagrams (containing geometric data), the Autocad
catalog of (construction aware) 3d-models or (fabrication ready) 2d-drawings, the Autocad and 3ds Max
overall 3d-model of the dome structure (for assembly purposes).
Finally, while the intrinsic characteristics of the
geodesic structure allowed separation of tasks, this
method forced to finalize certain decisions at a certain point of the process, which in turn allowed for
limited changes, interactions or explorations during
the design process.

THE PROJECT ‘REVISITED’: PROPOSING A
DYNAMIC INCLUSIVE MODEL
Design development
The design development, for the geometric configuration as well as for the individual design of the elements and the overall design of the dome, is based
on a sole 3d-model. This inclusive model contains
geometric, structural, material and manufacturing
input and constraints and can inform design, fabrication and assembly processes, allowing for dynamic
manipulation and control of parameters at any given
time; thus, reconfiguring in real time the design, as
well as the related processes.
In a work in progress employing contemporary
tools and techniques, generative modeling software
(namely Rhino 3d) using a graphic algorithmic editor (Grasshopper 3d) is tried out in an effort to ‘reengineer’ the design process and allow for a parametric
approach. Theoretical studies [3] and existing tools,
such as the StructDrawRhino [4] [5] [6] plug-in (from
Geometry Gym) were considered in order to come up
with a relevant definition. The final definition, generating a controllable geodesic topology is derived from the
Geodesic Sphere definition [7] by D.Piker (which generates geodesic curves, therefore, not suitable as it is). All
intersections of a tesselated face of the icosahedron are
projected on a sphere, generating at first the equivalent
set, and then, by revolution, the whole of the vertices of
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the geodesic dome. (Fig. 8) Further modifications are set
up to extract the edges and introduce a cutting plane. Input includes sphere radius and geodesic frequency (the
base polyhedron and the geodesic class are predefined),
while output is generated in the form of a 3d-model of
the geodesic geometries. (Fig. 9)
The definition is extended in order to generate
the 3d -models of all geodesic elements (node joints
and struts). Parameters include structural and material input (strut diameter, bolt types, thickness of
steel for plate connectors and strut end parts), while
manufacturing and assembly constraints are uniformly embedded and cross-checks are automatically performed. (Fig. 10) The structure is populated, as
routines are automatically repeated for all elements;
the progressive design of all node joints and struts
is gradually performed, so is the characterization of
elements by type. (Fig. 11)
Fabrication
The parametric approach doesn’t affect the fabrication process if the same facilities are to be used. An
unfolding routine can be added to the definition in
order to produce the necessary 2d-drawings for the
fabricator; however, the model would still not contain all necessary information for fabrication.
Assembly
Regarding the assembly process, the proposed approach provides the basis for studies of geometric
patterns and assembly sequence; however, in this
case also, further editing is needed for adequately
mapping, indexing and cataloging different types of
elements.
Comments
The potential of parametric methods and tools was
already evident from the initial process. A parametric approach, in the design development phase in
particular, could effortlessly substitute for a series of
tedious repetitive tasks (namely drafting and crosschecking) performed manually and individually for
each element.

Figure 8
The Grasshopper definition- part I: generating the
geometric configuration of the
geodesic dome

Figure 9
Several geodesic configurations (5V, 4V, 3V, 5/8 3V, 4/8
modified 3V) generated from
the initial definition

Figure 10
The Grasshopper definition- part II: design of typical
node joint

Figure 11
The Grasshopper
definition- part III:
progressive design of all
nodes and struts is performed
automatically, so is the
characterization of elements
by type
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However, the real advantage of this approach
is the generation of a sole, yet inclusive, dynamic
model (Fig. 12) that allows interaction between the
top-down geometric exploration (related to programmatic requirements) and bottom-up construction investigations (in relation to structural, material,
fabrication input and necessary output); therefore
adding constant flexibility to the design and introducing a non-linear design process.
A more sophisticated process (in terms of mathematical knowledge of geodesic geometries) would
be needed in order to effectively generate an efficient set of data equivalent to the explicit counterpart produced by the application specific (for geodesic structures) software, which proved vital to the
logistics of the project and the assembly process. A
further challenge would include the potential to embed such an input within the 3d-model in order to
inform directly the assembly process (i.e. each piece
carrying an individual identity and marked with
data, such as type and orientation, necessary for the
assembly process).

In regards to fabrication, the real potential of
the tool could be explored if different facilities were
available, in order to take full advantage of the digital work flow from design to manufacturing, using intermediary scripting methods to directly transfer the
information from the 3d model to the cutting table.

CONCLUSION - FURTHER DEVELOPMENT
The successful implementation of this project, initially confirmed in the assembly process, and then
demonstrated in the first trials of the artificial sky
installation, provides positive evidence about the
skills and competences that can be nurtured in an
educational framework.
Digital tools proved to be crucial in the design
and manufacturing of this project, by providing
the means to study, design, construct and assemble a non-rectilinear geometry. Furthermore, the
parametric approach provides the means not only
to further facilitate the design process, but also to
allow the exploration of variations of this geometry,
by dynamically informing the design process with
Figure 12
The Grasshopper definition: a
dynamic inclusive tool
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topological, as well as material, structural, fabrication and assembly input.
While the use of digital fabrication methods
and tools has been largely discussed in recent
years, as renewed interest in material, structural
and environmental performance has emerged (Oxman and Oxman 2010), examples that focus on
the parametric generation of construction aware
architectural geometries are still limited, especially
in the case of structures with discrete connection
components, even more in architecture education
(Pottmann 2010).
In the design of non-rectilinear forms in particular, current discourse in professional and research
practice addresses issues related to geometry and
manufacturing (i.e. tesselation problems), as well as
technological studies (i.e. design of nodes). The design of nodes in geodesic structures, or, more generally, in space-frames (Gerrits 1998; Chilton 2000;
Makowski 2002), has been repeatedly discussed in
the past and is still open to discussion, while the issue of solving a node universally defined, yet locally
refined, remains of crucial importance. In this direction, this work in progress, addressing a structure
that has discrete connection elements, and attempting to include their design within the parametric
model, remains of relevance.
While no specific contribution is attempted as
far as the digital fabrication process per se is concerned, interesting remarks are drawn in relation
to the need to embed information related to the
assembly process and the logistics of the process
within the parametric model; parameters that are
often left aside to be dealt at a later stage or through
separate tasks and tools.
Furthermore, in the case of artificial skies in
particular, associative geometry strategies and
tools could be explored to investigate possibilities of combining geodesic patterns with patterns
modeling sky luminance and resulting arrangements of luminaires (Yoshizawa et al 2008), in order to avoid the interfering secondary structure
for the lighting installation.
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Abstract. A system is presented to support the designer in creating custom versions of chairs
within a predefined design language using Thonet chairs as a case study. The system consists
of parametric models based on shape grammars linked to structural analysis to provide an
integrated generative process for mass customization in the furniture industry.
Keywords. Thonet; furniture design; finite element method; parametric design; mass customization.

INTRODUCTION
The term mass customization (Davis, 1987) refers to
transformation processes that occur across industries to provide product variants to meet individual
needs. While there are different theoretical frameworks to comprise mass customization (Pine, 1993;
Zipkin, 2001) it is consensual that, in order to become effective, the transformations must be based
on the use of flexible manufacturing systems (FMS),
computer-aided design (CAD) and computer-aided
manufacturing (CAM). The goal is to design a product through direct contact with the future user and
produce it quickly at low cost.
In the furniture industry, the transition from
mass production to mass customization has two
main directions (Skelstad et al, 2005): custom
standardization and tailored customization. As the
authors defined, in the custom standardization
framework products are designed based on modular product architectures. They become flexible as a
system of interchangeable components. Users communicate with the company and select products
features interacting with online configurators. By the
use of these tool users are able to participate in the

customization process by defining their individual
solution out of a list of options and predefined elements. When the configuration process is concluded, the product is assembled and delivered.
In tailored customization framework products
are designed with the use of parametric models and
produced by flexible manufacturing systems, such
as CNC machineries. Pre-defined design elements
like connection between parts are standardized. Users are able to participate in the definition of final
design using online configurators or direct contact
with the supplier. When the configuration process is
concluded, the product is produced and delivered.
The use of digital design tools has redefined the
role of the designer as they provide new ways of embodying complexity in the process by changing the focus of its methods from design to production (Martegani
e Montenegro, 2000) Digital design tools have changed
from simple representation tools to intelligent environments in which designers are able to generate and evaluate solutions based on predefined algorithms. Oxman
(2005) declares that the redefinition of the designer’s
role includes the designer as a tool builder.
Generative and Parametric Design - eCAADe 29
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This paper presents the current stage of an ongoing doctoral research related to the development
of an automated system for generating and analyzing custom-made chairs. The computational design
system is intended to enhance the conceptual exploration of solutions by the designer within a given
design language, while assuring structural stability
of the chairs.

METHODOLOGY
The present research is intended to study the implementation of mass customization processes in industrial design. It aims to produce knowledge that
enables the use of a digital design process, providing
the designer with a wider control over the variables
implied in the design and fabrication of customizable furniture. There research includes two main
phases: the study of an existing design style to generate new designs while maintaining the style’s characteristics; and the transformation of the language
in order to create new design styles. The first phase
includes the following stages: (1) the inference of
a shape grammar for Thonet chairs; (2) the coding
of the shape grammar into a computer program as
a parametric model; (3) rapid prototyping of chair
designs to fine-tune the parametric model; (4) linking the parametric model to analysis software to
assure structural stability of the output; and (5) the
production of real size chairs. The current focus is on
the transformation of the grammar into a parametric
model, the fine-tuning of the system, and the use of
finite element methods (FEM) to analyze the generated chairs for structural stability.

THONET CHAIR DESIGN GRAMMAR
Thonet chairs were created in the 19th century by
the German-Austrian chair-maker Michael Thonet
who developed a series of pioneering processes
for bending beechwood frames to make chairs. The
mass production efficiency of the chair making process, the reduced number of components, the ability
to be transported in flat packaging, the functionalism of the structure, the lack of ornamentation, and
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the modular product architecture were important
features that lied behind the success that Thonet
chairs enjoyed at the time. Thonet developed a
modular product architecture based on the use of
standard elements combined with different veneer
colors and coating materials for the seat. This consistent approach guaranteed formal similarity across
models, establishing a distinctive design language.
In the previous step of the research, the shape
grammar formalism (Gips and Stiny, 1972) was used
first to capture the rules of formal composition of
Thonet’s design style and then to generate new designs through creative application of the same rules.
The definition of the shape grammar schemata was
based on a simplified representation of the backrest
structure—frame and inner area, because its design
was considered key to the definition of the Thonet
design language. The simplified representation is
similar to the one used by Terry Knight for Hepplewhite chairs (Knight, 1980) and it was obtained by
abstracting curves into rectilinear lines and representing just half of the backrest structure due to its
symmetry properties. The shape grammar for Thonet
design style has been described in a previous paper
(Barros et al., 2011).

DIGITAL DESIGN PROCESS
With the goal of developing an automated system
for designing and producing mass customized
chairs, the Thonet grammar was implemented in
the computer. The goal is twofold: to assist the designer in exploring of solutions within Thonet design
style; and to produce information for computer assisted manufacturing. The example shown in figure
1 depicts key steps in the development of the automated design system: (1) use of a sample of original
Thonet chairs designed in the 19th century to infer
the grammar; (2) definition of shape grammar schemata; (3) conversion of shape grammar’s labels into
percentage values to allow for computer implementation; and (4) an use of the parametric models to
generate existing and new chair designs within the
predefined design style.

The literature already includes several studies on
the computer implementations of shape grammars,
such as the ones by Tapia (1999), Wang and Duarte
(2002), and McCormack and Cagan (2002) to name
just a few. A shape grammar interpreter is a computer program that is able to recognize in the current
design shapes that are similar to the ones on the lefthand side of grammatical rules and then substitute
them by the shapes on the right hand side, thereby
computing designs according to the grammar. A
system like this provides a quick way of presenting
the designer with design alternatives, allowing him
or her to focus on creative aspects of design (Tapia,
1999). However, as previous studies on the development of shape grammar interpreters confirm, such
implementations require a large amount of coding
to overcome complex problems linked to shape representation, recognition, and computation, even in
the case of simple 2D, rectilinear shapes. The current
study involved curvilinear lines and surfaces, which
increased the complexity of the implementation, let
alone the coding of information linked to FEM and
CAM and the development of a user-friendly interface, which constituted important requirements in
the effort to create an effective design support tool.
Parametric design models, on the other hand,
are an alternative paradigm that can be implemented using commercial parametric software packages.
In this case, the designer establishes constrained
relationships between parts of the model that are

capable to provide variations when assigning different values to dimensional parameters (Monedero,
1997). The model becomes a reconfigurable set of
algorithmic relations created by the designer. When
compared to a shape grammar, a parametric model
presents some important limitations. It does not
support shape embedding and designs are not created by the recursive application of rules, which sets
limits for topological variation. Although the parametric model is a more pragmatic strategy, the goal
of assisting the designer in the conceptual phase by
enabling the exploration of design alternatives within a given style may be still fulfilled.
For the reasons just explained, it was decided
to encode the Thonet design grammar by converting it to an equivalent parametric model, using the
parametric capabilities offered by CATIA. Because
the grammar rules yielded families of chairs with different topologies, it was necessary to convert it into
more than one parametric model. Each of the parametric models was saved in a specific *.CATPart file.
Parametric models
The Thonet chair design grammar (Barros et al.,
2011) was based on a rectilinear simplification of the
curvilinear designs. The implementation of the parametric model in CATIA followed the shape grammar
rationale, which means that it was necessary to convert the simplified rectilinear representation back
into a curvilinear representation to obtain 3D digital

Figure 1
Overview of the steps to
encode Thonet chairs design
style into parametric models
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models of the chairs. The structure of parametric design model is, therefore, composed of two parts: a
rectilinear wireframe model linked to a curvilinear
representation. (Figure 2)
The rectilinear representation of the chair’s
backrest, as well as points defining the position of
the seat and rear legs, is set on a vertical plan. Grammar labels defining the position of control points are
encoded as integer percentages of the lines’ length.
Geometric and topological relations between parts
of the model defined in the grammar are encoded
as parametric equations in CATIA, establishing the
logic of the reconfigurable model. The wireframe
geometry points set on the vertical plane are projected onto three parameterized planes representing the top part of the backrest, the side and inner
backrest area, and the rear legs. These projected
points become control points for 3D splines linked
to circular cross-sections, which are used to generate the surface model geometry. The curvature of 3D
splines’ is constrained to comply with Thonet style.
To achieve proper instrumentation of the geometric
and algorithmic relations set in the model, parameters are exported using CATIA’s design table feature. This feature creates an Excel spreadsheet that
contains the model’s dimensional parameters, which
completes the definition of the reconfigurable parametric model.

To create a custom version of a Thonet chair
the designer has to: (1) select a parametric model
and the corresponding Excel spreadsheet; (2) assign
values to the parameters in the spreadsheet; and (3)
update the CAD model with the selected version.
Figure 3 shows custom Thonet chairs generated by
the parametric models.
Rapid prototyping
According to Sass and Oxman (2005) rapid prototyping can be used as part of the creative process with
the goal of materializing, refining, and evaluating
design ideas. Similarly, the research methodology
considered the use of rapid prototyping to produce
physical models directly from the digital output of
the parametric design implementation, thereby offering a tangible representation of the outcome. The
goal was to debug, fine-tune, and provide additional
insights into the grammar and its parametric design
implementation.
The specific technique used to produce the
models was 3D Print by ZCorp (Figure 4) Despite
the monolithic materialization, the use of rapid prototyping provided significant knowledge to detect
errors in the digital design procedures and refine
the parametric design model. The errors detected
with the physical models permitted to improve the
following issues: (1) the parameter of the backrest
Figure 2
Internal structure of the parametric design models: rectilinear wireframe model linked
to curvilinear representation.
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Figure 3
Custom-made Thonet chairs
generated by the parametric
models.
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height was limited in order to produce chairs concordant with Thonet design style; (2) the parameter
between the projection planes for the top and inner
areas of the backrest were refined; and (3) the outside beech frame cross-section was limited to values
that could be manufactured by steam bending production methods.
The use of rapid prototyping is foreseen in the
final digital design process envisioned for the mass
customization of Thonet chairs, as a way of conveying designs to future users before proceeding to real
size manufacturing.
Structural Analysis
The purpose of the envisioned digital design process
is the production of real size custom-made Thonet
chairs. It is, therefore, important to guarantee that
the chairs output by the parametric model are structurally sound. To accomplish this goal, structural
analysis using a finite element method (FEM) was
integrated in the digital design process. This was
performed using the Generative Structural Analysis

(GSA) module of CATIA, the same software used for
developing the parametric model, which avoided
the need for data conversion between the computer-aided design and computer-aided engineering
steps of the process. This was efficient as parametric models could be imported to and updated in the
GSA module to be analyzed.
To perform structural analysis in the digital environment, it was decided to simulate the scenario used
in physical testing, namely, the international standard
procedures to determine the structural resistance of
domestic chairs (ISO, 1989). As such, the various elements used in this standard test were integrated in
the parametric models: loading pads were modeled
and parametrically constrained to the geometry of the
chair; beech was defined as the material; and loads and
mesh resolution were defined in the GSA module, completing the description of the digital model.
The reference value of design resistance for
beech was calculated with the following standardized criterion (Porteous and Kermani, 2007), expressed as:
Figure 4
Rapid prototyped models of
custom-made Thonet chairs
generated by the parametric
models
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Rk
Rd = k mod
γM
Table 1
FEM results for Thonet-like
nº14 chairs

(1)
where kmod (0,6) is a modification factor that
takes into account the effect of load duration, γM
(1,3) is a factor for material property and resistance
at the ultimate limit state, and Rk (46 MPa) is the
standard value of beech’s compressive yield strength
parallel to grain. The Rd taken into account for the
simulation tests were 21.2 MPa.
The mechanical behaviors of chairs were examined with the von Mises stress (von Mises, 1913) and
the structure’s displacement (Figure 5).
In table 1 are shown FEM results from structural
analysis namely, the maximum amount of stress in
the critical area of the connection between the backrest and the seat and the structure’s displacement for
chairs with profile sections varying from 27 mm to
32 mm. Results confirm the resistance of a standard

Thonet chair with an outer beech frame diameter of
30 mm. The limit of rupture occurs with a force of
462N assigned to the backrest frame.
Ouside beech
diameter (mm)

Von Mises stress
(MPa)

Structure displacement (mm)

24.7

9.85

28

20.7

8.51

29

19.8

7.62

30

18.1

6.92

31

16.6

6.17

32

15.7

5.45

27

Further tests were made with different design
solutions generated by the use of parametric models. Results revealed that some solutions needed to
be refined in order to comprise the mechanical behavior within the limits of international standards.
There were tests in which the variation of 1-2 mm in
the outside beech diameter was sufficient to guarantee the fulfillment of ISO standards.

Figure 5
FEM analysis: Von Mises
stress, structure displacement
and mesh definitions
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To generate chairs whose performances are
within the ISO standards it will be necessary to develop an automated mechanism to search for optimal solutions within the constraints set by aesthetic
and functional goals. This will be the subject of future research.

CONCLUSION
An overview of the research context suggests that
the use of digital design tools and design for mass
customization may redefine the role of the furniture
designer. It opens new dimensions for the study of
design methods as the convergence of interdisciplinary practices becomes effective.
The initial setup of parametric models is more
time consuming when compared to traditional digital modeling. Nevertheless, the procedure leads to a
closer relation with both the details and the effects
on the overall shape of the product. The fine-tuning
of the parameters is an iterative process similar to
shape refinement in traditional digital modeling.
The initial time setup is overcome with the increased
potential for reconfiguration. Parametric models
have shown to be effective in assisting the designer
in generating custom versions of chairs within a predefined language.
Physical model making enables a tangible relation between the designer and the object. In the
particular context of this research, rapid prototyping
of solutions at an intermediate stage of the process
provided information useful to refine the parametric
models and promoted a critical assessment of shape
attributes. In the final envisioned digital process,
rapid prototyping may promote a higher awareness
of design to manufacturing issues in the process of
chair design.
There are few applications of FEM in early stages of furniture design (Olson et al., 2004) The use of
FEM stimulates new dimensions for collaboration
between design and engineering and expands the
capacity for controlling aspects pertaining to each
field in an integrated way during the design process,
from design to production.
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The next research phase will be concerned with
coupling structural analysis with optimization algorithms to generate customized chairs with increased
performance. Subsequent work will address the
creative transformation of the Thonet design grammar to create new design languages; the production
of real size chairs; and the design of an user-friendly
interface.
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Abstract. This research paper presents a specific understanding of the relations between
parametric modelling activities and architectural conception activities. Our main question
is: Can we make a distinction between cognitive operations of parametric modelling and
cognitive operations of architectural conception? To shed light on this question, this paper is
leaning on analyses of some uses of the parametric modeler Digital Project. The cases studies
are students’ projects from two Architecture Studios: the Cross Over Studio of the Universität
die Angewandte in Vienna; and the Studio P9 Digital Knowledge of the Ecole Nationale
Supérieure d’Architecture de Paris Malaquais in Paris. Our main result is the observation
of a distinction between cognitive operations of parametric modelling and cognitive
operations of architectural conception. The distinction of these two kinds of operations leads
at questioning the relation between them. We have questioned these relations in terms of
induction from one to another. But some interesting merging of these two kinds of operations
appeared also.
Keywords. Architectural design; parametric modelling; expressing relationship; Teaching;
Digital Project.

INTRODUCTION
Parametric modelling is more and more used in
Architecture offices (Kolarevic, 2003; Burry, 2010;
Woodburry, 2010; Kocaturk, 2011). These uses of
parametric tools are supported by a numerous and
proactive community (Smart Geometry [1], Smart
Solutions Network [2], etc.). All the skills and innovative behaviors developed seem to be really rich
for the architectural practices. However, we can
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interrogate ourselves about the way parametric
modelling supports architectural design and could
support it better.
To understand how parametric tools could
support architectural design, we make the hypothesis that questioning relations between parametric
modelling activities and architectural design activities may be relevant. Knowledge products by such

interrogations could improve the teaching of parametric modelling to architects. This paper aims at
exploring the uses of parametric modelling in architecture on purpose to identify some of the cognitive
mechanisms implicated. The main question of this
research is: Can we make a distinction between cognitive operations of parametric modelling and cognitive operations of architectural conception?
To shed light on this question, this paper is
leaning on analyses of some uses of the parametric modeler “Digital Project” (DP) [3][4]. The cases
studies are students’ projects from two Architecture
Studios: the Cross Over Studio [5] of the Universität
die Angewandte in Vienna; and the Studio P9 Digital
Knowledge [6] [7] of the Ecole Nationale Supérieure
d’Architecture de Paris Malaquais in Paris.
Three parts constitute this paper: 1-the theoretical background of the study; 2- a description of the
methodology and some chosen cases; 3- the main
results of the research.

BACKGROUND OF THIS STUDY
Parametric modelling
Parametric modelling is a representation first developed for industrial design. This kind of representation aims at building an informed and constrained
model (Maculet, 2005). Elements which constitute
the model (lines, points, variables, functions, etc.)
are associated into graphs thanks to attributes (geometrical, numerical, positional or relational) (Barrios, 2007). When an element is modified, algorithms
propagate the constraints in the entire graph to update the model (Woodburry, 2010). This representation allows a very high control of the geometry (Burry, 2011). It requests from the designer an explicit
definition of his geometry, on purpose to control it
and its potential transformations (Aish, 2005). Parametric modelling requests geometry and computer
sciences skills (Woodburry, 2010).
Parametric modelling is the object of a lot of interesting researches. These researches tackle different focuses of the parametric modelling: technical

potentialities (Aish, 2005); roles in the design process (Gane, 2007); innovative practices (Burry, 2010;
Kolarevic, 2003); and so on. Several approaches interrogate the way that parametric modelling supports architectural design and could support it better (Qian, 2007; Marques, 2007; Woodburry, 2010)
among others. But questioning parametric modelling through the cognitive activities of conception
and modelling is a rarely used focus.
Questioning parametric modelling uses in/for
architectural design
This research paper aims at providing a specific understanding of the relations between parametric
modelling activities and architectural conception
activities. On this purpose, this research introduces
a theoretical distinction between “cognitive operations of parametric modelling” and “cognitive operations of architectural conception”.
The “operations of architectural conception” are
the cognitive operations made by a designer when
he gives measure to a designed object (Boudon,
1994, 2004; Lecourtois, 2011). These operations may
be, for example, orienting an access in function of an
urban context, dimensioning volumes of a building
according to the desired impact on the landscape,
etc (Boudon, 2004). The “operations of parametric
modelling” are the cognitive operations made by a
designer when he constitutes a parametric model.
These operations may be: choosing a parameter; determining a geometric method to construct an object; associating some data and a feature; and so on.
Studying all the operations of parametric modelling is not the purpose of this study. This article
aims at identifying some of the “parametric modelling operations” which are specifically mattered with
“linking up” actions. According to Hugh Whitehead
(Woodbury, 2010. p.1) “the first requirement [for
parametric modelling] is an attitude of mind that
seeks to express and explore relationships”. In this
paper, we are specifically studying the operations
which “express relationships” in parametric modelling. These “linking up” operations can be actions
Generative and Parametric Design - eCAADe 29
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like: joining together different variables; linking a
function with external data; associating constraints
with geometries; and so on.

CASES STUDIED
Description of the gathered data and the analyze methodology
The cases studied are students’ projects from two Architecture Studios: - the Cross Over Studio [5] of the
Universität die Angewandte in Vienna; - and the Studio Digital Knowledge [6] [7] of the Ecole Nationale
Supérieure d’Architecture de Paris Malaquais in Paris.
These Studios happened during the fall-winter semester 2009-2010. During the studied semester, the teachers of the CrossOver Studio were: Kristy Balliet, Justin
Diles (Studio Lynn), Robert Neumayr (Studio Hadid)
and Niels Jonkhans (Studio Prix). The teachers of the
Digital Knowledge Studio were: Christian Girard (Atelier
d’Architecture Christian Girard), Philippe Morel (EZCT)
and Pierre Cutellic (Gehry Technologies Europ). All students have completed the same DP training. They have
been trained by the same team from Gehry Technologies Europ [3]. Modalities of the training have also been
identical: a one-week intensive workshop at the beginning of the semester and some sporadic courses and
interventions along the exercise. For both Studios, the
pedagogical finality was the architectural design and
not the exclusive learning of the software DP.

The gathered data of this study are composed
with parametric models, final representations of the
projects and half-leaded interviews of some students. These data are analyzed with the help of one
of the methods of the “Applied Architecturology”,
developed by C. Lecourtois [8]. This method “give
tools to analyze cases from the same postulate that
corpus can be read as composed with “indicial signs”
of operations of conception” (Lecourtois, 2011). In
this framework, representations of the projects and
discourses made by architects are studied as tracks
(“indicial sign” in Charles S. Peirce’s meaning) of cognitive operations of conception and/or modelling.
We propose here short descriptions of three
cases, two from the Cross Over Studio and one from
the Digital Knowledge Studio. The study leans on the
analyses of all the student’s projects. However, we
consider these three cases as the most representative of this study and its results.
Cases 1 “Pavilion”, Philipp Hornung [Cross Over
Studio, Vienna]
This project is made of an organization of volumes
and surfaces into a hierarchy (figure 1). The composition distinguishes a main space, independent and
close. Through the question of the “linking up” operations, we can observe that the parametric model
is constituted of: 1- an organization of proportional
dimensions between three volumes; 2- a topological
Figure 1: Final representation of the Case 1 (source:
Philip Hornung)
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construction that links the floor and the roofing into
a folding surface for each volume; 3- a hierarchy of
the volumes and their dimensions dependently to
the human scale and to the functions planned. This
parametric model (figure 2) defines a domain of
geometric issues, where the designer can explore
different alternatives. From these potentialities, the
student is designing and refining an instance “pavilion” (figure 1).
The figure 2 is a picture from the studied parametric model. On this picture, we distinguish the
three surfaces which are “folded” on purpose to organizing different spaces. The red “box” is the main
space of the project. This box is the parameter which
helps to build the analogue folded surface, but it is
also the parameter which helps to measure the other
spaces. Moreover, we can see a kind of basic “human
character” which gives a scale to the model; and an
urban drawing which indicates some information
about the position of the pavilion. Actually in the
parametric model, we can simultaneously see two
kinds of elements: - elements which constitute the
project (the folding surfaces); and - elements which
have supported the design (the schematic “box”, the
human character and the urban drawing).
Here, it seems that some elements of the parametric model, as the character and the urban drawing are only representations which follow “already
done” operations of architectural conception. For

example, the implantation of the pavilion has been
designed according to some elements of the urban
context: on purpose to having a desired effect in the
public space and some specific openings towards
visitors’ influx. Yet, in the parametric model, the urban drawing is not used to define this implantation.
The urban drawing and the volumes are independent: when the urban layout is modified, the orientation of the model is not actualized. Here, the operation of architectural conception might be autonomous from the operation of parametric modelling.
Besides, there is an architectural design operation which aims at associating the height of the
main space with the human scale. The human scale
is represented in the parametric model through a
human character. As well as before, these two operations are dissociated. The modeled character aims
at supporting the visualization of the scale, but the
link between height and human scale is not automated. Here, we can question the design: maybe “Le
Corbusier” would have automated the link between
a “modulor” character and the height of the spaces?
We can see in these two operations (positioning the volumes in the urban context and measuring the volumes dependently to the human scale)
that the architectural conception firstly happened
for the student. Parametric modelling has followed
some operations of architectural conception already chosen.

Figure 2: Representation of
the DP model of the Case 1
(source: picture proposed
by the authors thanks to
the model made by Philip
Hornung)
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Otherwise, in this case some operations of architectural conception seem to be merged with parametric modelling operations. Thus, the operation of
architectural conception which aims at associating
the dimensions of the three spaces together is also a
parametric modelling operation. Similarly, the architectural design operation which matters with the continuity between the floor and the roofing is associated
to the parametric modelling operation of drawing the
folding surface. In these two examples of operations,
there is no induction from one kind of operation to
another, but the operations are intricate.
Cases 2 “Les particules en actions”, Hugo Houplain and Constance de Batz’s [Studio P9 Digital
Knowledge, Paris]
This project proposes a built installation, which is a
kind of structure (figure 3). From the point of view
of the “linking-up” operations, the structure is determined by: 1- a wireframe which constraint the

global volume by boundaries and by parameters
which determined the number of points and levels
(figure 4-2), 2-some geometrical constraints that
link vertical and horizontal elements (figure 4-1);
and 3- a global reaction to an attracting point (figure 4-3). Then the “structure” had been completed
with constructive details in purpose to produce the
mock-up (figure 3).
This “structure” is definitely abstract: different
applications can be imagined but are not developed
by the students. Thus, we can imagine this structure
as a building one (with columns and levels), but also
as a furniture one; and so on. An instance of the
structure had been realized in a mock-up.
Let’s observe some of the “linking-up” operations from which the wireframe is produced in the
parametric model. The operations of parametric
modelling define a network of points by linking up:
- a horizontal plan; - four vertical segments; - one parameter which define the number of level; and - two
Figure 3: Mock-up of the
Case 2 (source: picture made
by the authors of the Hugo
Houplain and Constance de
Batz’s project)

Figure 4: Representations of
the DP model, 1- Component
which link vertical and horizontal elements; 2- Case of
the wireframe; 3- A reaction
to an external “attracting”
point (source: Hugo Houplain
and Constance de Batz)
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parameters which define the number of division for
each level (u, v) (figure 4-2). These operations are in
relation with architectural design operations. Indeed
the obligation of a horizontal plan, the alignment of
the points and the thickness of the components depend of technical issues. Thus, the regularity of the
network of points depends of a geometrical choice.
In this case, operations of parametric modelling
seem to be first and almost autonomous. Students
seem aiming at building a model the more abstract
and reusable as possible. For example, we can imagine many other architectural design operations
that could follow this parametric model. We can
imagine a reaction of the structure to an attracting
point in purpose to modulate an elevation; to have
more or less luminosity; etc. Vertical boundaries of

the wireframe can be instantiated dependently to an
urban context; or to a specific use; etc.
Cases 3 “Radical Production”, Adam Orliensky,
Daniela Kroehnert [Cross Over Studio, Vienna]
Like in the case 1, this project proposes a Pavilion.
This pavilion is constituted by surfaces which organize spaces. On these surfaces, a component is
repeated dependently to different orientation and
implantation parameters (figure 5).
The surfaces which constitute the pavilion
have been designed thanks to a physical model. It
seems that the drawing of these surfaces is mostly
linked to the urban context: the orientations of
the existing buildings and the pedestrian influx
in particular are determining variables. The urban

Figure 5: Final representation of the Case 3 (source:
Adam Orliensky, Daniela
Kroehnert)

Figure 6: Representations
of the DP model, Case 3
(source: Adam Orliensky,
Daniela Kroehnert)

Generative and Parametric Design - eCAADe 29

535

context is not represented in the DP model (figure
6). We can imagine that these operations of architectural conception were supported by physical
models, sketches and plans.
The idea of the students was to propagate
a same simple component on these surfaces. By
modifying the orientations of these components,
the students wanted to produce a “swarming” effect.
Four different types of orientation and implantation parameters have been studied relatively to the
class of the surfaces. The implantation parameters
and the orientation abilities are not the same if the
component is instantiated on a planar surface, or
on a cylindrical, undevelopable or conical one. Thus,
the mechanical behaviors of the surfaces have been
evaluated to adapt the components’ positions.
These characteristics of the component are
embodied in different “powercopies”. A “powercopy” is a kind of copy proposed by CATIA [4] (and
so by DP). This copy had a user-defined behavior,
and can be instantiated, more than only pasted, in
a context which will define it. Defining a powercopy
and instantiated it can be analyze as “linking up” operations. From the definitions of behavior “rules”, the
components are instantiated on the surfaces. Then
parameters of orientation are modified by the students on purpose to adapting the components to
architectural intentions: to open views on the city; to
modulate luminosity; to make a visual effect on an
elevation; and so on (figure 5).
The operations of parametric modelling and
the operations of architectural conception which
treat of the components seem to be intricated and
co-determined, with different relevancies: technical,
visual, etc.

MAIN RESULTS
Cases exposed here are symptomatic of the other
projects proposed by the two Studios during the
studied semester. In most projects from the Digital
Knowledge Studio, parametric modelling operations come first and are well-defined. These operations seem to lead the operations of architectural
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conception. On the contrary in the Cross Over’s
projects, it seems that the architectural design had
been considered as first, even if the parametric
model wasn’t so well controlled at the end of the
process. Thus, in the Cross Over Studio almost half
of the students decided to give up DP to get back
to Rhino or Maya after few months. They adapted
their workflow to the specificity of their architectural design activities.
We can clearly observe here the result of a difference in the pedagogical purposes of these two Studios. The aim of the Studio Digital Knowledge was
explicitly the fabrication of the students’ projects;
which needed a well-defined parametric model. And
the aim of the Cross Over Studio was to produce a
“provocative and highly refined” pavilion [5]; which
implied a well-defined architecture.
Designing parametric models and/or designing
architecture?
We have focused on the “linking up” operations
which are for example: linking a network of point
with a wireframe; associating proportions of volumes to each other; etc. To answer the question
asked in this paper, we can already say that cognitive
operations of parametric modelling can be distinguished from cognitive operations of architectural
conception.
We have interrogated the relations between
cognitive operations of parametric modelling and
operations of architectural conception in terms of
induction.
Thus some operations of architectural conception seem to come first: some of the parametric
modelling operations follow and represent some
already-done architectural design operations. For
example in the case 1, volumes are positioned according to urban choices, but in the parametric
model the urban drawing is not used to define the
volumes. In this case, we can observe the autonomy
of the operation of architectural conception.
On the contrary, we observe in the case 2 a lot of
inductions from parametric modelling operations to

architectural design operations. For example, there is
first the parametric modelling operation which defines a
network of points relatively to a wireframe (figure 4) and
then an architectural design operation which defines a
relevance to this wireframe (here a technical relevance to
allow the fabrication of the mock-up) (figure 3).
But we can also observe some cases where relation between cognitive operations of parametric
modelling and of architectural conception can not
be define in term of induction. In these cases, the
relation seems to be a co-determination.
We can observe that in the case 3 where it
seems that some operations are codetermined by an
architectural design activity as much as a parametric
modelling activity. For example components are instantiated on surfaces dependently to their mechanic behavior and to some desired effects (for the view,
the luminosity and so on).
But sometimes cognitive operations of parametric modelling and of architectural conception
are so merged, that such a complexity should be interrogated. In this case, can we say that the cognitive
activity of designing parametric model is also the
cognitive activity of designing architecture?

CONCLUSION
In our case study based on student’s works, we can introduce a distinction between operations of parametric modelling and operations of architectural conception. The distinction of these two kinds of operations
leads at questioning the relations between them. We
have interrogated these relations in terms of induction from one to another. We saw the two kind of induction: from operations of architectural conception
to operations of parametric modelling (mostly in the
case 1); but also from operations of parametric modelling to operations of architectural conception (mostly
in the case 2). But there are also some interesting
merging of the two kinds of operations (mostly in the
case 3, and also in the others cases).
A further research could specifically interrogate
cases where cognitive operations of parametric modelling are cognitive operations of architectural conception.
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Abstract. This paper presents the current development of an in-progress academic research
project where a particular design problem, that of building envelopes for tropical climates,
is parametrically defined and its possible solutions assessed by means of data correlations
and virtual simulations. In doing do so, the authors have devised a parametric structure
based on factorial definitions whereby environmental, structural and life cycle analyses are
taken into consideration to determine the design possibilities subsequently defined in terms
of their physical configuration, constituent materials, construction processes and dynamic
behaviour. Particular emphasis is placed on the embedded energy and functional performance
of the resulting designs. The proposed methodological model is graphically presented,
and its practical potential illustrated by a particular case of application. It should be taken
into account, however, that this is a work in progress, and only the first step towards the
construction of a simulation based methodology for architects and designers.
Keywords. Parametric design; building envelopes; green envelopes; tropical architecture.

INTRODUCTION
“Ecoenvolventes” is about the development of building envelope solutions for tropical humid climates
involving passive control of thermal gains on their
surfaces, allowing for better internal conditions
and thermal comfort without the use of thermal
machines. Environmental principles, design, and

technological aspects are specifically defined based
on the peculiar conditions (geo-climatic, technological, of biodiversity and economic) present in the
Colombian low altitude regions, marked by constant
high temperatures. Thermal and CFD simulations
orient the process of experimental verification in a

1 Eco-envolventes is a multi-disciplinary research project developed at the Universidad Piloto de Colombia, where the authors have
collaborated with Claudio Varini (Main Researcher), Tomás Bolaños (Biologist), Eduardo Rocha (Architect), Andrés Moscoso (Architect),
Camilo Contreras (Structural Engineer), Paulo Romero (Industrial Designer and LCA expert) and Sara Luciani (Junior Researcher).
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permanent laboratory counting on industry partnerships and available know-how. This paper presents
only a small part of the project, that concerning the
design component, involving the proposal of a parametric design structure to apply and support the
general research findings.
Within the design component presented here,
three different stages of development can be defined, of which the first has already been finalized.
This first stage implied a study of the state of the
art and further definition of the design problem. It
involved a wide literature review and the analysis of
various facade configurations, placing emphasis on
those solutions of a local nature, and responding to
the climatic conditions of our particular interest at
this stage, i.e., hot and humid climates. A number
of designs were compiled and sometimes 3D modelled, allowing for the production of summarized
case studies. Following that, a general structure was
proposed guided by three main determining factors: functional, technological, and environmental.
Each group had specific factors and was translated
into design possibilities by the changing parameters,
their relative values, and simulation based evaluations producing a conceptual parametric structure.
Based on the information previously compiled
and adapted to a specific environment, the second
stage had to do with the development of a parametric design structure following a first set of assumptions given as results of the general research, and
whose expected outcome is a parametric definition
(still in development) that would embed a world of
design possibilities and contemplate the particular
performance of such possibilities in terms of the previously defined determining factors.
Having defined and developed the parametric
design structure, the third stage looks for a particular
implementation of such model, where the generic
values given to materials and design typologies will
be replaced by commercially available, low embedded energy components that showed high performance levels in pre-evaluations of their environmental
and functional behaviour. In order to select those
540
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well performing components, three types of preevaluations where carried on and are explained in
the latter part of this paper.

DEFINING THE DESIGN PROBLEM
Conceptual approach
Following the general research line in which design
results were intended to place particular emphasis
on performance with low environmental impact, the
design problem was defined in terms of three main
groups of determining factors: functional, technological and environmental. The first defines the comfort levels that the envelope system would provide
to the covered spaces, the second defines the structural and constructive efficiency of the system, and
the third has to do with the impact that the system
would have upon its environment at local and global
scales; following that:
Functional factors are related to the manner in
which the building envelope serves as a protective
barrier and a provider of human comfort zones inside.
These factors define the degree of comfort that the system determines to the covered spaces. We have identified four main factors requirements here: thermal control, light transmission, ventilation and soundproofing.
Technological factors have to do with the means
and technologies used to realize the proposed building envelope, that is, what, and how is it built. We
identified four factors that determine the degree of
articulation of the proposal in terms of technological
and constructive, and define how the performance
of the proposed design may come to be evaluated:
structural capacity, construction efficiency, safety
and durability, and costs and maintenance.
Environmental factors are related to the global physical environment within which to locate
the possible envelope, including energy issues and
biodiversity (native plants and / or other living species). These factors define the system’s impact on
the natural environment that surrounds it at local
and global scales, which may imply requirements in
terms of the following subjects: embedded energy,

absorbed-emitted thermal energy, support for local
biodiversity and production of O2
From such definition, we then defined three
groups of design parameters that were to be implemented as design variables for the generation of
design possibilities: General parameters, Structure
parameters and Cladding parameters. These where
groups of design variables, that were to produce a
world of configurational possibilities to be subsequently tested by different types of analyses relative
to the original determining factors.
Environmental conditions as first level design
assumptions
The problem of physical categorization for the design of building envelopes could have a magnitude
such that it is not clear how to approach a discussion
about it. A literature review prior to the development

of this research has shown that the vast majority of
publications on the subject take the material type as
the single parameter for classification, and are demonstrated through case studies. Some studies involve additional categories based on the configuration of layers in the envelope system, however, these
were found specific to specialized double layer glass
systems, typical solutions for high-latitude climates.
Even if there are plenty of recent studies regarding
the design of ecologically efficient building envelopes,
such problem can only be defined in its specificities by
looking at a particular environment. The present study
focuses on the climatic, geographical, ecological, and
economic conditions found in a typical developing
world tropical location, exemplified by the town of
Girardot in Colombia, where the climate is common to
great part of the Colombian territory. Located to 292
m asl, Latitude 4,16o N and Longitude 74,49o W, has

Figure 1
Definition and relationships
among factors, parameters
and analysis types
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an average temperature of 27,4oC (minimum: 24,0oC,
maximum: 32,3oC), a relative average humidity of
80%, 821 mm of precipitations with raining 76 days
and 213 hours/month of solar brightness. The peaks
of maximum temperatures reach to 40,0oC, whereas
the minimum fall to 21,0oC. Generally, in 273 days/year
(74,8%) temperature raises above 32oC. With an annual
average 4,575kWh/m2/day solar radiation, is evident
that the sun is an agent who takes part strongly in the
thermal economy of the envelopes contributing in 4oC
(in average) up to 11oC to the air temperature.
A first step entailed the analysis of climatic data
in contrast to ideal comfort conditions to define the
main specific functions of the building envelope. Previous analyses using a common data visualisation and
pre-analysis tool confirmed the high potential of passive strategies (facilitated by physical configurations)

to attain reasonable comfort levels inside the covered
building; the most prominent strategies were ventilation, thermal mass, shading and night cooling .
Figure 2
General typology built in the
model, a double layer cladding with the structure in
between

Figure 3
Definition of structure and
design parameters. The dark
names indicate a direct relationship to geometrical, thus
to be included in the 3d parametric model definition.
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Looking for the application of such promising
strategies and guided by the requirements proposed
by the determining factors, we considered only a limited number of physical, material and functional generic parameters, based on a preliminary assessment
of the desired solutions. The generic parameters were
relative to the general definition of the envelope, its
structure and cladding; the proposed designs would

be constituted by particular dual combinations of
cladding, and would use the intermediate void to
place the structure [FIGURE2], assuming at the same
time that all possible configurations would offer the
possibility of permeability, would allow for the use of
vegetation, be made out of recyclable or renewable
materials, and built from prefabricated components
for easy and rapid assembly or disassembly.

Figure 4
Surface morphology and size

Figure 5
Relative position
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Figure 6
Lattice type
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DEFINING THE MODEL

As discussed above, the design parameters were circumscribed into three groups, the first corresponding
to the general conditions, the second for the structure, and the third defining the cladding, this to be
subdivided into external and internal.
The diagram above [FIGURE3] shows a further description of the proposed design parameters for this research, the geometrically related
design parameters (in black) can be directly
controlled from three-dimensional parametric
definitions built on Rhinoceros-running Grasshopper, producing specific digital models to be
evaluated using structural and environmental
software packages. Material and functional parameters were to be defined using an Excel based
spread sheet, were options are linked to specific
pre-determined values and computed with the
incoming data resulting from evaluations of the
three-dimensional model. Here we shall briefly
describe each of the general fields:

Following the above mentioned structure where the
technological, environmental and functional factors
that demarcate our particular space for physical configurations were integrated, we further defined the
variable fields of eight design parameters whose functional and technological behaviour could be importantly influenced by their geometrical configurations.

General Parameters
These parameters define the general shape and
conditions of the building envelope in terms of morphology, position and size.
The morphology and relative position of the
surface defines the positioning of the surface relative

eCAADe 29 - Generative and Parametric Design

Figure 7
3D configuration

Figure 8
Structural section

Figure 9
Surface configuration

to the external environment, involving, for example,
higher levels of solar radiation, exposure to wind or
rain. As for surface morphology, we defined three
possible variations, flat, singly-curved, and doublycurved. The main implications that each option entails, are structural and constructive. Size implies the
magnitude of the envelope in 2 directions
The relative position is probably the main parameter determining the degree of influence of
the external environment on the envelope surface.

There are three possibilities for this parameter, vertical position, operating strictly as a wall (whichever the orientation), horizontal position, operating
strictly as a roof, and intermediate positions between
the above two conditions.
Structure parameters
The lattice type has direct implications for the
structural work, the construction process and particularly on the panelling and modulation of the
Generative and Parametric Design - eCAADe 29
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cladding elements in the system. We have identified
two cases of lattice, uniform, and non-uniform. The
first indicates a total modular standardization case,
the second indicates a semi-standardization provided by the use of two or more modules.
The structural configuration is understood as
skeletal-type construction, defining two degrees
of connectivity between elements, and involving
changes to the structural work sections of the elements. We have identified two possible variations to
the structural configuration, a structure in two directions and in three directions. The higher degree of
connectivity provides greater structural stability to
the system, but usually implies more weight and
more constructive assemblies.
Defines the profile shape, depth and plate
thickness used for the structural configuration of the
structural system

The physical configuration of the modular elements that cover the envelope system define the
system relationship with the external environment.
We have identified three major changes in this parameter; elements coplanar, surface, and mass. Type
of greenery system and plant species Assuming as
appropriate to include plant material in areas that
make up the cladding, we have identified three possible configurations for positioning, the first would
be given by a mesh of wires to support climbing species, the second would be given by receptacles forming horizontal hard pockets, and the third would imply to use vertical panels.
The permeability of the surface elements is also
(at a material level) defined by the modular configuration and / or type of material used, involving
two types, perforated and translucent. We shall only
translate the former into the 3d model.

Cladding parameters
Cladding parameters define how the system interacts with the surround environment surrounding
the surface level, determining the types and levels of
energy exchange of various kinds.

DESIGN GENERATION AND APPLICATION
Pre-evaluations as second level design assumptions
The designs were analysed in terms of their performance as climatic barriers and providers of comfort.
Figure 10
Permeability
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For that we carried out temperature, lighting and
ventilation evaluations using the software packages
Ecotect and Design Builder [FIGURE 11].
The impact evaluations have been realized
against the reference model as implemented in almost all of the constructions in Girardot: plastered or
face brick facade and flat roof in concrete or fibrocement. The highest performance models have been
compared with the referent construction and the
Girardot climate in order to choose the best environmental and of thermal performance options. After

a comparative analysis of 48 different cases, three
models were identified as highly performant and environmentally friendly: ventilated envelopes of hollow flat bricks, with light coloration, green walls and
roofs with native species of easy propagation and
locally cultivated, supported by bio-plastic boxes
reinforced with mineralized vegetal fibres, and laminated bamboo panels, immunized and preserved
against the humidity and UV radiations. The three
selected model solutions, even with different thermal curves, show an improvement of the thermal

Figure 11
Examples of geometrical
configurations produced from
the parametric definition, and
CFD analysis of an application to the selected building,
half with the original cladding, half with a generated
system using non coplanar
elements in clay. The simulation for the 21st of June
(hottest day) indicates a 4ºC
temp. difference in favour of
the generated solution.
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comfort from the interior of 10oC in the warmest
day and ≥5,8oC in 75% of the days. The generated
models were adapted to the particularities of such
materials-components.
Particular application and performance simulations
Using the material assumptions discussed above, the
parametric model is being used to “fine tune” the best
geometrical attributes to design a particular case, being that the west facing facade of the existing university
buildings in Girardot. Thermal and CFD simulations were
carried out to evaluate the original conditions, and to be
compared with the performance of 60 design configurations given by the proposed parametric definition.

CONCLUSIONS
This paper presented a particular case where parametric design definitions assist the development
of a research project that looks for appropriate
envelope solutions for buildings in hot and humid climates. The process involved the selection
of geometrically dependent parameters and their
translation into variable fields, variable instances
and range values. The parameters and the possible
values were based on literature reviews and digital
simulations (pre-evaluations) of different types,
but categorized as functional, technological and
environmental. Even if there is wide scope to develop the processes involved in the generation and
evaluation of the designs carried out as part of the
present research, there are already results that can
guide the designers towards informed solutions of
the problem studied. More importantly, the study
presents a methodology that, understood as part
of so many other similar proposals, can assist in the
construction of new and more efficient digitally
driven design processes.
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Abstract. In this paper we compare visual and textual programming languages for generative
design. We argue that, in the past, this comparison has been flawed and that it is now time to
reconsider the potential of the textual programming paradigm but using modern programming
languages and development environments specifically targeted to the generative design
domain. We present VisualScheme as a prime example of such language and we compare it
with the most used visual programming language in the generative design field.
Keywords. Generative design; Visual Programming Languages; Textual Programming
Languages; Interactive Development Environments.

INTRODUCTION
Nowadays, digital tools to architectural design are
increasingly used as “generative tools for the derivation of form and its transformation” (Kolarevic, 2000)
and it is common to hear about parametric, algorithmic, and generative design. Through parametric
design one can manipulate a design or its parts with
variable parameters while the algorithmic approach
allows the designer to describe an architectural
shape by the application of rules and constraints
or a coherent combination of procedures. The generation of shapes through the application of any of
these techniques is described as generative design.
It is true that some of those concepts are not
new and were applied in architecture even before
the invention of digital computers, as is visible, for
example, in the architecture of Antoni Gaudí (Katz,
2010) but the use of computers popularized them by
facilitating its description and application.
In order to implement a concept in a computer
one must first translate the thought process into a

formal language that the computer understands:
a Programming Language (PL). The increasing use
of programming in the design field had an impact
on architecture praxis and theory in such a way that
some announced the emergence of a new architectural style, the Parametricism, as representative of
avant-garde tendencies with the digital generative
approach as a common ground [1].
This paper discusses the use of PL in generative
design, distinguishing between Textual PLs (TPLs)
and Visual PLs (VPLs). TPLs and VPLs are defined,
compared and analyzed in terms of their advantages, disadvantages, development environments and
fitness to the specific domain of generative design.
Because of its increasing popularity, we will consider Grasshopper (version 0.8.0010) as the VPL of reference within the generative design domain. On the
other hand, due to its wide availability in common
CAD tools, we will focus on VBScript and its descendants as representative TPLs for generative design.
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We will argue that comparing state-of-the-art
VPLs with old general purpose TPLs is not appropriate. Instead, the comparison should be made with
modern TPLs. We will use VisualScheme (Leitão et al,
2010) as a case study to show that TPLs can be more
productive than VPLs, particularly, when the complexity of the design problem increases.

PROGRAMMING LANGUAGES: VISUAL
AND TEXTUAL
A programming language is a formal medium for expressing ideas and not just a way to get a computer
to perform operations. This means that programming languages should match the human thinking process, which includes the ability to combine
simple ideas to form compound ones and the ability
to abstract complex ideas so that they become more
general (Locke, 1690).
Every programming language that follows these
principles is made of three important concepts: (1)
primitive elements, (2) combination mechanisms,
and (3) abstraction mechanisms. General-purpose
languages provide few pre-defined abstractions,
while domain-specific languages provide abstractions tailored to a given domain.
A visual programming language (VPL) allows the
description of programs in a bidimensional representation consisting of iconic elements that can be interactively manipulated by the user according to some
spacial grammar (Myers 1990). Figure 1 shows a small
visual program (designed in Grasshopper) that computes a sequence of points belonging to a conic spiral.

In a textual programming language (TPL),
programs are described using a linear sequence
of characters. The major difference between a VPL
and a TPL is, thus, on the number of dimensions:
TPLs are one-dimensional while VPLs are, at least,
bi-dimensional.
For comparison, the following textual fragment (written in RhinoScript) computes the same
sequence of points of a conic spiral:
Function ConicSpiral(Length,N)
Dim points()
ReDim points(N-1)
Dim t, i
For i=0 To N-1
t=i*Length/N
points(i)=Pt(t*Cos(5*t),
t*Sin(5*t),
t)
Next
ConicSpiral=points
End Function
In spite of the large number of studies comparing VPLs with TPLs, there is no conclusive evidence
regarding their relative advantages (Menzies, 2002).
It is generally admitted, though, that VPLs are more
motivating for beginners, allowing them to become
productive sooner. On the other hand, TPLs are considerably more productive for dealing with complex
problems and, in fact, most of the existent programming languages are TPLs.
Figure 1
A Grasshopper program for
computing points of a conic
spiral: values ranging from 0
to some length and their mappings using f(x)=x*cos(5*x)
and g(x)=x*sin(5*x) become
the point coordinates.
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One of the drawbacks of a traditional TPL is that
it requires the user to master a relatively large set of
concepts that, in many cases, are related not to the
problem the user wants to solve but, instead, to implementation details of the language. For example,
to understand just the first three lines of the previous RhinoScript example, the reader has to know (1)
the syntax of functions, (2) the concept of array, (3)
that arrays require declaration, (4) that non-statically
sized arrays require a redimension operation, and (5)
that arrays indexes start from zero. Additional knowledge is necessary to understand the full fragment.
This shows the first significant advantage of a modern VPL over an old TPL: the amount of background
knowledge required is smaller.
The second advantage is that, as a result of their
iconic nature, the development environment of a
VPL can present the user with all the language elements that can be used. TPLs, when used without a
good development environment, usually require the
programmer to either remember the functionality or
to read extensive documentation.
The third one is the instant feedback provided
by some VPLs: the effect of each element can be immediately visualized. This facilitates the detection of
mistakes and the adjustment of the input parameters.
It also permits an incremental development process,
where each element added to the program can be immediately tested. In spite of a few exceptions, such as
Fluxus (Griffiths, 2007), most TPLs do not support this
type of development. Instead, the user is forced to go
through a write-compile-execute iterative cycle that
does not promote incremental development.
Unfortunately, VPLs also have some drawbacks:
they do not scale well with the complexity of the design task and, in many cases, the majority of users rely
on extensive copy and paste, creating future maintenance problems. Moreover, as programs grow larger,
it becomes increasingly difficult to understand what
they do. This might explain the size and throwaway
nature of the majority of visual programs when compared with the multi-million lines of code and longevity of the large textual programs.

In spite of its disadvantages, there is a general
perception among generative designers that VPLs
are more productive than the textual alternatives.
This perception is caused by two factors: the textual
alternatives lack domain-specific concepts and they
make it difficult to define them. Moreover, we will
show that modern TPLs provide additional advantages over VPLs and, thus, should be considered as
better alternatives for solving large scale problems.

MODERN PROGRAMMING LANGUAGES
A modern PL is designed to be unobtrusive to the programmer. To this end, it usually provides syntactic features that
drastically simplify the development of programs.
To illustrate this point, we will consider one
important abstraction applicable to our previous
example: list comprehensions, a specialized syntax
heavily influenced by the set-builder notation used
in mathematics. For example, in the Haskell language (Hudak et all, 2007), the conic spiral becomes:
conicSpiral length n =
[(t*(cos 5*t), t*(sin 5*t), t) |
t <- [i*length/n | i <- [0..n]]]
The comparison between Haskell and RhinoScript shows the amount of knowledge that is required in each case and provides anecdotal evidence
that modern TPLs can be significantly easier to use.
Haskell is a prime example of a modern language
but many other recent languages (e.g., Python)
could be used with identical results.
In this paper, we will argue that it is possible
and, in fact, advantageous, to use TPLs in place of
VPLs as long as we restrict ourselves to modern
implementations targeting the generative design
domain.

VISUAL SCHEME
VisualScheme (Leitão et al, 2010) is a research project based on PLT Scheme (Findler et al, 2002) that
combines a modern TPL with a pedagogical interactive development environment (IDE) focused on
Generative and Parametric Design - eCAADe 29
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generative design programs. VisualScheme aims at
exploring the advantages of TPLs, in particular, to
handle the complexity of large programs, with some
of the advantages of VPLs, including domain-specific
constructs and IDE that provides auto completion,
immediate feedback, visual widgets for input, and
visualization of the results in the most used CAD
applications.
As a first example, the following definition computes the set of points of the conic spiral that was
computed in our previous examples:
(define (conic-spiral length n φ)
(for/list ([i (in-range 0 n)])
(let ([t (/ (* i length) n]))
(cyl t (* φ t) t))))
There are two noteworthy differences between this example and the Haskell example.
The first one is the use of the fully parenthesized
prefix notation that is typical of Lisp dialects. This
notation might seem strange at the beginning
but our teaching experience shows that it can be
quickly mastered. The second one is the use of
coordinate systems: in order to better match the
generative design domain, VisualScheme implements the traditional Cartesian, polar, cylindrical,
and spherical coordinate systems. As can be seen
in this example, where the cylindrical coordinate
system is being used, an adequate choice of coordinate system reduces the need for trigonometric expressions.
The definition we have just presented replicates
the corresponding Grasshopper example that we
provided in the beginning of the paper but it is not
a typical VisualScheme definition. The typical implementation is, usually, more parametric, as can be
seen in the following example:

(define (conic-spiral r φ z dr dφ dz n)
(if (= n 0)
(list)
(cons (cyl r φ z)
(conic-spiral (+ z dz)
(+ r dr)
(+ φ dφ)
dr dφ dz
(- n 1)))))
This second example illustrates a recursive
definition, where the function is defined in terms of
itself. In this case, the conic spiral is parameterized
by the starting radius, rotation, and height; by their
successive increments, and, finally, by the number of
incremental steps. Note that this example cannot be
directly encoded in Grasshopper (without using special scripting components) because it currently lacks
the ability to do recursion. In this particular case, this
is not as bad as it looks because it is possible to find
different encodings that produce the same results.
In the general case, however, this can be a serious
limitation.
If, instead of the linear behaviour allowed by the
recursive definition, one prefers different kinds of
spirals, where, for example, the radius changes non
linearly with the height of the spiral, then it might be
preferable to use an approach where that variation
is explicitly described. One hypothesis is to define
each different variation in the range [a,b] as a function over the domain [0,1]1:
(define (linear a b)
(λ (t)
(+ a (* t (- b a)))))
Note that each call to the linear function computes another function as a result, making it one
example of a higher-order function. This capability is

1 For reasons of space, the following function definitions will use short names for parameters. It should be noted that normal VisualScheme programs use longer and clearer names
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rare in older PLs but common in modern ones.
As an example of a non-linear variation, consider the
following function that implements a sinusoidal variation
in the interval [a,b], with amplitude d and frequency f:

cylindrical coordinates over three linear variations of
the radius, angle, and height. A more interesting example is the spiral whose radius shows a sinusoidal
variation along the height:

(define (sinusoidal a b d f)
(λ (t)
(+ a
(* t (- b a))
(* d (sin (* f 2 pi t))))))

(define (spiral r0 r1 φ0 φ1 h d f n)
(map cil
(variation
(sinusoidal r0 r1 d f) n)
(variation
(linear φ0 φ1) n)
(variation
(linear 0 h) n)))

Using this approach, many different variations
can be easily implemented. In order to to compute
the actual variation, we need to generate the function domain as a sequence of values in the interval
[0,1] . The image of the function over that domain is
obtained by mapping it over the sequence of values:
(define (variation f n)
(map f (range 1 n)))

Much more complex geometries can be defined
just by combining functions. For example, we can create a tower by placing a (linear or otherwise) sequence
of spirals around a circle. We can also simplify its use by
including higher-level parameters, such as the number
of spirals s and the number of turns t of each spiral:

The conic spiral is then just the mapping of
Figure 2
The VisualScheme IDE running on top of AutoCAD.
The sliders window allows
quick experimentation of the
function parameters, by regenerating the corresponding
geometry in real time. It was
generated by the code fragment visible at the bottom of
the editor.
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(define (spirals r0 r1 h d f s t n)
(map (λ (φ)
(spiral r0 r1 φ
(+ φ (* 2 pi t))
h d f n))
(variation
(linear 0 (* 2 pi))
s)))
In order to create a mesh of spirals that turn
in opposite directions we combine two calls of the
previous function, one of them with a symmetrical
number of turns:
(define (spirals-mesh r0 r1 h d f s t n)
(append
(spirals r0 r1 h d f s t n)
(spirals r0 r1 h d f s (- t) n)))
The points produced by the previous function
can now be used to define a surface or a set of curves.
Figure 2 shows VisualScheme running alongside with AutoCAD which is used to visualize the resulting geometry. Also visible in the image is a small
window with sliders that allows the user to quickly
experiment different values for the function parameters just by moving the sliders. In order to generate
the set of sliders, it is only necessary to write a small
code fragment that references the function to test
and the names and ranges of the parameters.

EVALUATION
The previous section described VisualScheme, a research project whose main goal is the production of
a pedagogical IDE for generative design. To compare
VisualScheme with a VPL, we will use Grasshopper as
reference and we will consider the three fundamental dimensions of a PL: primitives, combinations, and
abstractions.
In what regards primitives, we can conclude
that Grasshopper is currently in a very good position: it implements a huge set of primitive elements,
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some of them with a high degree of sophistication,
allowing an important reduction in the implementation effort, a significant advantage over VisualScheme that currently does not implement as many
primitives as Grasshopper.
In what regards the combination mechanisms,
Grasshopper relies on an extremely simple metaphor: primitives can be combined by connecting
the output of a primitive to the input of another.
The connections allow data to flow from primitive to
primitive, until it reaches the end of the graph, usually, in primitives that create geometric models. The
problem with this metaphor is that it makes it difficult to express some control structures, such as iteration or recursion. In other dataflow languages, these
control structures require either dedicated mechanisms or the ability to create cycles in the graph of
primitives. In Grasshopper, most components implicitly map their operations over sequences of values, obviating the need for many cases of iteration
and recursion but, in the general case, it might be
difficult or impossible to describe a computational
process without textually scripting a specialized
component, thus contradicting the visual nature of
the language.
In the case of VisualScheme, the available combination mechanisms are the ones provided by the
Scheme language which includes the ability to form
complex expressions from simpler ones and several
control and data structuring mechanisms, allowing many different programming paradigms. In our
opinion, this is strictly more powerful than the single
metaphor provided by the VPL side of Grasshopper.
Finally, in what regards the abstraction mechanisms, Grasshopper implements a special component, the cluster, which allows the user to select a
graph of components (including other clusters) and
to treat it as a single component. This can make a
huge difference in the clarity of programs and improves the reuse of its parts. Unfortunately, this capability has not been always available. In this regard,
VisualScheme provides several different forms of abstraction. In this paper we only presented examples

of procedural abstraction but the language also provides data and control abstraction.
In order to better evaluate VisualScheme, we
have been working on a small number of parametric
design exercises that we implemented both in VisualScheme and in Grasshopper. In a previous paper
(Leitão et al, 2010), we reported our findings for a
moderately complex task. Although the experiment
was not representative, it showed that VisualScheme
could be more productive than Grasshopper for that
particular task. In this paper we focus on a simpler

task but we are more exhaustive by comparing the
previous VisualScheme program with different solutions that were developed by four Grasshopper users
that have different degrees of expertise, from beginner to advanced.
The task used in the experiment was a simplified version of the mesh of conic spirals discussed
previously: the users only had to implement a cylindrical tower based on the same concept of intersecting spirals. This tower is visible in the top left part of
Figure 2.

Figure 3
The Grasshopper programs
encoded by four different
designers for the mesh of
conic spirals. Above: one of
the Grasshopper definitions
and its result in Rhinoceros.
Below: the four Grasshopper
programs produced (for reasons of space the images were
reduced).
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In what regards the Grasshopper implementations, it was observed that the design brief was easily
accomplished, although, as expected, each designer
followed a different approach and implemented a
different program. Figure 2 shows the different solutions produced.
Comparing the VisualScheme program,
showed previously, with the Grasshopper solutions, it is clear that, although not as aesthetically
pleasing, the VisualScheme program is more synthetic, simpler, and easier to understand than the
complex wire amalgam of the Grasshopper visual
programs. Another clear advantage for VisualScheme is the freedom provided by the different
data and control structures available, particularly,
recursion. Without being able to use the general
expressiveness of recursive definitions, Grasshopper users were frequently seen searching for
a strategy that would allow them to achieve the
same results.
The use of higher-order functions in VisualScheme made another important difference, as it
allowed very quick experimentation of alternative
designs. Grasshopper also allows the user to quickly
changes the program inputs but to implement variations of a particular algorithm the user must design a
different program, manually connecting and disconnecting the data flow wires from/to different components, a task that is much more time consuming and
error prone.
Finally, the most relevant finding is the fact
that the task was completed by the experienced
VisualScheme user in a quarter of the time needed
by the experienced Grasshopper user. As expected,
the less experienced Grasshopper users needed
even more time to complete the job. The analysis
of the causes for the time gap shows that a significant fraction is due to the time consuming tasks of
component placement, wire connection, data visualization, and commenting, that are required by the
VPL. Modern TPLs, on the contrary, have very little
requirements, allowing programmers to be much
more productive.
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CONCLUSION
This paper focused on the two different scripting
approaches towards generative design: Textual,
through a TPL, and Visual, through a VPL.
Given the obsolescent state of the majority of
TPLs available for generative design, it is clear that
a modern VPL offers a more attractive approach.
However, it is inadequate to compare state-of-the
art, domain-specific VPLs, such as Grasshopper, with
old and general-purpose TPLs, such as VBScript. Instead, the comparison should use modern, domainspecific, TPLs.
Our findings show that Grasshopper does not
scale well with the complexity of the tasks, due, in
part, to its shortcomings in abstraction mechanisms
and generic control structures and, in other part,
to the time-consuming programming construction
based on the manipulation of wires and boxes. It also
was noticed that more complex programs become
considerably harder to understand, a problem that
can only be mitigated with extensive annotations.
The fact that it is possible to extend the capabilities of Grasshopper with textually scripted components is an important and useful feature that allows
Grasshopper to transcend its limitations. However, it
also shows that advanced users will always need to
learn a TPL.
In this paper, we argued that modern TPLs with
user-friendly IDEs can be much easier to program
and understand than the older ones, and they can
surpass recent VPLs, especially in complex tasks.
These modern TPLs do not dispense learning their
syntax but what might seem as a steeper learning
curve quickly provides a good return on the investment. Unfortunately, most of these TPLs lack domain-specific primitives, a fact that can significantly
delay the scripting process because it forces the user
to define all needed functionality.
VisualScheme (Leitão et al, 2010) is our proposal for applying the advantages of modern TPLs
to the generative design domain. Based on DrScheme, a modern pedagogical IDE, it extends the
Scheme programming language with predefined

domain-specific primitives for the generative design
and provides a direct connection to AutoCAD.
This paper presented examples of VisualScheme programs and compared them to equivalent
programs in Grasshopper. Based on the comparison
results, we argued that algorithms for generative
design can be easier to implement, understand, and
modify in VisualScheme than in Grasshopper.
Programming languages for generative design
are here to stay. However, in spite of their usefulness,
there is an important feature that is still absent in
most of them: portability. Currently, it is difficult to
port a generative design program between different CAD tools and it is difficult to reuse generative
design libraries in different programming languages.
We plan to address this issue in the near future, by
allowing the same program to be executed in the
context of different CAD tools, such as AutoCAD and
Rhinoceros, and by allowing the combination of programs that were written in different languages, such
as Scheme and JavaScript.
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Abstract. The paper describes and discusses a generic approach for generative design by
Turing Machines operating on a three-dimensionally folded surface. It is part of an on going
research on concurrent cooperative design processes in architecture. During the development
of systems for simplified generic interaction in spatial design, it turned out that the basic
operations are applicable to be processed by non-sophisticated automata. If the spatial
configuration is interpreted as the medium for an ordinary state machine, the whole system
adds up to a kind of Turing Machine. Since 2D-Turing Machines are often referred to as
“turmites”, and the proposed system is based on a yet three-dimensional folded, but still twodimensional surface - the automaton will be called “Turmitect”.
Keywords. Collaborative Design; Generative Design; Design Concepts; Shape Studies;
Virtual Architecture.

INTRODUCTION
This paper presents and discusses an experimental research on generative architecture. A new
kind of spatial automata is proposed and its capability of application in the process of form finding
is explored.
Context
Unlike classical CAAD (for drawing and construction), the support of the early design stages – especially the creative process – is in fact discussed
for decades, but still in the need of easily utilizable
tools. Even the currently fashionable Parametric Design is mainly an approach of constructing carefully
projected designs and lacks the intuitive interaction
with the planner. The design itself still emerges from
the ingenious mind of the architect.
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Yet by simulating the growth and the emergent
process of environmental structures, it should be
possible to suggest designs that are neither deliberate nor anticipated. Thus, the designer becomes
more a supervisor, trainer and judge for generated
propositions, elevating Alexander’s much-cited
army of clerks to the next level.
Outline
In this text, firstly the related work will be summarized, followed by the exposure of own assumptions,
which lead to the basic concept. Subsequently an
experiment is evolved and evaluated to check the
suitability of the supposition. The paper concludes
with the next preferable steps of the on-going
examination.

PRELIMINARY WORK
The appliance of automata in the architectural process is already widely discussed. The idea of programming simple design tasks and the emergence
of design solutions matching complex constraints
seems promising since computer systems are capable of processing architectural models.
Architecture Machines
In his “Evolutionary Architecture”, John Frazer (1995)
gives a comprehensive overview on the topic. Even if the
efficiency of the machines has matured since then, the
principles of generative space are still the same.
Beside the calculation of complex three-dimensional graphs, essentially interacting agents and
generative automata, as well as genetic strategies
are the approaches in computable architecture. It
seems that in most cases either complex modeling
of specifications are developed or on the other hand
simple, idealized mathematical models are translated into architecture.
Both directions are complicated. The one needs
sophisticated analysis of the specifications and the
set of solutions. The other has to interpret the given
patterns in an architectural way.
Simplicity and Complexity
While not in the domain of architecture, a new insight concerning creative machines was contributed
by Wolfram (2002). His approach is not to design
automata with an intention how they have to work,
but creates classes of automata to investigate their
behavior. It is shown that similar to the well-known
“Langton’s Ant”, automata of different types with
simple set of rules generate complex patterns in
many cases and can be computationally universal.

BASIC ASSUMPTIONS
The basic approach of this work is to simulate the
process of modelling, instead of defining constraints.
If it is possible to break this process down into simple
operations, it might be possible to develop powerful, learning programs for its support.

The fundamental determination hereby is the
detachment of object and subject. While many generative concepts in architecture propose intelligent
systems (based on agents or conditions), I propose
an architectural space model as the object and a universal automaton as the subject.
Spatial Concept
The fundament of simulation is the modeling of a
capable concept. Since this work is focussing on architectural form finding processes, there is a need for
a spatial model and the possibility to operate on it.
The basic idea is the model of a continuous surface,
which separates void and volume (consequently,
they are continuous themselves). The only operation
is to sculpt this surface by simple concave or convex
distortion. If to convex areas converge, they form a
“bridge” and increase the topology of the surface (as
converging conceives do via a “tunnel”). The result is
a mass model comparable to classical plaster models, which have no (visible) separated voids and no
independent (flying) volumes.
Design Operations
On the proposed spatial model, an acting subject
has to operate. This configuration reminds of a twodimensional Turing Machine, with a head running
on a surface, using it as the storage. Since these
machines are often referred to as “turmites”, the proposed one is called “Turmitect”.
The space and its configuration is the medium to be explored and designed by an automaton. The automaton is an ordinary finitestate machine as in the constitution of a Turing
Machine. Though it is not capable of writing and
reading symbols on a tape, but it distorts and interprets the sculpted surface.
This automaton can be seen as a cursor moving
on the specified surface. The cursor has the capability of input, which is its own state and an interpretation of its position on the surface. The output is the
operation on the surface, in principle counting five
actions: go ahead, turn left, turn right, push and pull
Generative and Parametric Design - eCAADe 29
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the surface at the actual position (in fact, the turning
action could be merged into one, since the angle to
the left equals the one to the right subtracted from
360°). For convenience, the operations that lead to
inconsistency of the surface are ignored.
In a prototypical implementation, this cursor
was also interactively controllable by a user via
joystick. While the creation of buildings is timeconsuming inconvenient, it could be proofed
that this operations suffice to model the surface
universally.
Implementation
The realization of the concept is done using a binary voxel space. While voxel data seem inflexible
on the first glance, they have several advantages.
The size of the stored data is constant for any

spatial complexity. If implemented as cubic voxels, the turning and modeling actions are discrete
and easily understandable, so the programming of
the automaton is straightforward. Additionally, an
existing voxel engine was available to render the
process.

EXPERIMENTATION
Objective
In order to verify that simple automata operating on
the given surface can show complex behavior, a simple experiment is proposed. A class of elementary
Turmitects is created, so that the amount of possible
sets of rules is very limited. Then, all possible automata are tested and logged. The results are inspected
and classified by complexity.
Figure 1
Example set of rules and
resulting surface (Turmitect
No. 94)
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Setup
Since the testing is still manually, the attempt was to
create a Turmitect, which could be, encoded in just
one byte, hence a number of 256 possible configurations. With this precondition the states and the operations of reading and writing must be reduced to a
minimal set of rules.
Surprisingly this can be achieved with an automaton featuring two states. Firstly, the reading is
radically simplified, just differentiating horizontal
and vertical ground. Secondly, the actions are combined, so that there are solely two different actions:
•• Turn left – Pull – Go ahead
•• Turn right – Push – Go ahead
Thus, with to possible inputs per state and the
action and sequential state coded each in a single
bit, this class of Turmitects can be stored in one byte
(see figure 1, bottom). Each sample can be named by
the decimal interpretation of its eight-bit configuration, hence from #0 to #255.
The setup of the experiment sets a run with a
specific number of steps aside for each of the possible Turmitects. After each pass the results are evaluated. The promising samples with non-trivial behavior are forwarded to further cycles.
Evaluation
As expected a predominant number of sets of rules led
to no or simple repetitive patterns. Yet 36 Turmitects
featured a non-trivial behavior, which did not end in
a deadlock during the first 64 steps. Out of these 26
passed 128 steps without simple repetition. After 4096
steps, there are still 6 Turmitects without deadlock and
chaotic, complex output. Of these 6, 2 pairs (#14&44,
#74&104) are obviously equivalent. After more than
4096 steps #62 starts to produce a repetitive non-trivial
pattern, similar to #107 after more than 1024. Despite,
these samples appear interesting in terms of architectural criteria, because they all spread on the surface
leaving a flat relief. Noticeable in contrast is a number
of Turmitects producing spatial complex structures,
before they reach a deadlock. For example #94 passes

more than 256 steps before ending in an endless circular operation (see figure 1). Similar but with less states
are #114 and #141. Several Turmitects fall into a simple
repetition after the creation of complex patterns: #11,
#26, #77, #79, #111, #118, #203, #205.
Conclusion
The tested class of Turmitects is obviously not capable of creating valuable architecture. Yet as the
simplest representative of its species, it shows that
complex behavior by simple rules can be translated
to spatial design. With the result of 14% of non-trivial
samples in the first steps it seems rather promising
to investigate this topic. The conceptual description
of the Turmitect and the implementation should be
sufficient to build on.

OUTLOOK
The results of the first testing suggest further work.
To achieve more diverse behavior, it is necessary to extend the automaton. Basically, this can be
done by the use of more possible states. Moreover,
the reading possibilities have to be refined. Supposable, this includes distinguished orientations, reading of the last step (is it straight, convex or concave?)
and more complex inputs, like spatial configuration
(“closed cave”, “hill”, illumination, etc.). Furthermore,
if the minimal storage is not required, the five possible actions can easily be differentiated.
The testing of the Turmitects has to be more extensive by varying the constraints. Conceivable are
preconfigured environments, maybe also existing
architecture. Then, multiple Turmitects can operate
on one surface, provoking interaction.
Finally, it might be tested if the automaton fits
into the design workflow. An integrated or automatic evaluation of the Turmitect’s quality is essential. If
this can be achieved, even evolutionary developing
automata are easily imaginable.
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Abstract. In architecture various approaches have been developed do deal with changing
demands on the building. The most recent development is interactive architecture. In
this paper we aim to outline what interactive architecture is. First we define the type of
performance behavior that an interactive building or environment has. Following, we
consider the relation between the system and the user. We derive four types of relations,
characterized as “perfect butler,” “partner,” “environmental,” and “wizard.” Interactive
systems are composed of sensors, controllers, actuators, and materials. Various degrees of
interactivity can be achieved with such systems, ranging from passive, reactive, autonomous,
to agent systems. Complete with earlier discussion of design methods this provides the range
of aspects that should be considered when designing interactive architecture.
Keywords. Interactive architecture; Human-Computer interaction; design theory

THE CASE FOR INTERACTION
Buildings and urban environments have to fulfil their
functions under changing demands. The functions
that they are required to support change in time,
the context of the building and urban environment
changes, and the demands of the users and society
change. Although change is a constant factor in architecture, allowing change or designing for change
still poses difficulties. Various approaches to accommodate change have emerged in history. Traditionally buildings are designed to last for a very long period. Indeed, Rossi (1982) notes that specifically strong
types are capable to support various functions over
their life-span. They allow change through minor and
major adaptations of the building. More recently increasingly flexible approaches to change have been
developed however. The Open Building concept for

example, by means of the notion of Support and
Infill, typically assigns to the building usually a fixed
core (the Support part which is designed by the architect and falls under the mandate of society) while
the remainder of the building may be completed and
changed at will by the user (the Infill part) - see Habraken (1998). Similar approaches in this direction acknowledge that the building is composed of various
structures that each have a different change cycle, for
example site, structure, skin, services, space plan, and
stuff (Bijdendijk 2005). Contrary to these approaches
Kronenburg (2007) argues that static and difficult to
change architecture is only a fairly recent phenomenon, and that the majority of shelters in history have
been mobile and light-weight structures – for example tents, mobile homes, and houseboats. Finally we
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may notice that new developments in materials and
control technologies (see Schumacher et al, 2010) allow buildings and urban environments to become
autonomous and that they can respond to change
by themselves. Many of such new developments are
caught under the label “interactive architecture” (Fox
and Kemp 2009). This development is the main subject of this paper.
Change is difficult to foresee and therefore also
difficult to design for. Buildings or environments that
do not change can only offer optimal services for a
limited bandwidth of conditions. When the conditions fall outside the bandwidth, the building does
not perform well. The user (or society) either tolerates such under-performance, or a decision is made
to change the building or environment. Changing

something usually involves (manual) labour, is costly,
time demanding, and often interrupts for a long period the normal running of a building.
Figure 1 (left) shows in a schematic way that a
traditional building has a bandwidth of performance
which matches in a certain period with some condition (for example environment, function, activities).
The running cost of a traditional building is low, and
when no change has to occur, the change cost is zero.
Figure 1 (right) shows how traditional change - from
state (1) to state (2) - basically moves the bandwidth
of performance to a different location. The running
costs remains low, but the change cost is high.
Figure 2 (left) shows the typical approach taken
in so-called “passive buildings.” They have a very wide
bandwidth which ideally conforms to all conditions
Figure 1
Left: Traditional building performance match.
Right: change in traditional
buildings.

Figure 2
Left: Sustainable architecture
performance match. Right:
Interactive building performance match.
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- these conditions are mainly environmental so that
the building achieves minimal energy consumption.
However when a building needs to change due to dynamically changing demands then the passive building approach may not be sufficient (it may for example not be able to provide the additionally required
energy to establish change). Figure 2 (right) shows
the approach from an interactive building strategy:
it basically curves the bandwidth of performance to
make it match the outside condition. Because it is an
interactive building, the capacity to change must be
counted under the running costs. These are therefore
high, while the change cost is zero.
Compared to traditional buildings, the tradeoff for interactive buildings lies in the investment to
incorporate change in the running cost rather than
keeping it to incidental (manual) change. In principle
it may be stated that when constant change will cost
as much (or less) than traditional running cost and
change cost, then it may be reasonable to invest in
interactive architecture.
Examples of interactive architecture
We are well aware that there are not yet many examples of interactive architecture. There are many
technological experiments more on the level of installations that investigate responsive structures, but
these are more or less independent of the context
(they could be installed anywhere) and are not an integrated part of the functioning of the building (the
building does not perform better or worse with the

installation). Media facades for example fall in this
category. Although they dramatically change the appearance of buildings (for example the Galleria department store, Seoul, Korea by UNStudio) they do
not engage in a “dialogue” with the viewer or user.
The term “dialogue” means a meaningful or functional
exchange of information or action between the user
and the building (more on this later in this paper).
Figure 3 (left) shows the Solpix facade component, designed by Simone Giostra & Partners Architects in collaboration with Jeremy Rotsztain and
Rory Nugent (2010). It is an integrated system of
rotating shades with solar cells and LEDs. The LEDs
effectively create a media facade, but at the same
time the system functions as a shading device, as
well as being self-powered because of the solar cells.
Figure 3 (right) shows the N-Building shop project in
Tokyo, by Teradesign Architects (2009), installation
by Qosmo Inc. and Izumi Okayasu. The dynamic arrangement of black and white blocks on the facade
displays a QR code which can be read for example by
mobile phones. In this way the building can communicate to the outside world. Because it displays more
content, we feel that this is approaching the notion
of interactive architecture.
What is interactive architecture
The term “interactive architecture” is a bit misleading because interactive buildings as such do
not exist. Buildings are composed of many parts.
Some parts may be interactive and some parts are

Figure 3
Left: the Solpix facade
component (images from
website [1]), 2010. Right:
The N-Building, Tokyo, 2009
(images by Yuki Omori, from
website [2] and [3]).

New Design Concepts and Strategies - eCAADe 29

567

not – very likely, most of the building parts will
not be interactive. It is due to the combination of
such parts that a building is interactive, but it is
not the building (as a whole) itself. When can we
call a system then to be interactive? Modern HVAC
systems for example have complex behavior, and
are hooked up with the building and the environment by means of sensors. Nevertheless we would
hesitate to call them interactive. The purpose of the
HVAC system is to maintain the quality and conditions of the interior of a building. Although its settings and purpose are geared towards the inhabitant, the inhabitant him- or herself does not factor in
its immediate considerations. The knowledge what
keeps an inhabitant comfortable is registered in the
settings of the HVAC control, but as a derivate; not
as the result of a direct observation or communication. Left to their own devices, most HVAC systems
will continue working along their settings even
when there is no one present in the building. The
system will basically do the same thing for all users equally. Three different people may have three
different preferences for their working environment. Nevertheless, whether there is John, Shirley,
or Charles working at the moment, the common
HVAC system ignores this and runs according to its
general settings.
It seems to be the case therefore, that factoring in the inhabitant or user through direct engaging is the point where we would say that a system
becomes interactive. What additional demands do
we need to set to call one system interactive and
another system not interactive? An elevator for
example, takes the user into account as he or she
expresses a desire (to go up or down) when pressing the button of the elevator. This gets the job
done, for sure, but again it is not what we would
call interaction. However, what if the elevator was
connected to the building in such a way, that it
could register your location, and have some sense
of your daily agenda? The first is possible through
RFID tags or hooking up to the surveillance system. The second is possible by connecting to your
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personal scheduler (PDA or intranet system). Then,
when it notices that you start moving towards
the elevator and knowing that you have to go
for a meeting on a different floor, it may already
move itself to your floor so that you do not have
to wait for the elevator. If the elevator already has
this possibility just for you, then we might as well
extend it to all people working in a building. This
would allow the elevator system to optimize its
operation in a more efficient manner than by waiting passively until the next person presses a button (taking other people into account may imply
that you still have to wait for the elevator, by the
way). Such behavior we would surely call interactive. So, not only do we need to take the user into
account, but also the system itself should be more
complex than just switching on or off. Therefore,
an interactive system is a dynamic system with
multiple states that takes the user into account, by
modifying its own behavior and states.
Figure 4
An interactive system is engaged with a user, based on
an internal representation of
its own goals and the user
goals.

An interactive system takes the user into account. The user on the other hand, has two options
how to relate to the system: passive or active. The
user is considered to be active when he or she is
directly influencing the system (pushing a button,
pulling a switch, or something other). The user is
considered to be passive when he or she does not
directly influence the system by some action. In
the last case the system works in the background.
It does not mean that the user has no interest - it
only means that the system is trying to figure out
what the user needs and does not require additional instruction from the user to accomplish this
(Table 1).

Table 1
Various ways of engagement
of an interactive system with
the user.

Direct system involvement

Indirect system involvement

Passive user

The system’s actions are partly based on user needs
through observation, monitoring, measuring, or
other means of detection. For the user, the system
seems to act as a “perfect butler.”

The system runs autonomous without direct consideration of the user’s current state. For the user,
the system is something running in the background
without need for control. To the user the system
seems completely “environmental.”

Active user

The system and user engage in a “dialogue,” in which
the system takes note of the user needs and actions,
and the user actively is influencing the system. This
can be characterized as the system as “partner.”

Most of the system’s actions are tuned to keeping
some kind of state that the user requires but does
not need to know or understand how it actually
functions. This is typical for the control of complex
systems or where the actual functioning is shielded
or filtered through an interface. The system acts as a
“wizard.”

TECHNOLOGICAL BASIS FOR
INTERACTIVE ARCHITECTURE
As stated above, interactive architecture is created
by a combination of (interactive) systems. An interactive system consists of at least four components:
sensors, controllers, actuators, and materials (see for
example Schumacher et al. 2010). Sensors register
the environment, controllers determine what kind
of actions need to be taken, actuators make the
desired change happen, and materials realize the
physical part of a system. Figure 5 shows a schematic
overview for an automatic sliding door. The sensors
(infrared or microwave-based) detect the proximity
of objects close to the door. The controller determines whether the signal from the sensor requires
Figure 5 (left)
Example of sensors, controllers, actuators, and materials
in case of an automatic sliding door.

the door to be opened or closed. The required action
is performed by the actuator (an auxiliary drive or
cog wheel connected by belts or cables). The material part is formed by the door panel(s) that open or
closes. The system responds to a person, but the person itself is not part of the system.

CLASSIFICATION OF INTERACTIVE
ARCHITECTURE
The systems that enable interaction are not all the
same. There are various degrees of interaction or
responsiveness available in these systems. In this
paper we propose the following degrees of interaction: passive systems, reactive systems, autonomous
systems, and agent systems. Each of these degrees is
described in more detail below.
Passive systems
A passive system basically is any system that
simply reacts to outside influences by the laws of
nature (physics, chemistry, biology, and so on). Its
behaviour is completely determined by these laws.
There is no additional influence from the object itself
that will modify its behaviour in any way.
Examples of passive systems are indirect lighting
systems, fixed shades, and tourniquets. Even though
the behavior of a passive system is completely deterministic, it does not mean that it displays simple behavior or acts in a predictable way. Especially when
multiple passive systems react to the environment
New Design Concepts and Strategies - eCAADe 29
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(and thus indirectly to each other) things can get “out
of hand” quite easily. Much of the regular systems
engineering work of such systems deals with controlling exactly this behavior. A lot of effort is invested to
check whether there will not be any unexpected and
undesirable effects of a given system.
Reactive systems
A reactive system is a passive system in which a controller is added that can modify the reaction of the
system. Typical modifications are amplify, decrease,
delay, or speed up. In many cases the output of a reactive system is of a different character or sort than
the input the reactive system receives. For example,
a simple thermometer feedback cycle takes as input
the temperature and may have as output lowering or

increasing the amount of heating in a room. A light
sensor takes as input the amount of light, and may
have as output lowering or raising the shades at the
window, or decreasing or increasing the light levels
in a room.
Examples of reactive systems are automatic
sliding doors, self-regulating shades, thermostats,
and escalators with ‘stand-by mode.’ Many of the
systems in architecture today are reactive systems.
The controller of a reactive system can be quite complex, containing for example many tables by which it
can establish which reaction is most appropriate to
which input. Getting these settings right is no easy
task. An ill-balanced interior lighting system for example, can lead to quite a lot of frustration or distraction of the users of the building.
Figure 6 (left)
Passive systems
Figure 7 (right)
Reactive systems

Figure 8 (left)
Autonomous systems
Figure 9 (right)
Agent systems

570

eCAADe 29 - New Design Concepts and Strategies

Autonomous systems
A reactive system, no matter how complex, will never be able to deviate from its settings. In contrast,
an autonomous system is a reactive system “with a
mind of its own.” The controlling mechanism of the
autonomous system consists of three parts: a state,
a set of goals, and reasoning mechanisms. The state
describes the current condition of the interactive
system. Basically it is a snapshot of all the important settings of the system. The goals describe the
targets of the system performance; in other words,
what it has to achieve. The reasoning mechanisms
look at the state, derive how the state differs from
the goals of the system, and then determine the
most proper system reaction to reach the goals. The
autonomous system then produces some action in

the outside world which should bring it closer to its
intended state.
Examples of autonomous systems are robot
production lines and contemporary HVAC systems.
Having a state in other words, therefore, enables the
autonomous system to step aside as it were, and to
deliberate what it should do. Contrary to a reactive
system, which is completely dependent on its internal settings, an autonomous system can adjust its
settings. An autonomous system is thus more independent than a reactive system.
Agent systems
Autonomous systems by definition are always responsive in the sense that they first need some input
from the environment, and then they act according

Figure 10
Consideration areas for
the design of interactive
architecture.
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to their goals, reasoning mechanisms, and allowed
means to influence the environment. In some cases
however, systems need to be able to do two additional things: (a) communicate directly with other
systems, and (b) anticipate required changes by
acting before an input from the environment is received. Such systems are called agent systems.
Examples of agent systems are adaptive spam
filters and multi-site query systems such as for airline
tickets. The agent system is continuously checking
its state against its goals, and may initiate an output
to the outside world even when not prompted by
the environment. Additionally, it can communicate
with other agent systems – either by directly addressing them, or by sending out a message to the
outside world waiting for other agent systems to be
picked up. Similarly, it can receive messages from
other agents directly, or by waiting for signals sent
out by other agents.

DESIGN OF INTERACTIVE SYSTEMS
In our view, autonomous systems and agent systems
are the only systems that can establish interactivity.
Passive and reactive systems can only achieve this
when combined together (thus effectively creating
an autonomous or agent system). An interactive system design therefore has to determine two major
aspects: (a) which kind of engagement (as stated in
Table 1), and (b) what kind of technology to be used
(as stated in the previous section). Having stated
these goals is not enough to create interactive architecture. In previous work we have outlined a number
of design methods that assist in the design of interactive architecture. These methods deal with analysis, concept generation, simulation, and assessment
(Achten and Kopřiva 2010). Finally, interactive architecture can only be established when the architect
has a thorough knowledge of the required technological components: sensors, controllers, actuators,
and materials (see Figure 10).
For the design of interactive architecture it is
necessary to take each aspect into consideration.
However, which aspect is taken first, or which aspect
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plays the most dominant role in the design depends
on the architect (team) and context of the project.

CONCLUSION
In this paper we have aimed to outline a theoretical
framework to establish what interactive architecture
is. Interactive architecture consists of systems, which
can be characterized as passive, reactive, autonomous, and agent systems. A key characteristic of an
interactive system is that it takes the user into account. Systems can behave as perfect butler, partner,
environment, or wizard.
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Abstract. Performative Architectural Morphology is a notion derived from the term
Functional Morphology in biology and describes the capacity of an architectural material
system to adapt morphologically to specific internal constraints and external influences and
forces.
The paper presents a research project that investigates the possibilities and limitations
of informing a robotically manufactured finger-joint system with principles derived from
biological plate structures, such as sea urchins and sand dollars. Initially, the material system
and robotic manufacturing advances are being introduced. Consequently, a performative
catalogue is presented, that analyses both the biological system’s basic principles, the
respective translation into a more informed manufacturing logic and the consequent
architectural implications. The paper concludes to show how this biologically informed
material system serves to more specifically respond to a given building environment.
Keywords. Robotic Manufacturing; Biomimetics; Parametric Design; Wood Joints; Plate
Structures.

INTRODUCTION : PERFORMATIVE MORPHOLOGY IN BIOMIMETIC DESIGN
Performative morphology denotes the capacity of a
natural or artificial material system to adjust specifically to system-external and system-internal conditions through morphological differentiation (Hensel
and Menges 2008).
This level of differentiation is emblematic for natural systems, where a high degree of morphological variation, and consequently of functionality, is achieved
with relatively minimal material input (Nachtigall 2004).
In contrast, architectural systems have
long been restricted in their possible geometric

differentiation due to manufacturing constraints. Primarily because of economic factors
of industrialized production, systems with a
large number of similar construction elements
have been given preference. However, digital
fabrication methods allow for the introduction
of a high level of morphological differentiation
in architectural design. Thus the realization of
a biomimetic design approach becomes practically feasible through the application of digital
fabrication methods.
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The aim of the paper is to present a specific research project investigating the relevance of a biomimetic approach to computational architectural
design. In its first part, the applied computational
design and manufacturing tools are introduced.
In the second part the research project, which is
based on robotically manufactured biomimetic finger- joined plate structures is explained in detail.
The results are discussed both in context of their actual architectural design potential and in the larger
context of biomimetic design on the one hand and
computer-aided manufacturing on the other (Fig. 1).
The discipline of biomimetics is aiming at investigating specific biological systems with regards
to its applications and advances in technology
(Nachtigall 2004). Architectural systems require a

high amount of various information sets, not only
focusing on structural characteristics, but also considering aspects of spatial arrangements, lighting
conditions, insulation, etc. Due to this high degree
of complexity, a research methodology was used
that suggests informing previously defined architectural material principles with a variety of principles from biological systems into a so called bioinformed material system.
This process is conducted by developing a
performative catalogue consisting of architectural
requirements that match relevant biological principles. The abstraction and translation of principles from the very different disciplines and their
consolidation into one coherent system is the aim
of the presented design process.
Figure 1
Design methodology. A:
Robotically manufactured
material system with differentiated finger joint geometries;
B: A sea urchin test as a
biological system to research
for biomimetic principles; C:
Performative architectural
morphology as a design tool
combining manufactural,
architectural and biomimetic
principles.

Figure 2
The six-axis industrial robot
in the RoboLab prototyping laboratory at the ICD,
University of Stuttgart.
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DESIGN AND MANUFACTURING TOOLS
A NURBS (non-uniform rational b-spline) based 3D
CAD tool in conjunction with its scripting and generative modeling environments are being utilized to
generate the 3D geometry for the finger joint’s fabrication data as well as the overall plate structure’s
topology. For the initial testing of different fabrication strategies, a combination of a dedicated CAM
solution and a robot kinematic simulation with integrated robot code translation have been used.
For the manufacturing process a parameterized
and automated NC-code generation was developed
in order to connect the generated design solutions
directly with the robotic fabrication process. The
prototyping laboratory is equipped with a six-axis
industrial robot customized with a HSK E-40 collet
chuck type high frequency spindle for milling (Fig. 2).
Figure 3
A: Manual fabrication of dove
tails; B:Tools for machinebased fabrication of dove tails
and finger joints; C: Newly
developed fabrication of
robotically fabricated, threedimensional finger joints.

CASE STUDY: ROBOTICALLY MANUFACTURED FINGER-JOINED PLATE STRUCTURES
Industrial robotic manufacturing systems show
higher degrees of freedom in their range of motion
than common process-specific CNC machines. The
presented research project makes use of the machine’s degrees of freedom and develops a threedimensional finger-joined plate structure system
(Fig. 3). The need for an integration of the potential
applications of this system into a generative computational design procedure raises the question as

to how these possible geometric differentiations
can be used in an operative manner. Biology offers
a multitude of examples how local and global morphological differentiation in plate structures allow
for performance-based adaptations. In order to inform the developed material system with these biological principles a performance catalogue is being
laid out, that enables the designer to transfer variables of the parameterized biomimetic principles
into architectural performance criteria.
Material system: plate structures with differentiated finger joints
Finger joints connect force- and form-fitting elements through multiple interlocking teeth with
a straight or tapered shape. This joint allows for
connections without any additional fastener
and avoids warping effects during dimensional
changes (i.e. swelling or shrinking of wood) of the
structural elements. This method is an ancient and
commonly used corner joint for over 3500 years
(Kirby 1999) and until today certain block houses
are still built with a standardized and automatically manufactured finger joint technique, but it is
mainly used for furniture due to aesthetical qualities. As wood has been one of the most economic
and available building material throughout the
preindustrial era it easily makes advances in production technology visible (Schindler 2007 and
Hoadley 2000).
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However, manual manufacturing (Fig. 3A) as
well as current CNC technology (Fig. 3B) for trimming
and milling machines is limited to producing finger
joints for rectangular plate connections [1], although
connections for beam structures are already highly
evolved in industrial fabrication [2]. The presented
research has developed a way of rapidly yet highly
precisely producing finger-joints for entirely closed
plate connections at varying angles (15°-165°) by
employing a 6-axis industrial robot (Fig. 3B). Through
the close interrelation of computational form generation and robotic manufacturing, joint connection
geometries not only with varying finger joint angles
and miters (Figs. 4A and B), but also connecting
three or more plates along one margin (Fig. 4C), are
feasible and now only limited by the robot kinetics’
range of motion.
The developed integral computational design
and fabrication process enables a high degree of
differentiation within plate structures, but raises the
question as to how the possible geometric differentiations can be used to find plate structure patterns
with a particular performance capacity.
A variety of examples can be found in biology
that show how morphological differentiations on
different hierarchical levels allow for performance
based adjustments. Biomimetics is suggested as a
methodology, to develop the finger-joined plate
structure with regards to a range of performance
criteria. For that purpose, a performance catalogue

is developed that allows the designer for the integration of architectural performance criteria and the parameterized biomimetic principles.
Plate structures: research on biomimetic principles
As stated by Nachtigall (2004) the advantage of
plate structures in comparison to folded structures,
like origami patterns, lies in their topological rule
of joining not more than three plates in one point.
By following this principle no bending forces occur
along the plate’s margins, thus ensuring the system’s stability. As a result, the principles of origami
patterns, such as the ones researched by Buri and
Weinand (2006 and 2008), do not need to be taken
into account. Instead the research on possible plate
arrangements rather needs to be of a much wider
range. To find a performative pattern, biomimetic
principles from biological plate structures were investigated and extracted (Fig. 5).
In the research field of constructional morphology taxa with morphological extremes are specifically relevant as they show fabricational and functional principles more obviously (Seilacher 1979).
Plate structures can be found in cancellous bone,
turtle shells, skulls, and most importantly in echinoids, such as the sea urchin (Fig. 5) and sand dollar (Fig. 1B). The taxonomic class of the Echinoidea
was of particular interest during the research on
plate structures due to the significant and distinct
plate arrangements forming the sea urchin’s rigid
Figure 4
Robotically manufactured finger joints. A: Connecting two
plates at a specific angle with
different thicknesses along
their margin; B: Plate structure prototype with differentiated finger joint geometries;
C: Multi-dimensional connection of finger-joined plates
meeting in one point.
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test, which is composed of fused plates of calcium
carbonate covered by a thin dermis and epidermis
(Barnes 1982). Echinoids have evolved since the
late Ordovician period 450 million years ago [3]
and have since developed performative and robust
plate structure systems by only varying the shape
and size of their plates. For a thorough and accurate
research on the micro and macro scale of the Echinoideas’ plate structures, all superorders and orders
have been considered. However, due to their distinct
shape the main research was focused on the orders
Spatangoida (heart urchin), Echinoida (sea urchin)
and especially on Clypeasteroida (sand dollar). In
contrast to all other echinoids, sand dollars left the
spherical shape of their taxonomic relatives and developed a flat shape with a circular outline. While the
constructional morphology of basic globular echinoid tests can at least partly be described through
structural dome systems, this comparison is more
difficult in irregular echinoids such as the sand dollar. However, through their internal tethering, which
by the same method as the test’s plates have transformed into rigid mineralized, column-like structures, their global shape can still be explained within
a structural model (Seilacher 1979).
As a result, not only the global plate topology,
but also the global and local constructional and functional morphology, as well as the local connection
geometry of the sea urchin, sand dollar and other
biological systems were used to inform the research

on robotically manufactured plate structures based
on a performance catalogue combining architectural, manufacturing and biological principles.
Performance catalogue: biomimetic material
system combining architectural, manufactural
and biological principles
Despite the introduced bottom-up process starting
with manufacturing principles, the performance
catalogue is making use of a biomimetic top-down
process, where predefined architectural and structural principles are set as a starting point in order to
achieve a target-oriented research in biology.
Architectural and structural principles of a performative morphological system include load bearing on a local level between two plates, as well as on
a global level for a group of plates or the whole structure, a local and global principle of the plates’ shape
and arrangement, principles for achieving multilayered structures with higher structural efficiencies,
principles of perforation and light modulation, as
well as principles of drainage and flow regulation.
The catalogue then investigates the stated biological systems in eight different performance criteria:
•• Local plate shape
Biological principles of echinoids and turtle
shells: Skeletal plates develop scale-like outlines in flexible armors and polygonal outlines
in rigid carapaces. However, although most of
the sea urchin’s plates seem to have a hexagonal

Figure 5
A sea urchin’s plate arrangement. A: Schematic top view
of a sea urchin revealing the
global plate arrangement; B:
Close-up photograph of a sea
urchin showing the differently
sized plates.
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shape, the amount of polygonal corner points is
not determined but underlays another principle. (Seilacher 1979 and Nachtigall 2004).
Architectural translation: The geometry of a single plate is being determined by the local and
global pattern applied to the plate structure.
Local plate arrangement
Biological principle of echinoids: Throughout
the echinoid’s ontogeny its skeletal plates experience bending, but mainly shearing forces.
This is due to the arrangement of a maximum of
three plates in one point. This overall principle
can be found in any natural plate structure and
is essential for building a rigid and stable system, in which only shearing forces appear.
Architectural translation: Following this principle the load transfer is reduced to shear force
along the connection axis, for which the finger
joints are particularly suitable. This principle can
be seen as the only topological constraint during the form finding process.
Local load transfer
Biological principle of echinoids and turtle
shells: Because of the shearing forces, the
plate’s suture joints are forming a finger jointlike shape. This shape proves to be especially
strong against shearing. However, as seen in
Krauss, et al. (2009), its specific shape provides
a certain tolerance in order to absorb possible
movements in the structure.
Architectural translation: Due to their geometry, finger joints acting as a plate connection
in the structure can be very stable and durable.
Manufacturing-based tolerances can be useful
for both an easier assembly procedure and absorbing movements.
Global plate arrangement
Biological principle of echinoids: The global arrangement of the sea urchin’s plate leads to a
five-fold symmetry, which is achieved by only
changing the plate’s size. As seen in the following principles, this differentiation results in specific functionalities.
eCAADe 29 - New Design Concepts and Strategies
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••

••

Architectural translation: Differentiation in the
plate size can be seen as a parameter reacting
to both structural and architectural constraints.
However, the echinoid’s symmetry in its global
plate arrangement can only be seen as a result of its globular shape and is therefore not
directly transferable. Instead, possible plate arrangements, or patterns, could underlie other
geometrical and architectural principles, which
still need to be investigated.
Hierarchical built-up
Biological principle of echinoids: The microscopic hierarchy shows that each skeletal plate
is made of a three-dimensional calcite meshwork termed stereom structure, whose density
defines its stiffness.
Architectural translation: Materials with different densities can be used according to local
structural requirements. Also, using the microscopic hierarchies of wood by adapting the
fibre directions to the plate’s load will help the
material system become more effective.
Voluminous mechanical structure
Biological principle of echinoids: The sand dollar’s plates connect the upper and lower layer of
its plate-skeleton by columns, which are formed
in the skeletal plate’s center. Its stereom structure varies depending on the mechanical forces
appearing inside each column.
Architectural translation: In a voluminous plate
structure system, column-like connections between the lower and upper layer will be structurally very important and might also adapt to
architectural functionalities.
Edge formulation
Biological principle of echinoids and turtle
shells: Skeletal plates become smaller in order
to increase the suture joint surface and thus the
ability to absorb dynamic impact forces.
Architectural translation: This principle can be
adapted by controlling the plate’s sizes through
different parameters reacting to the local curvature and possible impact and wind forces.

••

Figure 6
Possible plate arrangements.
A, B: Plate structure system
from above and below, investigating the possibilities of
permeability and light modulation; C: A different plate
arrangement during the same
analysis.

Permeability
Biological principle of echinoids: The sand dollar’s test is perforated by lunules, which are
formed by an inverted connection of the upper
and lower skeletal layer.
Architectural translation: An inverse connection
between a point of the lower and upper layer
may facilitate performance capacities such as
light modulation and structural strengthening.

Performative morphology: generating contextspecific biomimetic material systems
Based on the analyzed principles and the identification of the related critical parameters and their variable ranges, a spatial plate structure can be derived
through a computational form finding process. Here,
the increasing differentiation of local and global
plate arrangements, joint geometry and plate permeability is driven by the specific performance criteria of the given context.
Although global plate arrangements of echinoids have been analyzed, the developed performative architectural morphology does not transfer the
patterns directly, as its main goal is the integration
and interpretation of all manufacturing, architectural, structural and biomimetic principles. Instead, the
subsequent pattern research needs to incorporate
all the named principles, while also providing architectural qualities and the possibility to experience
the structure in different situations.

Prototypes from the initial fabrication research already showed the structural advantages emerging from
plate structure systems. The possibility of varying plate
angles not only allows for topological and structural
differentiation, but also for gaining effective depth and
thus enabling the system to react to different structural
parameters, such as deformation under self-load.
The computational system is capable of both staying within the design space given by manufacturing
constraints and finding highly specific plate articulations
by mediating the reciprocal relation between different
characteristics of the researched biomimetic principles
and related architectural characteristics. Therefore the
discussed process does not conclude in one fixed plate
arrangement pattern, but rather opens up a variety of
possible plate arrangements, whose diversity is mainly
depending on a geometric research (Fig. 6). Thus, all
possible arrangement patterns have their own specific
morphological space in which they can materialize and
therefore be able to react on system-internal and systemexternal conditions in their own field of responsiveness.

CONCLUSION
The developed integral computational design and
manufacturing process allows investigating different
biological principles in relation to specific architectural characteristics. The performance capacity of the
material system unfolds from the combination, evaluation and weighing of those principles and their parametric variables. Not all biological principles might be
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suitable for combining them with others. Thus, the
set-up of a performance catalogue allows for driving the further development of plate structures with
highly differentiated finger joints, although the question remains as to how far the researched biomimetic
principles’ interpretations can be stretched in correlation to the design intent. It is therefore essential to
question and examine the transferred principle in its
new context as it might not be valid any more.
The considerable broadening of the range of
possible plate structure articulations enabled by robotic manufacturing can then be informed by specific biological principles in order to achieve highly
context specific, location sensitive and performative
architectural morphologies. Following those introduced principles, the plate structure system can act
as a continuous and rigid shell being able to divide,
shape and even enclose spatial arrangements by connecting relatively small plates cut out of sheet material
without any additional fastener. Using the principles
of a double-layered system it is even possible to apply
differentiated openings and include insulation while
benefiting from the tethering’s structural advantages.
Two branches of further research can be indicated
on the base of the discussed case study system. On the
one hand bio-informed material systems can be introduced as an additional area of biomimetic research on a
methodological level. On the other hand this methodology can be investigated especially with regards to architectural design, which responds to a diversity of conditions as opposed to building technology, which deals
with resolving singular issues. Ultimately this might lead
to a higher degree of location-sensitive design.
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Abstract. Neighborhoods that are still outside the market target can find alternative ways
of re-development. Therefore, it is necessary to design architectures compatible with their
fragile ecologies. This research benefits from a previous study where we tried to observe the
evolution of the uses of buildings and ways of living faced with changes in environmental
conditions in a given urban context. Increased automobile traffic has led to changes in the
use of residential spaces whose function was gradually replaced by commercial activities.
Making use of graphic-oriented interpretation of urban ambiance and landscape analysis
methodology applied to the design of different floor levels, this paper aims to introduce the
concept of sensitive tower defined on the basis of observations made in our post-occupancy
survey as a teaching strategy for the design studio faced with the current challenges of the
contemporary metropolis.
Keywords. design process; design education; contemporary metropolis; urban environment.

QUESTIONING AUTISTIC ARCHITECTURE
In his book of the late sixties The Architecture of the
Well-tempered Environment, Reyner Banham (1969)
describes the historical process by which technology
allowed the design of buildings to be more and more
autonomous from environmental and contextual
concerns. He highlights how the development and
integration of building systems contributed to the
creation of internal spaces artificially lighted, heated
or refrigerated being thus increasingly disconnected
from the external environment.
The autistic tower generated by this technological advancement has become a kind of standard

of the International Style, but also the paradigm of
its own stylistic drift denounced by Charles Jencks
(2002). The pregnant values of perfection, efficiency
and development, carried forward by this new openly narcissistic tower would later find, in the figure of
the ‘neutral zero-emission’ one, its lacking ethical objectiveness. After years of fierce criticism against the
glazed curtain walls, there is now a new impulse for
it that combines high-tech and eco-tech strategies.
The ‘neutral’ tower is not only equipped with intricate
environmental control systems to achieve maximum
energy efficiency but also to reach a whole aesthetic
New Design Concepts and Strategies - eCAADe 29
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expression of such efficiency. We can compare this
evolution of the high-tech building with the design
improvement of a spacecraft ensuring to all its passengers and crew, satisfactory traveling conditions
and comfort on board.
Beyond these appealing objects designed for
the headquarters of international banks and other
large companies, what can be said of most residential and commercial towers built throughout the
world? Despite criticisms that have been made by
the advocates of postmodern contextualism, we
note that the abstraction and autonomy inherited
from the social utopias of modernity have been
opportunistically appropriated by the building industry in its large-scale production devoid of any
contextual concern. Behind the pathetic decorated
facades that seek to soften the inevitable monotony, the principles of cost optimization reign with
impunity in order to obtain higher profits. The design process is then founded on the volumetric
extrusion practicing the well-known ‘miracle’ of the
multiplication of identically repeated floors from
first to last level. The product thus formed, refined
and adjusted to current laws is then replicated from
borough to borough, with minor and superficial
changes, resulting in a similar repetition but in a
larger scale.

Parallel to this process of standardization of
the real estate market, we have seen emerge and
consolidate, in the last decade, a new ideal of architectural abstraction. Distancing itself from the
current minimalist art, this ideal is linked to the
rejection of formalism founded on the desire for
expression and communication of the critique of
modernism and stimulated by the architecture
spectacularization. Theorized, among others, by
the New Yorker retroactive manifesto of Rem Koolhaas, this attitude was justified by the need to
reconnect the architect of the logics of the built
environment in the everyday life.
Figure 2 shows a partial section of the famous
Downtown Athletic Club in New York studied by
Koolhaas, juxtaposed to the reappropriation of this
principle in the OMA’s competition design for the
new National Library of France (1989). In this project,
the concept of ‘free-section’ allows the programmatic design of space to be developed independently of
the external volume but also from the composition
of facades transformed into a kind of ‘neutralizer skin’
(Besson, 2009).
In the design for the Y2K house (1998), reproduced in the Casa da Música (1999-2005), the Dutch
office proposes an external volume as a direct
expression of the programmatic structure of the
Figure 1
Zero-emission Tower Design
in London by Future Systems
- general section and detail
(Source: Steemers et al.,1995)
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internal space. Here there is no longer the presence
of an abstract and inert image, but, instead, a strictly
result of ‘packaging’ the heterogeneous assemblage
of programmatic internal volumes (Lucan, 2009). It is
important to note that the reuse of the design made
for a single-family house in Frankfurt to address the
new situation in the Portuguese city is a strong indication of the high degree of autonomy of the formal
design for the architectural object. In fact, in Porto,
the relationship with certain elements of the site
is done only by a orientation strategy of the ‘transplanted’ design.
Considering the urban environment
Contrary to what seems to be a work that emphasizes the concept of autonomy of the building, Koolhaas and his team, associated with LMN, a North
American office imbued with environmental issues,
resume the building relationship with the conditions of the site in the project for the Seattle Central
Library (1999-2004). In this project, the architects explore the possibility of affecting the design of the architectural form not only with the program, but also
with the contextual conditions dictated by the site.
Thus, they say, “by genetically modifiying the superposition of floors in the typical American high-rise, a
building emerges that is at the same time sensitive
(the slopes will admit unusual quantities of daylight
where desirable), contextual (each side can react differently to specific urban conditions), iconic” (OMA

and LMN, 1999, p. 24). Thus, strong views of the natural landscape, exposition to sunlight or, conversely,
protection and shading were some of the key contextual factors considered by the project team (Figure 3).
Patterns of ecological adjustment
Every city has places with different intensities and
qualities of ambiance and urban life. There is a
complex gradient that goes from noisy spaces, congested hubs of activities, to areas reserved and even
preserved, situated on the fringes of these centers.
In this sense, a living space on the first floor facing a noisy street may not offer the same use conditions as another one located in an upper floor or facing the interior of a block, a playground or a forested
hill. Why then design these spaces with the same
attributes, the same facade openings, the same balconies? We think that some little changes could be
introduced in these mass production buildings in order to better connect architecture to its environment
without necessarily infringing economic logic.
In a previous study (Figueira Lassance 2000)
we tried to observe the evolution of the uses of
buildings and ways of living faced with changes
in environmental conditions in a given urban
context. Increased automobile traffic along a
street has led to changes in the use of residential
spaces whose function was gradually replaced
by commercial activities. Those who resisted this

Figure 2
Partial section of the
Downtown Athletic Club
in New York (left, source:
Koolhaas 1978), section
of the National Library
Competition Design for Paris
(center, source: El Croquis
53-79) and section of the
Porto Casa da Música (right,
source: Guedes and Tavares,
2008).
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Figure 3
Seattle Central Library
(source: OMA & LMN 1999).

Figure 4
Some pictures showing two
patterns of ecological adjustment in a neighborhood
of Rio de Janeiro (source:
Figueira Lassance 2000):
closed balconies in lower
floors of a building exposed
to traffic noise (left) and
second floor appartments
transformed into offices (dark
glazed windows) of the bank
agancy located just below
in a main commercial street
(right).

process had to adjust their dwellings to the new
conditions. This adjustment took various forms,
ranging from simple interference of the occupant, who added an extra curtain, changed the
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window frame, installed an air conditioning or
even closed a balcony, to the total replacement
of the existing architecture by another one of
better performance (Figure 4).

FRAGILE METROPOLITAN ECOLOGIES
The fragility adressed here is connected to two
entities that strongly interrelate. On one hand, the
contemporary metropolis whose local characteristics, historical and social identities are somehow
threatened by the monoculture of the autistic
tower that has propagated the same type of urban
landscape and, on the other hand, the inhabitants
of these cities, lacking of means to deal with the
diversity of urban conditions with which they have
to cope with.
This fragility becomes even more striking
in the context of the major operations of “urban
recycling” driven by the logic of the (short-term)
political deadlines as that is now the case for the
port area of Rio de Janeiro, in view of the great
sporting events of the coming years. How, under
these circumstances, can we put forward architecture design concepts that are not only respectful
of the conditions of each place, but can also take
advantage of what is particular and yet different
in our globalized cities? How to reconcile the demands of housing comfort with unfavorable preexisting conditions (nightlife, industrial activity
etc.)? How can we occupy territories crossed by
urban expressways without necessarily eliminating them because of an incompatibility with the
new intended uses?
By asking ourselves these questions we can
find a way of thinking about alternatives to a city
produced by the real estate market and paradigmatically illustrated by the concept of gated communities. This kind of urban design artificially recreates context conditions suitable to a particular
way of living that has become incompatible with
the city social, cultural and environmental diversity.
These communities reproduce on a larger scale,
the same principle of the autistic and autonomous
tower, disconnected from the outside world. Again,
in order to maintain architectural standards, the
context around it has also to be standardized, thus
eliminating what is different and cannot fit urban
marketing strategies.

CHALLENGING ARCHITECTURAL AND URBAN DESIGN EDUCATION
This paper elaborates on these issues in the specific
context of a design education based on the combined practice of architecture and urbanism put
forward, among others, by Chris Younès and Didier
Rebois (2009).
We thus intend to show that the design of a city is
intrinsically related to the definition of its architecture
and that, conversely, the design of a building can offer
much to the city as to their own residents if the designer is able to consider the context with which this
building relates. So instead of continuing the process
of urban monoculture that replicates standardized
and homogenizing towers and neighborhoods, we
have a chance for us to ensure some ‘biodiversity’ for
our cities. Neighborhoods that are still outside the
market target can find alternative ways of re-development. We must thus be able to design architectures
compatible with these fragile ecologies.
Therefore, we believe it is necessary to address
design education. In a previous text (Lassance et al.,
2010), we had the opportunity to introduce some of
the issues that currently involve the teaching of architecture when confronted with the conditions of
the contemporary metropolis, linking them to different strategies of graphic representation. Continuing
this study, we will mention two pedagogical strategies related to the implementation of the concept of
the ‘sensitive tower ‘ in design education when confronted with the need to discuss the paradigm of an
autonomous and generic building.
The first of these experiments can be considered as an exploratory process to raise awareness
and introduce novice students to the problem of
programmatic diversity that inhabits many of today’s
multi-storey buildings in our cities. It appears, therefore, more as a critical paradigm declared against the
impunity of abstract form that pushes its complex
programs without revealing them externally.
The second strategy deepens this exploration,
by conditioning it to the more detailed study of the
relationships that architecture establishes with each
New Design Concepts and Strategies - eCAADe 29
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‘layer of the city’. It combines methods of representation manipulated by contextual analysis of landscape and environmental components, replicating it
vertically at different levels of reference.
A tower for night and day
The chosen context was Hong Kong, a city surprisingly characterized by the principle of a vertical urbanism. Various programs are stacked on top of each
other within generic structures; elevators are part of
the public space and very often, it is on top floors
that you will find the best bars, restaurants and karaoke’s, surrounded with housing, hotels and office
spaces. This observation of a mixed-use tri-dimensional architectonic device was the starting point
for an architectural fiction developed by first year
students at the École Spéciale d’Architecture in Paris.
Around a minimum circulation and structural
core, a surface of 150m2 with an available 6m height
was the plot dedicated to an urban program, developed independently by each student through a model - scale 1:20. The tower itself was later constructed

from the superposition of singular strata: a love-hotel
on top of a sightseeing platform on top of a city-farmhouse on top of a cemetery on top of a cinema on top
of a bowling on top of a prison on top of a hanging
garden on top of a(nother) cemetery on top of an art
gallery on top of a kindergarden on top of a chapel on
top of a fitness center on top of a sushi bar on top of a
night-club on top of a library on top of a house on top
of a wellness hotel (Figure 5).
Multi-level landscape analysis
Our research also benefits from another previous
study where we made use of graphic-oriented interpretation of urban ambiance and landscape design
methodology (Feghali and Lassance, 2007).
For this purpose, we defined some concepts
called landscape component identifier and the
landscape quality indicators. These concepts enable
the integration of different analytical dimensions
of space - morphological, behavioral and sensorial
- relevant to the seizure of the surroundings, allowing the designer to develop an analysis not only
Figure 5
The Hong-Kong project
at the Ecole Spéciale
d’Architecture: context (left),
plot (center), final model
(right).
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interpretive but also evaluative of the contexts of
intervention at different levels of the building.
The identifiers are based on conceptual support
developed, among others, by Gordon Cullen (1971) barriers, focal points, details etc. - and the indicators
which assign a degree of intensity - density, permeability, roughness etc.
The designer is therefore conducted, mainly
during the first contacts with the site, to “manage”
a complex network of data and constraints. Among
such information, some of them are explicitly provided by the different agents related to the project,
while others are instead implicitly integrated. This
complex network of data is then transformed into
a set of information, a temporary abstraction - the
‘synthesis map’ - made for each strata and respecting
a hierarchy defined by the designer, thus implying a
first choice of issues and elements that will be implemented for the project. We think that if we could
apply this methodology of representation to the design of different floor levels, as shown through some

exemples of student work in figure 6, we would be
able to better consider different strategies at different levels of the building, thus avoiding the monoculture of the autistic tower in our cities.
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Abstract. This paper focuses on two issues concerning advanced architectural design
techniques. The first issue has to do with design methodology and more precisely with
the analysis of the fundamental ‘components’, which might compose a fragile place or
environment and bear a clearly distinctive character. The second issue is related to a more
architectonic agenda and concerns the consequent creation of a holistic architectural product,
aiming mainly to the basic architectural concept of ‘inhabitation’. Furthermore, concerning
the overall process, the idea of metabolism is becoming the central point, when referring, both
to the attempt of conceiving a specific natural territory within the digital realms, and to the
architectural form-finding process.
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ARCHITECTURE AND ITS NATURAL
ENVIRONMENT
This paper focuses on two issues concerning advanced architectural design techniques. The first issue has to do with design methodology and more
precisely with the analysis of the fundamental ‘components’, which might compose a fragile place or
environment and bear a clearly distinctive character.
The second issue is related to a more architectonic
agenda and concerns the consequent creation of a
holistic architectural product, aiming mainly to the
basic architectural concept of ‘inhabitation’. When
referring to this particular term, though, what is
described is a general condition where a probable
action is taking place against a pre-existing setting.
This procedure is supposed to enable and activate
space so as to deliver and facilitate specific human or
other type of natural activities.

RESURFACING AN INTERLACED GROUND
Nature in its entirety could be conceived in two ways,
either through its peculiar, bizarre and wild development, or through its vulnerable, fragile and gentle
fertility. An attempt is made through this scheme to
conceive the ‘mad’ natural genius. This genius has to
do with possible transformations, varying through
time and space, mainly defined by the basic natural
factors. It consists of undetermined organizations,
as a result of complex correlations between natural
systems and phenomena, concluding in uncertain
biomorphic effects. Those particular consequences
can be observed on a wide range of scales, in where
multiple and variable organic (referring to both animals and plants), chemical and other natural ‘activities’ take place. With respect to both the collective
morphological appearance and the functional expression of individual entities, those activities follow
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a background dynamic balance, resulting in layering
of logical actions, spontaneous desires, unfinished
acts, random circumstances and finally material
actions-reactions, in a condition of perpetual mutation. Finally, as a result of being in a condition of
indeterminacy and morphologic uncertainty, the
localization of any spatial reference point (even transient) is impossible (Figure 1).
This continuous triggering of different scenarios and additionally their consequent alternation
express the most disturbing aspect of natural reality.
This reality is elusive and incomprehensible, causing
phobic reactions. The consequent outcomes act as
heterotopic organic structures or as “other” places,
despite their powerful identification with a particular territory.
The proposed site is a hybrid situation between
both real and imaginary landscapes. It ‘begins’ to
exist where different natures meet. By employing scenarios of varying environmental elements

merging together, an unrecognizable, yet believable
landscape is created. Such a synthesis constitutes a
personal interpretation of a rather atmospheric approach of similar environments. This approach is
implemented more through an intuitive, mnemonic
rendering, rather than through a realistic and photographic reading of the place. A ‘narrative’ territory
emerges through this subjective infiltration. Specific
natural elements, that dominate the personal perception, ‘reconstruct’ the new environment. Thus, it
generates a projection of the real environment onto
the imaginary.

SCENARIO DEVELOPMENT PROCESS
In order to achieve the above aspirations, a specific
process of exchanging stimuli between various tools
and materials is followed. Thus, particular attention
is given not only among a certain amount of digital
tools and methods, but also to a variety of analog experiments, which focus on the production of natural
Figure 1
Interlaced ground.

590

eCAADe 29 - New Design Concepts and Strategies

models, using mainly raw materials. More specifically,
a series of artistic images under a narrative approach
is produced at an initial stage (analog process). Those
images focus on this special relationship that is developed between the architectural organism and the
immediate surrounding environment, suitable for its
development, as shown in Figure 5.
Then, following a digital logic, the use of respective tools is divided into three stages, according to the concept of metabolism, as it has been
referred earlier:
•• Analysis of the main attributes of a specific
place: natural elements, natural processes,
memories, human implications, etc.
•• ‘Infiltration’, processing and digitalization of
them not only to a conceptual level, but also to
a morphological and design level
•• Reproduction, emergence and revival: creation
of a holistic architectural product that encloses
the totality of the “new” natural and artificial
environment and all possible inhabitable space.

DIGITAL METABOLISM OF ANALOG
FORMATIONS
The overall idea of ‘metabolism’ penetrates the logic
of the form-finding procedures. More specifically,
in the initial stage a series of physical models were
produced in a pliable material (clay). This reflected
the process of searching plastic pre-forms, that later

through the use of digital technology and advanced
design tools will be analyzed and realized as a specific architectural form.
The concept of physicality pervades the specific
process, this time through the act of handcraft, as a
method of creative and investigating force, in the micro
scale of fingers. Within this framework, both the ‘handling’ of the matter and the physical (or even chemical)
attributes of the specific material, are the major factors that determine the final form, and consequently
the produced architectural construction. Architecture
is, thus, capable of revealing its primitive substance in
all stages of its development and ‘growth’. While this
remains the main task in the overall process, the following associations, such as functional, cultural, symbolic,
or even spiritual architectural values, are applied to the
project in the degree that they have already been mastered through the user’s subconscious. These values
are expressed (to the possible extend) under the spectrum of a so-called ‘fingers and muscle intelligence’.
In the second stage, digital ‘intelligence’ is applied to the previously produced material formation
in an attempt to enable it to mutate into an architectonic shell. At this point it is worth mentioning that
the concept of the specific matter transformation
(from the a-tectonic concrete clay formation to the
wooden architectonic shell) lies in corresponding
theories of material transformation, such as what German architect Gottfried Semper called ‘Stoffwechsel’,

Figure 2
Sensitive transformations:
digital-material hybrids.
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a term that could be translated as ‘matter-changing’.
This theory, according to Semperian matter-change,
implies a kind of ‘metamorphosis’ of object, throughout the change of the used materials through history.
Consequently, in the specific transformation of matter, the indisputable geometric accuracy, the constructional perfection and the architectural functionality, are all ‘blown’ to the digitized volume.
Summing up, the whole process is aligned to
the following scenario: Analogue models (mainly
clay models) are initially produced. In turn, they are
digitally manipulated through the use of a 3d laser
scanner machine and advanced design tools into a
constant feedback to the previous stage. (Figure 3).
Then, aiming at the main model construction,
further elaboration is conducted related to the examination of materials and the required construction methodologies. Thus, by using advanced design
tools (such as rhino, grasshopper, etc), the geometry
received from the previous stage is analyzed according to the constructional logic of complex organic
geometries and doubly curved surfaces (Figure 4).
Following this stage, the final model is manufactured by using a ‘file to factory’ process according to
which, the basic construction elements are cut on a laser
cutter machine and after they were assembled manually.
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DIGITAL METABOLISM OF NATURAL
COMPONENTS
The main target behind the use of specific digital
tools is mostly an attempt to frame all the natural
and environmental characteristics, which are mentioned above. These natural elements are suggested
to inspire the generation of key architectural components that will, afterwards, lead to the composition
of a new man-built environment and territory. Moreover, during the process of their appointment to a
digital environment and the following emergence
of a new derivative, it is suggested that a new kind
of architectural existence is created. In such an architectural line of production, an obvious intention
is the development of a direct connection with its
immediate neighboring microenvironment and the
investigation of a possible interaction and interface
between them.
Furthermore, extending the line of thoughts
above, as far as the whole approach is concerned,
the suggested architecture is enriched with an additional notion, that of metabolism. This term is
referring to some specific transformations, which
were initially applied on the existing site, so that a
hospitable territory is produced, in order to make
space for the new architectural organism to be

Figure 3
Matter transformations –
Stage 1.

installed. As a result, as the architectural product
emerges and is being produced by the elements of
the landscape, at the same time it is actively reproducing that very landscape and to a certain extend
is giving physical ‘birth’ to it. This all happens within
the boundaries of an interactive and non-linear
relationship.
An alternative relationship between architecture and nature is thus promoted, placing emphasis on the simultaneous production of architecture
and its immediate environment. Such a bilateral
relationship suggests, at the same time, certain
strategies for architecture’s correlation to physical
matter, setting as a target the direct domestication
of nature, and its ‘gentle’ incorporation to the maximum possible extend.
Architecture constitutes an organism, a charming ‘creature’ with almost disturbing physical properties, which performs a specific number of basic functions. An organic composition, a kind of an artificial
parasite, humbly adapted and ‘floating’ with tenacity
within a fragment of the earth crust (Figure 2).

As the moral architectural issues are surpassed
by default, the architectural construction is treated
as the main survival apparatus, ‘demoted’ in its absolutely natural utilitarian role, complied with the brutality of the surrounding territory’s survival instinct.
Thus the force of such an architectural ‘creature’ lies
in its ability to assimilate the dynamic mutations of
the surrounding territory and to follow its rhythm.
This creates a new context of a heterotopian symbiosis (co-existence) and mutual improvement. Inside
this lacustrian biotope, we can see the participation
of architecture to the emergence of a relationship
between knowledge or technique and the natural
indeterminacy. This raises fundamental issues about
the possible ways of inhabitation within its cumbersome and even pathologically inevitable materiality.

IMPLICATIONS OF ARCHITECTURAL
FRAGILITY
Having aimed at the fundamental architectural concept of ‘inhabitation’, the obtained data deal with
both the thorough examination of its meaning and

Figure 4
Matter transformations –
Stage 2.

Figure 5
The natural “labor”.
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its enrichment with new attributes. This relates, simultaneously, to both the physical and the digital space.
As a consequence, architecture is considered to be a
hybrid of these two; a dynamic system, not merely
interconnected with its surrounding environment,
but also an important host, with flexible boundaries,
where multiple natural elements are incorporated.
A new type of ‘inhabitation’ is therefore suggested.
The theoretical approaches described above are further expanded by including architecture, technology
(either digital or not), human beings and nature into a
universal system, seeking for new spatial qualities upon
the concept of inhabiting. Nature is partially faced as a
human creation, and simultaneously as a foreign and
strange entity, upon which material existence and life
are based. Following these bipolar interpretations, nature in its entirety could be conceived either through
its peculiar, bizarre and wild development, or its vulnerable, fragile and gentle fertility. This suggests, in both
cases, a multi-sensory relationship with the primitive
physical (vegetal or biological) body.
Under this light, what is subconsciously investigated here is a series of notions, so far only superficially touched by ‘digital architecture’s’ discussion:
the insuperable, the imaginary, the mysterious, the
emotional, even the illogical, the experiential or the
subconscious and their possible projection within a
virtual, digital space and world. A new field of aesthetic queries is raised, tending to challenge and maybe
reverse well-established architectural demands.
Many practical and objective needs are being fulfilled by default, while personal concerns, obsessions
and passions are those that lead creative architectural
research constantly further. As a result, what is often
suggested is a ‘pseudo’ self-repressing inclination,
wishing to criticize or even deny the ‘sight purification’, a concept heavily established in mainstream architecture. This implies a fragile condition for architecture, a further tendency of avoiding a certain ‘visual
hygiene’, flirting with sensationalism, with the ‘black’
and the ‘undetermined’, the physicality, the dark and
the dirt. This comes to contradiction against a wellknown pure formalism and transparent objectivism.
594

eCAADe 29 - New Design Concepts and Strategies

It narrates a deeper and more fragile kind of architecture, according to which the overall aesthetic spatial
experience focuses on its relationship with desires,
impulses and intense psychological states, implying
in its essence more mazy, nocturnal, earthy, “maternal”, warm and enclosed structures, usually under the
form of a primitive inhabitation.

CONCLUSION
In conclusion, a scheme for creation as the one described above, is considered to be an organic ‘fight’
between materials and human actions. A dynamic
balance is generated, where estranged elements
try to co-exist and are, ultimately, mutually affected.
Every human action implies a natural reaction and
vice versa. This takes place within a local micro-scale,
where just as the human existence depends materially on the surrounding territory, at the same time
natural elements depend essentially on human action, craft and labor.
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Abstract. Deliberately introduced unidirectional material weakening is explored as a means
of producing material properties which exploit natural material tendencies rather than as
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ANISOTROPY
The history of the development of architectural
materials has been guided by a hostility toward the
natural tendencies of materials as found in nature.
Over the course of history architects have devised
ingenious ways to compensate for, reduce, or eliminate the inherent dimensional instability of materials. Concrete swells and shrinks with changes in
temperature, and so needs movement joints to control cracking in predetermined ways. A metal railing
on a wooden balcony will expand and contract to a
different degree than its substrate, and so must be
mounted in such a way that the two systems are able
to slide past each other as they move lest the system
buckle and become unsafe. Natural materials such
as wood are notable because they exhibit properties
which are orthotropic, or directionally determinant
in nature as it regards the direction of the grain of
the material as it was naturally formed. In the design
of buildings, the properties of lumber in its many
forms are well known. Structurally, for example, lumber is known to have high compressive and tensile

strength parallel to the grain, with contrastingly low
shear strength. These traits are reversed perpendicular to the grain of the wood. Another interesting
directional property of wood is its expansion in the
presence of humidity; this effect is greater perpendicular to the grain of the wood than parallel to it
(Allen 1985.) Modern material engineering techniques have sought to produce building materials
from wood which minimize or eliminate expansion
and contraction due to temperature and humidity.
Such materials as plywood, oriented strand board,
and particle board are predictable in their behavior
and dimensionally stable.
Industrialization provided the means to create
predictable building materials, and gave rise to the
modernist movement in Architecture and elsewhere.
Modernists took material standardization as liberation from the in-situ improvisation of the craftsman
in favor of abundant and identical materials. Architects today, however, are charged with building a
world where the most insurmountable problem will
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soon be resource management (Mau 2004.) “Green
Design” is riding an extraordinary wave of popular
culture, but much of the knowledge upon which this
phenomenon is based was put in place generations
ago; Sustainable design is now and has always been
good design. That the face of design is changing,
however, is impossible to deny. The explosion of
new and more accessible technology has facilitated
the creation of architecture of dizzying formal, material, and conceptual complexity. The human scale
of buildings, once wrought in intricate handmade
details, has returned in the form of formal intricacy
(Lynn 1993,) and endlessly variable mechano-material operations made possible by computer controlled instrumentation.
At the crux of this discussion is the desire to
set forth a philosophy which rejects the ornamentation of typical building typologies with “green bling.
[2]” Instead we must see it as our responsibility to
use the possibilities of an endlessly mutable architectural palette to create architecture which takes
building performance and regional acumen as the
basis for a materially complex and morphologically
precise built environment. It can be clearly seen in
natural systems that specific situations demand specific and complex solutions. These solutions do not,
however spring wholly formed into the world but
instead derive from a trial and error based problem
solving. From the nano-structures on a gecko’s foot,
to the naturally ventilated termite mound, natural
systems have evolved to solve all manner of architectural problems (Benyus 1997). This arsenal of biological approaches can be hybridized with anthropocentric and ages-old passive design strategies as
a baseline for building design which can be utilized
to exploit inherent material properties for enhanced
performance of the built environment. Long before
architects began designing for natural light, cross
ventilation, and solar efficiency, nature perfected
the art of resource management through a highly localized system of material deployment. This ad hoc
material variation of natural constructions results
in directional variations in strength, referred to as
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‘anisotropy’ (Oxman 2010). Such structural directionality as seen in the properties of wood grain, is the
basis for significant current thinking in architectural
materials research. This research explores the use of
deliberately effected weaknesses in wood and fabric
as a means to produce spatial phenomena, material
complexity, and performative buildings. These anisotropic operations take natural systems as a point
of departure for man-made approaches to the augmentation of building performance in the realm of
solar shading.
Shading
Solar shading is an essential component to passive
energy design for buildings. Sun angles and building orientation are basic architectural considerations
common to most regional architecture, and are commonly seen in such vernacular building formations
as shotgun and dog-trot houses, or wrap-around
porches (Haase 1992). Traditionally, solar design has
come in the form of static shading devices applied
to building openings, or in building forms which accommodate such strategies in their basic shape and
orientation. Conformationally determinate devices
are limited in terms of on-demand adaptability. New
technologies, however, have created adaptive solar
shading which responds to lighting conditions, time
of day, and the presence of building occupants. Active shading devices currently do exist and take the
form of motorized metal fins and roll-down shades.
These technologies rely on mechanical solutions to
architectural problems. The most advanced of current dynamic shading systems such as the adaptive
fritting case study performed by Hoberman Associates and Buro Happold INC (Drozdowski 2009) are
dynamically adaptable but are reliant on elaborate
mechanical actuation in order to function, thus requiring expensive maintenance or in the famous
case of the Institut Du Monde Arabe [1], abandonment of the system entirely.
Rather than relying on complex mechanical actuation, a more efficient type of solar shading can
be created which has the ability to change shape in

response to solar demands and user needs. A novel
material treatment is currently under development
which relies on the properties of common materials
to change shape while under strain, and return to their
original shape when at rest. The behavior of this device is the result of deliberately introduced anisotropy
in otherwise dimensionally stabile composites of wood
veneer, cabon fiber, metals, paper, fabric, or nearly any
material with the ability to return to a baseline shape
after deformation. As in the production of expanded
metal meshes, alternating slits are introduced into the
material allowing expansion in any selected direction.
Unlike expanded metal mesh, however, the material
memory of the selected materials results in the creation of what is essentially a flat spring; a mesh of material posessing a memory of the conformation under
which it was formed. When under tension, the device
expands. When tension is released, the device returns
to its resting state [FIGURE 1].

By varying slotting patterns using parametric
modeling techniques, digital means can be exploited to produce analog effects in architectural materials. Researcher Dustin Headly in Expanded Topographies (Kolarevic 2008) showed that permanent
structural and spatial effects could be obtained by
using alternating slotting patterns in permanently
expanded metal walls. Similarly, temporary spatial
effects can be obtained in meshed materials by using parametrically controlled curving patterns. Such
spatial effects happen while the device is under tension, but when released, the assembly returns to its
resting state.
In an architectural application, material mesh
can change shape in response to ambient conditions and user needs in a system which relies on extremely simple mechanical actuation to create shading which is able to stretch (Fig 1), bend, and twist
to adapt to lighting needs, passive energy strategies,

Figure 1
Closed and open
conformations
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and for the enrichment of architectural space. Such
sunshades would contribute to the creation of a materially rich architectural environment, while still accommodating building performance and occupant
needs. The proposed construct will take advantage
of a novel and patent pending system which can be
deformed not only to occlude or permit the passage
of light, but also to produce optimal angles for the
maximizing the interception of solar radiation of the
surface of the device itself [FIGURE 2].
The actuation of the device is extremely simple.
In one example, when pulled perpendicular to cuts
in the surface, the device expands. As it expands, the
blades turn as the material deforms to accommodate
the movement. This permits efficient use of active solar technologies such as flexible photovoltaic cells applied to the surface. Optimal angles and opacities can

also be created to shade buildings and building openings to allow the passage of diffuse light while blocking direct light, or to allow visibility through the screen
from selective angles. Digital controls systems can
be programmed to actively respond to solar angles,
geographic location, and user preferences. When fully
closed, the device can be made sufficiently strong to resist the damaging effects of hurricanes and major wind
storms, to block sunlight, or to provide privacy. When
fully open, the device can allow the passage of natural
light and breezes, and to provide views to the outdoors.
Regional Acumen
Every geographical region poses environmental demands on its inhabitants which, over time, produce
unique regional skill sets. The products of these skill
sets produce buildings which lend distinctiveness

Figure 2 (left)
“Blades” rotate as the device
is stretched, shading the
building while allowing diffused light to pass
Figure 3 (right)
Fabric device with fiberglass
battens
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to the respective location. Such regional specificity
can be seen in the intricately shingled Hill House, designed by Brian MacKay-Lyons (Quantrill 2005). Such
hand laid shingling is only possible due to a type of
skilled labor which can only be found where the
house was built.
In the creation of conformationally adaptive mesh
shading constructs, it was desired to apply a regional
specificity to the concept for both economy and for
place making. In the central region of the State of Florida there exists a robust boat building industry. Boats of
all sizes, materials, and purposes are built in within the
boundaries of the state, and skilled labor for techniques
such as the making of high quality fiberglass is readily
available. Additionally and perhaps less obvious is the
parallel existence of a sail-making industry. Sails are
made from fabrics of every description, starting with
nylon, but including carbon fiber and kevlar textiles.
Sailboat sails are commonly made with inlaid fiberglass
battens to give form and resiliency.

Using sails as a model, a fabric mesh shading
structure was devised which combined alternating
expansion slots in the fabric with channels for thin
fiberglass battens [FIGURE 3]. Reinforced control
points transfer shear stresses diagonally through
the system as the device is stretched. Fabric blades
are revealed, bordered by the paired battens, which
bow when stretched, but resume their shape when
at rest, allowing the system to return from an open
to a closed conformation. [FIGURE 4]. The initial prototypes employ rip-stop nylon as the primary material, but investigations are underway for explorations
in composite sail materials. Materials such as kevlar
will add stiffness to the system while allowing for a
unique translucency.
Passive Machines
Further research combines the memory mesh concept with the natural anisotropic properties of
wood with respect to humidity. In the presence of

Figure 4 (left)
Fabric device becomes increasingly permeable as it
opens.
Figure 5 (right)
the autonomously actuated
humidity screen becomes permeable as it opens.
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humidity, wood expands more perpendicular to its
grain than in parallel to it. Traditionally, building
techniques seek to minimize this effect by creating tolerances for material movement. However,
the expansion and contraction of wood can also be
thought of as potential energy for the actuation of
passive machines. By producing a hybrid slotting
pattern in memory mesh, a surface can be created
which opens and closes passively in response to humidity, actively in response to mechanical actuation,
or both [FIGURE 5]. This device uses a laminate of a
non-expansive material such as plastic or metal, with
wood veneer. As humidity increases or decreases,
the resulting “humidity gate” can be seen to open
and close as the wood expands and contracts in relation to its non-expansive laminate pair [FIGURE 6].
A passive-active humidity gate is under development for use in experimental building skin systems which would take advantage of the heat of
evaporation of deliberately introduced moisture to
reduce cooling loads on buildings in warm climates.
The Humidity gate is used as an autonomous control

surface which opens in response to the humidity
generated by moisture behind the skin in the heat
load of the sun. Hundreds of tiny flips open to provide increased surface area, shading, air flow, and
heat conduction. At night, as the temperature decreases the flaps bend inward to channel night time
condensate into a water collection system. The water collection and control of this configuration are
based on the botanical adaptations of succulents,
such as cacti (Weniger 1969).
Stressed Flaws
Wood Veneer is more flexible when bent parallel to
its grain, than perpendicular to it. For this reason
plywood is made with alternating layers of veneer
oriented perpendicular to one another. In this way
a flat, dimensionally stable building material is created. In a three layered plywood sheet, however,
two portions of veneer are parallel to one another,
on either side of a single layer of veneer oriented in
the opposite direction. This creates a piece of wood
that is so flexible that it can be rolled into a tube, yet
Figure 6
The humidity gate is a bimaterial laminate systemwhich
acts as a passive machine
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resilient enough to resist breakage. This technique
has been used to great effect in the furniture and
cabinetmaking industry whenever a curved surface
is desired.
This same bending phenomenon, however, can
be exploited to create structural effects in perforated plywood screens. Using a CNC machine, slots
are created in a tri-layer plywood sheet [FIGURE 7] in
such a way that tabbed languets remain it a t-shaped
formation. The resultant “drop” from the perforation
is deliberately retained for use as a strut in order to
reduce material waste while maintaining design
continuity for the piece. The languets are bent into
position relative to one another, and held in place by
the tabbed struts. The resultant screen is a structurally curved, perforated shading device. The bent plywood remains under stress, pushing the panel into
Figure 7
A stressed plywood screen
exploits the anisotropic properties of wood

a rigid curved shape. Tabs can also be alternated
to produce a flat, rigid screen which still retains the
expressive material depth of the stressed perforations. In this way it can be seen that the deliberately
exploited anisotropic property of the bendable plywood can be used as a strengthening factor in perforated screens.

CONCLUSIONS
The modernist ethos embraced the honest expression of industrial materials as a point of departure
for a new way of thinking about architecture, and allowed a vision of clean minimalist space making to
install itself in the mind of the architect. Abundant
standardized components were a new set of tools,
and new tools lead to new methods. The profession of architecture now exists in a new machine
age, one in which architecture as a machine for living has gone wireless, been reduced to the size of
a wallet, and migrated to your pocket. Digital technology, however, is not a tool for saving time, but
rather a means for rationalizing an era of complexity.
The computer is a tool that can situate architecture
between art, construction, and the environment
rather than be used as a mere method for technical
problem solving. Deliberately introduced unidirectional material weakening is one such method for
producing material properties which exploit natural material tendencies rather than as a means to
compensate for them. Such anisotropic operations
take natural systems as a point of departure for manmade approaches to the augmentation of building
performance in the realm of solar shading, but also
for the creation of materially complex architectural
environments.
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Abstract. Real estate search system currently supports users’ search for sale and
consumption. However, the quality of the search results is unsatisfactory in most cases. This
is due to the lack of system capacity to accurately understand and process all-different user
preferences. Therefore, this study aims to solve the said issue by newly constructing real
estate information via “Case-based Reasoning” and “Ontology.” We conducted research
on the terminology related to real estate search that could be seen in a number of Q&A
communities. Based on the work, a hierarchical structure of the concepts was reorganized.
In addition, a real estate search system was developed to authenticate its effectiveness while
dealing with several exemplary cases.
Keywords. CaseBaseReasoning; Ontology; Information modeling; Service design; Knowledge
acquisition.

INTRODUCTION
Traditional way of home suggestion has relied on human realtor; however, the advent of the Internet has
gradually been changing the long-established convention. Leonard (2003) insists that when it comes
to retrieval of architectural information of real estate
the Internet would play a significant role, increasing
efficiency in and convenience of search. According
to his study, it turns out that the use of the Internet
in search of real properties decreases the total cost
to find appropriate one as well as time, which emphasizes the necessity of digitized real estate information and online searching service.
Despite the expected advantages, however,
digitization of real estate information is still in its infant stage and there are several problems in current

practice. First, current web-based searching service
needs to be more active and intelligent beyond online catalog in order to handle realty’s special features such as immovability, localization, secrecy of
deal and costliness and fluctuation of the price. Second, the information provided online is limited to basic features of real properties, which is not enough to
lead customers to purchase decision(Kim, J.H, 2001 ;
Lee, K.C. and Choi, K.Y., 2004). In addition, insufficient
reliance on information and quality of suggestion
cause user satisfaction to stay low in spite of the increasing use of online search(Cho, J.H. ,2009). Those
problems are fundamentally caused by the absence
of a systematic organization in which information is
classified and connected to explain certain realty.
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To supplement the low quality of home suggestion, this paper suggests integration of case-based
reasoning with ontology. Case-based reasoning is a
very useful paradigm to solve a current problem by referencing to the solutions to previous, similar problem.
In other words, proposed searching system would suggest items chosen by previous users whose housing
needs were similar with the current user. Consequentially, CBR would provide users with composed of more
suitable real estate items to their needs and preference,
which lightens user’s effort, time, and cost to find a
right house item. Furthermore, integration of CBR with
ontology is expected to generate an incredible level of
synergy by improving both the efficiency in information organization and effectivity of searched results.
The purpose of this research is to discuss the
problems incurred by current practice for digitization of real estate information and to solve the problems by utilizing systematic organization and establishing CBR model in order for users to be offered
appropriate result.

RELATED WORK
Current state of online real estate search service
Real estate search systems in Korea are mostly provided on the web. Analysis of real estate imformation
providing service has already done in The development of a real estate multi-attribute integrated search
system(Cho, J.H. ,2009). We refered to this paper to
understand exsiting system to develope real estate
search system. Web-based real estate search systems
in Korea focus on 2 user groups, one is user of habitation purpose, anohter is user of investment purpose.
For this reason, system has to be more complex, which
cause difficulties to provide real estate information for
living. Every real estate search system provide localbased search fucntion. System of “Budongsan 114” provide additional search fucntion such as station-based
search, price-based search, and size-based search, but
other limit to local based search. Although keyword
based search fucntion is basic of systems and it is possible to choose additional 3 search options, still systems
606
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are lack of real estate recommend fucntion. Therefore,
the development of a real estate multi-attribute integrated search system pointed out 4 problems;
1. Users feel difficulty to compare vest amount of data
2. User have to spend much cost, time and effort
to find what he or she wants.
3. search fucntions are sequentially performed.
4. Limitation to access information for their vest
amount of data.
Study combining case-based reasoning and
ontology
Case Base Reasoning(CBR) is methodology to solve
current problems based on previous case.(Kolodner,
J.L. , 1992) Past expert system which solve the problem using IF – THEN rule based inference may need
vest amount of rule, so it needs much time and cost
to build Knowledge base. However, if we use CBR, we
can find very similar solution using case, although
there is no exact rules. Therefore, the more previous
cases are stored, the better we can find more correct
solution and relieve time and cost to build knowledge base. CBR system mainly used in E-commerce
domain, such as Analog Device[1], WEBSELL(P. Cunnighsm, 2001), READEE.(P. Oehler, 1998). CBR system
can infer more intelligently fitting for user’s needs but
it is hard to clearly specifiy the case. In the past CBR
system, case is very restricted to data base table, so
case can be restictly applied. In other words, we cannot descript relationship among various variables
organizing the case, it is hard to provide flexible and
semantically correct result.(Adela Laua et al, 2009). Recently, to give semanctic association among variables
to solve current CBR problem, many researches on using ontology for CBR has rised. Ontology is suggested
to enable quality automation of work including information search, intepretation, and integration. It avails
humans and compturs of easily understanding each
information by providing meanings to relationship
among diverse, distributed information throughout
the web.(T. Berners-Lee et al, 2001) Therefore, ontology has its advantage in systematically organizing
caes, thus building up a knowledge model.

Budongsan 114

Website

Search Method

Provide information
based on Location, Station,
Size, and Price
2.Location is hierarchically provided
3.Station is provided in
accordance with subway
line
4. Size Price are provided
with Location information

Location Analysis

Individual Analysis

1.Provide Sub web site
for each location
2.Autonomously provide
market information for
each location
3. Provide price information for each state, city,
gu, dong

Size(exclusive area)
Floor(relevant floor/total floor)
the number of households
the number of room (the
number of bathroom)
entrance structure(floor
type/hole way type)
price(sale price)
tax information,
construction company,
construction year,
heating system,
parking availability, transportation educational
facilities
convenience
feature
photo information

Search Function

Search function only available in recommended real
estate and real estate of
each dong
price(range type)search
size(range) search
Arrangement function

Feature: abundant data for real estate search and location-based analysis

Speed bank

- Provide Sub web site for
each location
Location-based: gu /
dong

-Apartmnet classification
(gu/dong)
Provide infrastructure
and government building

Size(exclusive area)
Floor(relevant floor/total
floor)
the number of households
the number of room (the
number of bathroom)
Price(parcel price, premium,
sale price), construction
company, construction
year, heating system,
parking availability,
transportation(subway, bus,
road), educational facilities,
convenience environment,
feature, photo information

Select by types of property
Select by types of
deal(dealing, leasing,
monthly rent)
Search price(From highest
price to lowest price )
Search size(From least size
to biggest size )
Function of arrangement
(Indescennding power and
inascending power name
of apartment, Size, number
of floors, sale price, registration day, name of agent
company )
-Function of
comparison(Maximum 5)

Feature: Provide rich information in way of each analysis(price, traffic, green environment, photo information), superior search function

Doctor Apart

Table 1
Table title (Domestic real estate website search and comparison of analysis functions)

Subdivision by each location Si(Do)-Gu-Dong

Provide
autonomously
Market information and
Market price by each location
Provide price by each
Dong, price by each size,
changing progress information in market price
information

Size (exclusive area)
Floor(relevant floor/total floor)
the number of households
the number of room (the
number of bathroom)
direction entrance
structure(floor type/hole
way type)
price(sale price)
construction company,
construction year, heating
system, parking availability,
transportation(subway),
educational facilities,
convenience environment,
feature,

Function of
arrangement(name of
apartment, size, number
of floor, sale price, indescennding power and
inascending power by registration day)
-Function of
comparision(Maximum 2)

Feature: present market price information of each location with graphs
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METHODOLOGY
Definition and classification for construction informaton of real estate
Through the related work study, we investigated the
definition and range of the construction information
as well as the features that were used as information.
Also, the analysis system was studied. We defined and
classified apartment information by referring to the
previous work including those of Kim Han Su(2001),
Mun Tae Heon et al.(2008), Jung Sun O(“1992), Heo
Jin Seon et al.(2003), Kim Ta Yeol et al.(2000), Oh
Chan Ok et al.(1994), Jung Hyeong Chul(2009), Lee
Sae Young et al.(2006), Park Kang Cheol(1998), Kim
1st Level

Won Pal(1999), Ku Bon Chang et al.(2001), Choi Yeol
et al.(2002), Lee Cheon Ki et al(2002), and Cho Sung
Hee et al(1999).
Case-based construction method
In our study, we utililized top-down access to express real estate as cases.
Our study adopted the top-down approach and
classified construction information. Then, sub-cases
for each of the real estate cases were analyzed. Each
case consists of different information due to their different features, so they must be partially separated.
Therefore, we classified sub-cases differently in accordance with the characteristic of each real estate

2nd Level
Price

3rd Level
Parcel price,
Current price

Availability

Size

Location

Information Provision
10,000 won(average price for
maximum/minimum), Average sale
price/pyeong
Sale, price(monthly / yearly)

Size

Parcel price & size (pyeong,m2)

Room

Unit

Bathroom

Unit

Residence

Floor

Direction)

South, South-south-east, Southeast, South-west, South-south-west,
East, East-east-south, South-east

Unit Plan

Light
Direction

Vantilation
Noise
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View

Landscape, Openness

Structure

Multi-level structure, size of the
room, hallway structure, exit
method(stair vs hallway), valcony
size & number

Finishing materials and maintenance

Maintenance state, finishing material type, kitchen & bathroom facility

Interior renovation

Porch expansion & structure

Welfare facility accessibility

Superintendent’s office, playground,
amenities, fitness clubs, accessibility
to parking space
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Closeness to the streets(over 30meters), not parallel to the streets,
intensity of light, closeness to shopping districts

Parcel/room size

Table 2
Table title (Information
classification of apartment
information)

1st Level

2nd Level

3rd Level

Information Provision

Main agent(construction company)

Private/official, designated/undesignated

Development method

Novel development, renovation, redevelopment

Duration

Completion duration

Year

Location

Address

Autonomous region, dong

Distinction

Downtown, North-west, North-east,
South-west, South-east

Block information

Development Feature

Block Size

Total family, floor, size, distance

Housing structure

Hallway-based, stair-based, multipurpose

Economic feasibility

Average maintenance fee

Heating

Heating method

Individual, central

Heating source

LPG, oil. gas

Move-in & parcel-out service
Service elements

Guard
Crime prevention
Garbage disposal

Location Information

Block life

Parking

The number of cars/family

Welfare & amenities

Playground, senior citizens’ center

Green area

Landscape size

Access way

Block main exit

Convenience Environment

Distance to public or government
office, hospitals, markets, etc / The
number of bus channels or operations, etc

Education Facility Environment

Distance to elementary, middle, or
high schools or colleges/ The number of middle-schools

Park space

Distance to green space

Transportation

Distance to downtown or subway

Inconvenience

Distance to industrial complex,
noise source, or stench source

case, and tried to compose necessary, relevant information within each case.
Ontology construction under methodology formats
Methontology , one of the several methods for
ontology construction, proceeds with ontology

knowledge model construction at the developmental phase of the software engineering. (FernándezLópez M, 1997 ; Oscar Corcho1, 2005) Methondology
can function as a significant basis for ontology knowledge model construction since it takes general elements into consideration rather than leaning toward
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609

real estate searches. The representative web sites of
Yahoo! Answers, WikiAnswers, and Naver KnowledgeiN was chosen for the analysis, and keywords of “real
estate” and “recommend” was used. We analyzed necessary terminology for ontology construction and
organized the concepts utilizing knowledge acquirement and scenario analysis results.

a specific domain. Therefore, this study aims to utilize
methontology model while individually considering
our domain specific features at the same time.
Conceptualization
We developed an abstract framework for the ontology construction while organizing keywords and analyzing user requirements in the websites. Using the
framework, we plan to compose concept dictionary,
concept classification tree, relationship table, and feature table. Meanwhile, we will continuously evaluate
the usability of diverse virtual and real scenarios.
Hierarchical structural organization for keywords
First, we investigated into domestic and international
Q&A websites to collect user Q&A data used for actual
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Classification of Concepts and Definition of
Relationships
A work for constructing ontology knowledge framework for future inference was conducted while organizing and classifying keywords and concepts
obtained from Table 3.
Combination of case and ontology
The advantanges of the ontology on this study can
be classified as follows.
First, if elements including location and place
information that should be essentially included in
the real estate information are integrated into ontology, management efficiency of information will be
heightend while solving data-overlap-related issues.
As a basis for the first propsal, unncessary data
overlapping occurs when cases are constructed under top-down method. For instance, if apartment information is built up under apartment case formats
with sub-set cases, than overlap will occur. Therefore,
we utilized ontology in this study in order to solve

Upper concepts

Included concepts

Location

Seoul, Daejeon, Daegu, Guri, Kayadong, Daeyeondong, Yongsangu, Kangnam, etc.

RentType

Deposit, Lease (yearly/monthly), Sale, etc.

ArchitectureType

Apartment, Single-room, Villa, Single-house, Lease apartment, Office-tel, etc.

Environment

Station, University, Highschool, Mart, Cultural infra, Job-place, Green area, Walking path, Park, Fresh
environment, etc.

Price

30 million won, 1 million won, 1.5 million won, 100 thousand won, 60 million won, etc.

Size

35Pyeong, 25 Pyeong, 30 Pyeong, etc.

Room

Two rooms, Three rooms, One bathroom, Two bathrooms, Living room, etc.

Inner Structure

Interior, draft, etc.

Estate

Whole real estate

eCAADe 29 - Precedence and Prototypes

Figure 1
{Top-down access to concepts
for Korean habitation cases}

Table 3
{Concept classification
through keyword analysis}

the said issue. There are common, essential elements
for each real estate such as location and place information. Such elements should be individually constructed and synthetically managed for data overlap
prevention. So to speak, if location ontology can be
individually constructed for location-related information, than information overlapping problems regarding location can be reduced.
As a basis for the second proppsal, cases are composed of sub-set cases that comprise of each case.
Therefore, if relationships among sub-cases are defined
and related information managed by indexing function
of ontology, than overall management of the information will become much easier and more efficient.

IMPLEMENTATION
The following is the model that combines case and
ontology. OWL is separated into OWL Lite, OWL DL,

OWL Full according to the degree of expressiveness.
(Donghee Yoo and Yongmoo Suh, 2008) Since current inference engines only guarantees decidability of
OWL Lite and OWL DL, OWL DS was utilized that owns
better expressiveness out of the two. In order to materialize ontology Protégé v3.4.4 [2] developmental tool
was used. Figure 6 was expressed as ontology while
using apartment cases and sub-set cases.
Common information of the real estate such
as location information was shared within ontology
structures in order to prevent data overlapping.
(see Figure 7)
The following table indicates organized cases of
apartments. Class and property information for the
apartment cases is organized.
System Architecture
As seen in Figure 7, the system architecture of the real

Figure 2
{Hierarchical structure for
concepts of location, real estate, and environment}
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Figure 3 (left)
{Prevention of data overlapping by using ontology}
Figure 4 (right)
{Conceptual diagram for information relationship}

Figure 5 (left)
{Integration of case and
local-ontology}
Figure 6 (right)
{Ontology construction utilizing Protege3.4.4}
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Ontology

Constitution

Concept

Apartment

Class

Ipji-info, Danji-info

Object Property

Has_danji, Has_ipji

Danji-info

DataType Property

Has_floor, has_foundation_year, Is_rent, health_center, Has_parking_space, Has_play_ground, Has_price, Has_size

Ipji-info

Object Property

Has_address

Entertainment

Class

Shoping_Center, Theater

Nature

Class

Mountain, Park, Walking_path

School

DataType Property

Has_highschool, Has_middleschool, Has_elementryschool

Transportation

Class

Bus, Subway

Location

Class

State,City,Gu,Dong

Object Property

Has_city, Has_gu, Has_dong

Dong

Object Property

Has_school, Has_transportation, Has_nature

eCAADe 29 - Precedence and Prototypes

Table 4
{Ontology concept related to
apartment real estate}

Figure 7
{System Architecture}

estate search systyem consists of 1) Search layer, 2)
Data collecting and loading layer, 3) Inference layer,
4) Casebase with ontology, and 5) Query processing
layer. The main functions of each layer is as follows.
•• Search layer: The main screen for real estate related search of users
•• Data collecting and loading layer: Delivers real
estate information from case-based to inference. Collected and inferred information is then
again saved in the case-based.
•• Inference layer: Executes inference on real estate information and delivers inferred results
to data collection and loading layer when new
information is being inferred.
•• Query processing laye: Analyzes user questions
obtained from the search layer, and supports data
loading layer to acquire necessary information.
•• Casebase with ontology: Database where casebased real estate information and ontology are
combined.

CONCLUSION
The common problematic issues that current real
estate search system confront include insufficient
search options, difficulty of comparative analysis
throughout vast information, large expense of
money for quality search, great deal of time consumption, limitation of linear order of search, and
constraint access to information. In order to solve
the issues, this study proposed to combine detail
subsets of case information into ontology while
builiding up cases for the real estate information. Its implications in relation to the real estate
search can be summarized as follows.
First, a platform for execution of diverse methods of real estate search was constructed since a
great amount of objective terminology was defined. Also, the concepts that individuals differently perceive was organized as cases, resulting in
quality search of the users who required personalized, relevant data. Last, it successfully developed
a real estate system that enabled enhanced quality
search based on ontology. As future work, a service

that allows more personalized real estate search
should be developed while utilizing individual,
cognitive ontology for conceptual construction.
Furthermore, usability testing must be conducted
to evaluate how users perceive ease of system use
or learnability of our prototype.
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Abstract. A concept of POIs renders the physical space in urban landscape as subject, which
is being explored with a wide spectrum of digital media functionality as virtual spaces, hereby
becoming accessible. The usage of mobile devices for locative exhibition spaces and locationbased gaming is a new method to present information bound to physical locations.
Keywords. Virtual Spaces; Urban Landscape; Locative Exhibition; Mobile Device;
Interactive Maps;

INTRODUCTION

Fig. 1:
General Interface with Map,
POIs, and Annotations.

Modern mobile devices like the new style smartphones or tablet PCs now fulfil most of the promises
of electronic computation. Long-lasting issues like
permanent networking, complete multi-medial content or ubiquitous computing are no longer worth
a thought.
Instead the focus is on new applications, now
shortened to apps, which utilise the in-build components of these versatile devices, like the compass, the
gyroscope, the camera, the GPS-receiver, the networking capabilities, the touch-sensitive display and maybe
more. New forms of software are emerging in order to
avail the user of the abilities of modern cellular phones.
The application presented in the paper is one
of them. It utilises urban landscapes as exhibition
spaces for virtual objects displayed depending on
locative information..

the content on a mobile device, once its user has
reached a certain point or area in space. Displaying
content in digital form on mobile devices rather
than as
physical presentation permits the visitor to
crisscross a large area in order to combine the location with the exhibits.
The examples shown here are just a general global example with continental landmarks and one of
our testing area

LOCATIVE EXHIBITIONS
A locative exhibition displays its artefacts not in a
museum or other fixed locations but rather exhibits
Precedence and Prototypes - eCAADe 29
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URBAN LANDSCAPE
The context of a city provides all the features of an urban landscape like buildings, streets, parks, squares
and infrastructural places. It is very diverse and varicolored, but also flat. The real richness of urban landscapes unlocks only with knowledge. Related to the
urban landscape becomes the individual context:
individual memories, social relations and other aspects of a personal lifestyle are of importance, too.
Unfolding the various layer of cultural heritage,
historical events, demographic diversity or simply
commercial actions based on individual interests is
one of the major there.
The sum of maps, different in style, content and
age, every city can provided may be a simple example of these layers..

INTERFACE AND CONTROLS
The interpreter’s main interface is laid out on a map
(Fig. 1). Besides common interface technologies like
panning or zooming markers are displayed at each POI
(Point of Interests) as annotations. POIs are locations
where a single object or a special piece of information
is on display. Additional annotation markers picture the
position of the visitant itself, may mark the home area,
other visitants or moving objects for random events.

CONCEPT OF POIS
A POI is based on the concept of a circular area
around a center defined in global coordinates. Both
parameters are adjustable under the condition, that

the areas don’t overlap (Fig. 2). If a visitant enters the
area at a certain distance around the center, the POI
is triggered and can be displayed. It is of paramount
importance that a POI does not release its content
automatically and thus enforces a physical action.
There should always be an element of initiative from
the user besides the automated triggering action. If
a visitant confirms a POI, the various contents are on
display until the visitant either reaches its informative end or leaves the POI. Then the releasing distance is active. This value should be slightly greater
than the triggering distance to avoid gagging.
If the releasing distance equals the triggering
distance, small movements or even the measuring
inaccuracy of the device may trigger and release a
POI at will. In addition to these defining functional
values other values may be applied, like a lifespan, a
visit count and more..

CONTENT OF POIS
There are two types of content, the exhibits and the
notes taken from visitants. Outside the vicinity of a POI
none of the data is accessible and can not processed.
That space remains an informational void or whitespace.
Exhibits
The central piece of each POI is the object on display
there. As result of the digital presentation different
forms of renditions are made visible as image or
written text, audible as music or as spoken text or as
combined visible and audible content, and certainly
as movie. Additional interactions can be required,
rules can be set up and so forth.
Taking Notes
Visitants may take visual and/or acoustic notes at
certain points. Depending on the defined rules there
they may type a text of certain length, take a shot
with the camera, record a movie or tape voice notes.

INTERACTION
Using physical spaces requires both interactions
with the location, inhabitants, other participants
616
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Fig. 2:
Triggered POI on Map

and maybe bystanders (Fig. 5). While all people there
can use common social interactions like eye contact
or verbal communication, the visitants of a POI can
interact with each other by using their cell-phones,
locally with Bluetooth and also globally using the inherent telephone and networking capabilities.

Fig. 3:
Note weitten on a phone

Communication
Some POIs may act like a phone booth, while others
are a kind of meeting points. There is a wide range
of possible pattern variations to be realised both in
soft- and hardware,
A phone booth, as examples, would allow a
contact from one defined POI to another regardless
who is at one point. A direct POI-to-POI would act
like a direct phone-line, or as a red-phone, while selecting other POIs upon answering would in essence
simulate a normal phone grid.
Other forms might be a POI as broadcasting
center relative to a broadcasting area if other users
wish to, and so on.
In addition the medium is not bound to audible
contents, as the examples might suggest. It can be
both reduced to textual representations, like SMS or
chat-applications, or enhanced as video and movie
content. These techniques are still in under evaluation and more testing is required.

and its contextual representaion. There is a wealth of
apps out ranging from simple store finders to tagged
realities, a form of AR (Augmented Reality) with twodimensional overlays.
The only real exception worthwhile mentioning is geocaching. This is a form of gaming, where
participants have to visit a certain location defined in
coordinates, find a hidden box with a notebook and
sign it. The physical presentation of the box and the
note-book remains a problem, because of possible

Archives
As every visitant of a POI can take note, these notes
can be collected and made available to selected or
all other users. The selection style can both depend
on space and time, and probably achievements. The
latter would lead directly to a game like application.
Similar to communications there are no real technical limitations to collect and present those notes.

DISCUSSION
Locative apps are concentrated on added informations to a specified area or region. Locations are
evaluated against the location of a user, the value of
the distance is important, not the absolute value of
a location itself. The device is aware of the location
Precedence and Prototypes - eCAADe 29
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casual finder. As type of a locative application geocaching is limited to hide and seek, and is not suitable for public spaces as in urban landscape.
The POI-based concept introduced here narrows the wider concepts of location aware applications to a strict definition of physical locations. Logically it only transforms the key-value coding model
known from databases to a clean representation
of locations as keys and their associated content
as values. The more radical approach corresponds
much with the reality than only ‘aware’ devices, as
it acknowledge a place as real. The participant can
decide on an appropriate action on its device only if
said device has reached a place,

CONCLUSION
Conceptual strictly dividing the technical functionality into the spatial parameters like ranges,
geo-location, rules etc. and the content as the very
substance of an exhibit based the idea of POIs looks
promising. Adding game-style interactions or narrative elements becomes an easy task. The enormous
potential of interactivity unleashed by setting only a
few spatial parameter in tandem with capable hardware is by far more attractive than the simple presentation of objects in an exhibition. Not denying the
physical representation of a location encompasses
the digital informations and actions supplied by
the devices and their natural equivalents. Individual
characters and skills ask for flexible techniques to
tune temporal and spatial parameter of people’s
spatial context in sync with their intended messages
and concepts of spatial designs.
Most contemporary exhibition already feature
digital presentations next to physical objects and the
fact that there are other than real objects is in many cases not a concern. Still they are classical in the sense that
they are centered on a site like a museum or gallery.
Utilizing an urban landscape as context of an
locative exhibition dismantles all physical appearances and combines the individual perception of a
physical environment with the media content provided on a mobile device.
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When form really follows function
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Abstract. The paper describes research developed with the aim of enquiring into the concepts
of adaptability, transformation, and interactivity between the built space, its users and the
surrounding environment to find appropriate responses to variations in spatial and functional
needs, prompted by different uses and activities. After a look into the roots of kinetic
architecture and a brief survey of the state of art, it presents the prototype of a responsive
kinetic structure for a multi-purpose pavilion, concluding that by the integration of existing
and emergent technologies, we now have the basic means to design and implement such
structures.
Keywords. Architecture; kinetic; responsive; adaptability; interactivity.

INTRODUCTION
The concept of kinetic systems can be traced back to
the beginning of human evolution and the primordial nomadic civilizations, in which humans travelled
constantly searching for food and adequate survival
conditions. Consequently, these civilizations developed various types of light-weight and portable
shelters, capable of being quickly assembled and
disassembled and easily transportable, nonetheless
providing for protection and security to their occupants. Although these types of temporary shelters,
commonly known as “tents”, derive from simple and
rudimentary technologies, they explored the concepts of portability, flexibility, and movement, which
have an important role in the field of kinetic architecture today. (Kronenburg, 2007)
With technological and social evolution and
the consequent development of static architecture,
the concept of kinetics was maintained until modern days through the use of simple configurable

elements like doors, windows, and blinds or even
more complex structures like draw bridges, retractable roofs, and movable partition systems, among
others. Most of these kinetic systems are designed
for specific uses and applications and, therefore,
have a limited functional scope. The concept of kinetic architecture as an integrally dynamic, adaptable and interactive structure is yet to be achieved,
even though recent technological developments
in mechanical and electrical engineering, together
with the use of innovative materials, offer an immense potential in this regard.

KINETIC SYSTEMS IN NATURE
Nature has been a powerful source of inspiration for
technological development ever since. This is due to
the singularity of its biological systems and mechanisms, which are the result of evolutionary processes
that took millions of years. The influence of nature in
Precedence and Prototypes - eCAADe 29
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architecture is not only aesthetic but also functional
and it is aimed at integrating new forms, processes
and materials based on various biological systems
and mechanisms by combining architectural approaches with emerging technologies in an attempt
to search for new concepts and solutions. Kinetic architecture is also based on the application of certain
biological principles that exist in living beings, such
as dynamism and adaptability. As these organisms
have the capacity to move, grow and change their
shapes and biochemical characteristics in response
to changes in the environment, so may kinetic architecture metaphorically be considered a living organism that can feel, move and reconfigure its physical
and spatial properties according to variation in internal and external conditions.
Although perceived as static organisms, some
plants possess remarkable capabilities of adapting
to the environment by reacting to different external
stimuli using various movements like tropisms and
nastisms. (Zeiger and Taiz, 2006) These movements
are enabled by constant variations in cellular growth
induced by complex sensitive capabilities that can
detect the presence or absence of certain stimuli. In
animals and, particularly, in humans movement also
is one of the essential survival and adapting strategies. It results from the contraction and extension
of muscles induced by the nervous system, which
actuate on the bones to which they are linked, thereby causing them to move around the joints. These
natural systems have considerable potential for
exploration and application in the development of

new architectural concepts and approaches that use
kinetic systems to enable buildings to adjust to user
and environmental conditions.

KINETIC SYSTEMS IN ARCHITECTURE
Kinetic architecture is a vast and general concept
that may encompass different fields of knowledge
like mechanical, structural, robotic, and electronic
engineering. Kinetic systems may be implemented
at different scales and with different levels of control,
such as simple autonomous mechanisms for partitioning interior spaces, computerized sensing devices for thermal control, or even large scale structural
mechanism that guarantee flexibility and enable adaptation to internal and external conditions. In this
sense, kinetic architecture may be defined as “buildings and/or building components with variable mobility, location and/or geometry.” (Fox 2003, 163)
Typologies
Kinetic systems possess different formal and spatial
transformation capabilities depending on the type
of kinetic structures used, which may be roughly
classified into three categories, namely deployable,
dynamic or embedded kinetic structures. (Fox and
Kemp, 2009) (Fig. 1) The work described in this paper uses an embedded kinetic structure, which is
characterized by the integration of kinetic systems
in the structure of the building. Its main function is
the adaptation and control of the architectural system as a whole, in response to various factors and
needs. Although scarcely explored, this typology
Figure 1
Typological classification of
kinetic structures: deployable
(left), dynamic (middle), and
embedded (right)
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has been used in several successful projects, such as
the Hoberman Arch in Salt Lake City (Utah, USA) by
the engineer Chuck Hoberman, the Kuwait Pavilion
in the Expo‘92 in Seville, and the planetarium in the
City of Arts and Sciences in Valencia, both in Spain
and designed by architect Santiago Calatrava.
Control Mechanisms
The capacity to control transformation and movement aims to guarantee the operability of the kinetic
system and its structure, enabling an adequate formal
and spatial adaptation in response to user needs or
environmental conditions. Traditionally, kinetic control was achieved using manual mechanisms; recent
technological evolution led to the development of
computerized control systems that permit to explore
the kinetic potential of various types of solutions.
Through the use of various mechanical and robotic
components like servomotors, sensors, and microprocessors, the control system may collect and process various types of sensing information, thereby
guaranteeing improved structural adaptation, responsive and interactive capabilities. Kinetic systems
possess various types of control, depending on their

functional features and on the transformation and
movement features desired. In general, kinetic control
systems may be classified into six categories: internal
control, direct control, indirect control, responsive
indirect control, ubiquitous responsive indirect control, and heuristic responsive indirect control. (Fox,
2003) (Fig. 2) When developing an architectural solution, one may use various kinetic systems that integrate and combine various types of control systems,
depending on their function, so as to guarantee an
improved response to the context. Both designed solutions used a ubiquitous responsive indirect control
system, which combines different sensors and servomotors that may be actuated independently following an algorithm that processes information gathered
by the sensors and decides how to actuate the kinetic
mechanisms accordingly.

DESIGNING THE RESPONSIVE PAVILION
The core of the described research was the development at the 1/20 scale of the prototype of a flexible
and adaptable kinetic structure for a multi-purpose
pavilion. The idea was to enable the pavilion to respond to changes in spatial and functional needs.

Figure 2
Type of control mechanisms:
internal control (1), direct
control (2), indirect control
(3), responsive indirect control (4), ubiquitous responsive
indirect control (5) and
heuristic responsive indirect
control (6).
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Spatial and structural concept
The basic shape selected for the pavilion was a cylindrical dome because its simple configuration allowed one to concentrate on the exploration of the
kinetic and functional capabilities of its structure.
This was based on the use of scissor-hinge mechanisms, a primary type of kinetic structure that permits the creation of a large variety of configurations
from a simple basic shape. The result is an adjustable interior space with variable dimensions that
can be self-regulated or manipulated by the user,
in response to the need for accommodating various
events or activities. The scissor mechanisms can permit either linear or curvilinear transformations. (Fig.
3, left) Given the cylindrical shape of the pavilion,
the implemented prototype used curvilinear transformations. Two different structural solutions were
developed, each with different transformation and
adaptation capabilities, particularly in terms of accessibility and re-dimensioning.
Solution 1 - Accessibility
This solution aims to guarantee a greater visual and
physical permeability between the interior and exterior spaces by creating openings on both sides of the
pavilion that permit user to cross the pavilion transversally. To fulfill this requirement, it was conceived
a scissor-like structure composed of several mechanisms whose transformation and movement occur
along an arc rather than a line. (Fig. 3, middle) Since all
the mechanisms in the structural modules act together, applied forces are transmitted between them until
reaching the mechanisms located at the extremes of
the structure which then transmit these to the soil.

The structural modules possess dynamic features that
enable a total control of their degrees of freedom so
as to enable or restrict various types of movement according to the needs. In order to create openings and
guarantee the adequate movement of the structure,
structural modules may be compacted to one side or
the other while maintaining structural stability. When
compacted to one side, the structural support on the
other side is automatically disconnected thereby enabling the structure to raise and originate an opening.
This solution guarantees greater permeability and accessibility to the pavilion. This mechanism is activated
by sensors that detect in real time changes in functional needs as described further below.
Solution 2 - Re-dimensioning
This solution is intended to guarantee an improved
response to a wider range of spatial needs, prompted
by diverse uses and activities in the pavilion. This is
accomplished by reconfiguring the structure of the
pavilion so as to vary its width and height. As in solution 1, the basic shape of the structural modules is
an arc. However, unlike solution 1 whose mechanisms
only permit transformations and movements along
such an arc, this solution permits transformations and
movements in other directions to obtain the desired
changes in width and height. This was achieved by
modifying some of the scissor mechanisms in the
structural module to introduce a joint that increases
the degree of freedom of its movement, which also
changes the behavior of the connected mechanisms. (Fig. 4, left and middle) The modified scissor
mechanisms fragment the structural module into
three subparts enabling them to transform and move
Figure 3
Curvilinear transformation
in scissor-hinge mechanisms
(left) and transformation of
the structural modules in
Solution 1 (middle and right).
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independently. They remain, nonetheless, connected
to one another to permit joint operation and control.
By shrinking or expanding the subparts, it is possible
to vary the width and height of the pavilion thereby
creating a space with a varying span (Fig. 4, right). To
take advantage of these structural capabilities several
sensing mechanisms were implemented, leading to
increased interaction and guaranteeing response in
real time to changes in user needs.
Covering Solutions
Several types of covering were researched to be
placed on the top of the structure and protect the
interior space of the pavilion from adverse atmospheric conditions. Since the structure needs to adapt
to changes in the form of the structure, this was the
basic condition that guided research at this level resulting in the identification of two possible types of
coverings: flexible and rigid. Flexible coverings are
made of thin and light materials that may deform
when subjected to traction causing them to expand.
They are connected to certain points in the structure
and due to their internal resistance they may affect

structural stability, requiring complementary structural elements placed transversally to the main structural
modules to tie them together and maintain stability.
Rigid coverings use other strategies to adapt to structural transformations, since they have considerably
less flexibility. In order to explore the geometric transformation capabilities of rigid coverings, principles
and techniques from the traditional Japanese art of
paper folding called Origami were researched due to
their dynamism and transformation capacities. Origami is based on the creation of a geometric pattern on
a flat surface, according to which it is folded, thereby
enabling it to acquire various tridimensional configurations through compacting, expansion and flexing.
(Lang, 2009) (Fig. 5) The application of these geometric transformation techniques permits the design of
rigid coverings that can adapt to the pavilion’s structural transformations. In reality, it also may be necessary to create complementary structural components
to connect the main structural modules transversally
to guarantee stability. However, at the scale of the
prototype these were not necessary and, therefore,
this was the type of covering selected for the pavilion.

Figure 4
Modified scissor-hinge
mechanism (left) and the consequent fragmentation of the
structural module into three
subparts in Solution 2 (middle); transformation of the
structural modules in Solution
2 (right).

Figure 5
Origami technique used in
the exploration of rigid coverings: geometric pattern, folding, and resulting shape.

Precedence and Prototypes - eCAADe 29

623

IMPLEMENTING THE RESPONSIVE PAVILION
In order to analyze the behavior of the two structural solutions and the corresponding mechanisms
designed for the pavilion, prototypes of both solutions were built at 1/20 scale. For this purpose, it was
used structural and mechanic components from
LEGO Technic due to the variety of existing standard
components, which permitted the construction of
the prototype in an easy and efficient way. In the
implementation it was also used robotic components and systems from LEGO Mindstorms NXT [1],
Mindsensors [2] and HiTechnic [3] because they were
compatible with the remaining structural and mechanical components. These components included
infra-red sensors, touch-sensors, light sensors, analogical and interactive servomotors, controllers and
a micro-processor. Those systems also included their
own programming software, which enabled full control of the structure’s transformations and the exploration of its kinetic and interactive capabilities.
The interactive capacities of the prototypes
were based on the analysis of the possible structural transformations as a function of different types of
stimuli from the various sensors used. The variety of
responses to such stimuli results from the processing of information collected by the sensors according to algorithms that were specifically developed
for each prototype, which determine how to actuate the kinetic control devices. These algorithms
were implemented in the visual programming language NXT-G (Kelly, 2010) using LEGO Mindstorms
NXT programming package. Once implemented,
the algorithms permit to define and control interactively the movements of the prototypes’ robotic
and structural components. The type of kinetic
control that was implemented may be classified as
ubiquitous responsive indirect control as the various mechanisms are networked, but may be controlled independently.
Despite the success of the implementation,
the structural and robotic kits used present some
limitations due to the use of standard and predefined components, which constrained the design
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and behavior of the pavilion’s mechanisms. In some
cases, it was necessary to modify some of the components by cutting and paste and even to produce
components and mechanisms with specific dimensions and functions. There were also some limitations in terms of programming due to the reduced
memory of the microprocessor (just 256 Kbytes with
half being used for the operative system) [4]. In summary, the design and implementation of the prototypes were constrained by the features of the LEGO,
Mindsensors e HiTechnic kits used.
Prototype - Solution 1
The goal of the first prototype was to analyze Solution 1 and it included the construction of three of its
structural modules. (Figs. 6 and 7) As explained above,
these modules are composed of scissors-hinged
mechanisms and their movement is controlled by robotic interactive systems programmed to respond to
various sensorial stimuli. These systems are located
on the extremes of the structural modules and they
were conceived to support and control them at the
same time. They are composed of screw gear systems
and continuous rotation servomotors that act upon
the structural module forcing it to compact to the
opposite side when activated by the control system.
This is composed of a microprocessor connected to
a servo-controller. All the movements executed by
the six servomotors are controlled independently by
the microprocessor, which analyzes and processes
information collected by the sensorial system. This
is composed of two short-distance infra-red sensors
placed on both sides of the structure. These sensors
detect the presence of any object in their action
zone and transmit this information to the control
system, which processes information from all the
sensors and decides whether or not to activate the
corresponding servomotors forcing structural module compact to the side opposite to the one where
the object was detected. The prototype is completed
with the placement of the covering on the top of the
structure. Due to the constructive and mechanical
limitations imposed by the LEGO components, the

placement of a flexible covering would significantly
reduce structural stability and so it was decided to
use a simplified rigid covering.
Prototype - Solution 2
The goal of the second prototype was to analyze Solution 2 and it also included the construction
of three of its structural modules. (Fig. 9) As explained
further above, to increase the transformation capabilities of the structure, some of the scissor mechanisms
used in the structural modules of the Solution 1 were
modified in Solution 2, dividing them into three subparts. The transformations of the structural modules
are controlled by interactive robotic systems specifically developed for this solution. These systems are located on the extremes of the structural modules and
they were conceived to support and control them at

the same time. They are composed of bearing systems,
screw gears and reels, which are actuated by several
servomotors. (Fig. 8, right) These mechanisms permit
the controlled and independent movement of each
of the structural modules supports, causing them to
expand or to contract and, consequently, changing
the width and height of the pavilion. These mechanisms are actuated by the control system, which is is
composed of a servomotor and a microprocessor that
processes the information collected by the sensors.
The control system was designed to determine changes in the functional and spatial needs of the pavilion
using a series of metaphors that interpret the information collected by the sensors, which detect the presence of objects with certain dimensions and colors,
in terms of changes in the location, quantity and flow
of people. There are three types of touch sensors with

Figure 6
Solution 1: robotic system
(left); structural modules and
their action zones L1-3 and
R1-3 (right).

Figure 7
Solution 1: the covering
system in the resting position
(left); and image of the pavilion when activated (right).
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specific dimensions sequentially placed at one of the
entrances to the pavilion. Through the activation of
these sensors, independently or in combination, it is
possible to detect the presence, location and shape
of certain objects, thereby transforming and adapting
the pavilion accordingly in real time. In the opposite
entrance it was placed a light sensor, which measures
the intensity of the light reflected by objects, thereby
determining their color and, consequently, their dimension according to a predefined color scheme.
The pavilion is then transformed according to a set
of predefined rules codified by the algorithm developed and implemented for this solution. For the same

reasons described in the case of Solution 1, it was decided to use a simplified rigid covering.

CONCLUSION
This paper describes research aimed at exploring the
use of kinetic structures in architecture by developing
the scaled prototype of a responsive exhibition pavilion. The pavilion has the shape of a cylindrical dome
and uses scissors-hinge mechanisms to create two
solutions for the kinetic structure that differ in terms
of the type of movement allowed, and origami tessellations to form the adjustable covering. The hardware was implemented using existing kits from LEGO
Figure 8
Activation of touch sensors
(left) and light sensor (middle) in Solution 2; reel and
screw mechanisms located on
the extremes of the structural
modules (right).

Figure 9
Prototype of Solution 2 showing different configurations
prompted by the detection of
objects in varied positions.
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Mindstorms NXT, Mindsensors, and HiTechnic, whereas the software was developed in NXT-G, the scripting
language available in Mindstorms.
By implementing the prototypes of the two
solutions and the corresponding robotic systems, it
was possible to analyze their kinetic performance
both from the structural and mechanical viewpoints,
as well as their responsive potential. Although the
design of the prototypes was constrained by formal
and dimensional limitations of the standard structural and mechanical parts of the kits, they possess
nonetheless a considerable potential from the spatial and functional viewpoints.
The robotic control systems implemented in
both solutions were intended to guarantee the
structural and kinetic performance of the prototypes, while permitting the desired interactive and
responsive behavior. These were implemented using
a series of metaphors to represent changes in the
programmatic needs of the multi-functional pavilion
and various types of sensors that were programmed
according to limitations of the software.
Despite all the limitations, research results hinted at the enormous potential of using kinetic structures coupled with state-of-art computer technology to develop buildings that respond to changes
in user requirements or environmental conditions.
Future research will address the design and construction of full scale prototypes. The development
of this dynamic architecture will require integrating
expertise from different fields.
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Flexible Systems
Flexible Design, Material and Fabrication: The AIA pavilion as a case study
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Abstract. This paper is about the fabrication process of the DesCours pavilion, a project
that was realized in the context of a graduate design studio in the Fall Semester of 2010.
The assembly and construction process of the pavilion will be used to show how parametric
software, such as Grasshopper can inform fabrication and material systems.
The paper will explain the fabrication process of a pavilion in detail and make an argument
for plastic as a material that not only responds to the malleable characteristic of digital tools
but also to environmental issues.
Keywords. Design Build, Grasshopper, CNC, Parametric Design, Digital Fabrication, Plastic

DESIGNING FLEXIBLE SYSTEMs
Buildings that respond to definite problems with specific, unique and unrepeatable responses are usually
configured as rigid systems that can hardly be replicated with success anywhere else. Architecture has a
long history of rule-based spatial systems that relate
to “Zeitgeist “ new materials and specific architects.
From Viruvius “Nine Square Grid” to Le Corbusier’s “Five
points” or Mies van der Rohe’s “skin and bones” systems.
These systems have defined styles and have influenced
architecture more than individual key projects. An important aspect why these systems were as influential
might be related to their flexibility and adaptability for
different programs and scales.
Continuity, smoothness and variability are
some of the keywords that describe the outcome of
today’s architecture. Still a closer look reveals their
fallback into a modernist separation of architectural
systems such as envelop, structure that is still intact.
The studio started with a research in complex
geometry, subdivision geometry in particular. It then
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speculated how geometry organizations of a high
degree of complexity might allow re-combining
programmatic, functional and contextual needs in
radical ways. As modernist architecture clearly was
about separation, this studio was all about integration. This temporary liquidation of types lead to
more flexible “types” or systems that could adapt to
different needs. A single system could for instance
be sometimes more skin like and sometimes more
column like by changing in configurations.
The AIA pavilion was designed as an efficient
lightweight shell structure that allows for easy transportation and rapid assembly and disassembly.
The base geometry of a sphere was transformed to
adapt to specific site conditions and solar orientation. It was optimized relative to size and location of
apertures, floor surface, program and structure. The
geometry was then tessellated into 320 unique triangular proto-cells that were transformed into cells
of different attributes.

Figure 1
Possible variations of
modules

Figure 2
Map of different networked
modules.
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Depending on its position, the edges of each
cell were folded differently to provide stiffness within the cell and to make up the overall structure. Each
cell adapted further to different functions: windows;
seating; foundation; brackets for an electrical lighting system; a day lighting system; containers for
plants; and water collectors. The process of informing and transforming each proto-cell based on specific functions was entirely scripted. Therefore, each
function had to be articulated as rules that informed
the cells geometric transformations.
The degree of unpredictability in form increased
with the number of sets of information that operated
on the same geometry. Scripting became the primary
design tool and was not just to automate an existing
design. The final overall form and spatial qualities of
the pavilion in turn emerged from the cells variations.
By scripting the entire pavilion in this manner, we dramatically increased continuity between digital design
and fabrication. Engraved instructions that helped to
connect the different cells, plus numbering of all edges and details that changed with each cell could be
added easily to the script as additional information.
To minimize the amount of material used for the
envelope and to create a lightweight structure, the
envelope generates wormholes that act brace- and
column-like and increase the surface tension. The
formation of wormholes within the surface allowed
for the lightweight structure to be as light as 123 kg.

FLEXIBLE MATERIAL SYSTEMS
The highly malleable nature of plastic made it suitable to the digitally derived form of the pavilion and
its complex geometry and cell variations. The material is light, impact resistant and easy to fabricate.
This contributed to rapid assembly, disassembly and
transportation. The material choice also responded
to sustainability and environmental concerns.
The question of sustainability and ecological
performance has spawned the studio’s research in
bioplastics. The three Bio derived plastics are: Bio-derived Polyethylene (Bio-PETG), Polylactic acid (PLA)
plastics, and Plastarch (PLM) starch based plastics.
Bio-PETG is produced from sugarcane, a plant
that has been an integral part of the culture and
economy of Louisiana for 200 years. The material
is manufactured from sugar cane feedstock that is
used to produce Ethanol, which after a dehydration process becomes Ethylene. Producing PETG
from Sugarcane has tremendous environmental
benefits. Any plant produces oxygen and extracts
carbon dioxide from the atmosphere. Due to its
large abundance of sugarcane, Brazil is the leading researcher and manufacturer of Bio-PETG in the
world [1]. According to a 2004 study by the Carbon
Dioxide Information Analysis Center in Brazil, “Over
1.5 billion pounds of CO2 will be annually removed
from the atmosphere, which is equivalent to the
fossil emission of 1,400,000 Brazilian citizens”[1].
Figure 3 (left)
The envelope generates
wormholes that act braceand column-like and increase
the surface tension.
Figure 4 (right)
Interior view showing the
envelope of the pavilion
transforming into a column
like configuration.
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Brazilian chemicals group Braskem claims that using its route from sugar cane ethanol to produce
one tonne of polyethylene captures (removes from
the environment) 2.5 tonnes of carbon dioxide
while the traditional petrochemical route results in
emissions of close to 3.5 tonnes [2][3]. This product is virtually identical to regular fossil fuel based
PETG, with its exceptional thermal and recyclable
characteristics. Although Bio-PETG can be recycled,
it is not biodegradable.
Polylactic Acid (PLA) plastic is a transparent
plastic made from many different renewable resources, such as corn (United States), tapioca (Asia),
or sugarcane (rest of the world). Although PLA plastic is very similar in appearance to both PETG and
Bio-PETG, it is biodegradable and recyclable through
a “Cradle-2-Cradle” certified process of Thermal Depolymerization [4]. Through this process, “a highly
purified lactic acid is extracted and can be considered as raw material for the manufacturing of virgin
PLA with no loss of original properties”. This is the
only material of the three that can be truly recycled
and reproduced without losing any of its original
characteristics. One disadvantage to PLA is that the
cost is presently very high. This can be attributed
to the fact that PLA is a fairly young product. PLA
plastic’s connection to corn ethanol research in the

automotive industry might be promissing. If biofuel
derived from corn starch becomes a standard in the
future, one could see PLA plastics being in very high
demand. A disadvantage still is the uncontrolled biodegradability of the material. Currently, one could
imagine PLA as a temporary building product.
The final bioplastic material is Plastarch (PSM)
starch-based plastic. PSM plastic is generated from
thermoplastic starch from the likes of potatoes and
corn, combined with other biodegradable materials,
such as sorbitol, glycerin, polyester, cellulose, and
polyvinyl alcohols. A plastic blend therefore consists
of two phases – the continuous and hydrophobic
polymer phase and the dispersed and hydrophile
starch phase. In the hot, anhydrous smelt in the
extruder, the water-soluble, dispersed starch phase
is mixed with the water-insoluble, continuous plastic phase to form a water-resistant starch plastic [4].
By having different composites and “starch-blends”
of PSM plastic, one can adjust different additives to
tailor the material for a given application [4]. The
customizability of this material is a major advantage.
For example, if one would like to increase the overall strength of the PSM material, one would increase
the ratio of cellulose to the existing mix in order to
add strength, or add different polymers to decrease
its water absorption, making it more waterproof [4].

Figure 5
Interior view of the pavilion.
Figure 7
The pavilion at night
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FLEXIBLE FABRICATION SYSTEMS:
The research in complex geometry and material
was paired from the very beginning of the studio
with a research in different digital fabrication techniques. Geometric principals were related to material characteristics. Using short exercises, the students were introduced to different materials and
fabrication techniques such as CNC, plasma cutting

and thermoforming. While testing new materials
and different fabrication techniques, the studio was
speculating about what materials’ characteristic best
fit the fabrication needs. The main criteria for this
speculation were function, structural performance,
weight, weather resistance, sustainability and cost.
Flexibility in manufacturing usually means
the ability for one machine to produce different
Figure 9
Combining digital and physical fabrication method
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products or parts, vary an assembly process and sequence, and the ability to adapt to changes in the
design. In industrial design the term “Machine Flexibility” is used for a machine that can manufacture a
variety of products. The term “Flexible Manufacturing Systems” or “FMS” is used when several machine
tools are linked in a flexible dynamic way.
The studio speculated with manufacturing
and assembly processes that can create similar but
unique modules. We first developed a flexible manufacturing system that responded to our needs. We
then had to adjust the boundary condition of our
system to the boundary conditions of our fabrication method.
The 300 modules of the pavilion were all different but part of the same family. Each was a different size and proportion, but shared the same base

geometry of triangles. The section of each module
was different but each could be developed by extruding the base geometry. Since each module was
fabricated from thermoformed plastic sheets, it allowed for different forming techniques due to the
programmatic and contextual requirements. The
studio investigated 3 Thermoforming techniques;
Draping, Drape-forming, and Vacuum Forming, and
programmatic advantages associated with each option. The studio responded to a parametric digital
model with a flexible system to fabricate the cells.
Entirely scripted, the model could update to fabrication constraints at any time. A continuous feedback
loop was created between digital modeling and fabrication. A flexible mold was developed that could
adapt to different triangular geometries: 3 molds
were tested:

Figure 10
View of the pavilion in the
courtyard
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Spring mold: Is a mold that consists of different tube segments that are held together by
a system of springs. The tubes are cut at 2” intervals. All triangles could be produced with 36 interchangeable tube segments. Advantages were
that very little material was consumed for the
formwork, and the spring itself produced interesting surface effects on the material. The disadvantage was that it was time consuming and created round corners that weakened the structural
performance of the module.
Block mold: Is a mold that is assembled from
woodblocks of different shapes. The advantage
is an easy way to assemble the different forms;
the disadvantage was a large amount of parts to
generate a satisfying precision of the individual
triangles.
Steel Frame Mold: Is a mold that consists of
Steel Strips in increments of 2” and flexible hinges
that can be adjusted to make up for that 2” tolerance. The Steel Frame Mold was selected as a final
mold since it was the most precise and the mold
that used the least amount of material. The disadvantage of this mold is that it’s a time consuming process to assemble, which ideally would be
automated.

CONCLUSION
Using scripting to design the pavilion and using a
flexible mold to thermoform each cell allowed us to
customize each cell according to different functions
and context in a highly cost effective way.
The project responds to the chemical industry
that is currently changing it’s production of plastic from
fossil-fuel based products to bio-plastic which might
make plastic the building material for the 21st century.
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Abstract. This paper considers an evolutionary type of urban dwelling—where permanent
impermanence may be a preferred state for those who favor nimble dwellings that are better
able to respond to change. These changes may be socio-economic, geographic, technological,
environmental, cultural, employment-related, or simply the result of unanticipated
disruptions. The goal of this research is to describe a system which enables improved
functionality, flexibility, and desirability for modest, yet highly diverse, urban dwelling
solutions based upon an evolving, open-source system of digital design standards. Given
that consumer product designers have, for more than a decade, successfully utilized digital
technology to design and produce highly desirable products, this paper asks whether urban
dwellings might benefit from concerns more in keeping with those of consumer products.
Keywords. Emergency Dwellings; Mass Customization; Open Source Architecture; Urban
Housing; Architecture.

INTRODUCTION
“Today’s architecture is at a turning point. The
big trends of the last decade are outlived and
only a few buildings in the world manifest architectural perfection while paving new ways
into the future”. —Frei Otto (2006)

Over a decade ago, authors Makimoto and Manners
asserted that continued adoption of mobile technologies will create large-scale societal changes (1997).
In the past fourteen years, many of these predictions
have already come to pass, such as: exponential
increases in global trade, remote work potentials,
migratory urban populations, increased webbased business reliance, and more. These nascent

technological changes, combined with escalating
ecological concerns, are already having a significant
global impact on how developed societies live.
Aside from (and perhaps partly because of ) the
gonzo visions of the late 1960‘s and 70‘s—by the likes
of Superstudio and Archigram—recent literature is
curiously lacking ambitious proposals to these combined topics. This research dares to lean in a similar
direction, drawing not from fanciful speculation but
from analysis of a variety of disparate, yet increasingly inter-related conditions. This research attempts
to realistically forecast the parameters necessary to
create a desirable type of compact urban dwelling
which is not fixed in place, features, or appearance.
Precedence and Prototypes - eCAADe 29
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CONTEXT
As global population swells toward 7 billion, urban
areas are experiencing growth at a rate that is eighteen times faster than rural ones; while, currently,
more than 50% of the world’s population is now living in urban areas (UN-Habitat, 2004/05). Urban population worldwide is expected to grow to 4.9 billion
by 2030, with more rapid urban growth expected in
less developed countries. In comparison, the world’s
rural population is expected to decrease by some 28
million between 2005 and 2030 when 81% of the
world’s population is projected to live in urban areas.
These dramatic increases in urban population are
already straining existing infrastructure the world
over, confounding optimal solutions for dwellings at
all economic levels. In urban areas, for those above
the poverty line, affordability, availability, and proximity are prevalent concerns. For those below the
poverty line (living in favelas, barrios, and slums) domestically satisfying basic health, safety, and welfare
is increasingly elusive.
In addition to these challenges, population concentrations are proving to be highly vulnerable to
unpredictable natural disasters, which may rapidly
render large numbers of people without housing,
as was seen in the New Orlean’s hurricane flooding
in 2005, Haiti’s earthquake in 2009, and Japan’s tsunami of 2011. For those displaced by a disaster, immediate housing is paramount. Temporary, affordable, and rapidly deployable solutions dominate this
housing sector. However, as history has shown, the
impermanent often becomes permanent.
These forces, combined with emerging trends
examined below, suggest the need for a more flexible type of urban living environment. Proposed is
a possible solution that utilizes open-source standards combined with digital design and production

636

eCAADe 29 - Precedence and Prototypes

technologies to enable the creation of diverse freemarket components which may be easily combined
in different ways by consumers. Such a system would
permit the creation of urban dwellings that are flexible, adaptable, affordable, sustainable, recyclable,
technological, and mobile.
Several projects by third year architecture students at The Pennsylvania State University are shown
which consider the mobile urban dwelling less as
architecture, but more as a consumer product, for
reasons which will be discussed. In particular, these
students explore the controversial concept of branding as discussed by Anna Klingmann in Brandscapes:
Architecture in the Experience Economy (2007).

MOBILITY: PAST, PRESENT, AND FUTURE
Nomadic behavior has defined more than 90% of
known human existence. Settlements (towns first,
with cities later) were established only in the last
13,000 years—ostensibly for agricultural purposes,
trade, and defense. Today, given increasingly mobile technologies (affecting both work and play)
one wonders if our genetic predisposition to roam
will result in greater mobility between today’s highly
porous cities.
The moving of one’s household might serve as
an imperfect but suggestive index regarding mobility. While reliable global migration statistics are not
available, in the United States over the past seventy
years, moving is most certainly on the rise—particularly among renters. In the 1940’s, renters moved 1.5
times more than owners.[1] From 2009-2010, renters
moved 5.6 times more than owners. This represents
an increase of 362%.
While few would consider household moving
purely nomadic, if we wish to examine another form
of wide-spread, modern day nomadic behavior, one

need look no further than tourism. In 2007, tourism
accounted for 9% of the world’s GDP, or $4.85 trillion
US dollars.[2] These “temporary relocations” suggest
that the nomadic impulse remains a significant societal force. Reasons cited for the growth in tourism
include increased economic status for a number
of developing countries, as well as extended vacation stays due to the increased ability for people to
perform some degree of work via mobile technologies—up from 18% in 2006 to 23% in 2008.[3]
On the other end of the mobile spectrum, the
RV (Recreational Vehicle) is an increasingly popular
tourism solution—especially among Americans. Research performed by Dr. Richard Curtin (2005) of the
University of Michigan reveals that one in six automotive owning families planned to buy an RV in the
next five years, while one in twelve currently own an
RV. The pre-recession purchasing projections were
undoubtedly not realized; however, they suggest
that for consumers, the RV is quite possibly the most
widely accepted and most desirable form of prefabricated dwelling in existence.
Given that tax codes and financing instruments
both qualify RV’s as second homes it seems an oversight to overlook these consumer products both as
forms of dwellings, as well as forms of prefabrication.
Due to the ease of mobility and the capability for people to remain “connected” electronically, increasing
numbers are making RV’s their full-time homes. With

the average ownership age being forty-eight, it is clear
that RVs appeal to far more than retirees (Lee, 2004).
RV lifestyles are becoming so popular that the US
postal service announced Premium Mail Forwarding
in May, 2005, a service that continually forwards mail
for the frequently mobile.[4] The question considered
in this paper is whether a similar mobile solution is
desirable, or even possible, for urban environments.

THREE ESSENTIAL ATTRIBUTES FOR NIMBLE URBAN DWELLINGS
To enable nimble urban dwellings, three primary aspects must be addressed, all of which are consistent
with various attributes of consumer products: A) improving the desirability of these dwellings through
branding; B) the development of uniform standards
for interchangeable components, shipping, and
installation; and C) enabling personalization and
mass-customization of spatial, technological, and
aesthetic aspects. I have dubbed this type of dwelling a Jump Box in honor of the jump drive—those
compact, portable, usb flash-drives that house our
digital lives and may be plugged into any computer.
Branding and Desirability
Despite a number of notable examples of prefabricated dwellings (Le Corbusier, 1919; Gropius and Meyer,
1923; Buckminster Fuller, 1929; Dreyfuss and Larrabee
Barnes, 1947; Jean Prouvé, 1950) the prefabrication

Figure 2
Leatherman Emergency Relief
Unit, by Adam Longenbach,
The Pennsylvania State
University, ARCH 332.
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industry as a whole has struggled with perceptual
challenges since inception. Initial objections—formed
during WWII when mobile homes and travel trailers
served as barracks for soldiers—have only deepened
due to perceptions of shoddy workmanship, Byzantine tax codes, class segregation, and more. In 2005,
elevated toxicity for FEMA trailers deployed in New
Orleans after Hurricane Katrina have only reinforced
these negative perceptions.
Are there mechanisms that would improve desirability? In The Journal of Consumer Behavior, Business
Professor Banwari Mittal (2006) suggests that our culture relies heavily upon brand-name products for selfidentity, he writes, “Membership in today’s consumer
collective is gained through the purchase of celebrated popular products”. As Michael Sorkin (2002) suggested in his Harvard Design Magazine article “Brand
Aid,” “to create the success of any commercial multiple, the brand is critical… And, of course, celebrity is
the main measure of authority in Brandworld.”
Thus, it appears that architects and designers may gain access to wider markets by branding
their Jump Box efforts in a fashion similar to that
of Christopher Deam’s redesign for Airstream—the
company responsible for the iconic aluminum travel trailers. Instead of trying to launch a brand from a
position of relative obscurity, architects might associate with already recognized and highly desirable
brand names such as Leatherman, Burberry, Puma,
Apple, and others.

Uniform Standards
As Witold Rybczynsky (2001) convincingly argues in
One Good Turn: A Natural History of the Screwdriver
and the Screw, the best solution is not always the
one most widely adopted. When screws were first
proposed, “inferior” slot head screws were initially adopted instead of the “superior” square drive screws,
largely because they did not require a special driver.
Today, the number of specialty screws (with varying
heads, shanks, and pitches) number in the thousands.
This commonplace example illustrates three
inter-related and valuable lessons for the introduction of a voluntary, market-driven standard, such
as what I am proposing here. First, and somewhat
tautologically, for a standard to proliferate users
must adopt it. In effect, the barriers to entry that
face a novel idea must be surmounted by whatever
design is deemed most desirable at the time of introduction. Second, and less obvious, the criteria
used to determine “the best solution” is highly dependent upon those evaluating the solution; thus,
defining what is “best” is often more elusive than
one might imagine. In our screw example, which is
better: a screw head that does not strip but needs
a special driver (i.e. reliability), or a screw head that
may strip, but can be used with a kitchen knife (i.e.
convenience)? In this case, convenience was initially preferred over reliability; however, this might not
always be the case. Third, product refinement and
development are iterative processes which occur
Figure 3
Burberry Jump Box, by Terri
Garlewicz, The Pennsylvania
State University, ARCH 332.
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naturally over time and only as a direct result of
increased use. Once screws were initially adopted,
reliability, and a whole host of other specialty attributes were developed due to demand. The social
criteria for evaluation had evolved since the introduction of the idea.
No different than many new products, prefabricated dwellings have for the past century hinged
upon the development of system of standards. However, prefabrication standards have largely been,
and continue to be: proprietary, incompatible with
each other, and/or require sophisticated sole-source
tooling. The inability for prefabricated standards
to either work together, or to accommodate commonly available substitutes has ultimately been
self-limiting, thus restricting adoption. As such, most
of today’s prefabricated offerings, each uniquely
fashioned, are not substantively different (from a
manufacturing perspective) than previous efforts—
from Buckminster Fuller’s Dymaxion House to Jean
Prouve’s Maison Tropical—all of which ultimately
failed to be widely adopted.
When considering the development of voluntary new standards, as this research aims to do, there
are two possibilities. The first is to develop what are
felt to be “the best” standards, and hope to stimulate
broad market-adoption. This is the strategy taken

historically by prefabrication and the results have
been poor. The second strategy is to work within a
pre-existing set of widely adopted standards. This
consumer product strategy is no different than Apple taking standards developed for MP3 players and
turning them into the wildly successful iPod. Given
this successful strategy used by many products, what
existing standards suggest beneficial outcomes?
Given the compact domestic nature of RVs, it would
be foolish to overlook this platform and the lessons
to be learned from this typology. For the shipping
of large and heavy geometries, a vast international
network already exists for transporting intermodal
shipping containers.
In the mere fifty-six years since the invention
of the intermodal shipping container, there are
now enough units in existence to wrap around the
equator—stacked two high (Taggart, 1999). While
inventive dwellings made from these modules (by
Wes Jones, Jennifer Siegal, Hybrid Design, LOT-EK,
etc.) makes some sense from a purely economic
point of view, they lack broad aesthetic appeal, no
matter how much they are customized. What shipping containers do offer is a valuable lesson for
prefabrication—the potential for a standardized
chassis to readily use existing global transportation
techniques. Mobile products based on a compatible

Figure 4
PUMA Soccer Training
Camp, by Gino Colan,
The Pennsylvania State
University, ARCH 332.
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standardized chassis could be radically customized
from the ground up through online configurators
that would allow multiple designers and producers
to create unique, environmentally responsible, and
technologically advanced products that could easily permit mass-customization in a way predicted by
Joseph Pine (1992) in his book Mass-Customization.
The 2002 GM concept vehicle, called the HyWire, offers a notable chassis worth emulating conceptually. This chassis contained all automotive
mobility requirements and was designed to easily
accommodate several different body types. Similarly,
a Jump Box chassis would serve as the core component. In its most stripped and economical form, it
would merely provide a structural base. Moving well
beyond this, and depending upon the amenities desired, it would also accommodate modules for water
(fresh, grey, and black), electrical and data wiring,
heating and cooling, and power generation, as well
as various body types above.
A related concept, based upon a twenty foot
shipping container, was released by Daiwa Lease
in February, 2011. The EDV-01 (Emergency Disaster Vehicle) is an expandable unit which provides
disaster relief housing in a self-sustaining package
for two people for one full month. This concept,
two years under design development, integrates a
variety of cutting edge technologies (solar power,
water vapor gathering and filtration, advanced

battery storage, biological toilets, and more), but
has not yet been fabricated. Animations of deployment may be seen on their website[5] and
YouTube.[6]
As stated, the primary goal of the Jump Box
chassis would be compatibility with shipping container standards to allow transportation on ships,
trains, and trucks. With a unique assembly fixed to
the top of this chassis, it could perform as a freestanding shippable unit, or a rolling RV chassis if
equipped with wheels. Instead of this chassis being
proprietary, the design constraints are proposed to
be open-source and widely available via web distribution. This is anticipated to further encourage
broad market adoption and refinement over time.
One additional benefit of accepted standards is that
urban structures could be built that would accommodate a Jump Box—think “apartment building
with removable apartments”. In this way, these structures would not be too dissimilar to a boat dock, but
arranged vertically, instead of horizontally, using a
large lift, instead of water to move the dwelling units
about. If a courageous developer were to build such
a structure (with traditional apartments mixed with
several Jump Box slots), others would follow, provided there was demand. If the Jump Box concept failed
to be adopted, the developer would merely have
risked the cost of the lift, since the building could be
still be used for traditional apartments.
Figure 5
GM Hy-Wire Concept Vehicle
(photos by cardesignnews.
com)
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Personalization & Customization
The second aspect of open-source development work
is geared toward the creation of dimensional standards
above the chassis that will permit universal connectivity for interior and exterior systems, similar to Pine’s Bus
Model, used widely in the computer industry. Universal
connectors would permit interchangeability of diverse
components designed and manufactured by any interested party. Mobile products based on such a chassis
would allow multiple designers to create parametrically varied products that could easily fit together to
permit mass-customization. Like the prefabricated living suites by Piikio Works for the cruise ship industry,
these creations need not look anything like shipping

containers (Schodek, et al, 2005). Standards for body
components would permit vast stylistic diversity, enabling easy upgrades over time as fashions, finances,
and/or technologies evolve.

CONCLUSIONS
The research presented is undoubtedly more aligned
with the processes and expectations for the design,
production, and consumption of sophisticated consumer products than traditional architectural dwellings. Consumer products, unlike the majority dwellings built today use sophisticated digital techniques
for design and production, which, if applied to dwellings would offer a number of substantial benefits.

Figure 6
Daiwa Lease EDV-01GM,
Emergency Disaster Vehicle.

Figure 7
BET (Black Entertainment
Television) Urban Studio,
by Matt Hoffman, The
Pennsylvania State
University, ARCH 332.
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Figure 8
Apple Dwelling, by Caryn
Brown, The Pennsylvania
State University, ARCH 332.

While traditional fixed-foundation homes offer many
advantages, they have several limitations that will be
increasingly felt by a number of modern dwellers.
These limitations are:
1. The absence of substantive feedback loops
(evident in product-design but mostly absent in
architecture) prohibits in-depth analysis, adaptation, and evolution.
2. The lack of mass-production techniques restricts innovation and integration of new technologies, competitive pricing, recycle-ability,
and variability.
3. Consumers’ desire for brand identity and status
is not well recognized.
4. Mobile technologies do not require services
provided only by fixed dwellings.
5. Fixed dwellings are expensive to purchase or
rent, located further and further from urban
centers, and involve costly efforts to move.
6. Web-based ordering is influencing consumer
expectations. Options, appearances, cost, and
delivery times are increasingly expected to be
known in advance.
Certainly there are a number of significant challenges to this proposition—especially since governing institutions still rely heavily on settlement
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patterns based upon agricultural and manufacturing
conditions that often no longer exist. Among these
challenges are: voting boundaries, land ownership
laws, tax structures, zoning laws, school systems, and
land based utility infrastructure.
However, in light of current technological considerations, the cost and popularity of urban habitation, environmental changes and catastrophes, and
occupational fluidity, fixed dwellings, for some, may
become less desirable than options that more easily enable mobility and technological integration.
Should this tipping point come to pass, a process
using digital design, manufacturing, and purchasing
methods could easily support a dwelling product
that is more culturally responsive and more consistent with expectations forged through positive experiences with consumer products.
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Abstract. The paper is giving an overview and analysis of an undergraduate, sixth semester,
compulsory course titled “Virtual Reality: Interactive Spatial Design” at the department
of Architecture, School of Engineering, University of Thessaly, Volos, Greece. It is one of
the very few courses on designing digital/synthetic and interactive space―and not merely
utilising Virtual Reality (VR) technologies for architectural visualisations―in architectural
curricula. The aim of this paper is to primarily draw on a ten year experience on teaching
the course and to open up a discussion on the implications of such digital design courses and
address emerging problems. This is achieved through a reflection on the teaching process
(interaction as design process, curriculum and attained goals) and an analysis and genre
classification of the 150 submitted projects.
Keywords. studio teaching; interaction; virtual environments; digital design.

BACKGROUND
A lot of discussion is taking place lately concerning the potential directions architectural courses
should be taking; new areas of expertise are being
addressed and their integration within the digital
realm is being discussed. Overall, one needs to
note a shift from engaging students with hardcore design towards developing their skills with
softer design oriented actions (e.g. energy conservation and comfort design as in intelligent environments, digital experience and interaction in
mixed media installations, etc.). Although a hard
versus soft differentiation endangers a dualism as
far as design conception is concerned, based on
a decade of experience using varied digital contexts for architectural design, the author argues
that current architectural education courses could

accommodate more systematically the increasing
needs for interactive space design (Bourdakis et al
2002; Fox et al 2009).
The course titled “Virtual Reality: Interactive
Spatial Design” is been taught for the last 10years
as a compulsory, four ECTS, semester course at an
undergraduate level in the department of Architecture, University of Thessaly, Greece. Enrolment
is sixty to seventy students submitting an average
of fifteen team projects annually. The course develops and organises content material, lectures
and project briefs around two main axes; discussing with students a wide variety of virtual reality
experiences and their relevance for spatial design
and encouraging students to design digital interactive spatial constructs.
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The aim of this paper is to primarily draw on a
ten year experience on teaching the course and to
open up a discussion on the implications of such digital design courses and address emerging problems.
This is achieved through a reflection on the teaching
process and an analysis and classification of the 150
submitted projects.

COURSE AIM: EXPLORING AND ELABORATING INTERACTIVE SPACE
••
••
••

Particular aims of the course are to:
Facilitate exploration and elaboration of the
processes related to designing digital interactive spaces
Enhance students’ abilities to control aspects of
interaction within digital space
Open up new directions in digital design
through abstract synthetic space interaction

Students join the course in their sixth semester,
after a series of both analogue and digital time based
media (TBM) classes carried out in the first two years
of their studies at the University of Thessaly. The
course introduces issues fairly distant to students’
existing body of knowledge, keeping the whole
experience within the digital domain. It should be
stressed that the course is not dealing with methods
of architectural design visualisation (new tools and/
or techniques) but on the actual design of synthetic
space per se differentiating it from other representation oriented attempts.
Teaching Focus: virtual space and interaction as
design process
The main goal of the lectures featuring audio-visual
and interactive material is to support students comprehend varied aspects related to the virtual domain
and its design potential. Most students are familiar
with few and disperse elements of Virtual Environments (VEs) through their involvement with computer games and recently through online social media interaction metaphors. However, although their
experience with virtuality may be, at parts, rich, their
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overall understanding on the notion of interactivity
is typically limited.
Grasping the aims of the course, how and
where it fits within the architectural curriculum is becoming evident after the third lecture where certain
exemplary cases are presented and discussed. Lectures are focused on stimulating discussion with the
students and opening reflection over the concepts
involved. However, studio tutoring which covers the
significant part of the 13 week course is demanding. Discussing the concept and structure of each
project should ideally be done as an open process
with the participation of as many students as possible. In reality, one can rarely work with more than a
dozen students around a large drawing board. Even
so, discussion and argumentation around a computer screen can realistically involve only a handful of
students, leading to team based tuition; a lengthy,
time consuming process with no cross-exposure to
ideas and solutions.
The digital tools students employ in order to
complete their projects are 3DSMax [1] (for the production of VRML97 [2] files) and/or Blender3D [3] (for
stand-alone interactive game projects). Both are three
dimensional modeling packages; the former focused
on professional 3D and animation work and the latter
an open source and multi-focus package able to handle modeling, image processing, video post-production and most important featuring complex dynamics and interactions through integrated physics and
game engines respectively. Learning curve relates to
conceivable as well as attainable output - with blender3D challenging students and occasionally the tutor.
During the 2008-09 academic year, the author
was assisted by a colleague and a postgraduate student, both very experienced and familiar with the
technologies and tools used. Being able to have two
or three parallel tutoring sessions helped immensely
in both time spend per project, in depth analysis
and overall quality of the final projects. The author
is since trying to maintain the same level of support
to all teams by effectively doubling tutoring sessions
within a week to six hours.

Figure 1.
Thumbnail strip of the 150
student works

Curriculum & attained goals
The quest for interactivity (Fox et al 2009) leads
students to multisensory virtual narratives, seemingly remote to architectural education and training.
However, experimenting and comprehending the
relevance of Human Computer Interaction (HCI) and
interactive design as well as addressing the lack of
the “real life” limitations (plot, surroundings, orientation, size, access, vistas, etc.) and the inconvenience
of designing in an empty void are important design
issues to be addressed. Managing open ended design
and identifying the implications of delivering digitally are of paramount importance in contemporary
design frameworks. Finally the author argues that the
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process of spatial design utilizing the triptych of sensors such as proximity, touch, plane, cylindrical, controllers in effect scripting language mediators and actuators such as motors, reactors etc. is already central
to architectural design (energy conservation, smart
homes, interactive art installations) and to contemporary digital media discourse (Bourdakis 2009).
It is interesting to note that by the end of their
studies (two to three years after taking this course),
a number of students acknowledge the scope of VEs
and thus integrate VEs and interactive setups in their
final year projects. Finally, the course is the stepping
stone for another course taught by the author on
designing interactions and further more elective
courses in digital media offered at the Department.

STUDENT WORK CLASSIFICATION
The 150 works submitted over the last 10 years are
organised in a database with title, short description
(one-two paragraphs, typically in both Greek and
English), interactive material, representative images
and classification information (explained next). The
whole database is online [4] and freely accessible to
everyone as part of the course website [5], searchable based on classification, grade awarded and year
submitted. Students are encouraged to explore previous works, experience and possibly get inspired
from them. Figure 1 includes thumbnails from all
works submitted up to 2010.
Project classification is loosely based and thoroughly modified to suit on a genre analysis for video
games by Wolf (2005). VR works relate to games—
both iconography and most importantly interactivity are issues analysed in the course—thus following
a detailed examination of the student projects, the
following genres are considered suitable and are assigned for classification:
Abstract, animation, chase, collecting, demo,
educational, escape, explorative, fly, information
visualization, maze, platform, puzzle, representative,
simulation, sound/scape.
Table 1 lists the frequency of occurrence of
each of the selected genres in the 150 student
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projects. The assignment of genres to projects is
done by the author when the projects were added
in the database; up to date the students were not
asked to discuss or suggest suitable genres for their
work. The majority of the projects are assigned
more than one genre. Due to the complexity of the
analysis and classification it was considered both
pointless and misleading to have a primary genre
assigned to each project.
Genre
Abstract

no

Genre

49

Fly

no
6

Animation

7

information visualization

Chase

4

Maze

24

platform

28

Puzzle

14

16

representative

25

18

simulation

77

sound/scape

28

Collecting
Demo
Educational
Escape
Explorative

15
7

114

8

Bearing in mind the focus on interactivity, it
is interesting to note that 114 works are classified
among other genres as explorative, 77 as simulation and 24 as maze. These genres are generally the
“easy way” through and out of the course; doing
something familiar and close to past experience and
hence not delving deep into interactivity.
The more relevant to the course aims genres are
some of the 49 abstract as well as puzzle (14), educational (16), soundscapes (28) and information visualisation (8). These genres are assigned to almost half
the number of genres mentioned above stressing
the difficulties students face in developing a project
scenario within the focus of the course.

PRELIMINARY OBSERVATIONS
Students’ past knowledge and experiences on TBM
has to be challenged since the quest for interactivity encourages and often forces non-linear storytelling and exploration; issues rarely addressed in
traditional TBM approaches. The development of

Table 1.
Assigned Genres of VR
worlds for the 150 student
projects

open-ended scenarios is proving a rather difficult
task: students often try to construct scenarios based
on a start–story develops–target is achieved–story
ends basis. This typically derives from linear storytelling and not from computer games experiences.
Indeed the notion of designing and constructing the
virtual world as a game seems most of the time foreign, although a few teams take the challenge successfully every year. Once this hurdle is overcome,
implementation is usually easier and it is a matter
of experimenting and familiarising themselves with
the available software tools and identifying a suitable methodology to follow.
The greatest challenge of the course is facilitating students’ transformation from mere recipients
and plain users of a system to becoming the masters and controllers of design concept and process
and, to an extent, programmers of interactive setups and VEs. Designing becomes an even deeper
task, having to “invent” the framework and overall
function of the project/application they are working on. Concepts deviate from typical project briefs
and the tutor has an instrumental role in mediating
and helping solve the problems that arise. Students
often develop scenarios that are either too difficult
to implement (they lack knowledge and experience
to judge effort and time involved) or are too simplistic (over the fear that their “real” idea is impossible to design and implement).
The decision not to circulate a list of recommended projects topics/areas (that is often the
norm in focused design areas) is loading the students with an average of 2-3 tutoring sessions. Still
the author believes that due to the nature of the
course it is important for students to investigate,
gain experience and finally develop their own
project through the necessary discourse. Despite
the effort in helping and pushing the students
through the interactivity threshold into designing
re/inter-active 3D environments, still a slowly receding percentage of works submitted fall behind
the aims of the course (as demonstrated from the
genre distribution among projects).

CONCLUDING REMARKS
Addressing the problems identified and discussed
in the previous sections, course material is being
revised and “condensed” with more up-to-date examples helping students to pick up speed regarding
the overall concept of the course. Furthermore in
an attempt to get the students involved with their
design concept before the theoretical part of the
course is complete, last year it was attempted to split
the theory in two parts, the basics plus examples of
implementations (3weeks) followed by a few weeks
of discussion and working on the team projects,
before the more technical parts are being taught in
time to be implemented in the projects.
The roundtable approach in studio tutoring
limits the audience to effectively single team tuition. Utilising an interactive display board could enable collaborative participation of a great number of
students, enhancing the teaching process. Alternatively, or complimentary to this, the support by an
extra experienced tutor specialising in VR and digital
interactive media would be highly beneficial as 70 to
1 ratio is clearly problematic.
Half of the student projects demand no actual work (as in code writing or editing) by the tutor, with online lecture notes and resource pointers
(wikis and even YouTube video tutorials) covering
student needs. A quarter of the projects demand
some coaching, code fragments communication
and detailed explanations. The remaining ones (almost one in five) have the tutor greatly involved in
the project development. These are often challenging well formulated projects, demanding solutions
that are stretching clearly above students’ abilities
(students have no prior programming experience)
and often stretching tutors abilities as well. Since
the course is not a technical/software teaching one,
the tutor often has to actually write code (in java or
python script language) adding vital functionality
to certain projects. The author in these cases wants
to ascertain that students have at minimum understood the methodology followed and the functionality of the scripts involved. Students may not be able
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to replicate and write the code on themselves, but
they are aware of how and what it performs. Hence
ethical questions arising as to how far can/should
the tutor get involved in helping and eventually implementing the code for the interactive features of
such projects.
Reviewing the 150 projects and relating marks
with assigned genres versus tutor involvement in the
implementation stage, brings up most of the puzzle,
educational and information visualisation works. On
the other hand explorative and maze works as well
as simulations of real life (mostly) events/phenomena are the easiest to construct, hence selected by
teams that are not particularly interested in taking
up the challenge and have the lowest demands on
tutor coaching. Furthermore, these teams are usually the ones that are not following the lectures and
thus face problems in understanding the concepts
around the course and reach the set goals.
As far as the actual project outcomes are concerned, following a co-operation with colleagues in
the School of Human Sciences, University of Thessaly, a selection of mainly educational oriented
projects are being analysed and tested by undergraduate students as teaching tools in a classroom
environment. For the following academic year there
are plans for joined sessions with architects and educators in developing suitable design scenarios.
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Abstract. This paper will explore the hypothesis that Mixed Reality is a differentiated media
and credible framework for the generation, fabrication and communication of projects that
are explicitly engaged in design research. This will be shown through a critical presentation
of three built and unbuilt projects by Building w/immaterials in the domains of architecture,
installation and education. These projects will demonstrate the creative and theoretical
application of Mixed Reality from within the differentiated social system of Architecture.
While the majority of research into Mixed Reality seems to concern its technical aspects,
we will explore its application as a creative system for project development, realization and
diffusion.
Keywords. Architecture; Mixed Reality; Innovation; Virtual Worlds; Media.

INTRODUCTION
Building w/immaterials diverse projects [1] are perhaps best expressed through the binary oppositions:
physical/digital, art/architecture, material/immaterial, land/scapes, nature/technology, space/image,
hi-/lo-tech, representation/communication (see
Glossary for binary oppositions). Of the many issues
raised by the three projects analyzed in this text, the
question of media is fundamental to each of them. A
project’s representational media is a heuristic devices capable of triggering its analytical, generational
and sensational qualities. The common thread connecting the multiplicity of diverse media employed
by these projects is their use of Mixed Reality as both
a spatial construct and a technical framework. Mixed
Reality (see Glossary) combines real and virtual environments to create singular spatial contexts where

participants can interact with physical and digital
information in an integrated way. The definition
was further elaborated in the Metaverse Roadmap
(Smart, Cascio & Paffendorf, 2007) as “the convergence of 1) virtually enhanced physical reality and
2) physically persistent virtual space. It is a fusion of
both, while allowing users to experience it as either.”
We will begin by establishing some basic definitions essential to the paper’s premise. Next, we will
present each project through a) a succinct project
description, laying out its essential contextual, technical and operational qualities. This will be followed
by an analysis of its Mixed Reality framework by b)
clarifying the interactions between the project’s
real and the virtual states; and c) describing its integration of these disparate states (virtual/physical,
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material/immaterial). A table summarizes the qualities inherent to each project (Figure 1). In conclusion,
we will show how Mixed Reality is, in fact, a particular
kind of media, then reveal a latent quality inherent to
all three projects: Fragility. We will analyze the emergent forms of fragility in relation to each project’s
context and content. Although this paper will rely on
concrete projects to reveal the applied and theoretical qualities of Mixed Reality, common definitions of
key concepts can be found in the Glossary, helping
to avoid any unnecessary ambiguity.

PROJECT-1: LIMINAL REALITY
For this group exhibition (October 2008, Paris) of
“artists attempting artistic production in virtual
worlds” (Balzerani, 2008), Building w/immaterials constructed an immersive installation space
whose objective was to call into question the partitioning of reality into virtual versus real. By establishing real-time interactivity between actual
world gallery visitors and a virtual world environment, the installation attempted to replace the
binary opposition real/virtual through the resonance between space/image using a Mixed Reality environment constructed for the installation
space. LIMINAL Reality [2], expresses the a) liminal
space or threshold created at the intersection of
these two worlds (The Reality Festival, a temporary group exhibition in Paris, France and the sustainable virtual world of SIZIGIA Island, Second
Life) and b) the transitional stage in the evolution
of Mixed Reality as a tangible media.

LIMINAL Reality : Project description
Images were projected both into a remarkable gallery space and onto a singular physical object. The
object in question served as both projection screen,
sculptural form. The space allotted by the curators
was tangent to the gallery’s entrance and central
to the exhibit’s organization. The large open space
(10m x 10m x 5m) was framed by two perpendicular walls, the size of the projected images and built
objects had to reflect both this centrality and the
scale of the installations space. The corners of the
vertical and horizontal surfaces of the projection
space were curved, thus obfuscating the articulation
between walls, ceiling and floor, and produced a
smooth space. Two projectors were suspended from
the ceiling, each facing one of the two walls so as to
project one continuous image across the walls, ceiling and floor of the space, filling it with color, form
and movement.
A second projection screen, the built object,
had unabashedly ambitious (and ambiguous) formal
and spatial objectives. This object was assembled
from thousands of Paris metro tickets (heavy paper
rectangles 66mm x 30mm) suspended from almost
invisible metal rods (or piano wire) and hung from
the ceiling at the installation’s visual center. This object functioned on two scales: a) locally, the individual tickets acted like pixels, capturing the projected
light and thus coloring and animating them, dematerializing their primary function (offering access to
the urban local mass transportation infrastructure)
and deconstructing the homogenous scale of the
Figure 1
Project Comparison
Table based on thematic
frameworks
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projected image; and, b) globally, an amorphous
(though tangible) form floated in and within the
projected image, animated by the dynamically
changing scene. By moving through the installation,
the image was subject to a kaleidoscope-like effect
when seen projected against the object due to the
projection striking the metro tickets/pixels oriented
at different angles to the two projectors.
The image in question was captured from the
virtual environment of SIZIGIA (see chapter SIZIGIA
Project Description). A camera interactively flies
through the SIZIGIA synthetic space, projecting it
in real-time into the real world installation space.
The camera’s path, velocity and orientation, can
be both algorithmically predetermined and interactively modified by the installation’s visitors.

Content in this inworld environment (see Glossary,
inworld) was prebuilt (by the SIZIGIA community,
see chapter SIZIGIA).
Immersion
LIMINAL Reality opened a window between two
worlds: technically between a physical world and
a virtual world, and metaphorically between an art
world (a specific milieu of digital art in Paris) and the
artists immersive environment (on the Sizigia Island,
Second Life). Its Mixed Reality infrastructure permitted the creation of multiple points of view for both
simultaneous (albeit asynchronous) interaction in
each world, through their representation as polyvalent, spatially compatible, creative environments. By
obfuscating the distance and differences between

Figure 2
LIMINAL Reality Installation,
images and objects
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them using this infrastructure, the project became a
“a device based on a triple duality of context (real/
virtual), process (immersion/ emergence), manufacturing (active/passive). This autopoietic system is
both a reading machine, a window, and a decoding
grid, between the real and virtual worlds. Using this
to reveal its unconscious, the project is also a protocol to reconstitute data, a generator of network connections and a cultural accelerator.” (Balzerani, 2008)
The installation’s tangible atmosphere was projected by the fabrication of real images from virtual
worlds and, inversely, virtual images from real worlds,
in order to show the multiplicity, integration and
compatibility of those two worlds. It is the material
aggregate for the real-time generation of heterogeneous loops of space and information from synthetic
worlds. “Within a sensor/actuator connected environment, humans will be generating data in the physical
world that will simultaneously interface with any one
of multiple environments” (Applin and Fischer, 2011).
The installation’s ambition was not to create a
totally immersive experience (like a Disney World
amusement), whose goal is the suspension of disbelief until the virtual becomes real. But rather, to
test the resilience of the immersive experience, not
as a technical feat, but rather: immersion as a “social product… at the intersection of place and time”
(Boellstorff, 2008). Our approach was to assume that
everything about this installation was an absolute
expression of reality, and that the conscious suspension of belief (not disbelief ) was in fact, the ultimate
act of resistance. Although the engagement between art world/virtual world, artist/observer, play/
work seems fragile, this fragility was a deliberate
component of the project’s fabrication.

PROJECT-2: SIZIGIA
The SIZIGIA project [3] began with an open competition to develop a Mixed Reality public space for the
contemporary art collective Laboratorio Curatorial 060
(LC060, see Glossary): “transforming the conventionally
passive role of the cultural apparatus from one that invents meaning, into an instrument capable of eliciting
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it through action and interaction” (Wolf, Morales & Toscano, 2008). SIZIGIA is a project whose territories and
connections, artifacts and edifices, spaces and infrastructures facilitate a site-specific autonomous zone,
a laboratory for “explicit socio-imaginary confluences”
(Wolf, Morales & Toscano, 2008). The project’s conceptual and technical context was defined by the curators
to be “situated between actual structures and virtual
developments” (Wolf, Morales & Toscano, 2008). The
objectives of this ongoing project are to a) elaborate
the physical (architectural), inworld (virtual) and online
(web site) spaces for each world; b) create an articulation (technical, international) between those worlds
from within the project; and, c) develop the infrastructure for LC060’s Artists-in-Residence program.
SIZIGIA : Project description
The SIZIGIA project is perhaps best described (due to
its inherent complexity and duration) by depicting
each of the four worlds in which it is simultaneously
present:
Frontera Coroza (Chiapas, Mexico): Work began with the physical site of SIZIGIA Island, in the
Usumacinta River on the frontier between Chiapas,
Mexico and Guatemala in 2007 [4]. The collective of
artists and curators, LC060 commissioned twelve artists to live, fabricate and install their work in the village of Frontera Coroza. They attempted to establish
a technical and cultural economy based on artistic
production in an otherwise distant territory, more
than 1000km from Mexico City. LC060’s long term intentions were to develop a sustainable association of
artists, building the physical infrastructure necessary
to house an ongoing Artists-in-Residence program.
The invited artists invoked the tradition and the local
population and were given an opportunity to open
up a dialogue about the fragility of existence living,
working literally on the border between central authority and remote independence.
Sizigia Island (Second Life): For the second stage
of the project, Frontera Coroza was photographed
and mapped, its geographic and visual characteristics were qualified and quantified in order to facilitate

their representation through other media. A film
maker, a topographer and a photographer worked
together closely together, trying to fix an inventory
of environmental assets and cartographic views on
this territory. Using this information, a digital model
of its topography was built into the virtual world of
Second Life (SL, see Glossary), were its development
as a “site specific autonomous zone and experimental
bio-engineering-through-art project” (Wolf, Morales
& Toscano, 2008) was carried out. The project strove
to build a creative ecosystem for artists’ to work with
new media on the threshold between: real/virtual,
symbolism/representation,
materials/information.
This necessitated the development of an adequate
graphical, spatial modalities of representation in order
to express the site’s physical and atmospheric characteristics. The work of the twelve artists commissioned
for Frontera Coroza were now rebuilt in the new, virtual context; the art will now be experienced using an
avatar’s senses of perception and sensation (Figure 3).
“It is not a question of colonizing new worlds, but of
developing the means to inhabit a multiplicity of territories by oscillating between them, generating a new,
Mixed Reality” (Kligerman & Mehdaoui, 2008).

Frontera Augmented (Google Earth): SIZIGIA,
SL is used to compensate for the economic realities
that create geospatial hinterlands. Frontera, when
viewed using Google Earth, not intelligible as a territorial entity. Using a Web Application (hybrid software
combining data, interface or functionality from two or
more sources to create new applications) of Google
Earth + Sizigia Island, SL, a high resolution Mirror
World (a physical environment digitally mapped in a
geographically accurate way) was fabricated. A program made to act like a satellite was deployed in SL
to photograph the inworld territory of SIZIGIA and
import a grid of images into Google Earth to augment
its visibility on the global geospatial networks. SIZIGIA
becomes accessible either from the virtual world of SL
or from the geospatial globe of Google Earth.
Sizigia.net: SIZIGIA becomes a laboratory for digital experimentation and representational practices, an
interface, a place of reunion for inworld users, a platform
for further questioning of the potential of this virtual
environment. Neither isolated technologies nor homogeneous solution, but a multiplicity of spatial (building,
sculpture…), artistic (image, video, sound…) and social
(social networking, meeting, collaboration…) tools.

Figure 3
SIZIGIA Island, SL. Artist
inworld installation showing
superposition of an inworld
and a real world ecosystems.
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Residence
A vocabulary of scapes forms virtual territories, transformed from boundless, amorphous, and flowing,
into the building blocks of contemporary imagined
worlds. The spaces of SIZIGIA are dynamic and unstable, rather than static and finished; this volatility,
rather than being a vulnerability, is its force, an act of
resistance confronting the mercurial pressures that
make up its tenuous existence perched between
physical and virtual worlds. Building Identity-States
and not a State identity (Kligerman & Mehdaoui,
2007) describes the simulacra necessary to prepare
this complex spatial and social organization and facilitate its role as a liminal territory capable of spanning borders, connecting divergent media, ideologies, material states and distant environments.
SIZIGIA envisions its statehood spanning between “real structures and virtual developments. The
virtual entity in question is the synthetic world, SL, a
massively multi-player online (MMO) community: not
a game, but a creative platform. Beyond simple 3-dimensional rendering with text, it is a geographically
limitless and autonomous territory subject to coherent laws of physics and geometry that render a global
immersive atmosphere that is its dominant quality.
This global atmosphere paradoxically encourages the
elaboration of local communities and adaptive ecosystems, made possible by the persistence of object
and identity” (Kligerman & Mehdaoui, 2007).

PROJECT-3: REZ/FAB/REV
REZ/FAB/REV [5] is a response by Building w/immaterials to an open call for projects “which combine
an installation dimension and a virtual dimension.”
LABoral is an “exhibition center for art, science, technology and advanced visual industries… a venue
for artistic and technological production, research
investigation and training and for the dissemination of new forms of art and industrial creation.” [6]
The only other indications for this call for proposals offered by LABoral were the plans and images of
the gallery that will house the installation. Building
w/immaterials’ objective was to invent a complex
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Mixed Reality machine whose hardware, software
and human resources would generate both a material object and an autopoetic performance concerning that object’s fabrication.
REZ/FAB/REV : Project description
REZ: To rez, in the context of contemporary 3-D multiuser environments, is to create or to make an object
appear. Rezzing an object (or prim, short for primitive object) can be done by dragging a pre-existing
object from a database or creating a new object using the inworld creation tools. REZ also signifies the
RESident artists of the SIZIGIA community (artists
working in a media ecosystem in a 3-D virtual world,
see chapter, SIZIGIA), resident artists who, through
delocalized collaboration, are engaged in the creation of a synthetic sculptural form for this project,
digitally generated from interactions (movement,
data) captured from : the inworld space (Sizigia Island, SL) and the actual gallery space in Gijón, Spain.
This data serves as parameters for the synthesis of
two interlocking surfaces of increasingly complex
geometric articulation that have co-evolved over
time (See chapter: Synthesis).
FAB: Digital FABrication is the production of material objects from a 3-dimensional digital model. The
formal properties of the model (geometric, material,
spatial…) will be used to describe and fabricate the
sculptural object and articulate the installation space.
The installation’s sculptural component is fabricated
in-situ, using the DINI d_shape 3-D layering printer (a
large scale 3D printer capable of fabricating complex
generative geometric form from 3D models, see Glossary). The REZ/FAB/REV installation mirrors the incremental process of the sculptural object’s fabrication
(by the d_shape 3-D printer) as its formal, tectonic expression, based on the temporal framework of digital
fabrication. The passage from a) the incipient inworld
collaboration, b) the emergence of the digital model,
c) the generation of the object’s growing geometry, to
its e) layer by layer fabrication, is expressed as a material visualization of form, detail, texture and material
through the fabricated object.

REV: The DINI d_shape 3-D printer is installed
in gallery space. The object’s form is cast layer by
successive layer from the bottom (or foundation)
upwards, its complex geometry slowly REVealed
over the time of the object’s fabrication (about 21
days). The Machine becomes an expressive, symbolic device capable of expressing its temporal
framework: the transformation of form, detail, texture and material as captured by the object’s gradual emergence (Figure 4).
Synthesis
REZ/FAB/REV is the rez-zing of a complex digital
model and its fab-rication through the accumulation of successive material layers, a process through
which its meaning can be rev-ealed. The REZ/FAB/
REV Mixed Reality infrastructure is a computational
machine for the synthesis of project input data

(movement, attention, interaction…) emitted from
virtual worlds and social networks. This information
serves to generate a 3-dimensional sculptural form
whose specific material qualities (color, transparency, thickness…) suggested the object’s formal qualities, whose geometry was transcoded according to
industry specifications, interpreted as a physical object and fabricated by a digital printer according to
these material properties. The idea of synthesizing
3-dimensional geometric information was adapted
from the practices of sound and video synthesis,
where electronic signal produce sound or image
data. By integrating virtual objects into actual spaces, writing the visual, spatial memory of the project’s
creation and inventing the symbolic and material
possibilities for the project’s continuity, the installation becomes a Mixed Reality of heterogeneous
loops of space and information.

Figure 4
REZ/FAB/REV installation
fabrication process at (clockwise from top left) 5, 10, 15
and 21 days.
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CONCLUSION
Does Mixed Reality asserted itself as a differentiated media? By establishing the “defining medium
(of architecture as) drawing”, which, in the context
of contemporary architectural production, can be
equated with the digital model (Schumucher, 2011),
we can rephrase the question: Is Mixed Reality a process that directly leads to the creation of a digital
model? If not, how can we qualify its role in the creative process?
Framework
Mixed reality is a framework employed to create
both a project’s essential supporting structure, and
a device for spatial framing. Frameworks are the
technical infrastructure for the services, protocols
and networks required for immersive, media-rich
environments. Framing, on the other hand, attempts to describe Mixed Reality as an inherently
architectural media. As borrowed from the disciplines of communication theory or sociology, framing relates to “the construction and presentation of
a fact or issue framed from a particular perspective”
(Goffman, 1974); or from the visual arts, where it
connotes a device used to maintain or direct the focus onto the framed scene. Framing is “a system of
entities, postulates and rules… that allows its user
to locate, perceive, identify and label a seemingly
infinite number of concrete occurrences defined
in its terms” (Goffman, 1974). Mixed Reality frames
and frameworks form the basis of these contemporary projects. As outlined in the manifesto, Open
Source Architecture by Carlo Ratti [7], projects
whose “production and critical, public, client (and)
peer-related (reception) form part of the project
itself, creating a feedback loop that can ground—
or unmoor—a project’s intention and ultimately
becomes part of it...” These projects “supersede architectures of static geometrical form with the introduction of dynamic and participatory processes,
networks, and systems... distinguished by code
over mass, relationships over compositions, networks over structures, adaptation over stasis.”
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Accelerator
A program of design research is engaged by designers committing a priori a project’s development to a Mixed Reality ecosystem. Design research
is a “process of innovation for the discipline of architecture” (Schumacher, 2011); design research
programs are “vehicles of cumulative innovation”
to assure that the “challenges posed by contemporary society are being translated into viable briefs
and design tasks that can serve to upgrade architecture’s capacity to fulfill its societal function”
(Schumacher, 2011). Mixed Reality is a potential
and potent framework for design research, a “powerful evolutionary accelerator... pushing (architecture’s) own level of innovation” by creating “challenging media-scapes that demands techno-social
intermediation across the threshold of human/
technological integration.” (Schumacher, 2011)
Such projects, according to Ratti, intend to “transform architecture from a top-down immutable delivery mechanism into a transparent, inclusive and
bottom-up ecological system.” [7]
Fragility
SIZIGIA, REALITY and REZ/FAB/REV are projects
whose ambition is to position Mixed Reality ecosystems as highly accelerated cultural engines
for the development of knowledge about space,
time and materiality. These projects function as
laboratories for digital experimentation and representational practices, favoring the colonization
of sustainable-physical and immersive/virtual
environments for radical experimentation. Fragility is not simply a question of what is lacking (according to the dictionary, “Easily broken, lacking
substance, physical or emotional strength; delicate…) but of capitalizing on the particular qualities inherent to fragile spaces, building a project
based on those qualities. These projects motivate
the exchange of identities and ideas, media and
ideologies by spanning borders and traversing
disparate territories, possessing multiple manifestations of Fragility.

EPILOGUE
A consensual sentiment amongst SIZIGIA’s real
world/inworld residences is the desire to re-engage
the project’s physical world antecedents on the
banks of the Usumacinta River by following the loop
back to its logical (or illogical) conclusion: the development of the real world Frontera site. Planning has
begun for the actual construction of the edifices necessary to reside, produce and diffuse SIZIGIA’s work
from the Mexican border. Instead of employing the
traditional design process of problem/solution composing material/form, SIZIGIA’s buildings, structures
and spaces will be adapted from the inworld generative process of flux/usage, time/fabrication. The soon
to be constructed buildings for the SIZIGIA Artistsin-Residence complex are currently being designed;
they will be both formed and informed based on the
extensive inworld experience of the SIZIGIA project.
Due to this surprising turn of events, where a real
world building will be designed based on virtual
world experience (and not the other way around),
perhaps we are witnessing the reversal of the incorrigible opposition between real/virtual.

GLOSSARY
Binary oppositions is loosely related to Niklas Luhmann’s term binary codes, used to qualify all
communications of society’s functionally differentiated social system (Luhmann, 1995).
Building w/immaterials is an association of architects,
programmers and curators doing independent
research into digital media, visual arts and built
environments : spatial inquiry for the invention of new structural typologies. Architects
Brad Kligerman and Jamil Mehdaoui work and
teach in Paris and occupy in a plethora of digital
spaces [8].
DINI d_shape is a 3D printer capable of fabricating
large scale (10m x 10m) geometric forms from
3D models using a stable, ecologically balanced
material composite [9].
Inworld is when a user is active in a specific virtual
world.

Laboratorio Curatorial 060 (Mexico City) were awarded the Best Art Practices award for curators in
2008 for the SIZIGIA project in the category of
best contemporary art projects in non-conventional spaces for their exploration of new ways
of thinking about contemporary art at “the
fringe of its own (im)possibilites.”
Mixed Reality is the creation of new spatial environments for human interaction with physical and
digital information in a synthetic space, produced through the merging of physical and
virtual environments. “While each reality is complete unto themselves, they are also enriched by
their ability to mutually reflect, influence, and
merge into one another” (Applin & Fischer, 2011).
Second Life (or SL) is an online virtual world where
residents interact through avatars in a 3-dimensional space. The world is made from user
created content (objects, buildings...), the virtual property forming the material basis of its
economy. SL is considered a platform by developers for its ability to create hybrid applications
(games, Augmented Reality, music and video
installations…).
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Abstract. This paper outlines work in progress that seeks to support and develop online
distance design education for adult learners. At the core of this paper is the belief that design
thinking is fragile and the systems we create to support design thinking are fragile. This has
important implications for those seeking to implement immersive environments for teaching
and learning in disciplines such as engineering, product design, environment design and
architecture. This paper suggests we need to look backwards in order to look forwards; that
by examining the characteristics of the traditional ‘atelier’ model of art and design education
we might observe clues to a framework of teaching and learning in design that can embrace
the opportunities presented by new digital technologies. The paper focuses on the use of
Second Life as a component of a wider virtual design atelier and explores how Second Life
might potentially offers a means of addressing fragile collaborative learning.
Keywords. Design; atelier; ARCHI21; education.

ON FRAGILITY
Creating online environments for design learning
is not new but constructing effective virtual shared
spaces that are conducive to the essential co-existence of generative, analytic and synthetic thinking
processes for groups of design students is still at the
experimental end of the design pedagogy spectrum.
The Open University in the UK is particularly interested in this because its mission focuses on distance
education for part-time, and increasingly full-time,

learners of all ages. This is a broad community of
learners which displays very different characteristics
to a typical undergraduate cohort in a traditional
university. Frequently such learners are returning to
education to develop skills to improve career prospects. They may not be experienced, confident or
skilled learners. Those studying part-time must fit
education around the demands of full-time employment as well as normal family duties. To compound
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all this their learning takes place in their own homes
or places of work, remote from the tutors and their
fellow students. The makes for a very fragile learning
experience and its one of the reasons why few other
universities have attempted to follow the Open University lead in opening up learning in the broadest
public arena. This might not have been noteworthy
outside of the world of distance, adult, part-time education were it not for the fact that the university sector
worldwide is experiencing pressures towards radical
change. There are pressures to reduce costs, improve
learning, increase the relevance of their curricula, foster a more enjoyable learning experience and penetrate new markets. Such pressures have stimulated
all universities to explore new models of teaching and
learning and the new learningscape that has been
collectively created has exposed a vital fragility.
In this context, design education can be seen as
particularly fragile. The traditional model for undergraduate design education in disciplines as varied as
graphic communication, interaction design and architecture has its roots in the ‘atelier’ approach to learning and teaching. An atelier is partly about physical
resources such as a shared studio space but it’s also a
philosophy of engagement – the notion of learners and
teachers journeying together. Its roots can be found in
various European cities in the seventeenth and eighteenth centuries when apprentice painters or sculptors
learnt their trade from a master artist or craftsperson
but its development continued and institutions such as
The Bauhaus formalised the democracy of learners and
teachers co-journeying. In his keynote presentation at
the UK’s OpenLearn conference, John Seeley Brown [2]
used the term ‘atelier’ to characterise an emerging form
of learning and teaching based on social networks, a
distinct participatory approach by learners and teachers and pedagogy rooted in practice. Seeley Brown
drew on his experience in architecture education but
many in the parent domain of design education will
recognise the well-established and powerful approach
offered by the atelier. Its educational qualities have attracted the attention of many distinguished researchers including Donald Schön (1988).
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Many recent authors on design education have
sought to reveal the cognitive capacity underpinning an essentially practical subject and leading design practitioners such as IDEO’s Tim Brown [1] have
promoted the notion of ‘design thinking’. The thinking skills of designers have been shown to be just as
important, and perhaps more important, than the
physical skills of designing. This is particularly important for those universities such as the Open University whose mission is to allow students to develop
skills and knowledge that are highly transferable to
the needs of students and employers. Indeed, the
OU has a first-level course titled ‘Design Thinking’.
Developing design thinking and combining it with
knowledge of the principles of design practice and
skills with tools and approaches is challenging. At
the core of this challenge is the fragile nature of design learning.
For most people their potential for design thinking needs nurturing and encouragement. Creativity
is easily suppressed and it requires media for expression and communication between participants. It
is highly social requiring interaction of a richer sort
than many other disciplines of study. We need to recognise its fragility in the creation of online learning
environments for design. The twentieth century saw
academies, colleges and universities worldwide developing sophisticated systems of studio, workshop,
lecture and tutorials to foster effective design learning. The twenty-first century presents new pressures
on teaching resources but it also offers new opportunities for innovative and cost effective approaches
to foster design thinking. However, the environments created for remote designing and collaborative learning have themselves been fragile. The atelier model of teaching and learning potentially offers
some clues to achieving robust strategies and environments through new technologies.
The following sections introduce two projects
that sought to develop teaching that acknowledged
the fragile nature of design learning. This paper focuses on the role of immersive environments as a
component of a modern virtual atelier.

SECOND LIFE IN ATELIER-D
In 2009-10 the authors of this paper were part of a
project to bring the spirit of the atelier into the twenty-first century. The project was titled ‘Achieving
Transformation, Enhanced Learning and Innovation
through Education Resources in Design (ATELIERD) and it was funded by the UK’s Joint Information
Systems Committee (JISC). The ATELIER-D project
took characteristics of the historical model of the
atelier and used this to create a modern and relevant
framework for an online environment for teaching

and learning. This project built on the notion of a virtual design studio (Maher, 1999) combining new and
commercially available computer-based tools to create powerful learning and teaching environments.
The project consisted of experiments (called ‘course
delivery innovations’ or CDIs) with six separate tools
and three longer studies (programme delivery innovations or PDIs) of tool combinations (see Figure
1). Some of the findings, particularly those concerning combinations of tools in a virtual atelier, found
application in new design modules such as Design

Figure 1
Diagram of the relationship
of component parts of the
ATELIER-D project
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Thinking and, more widely, the work supports development of the undergraduate degree programme in
Design and Innovation at the Open University.
Underpinning the studies with students were
some formative characteristics that guided the
bridge between a traditional atelier and a virtual
one: An atelier is a space for coming into direct contact with expertise, a hub from which to make external forays, a zone for exploring and experimenting,
and a home for peer group interaction. Essentially it’s
a friendly but challenging place for exposure to the
realities of the professional world to come. It’s these
characteristics that are fugitive and fragile. They are
easily suppressed or destroyed and one of the key
roles of those who manage such environments is to
monitor the social interaction of the learners, their
engagement with the prescribed tools and their participation in activities.
Collaborative designing in Second Life
One component of the ATELIER-D project sought to
explore the re-creation of the physical space of the
design studio and workshop in a virtual world called

Second Life (SL) (www.secondlife.com). It aimed
to generate knowledge about the value of virtual
worlds for supporting design learning, creative design thinking and collaboration. It involved five onehour sessions of collaborative design in SecondLife.
These sessions took place on five evenings between
1st and 8th July 2009. Participants were recruited
from the Open University’s Level 2 course: Design
and Designing (T211). Participant numbers varied
between 5 and 8 over the five sessions and had different levels of expertise in SL. Three members of
academic staff supported the study as participant
observers. The study created a photo record of the
outputs of the five sessions plus some short video
sequences of group design work. Some supplementary data in the form of short video and audio sequences was also available but it proved impossible
to record the whole of every one-hour session and
participate in the study from any one computer. At
the end of the sessions participants were asked to
complete a questionnaire on their experience. Additionally the evaluation is informed by reflection from
the three leaders of the study.
Figure 2
Screen shot of one example
of collaborative building in
Second Life
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Some of the activities took place in a ‘sandpit’
space owned by the Open University but permitting
public access. Other activities took place in a private
space (sandbox) created by the OU. Each session was
guided by a specific design brief, intended to create a strong design ethos to the events. These were
circulated immediately prior to each session so participants had little time to work up ideas before the
session. The first two sessions were intended as SL familiarisation (e.g. flying, communicating, teleporting
and building), so the design briefs were deliberately
open and exploratory. They sought to introduce
students to some simple individual and shared design tasks. The three sessions that followed involved
participants in increasingly complex situations for
online collaborative working. Session 3 asked participants to construct a basic wall seat, Session 4 asked
participants to create concepts for sculptural seating
and to comment on the designs that others were
creating in the shared virtual world. Session 5 asked
participants to collaboratively build designs for a trophy (Figure 2). Thus, each session made increasingly
complex demands on participants to communicate,
to negotiate activity and to share innovation and
idea development.
Evaluation
In some important respects shared object building
in a virtual world is conceptually different to that in
face-to-face working in a real-world space. Similarly
teleporting and flying provides both distractions
and opportunities for those new to SL. Public access
to the work area (sandpit) did not give rise to problems in this study but it was helpful to have access to
one of the Open University’s private areas for collaborative object building. Using this, the group could
guarantee an uninterrupted session.
It was initially hoped that text chat might adequately support the collaborative tasks but it became clear from Session 1 that the ability for participants to use voice was essential. Partly this supported problem solving and partly is facilitated better
collaborative designing. Participants felt they didn’t

maximise their contribution in the collaborative
design sessions because they didn’t have sufficient
knowledge of how to control their avatar. While the
inclusion of orientation tutorials was essential students requested more time to become familiar with
the virtual environment and to practice basic skills.
In these mixed ability groups the participants played
a vital role in helping each other. The study reported
that any use of SL as part of a proposed online atelier must include a generous period of training and
familiarisation.
There needs to be a clear inducement to collaboration – at times the participants worked collectively but as individuals with little communication
towards shared understandings. It seems important
to build-in time for participants to get to know each
other (e.g. a group ride on a ‘magic carpet’ was successful for this because the focus was on socialising
not on controlling one’s avatar). In some ways, SL is
ideal for constructing temporary working environments. It offers a fast and effective means of recreating a studio-like space proving defined spaces
for private work and collaborative work. It supports
the essential need for design students to exhibit
completed work and, just as importantly, work in
progress. The wide range of types of assistance required and the limited technical support available to
this project suggested that the use of SL might be
difficult to scale up across large and diverse student
cohorts. For students competent in using modern
computer aided design (CAD) tools the building
tools in SL might lack functionality.
The next section presents a second project that
further explored the idea of using Second Life for supporting collaborative designing between students.

SECOND LIFE IN ARCHI21
ARCHI 21 is a two-year project concerned with
content and language integrated learning (CLIL) in
architectural and design based education and practice. The work, funded by the EU Lifelong Learning
programme (Key Activity 2: Languages), involves
several European universities and is led by the École
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nationale supérieure d’architecture Paris-Malaquais.
The project allows the authors to build on the foundation established by the ATELIER-D project between 2008 and 2010.
The work reported here forms a contribution
by the team from the Open University in April 2011
as part of ARCHI21’s work package 4. The study was
structured in a similar way to the ATELIER-D work. It
invited students to take part in a sequence of studies that progressively engaged them in collaborative
design in Second Life. The study was divided into six
sessions. Five of these were carried out in-world at
the OU’s own SL island, while one session combined
SL with the use of conferencing tool FlashMeeting
(FM) that was developed by the Open University. The
study was supported by the ARCHI21 researchers, a
language consultant (mediator) and a SL consultant.
This study focused on the development of language and communicative skills associated with
understanding, generating and presenting a design
brief and collaboratively implementing this brief in

SL. With the eCAADe 2011 conference in mind the
concept of fragility was used as an underlying theme
for the development of the design briefs during the
study. 17 student participants were involved (9 native and 8 non-native English speakers) and all were
recruited from the design modules offered by the
OU. Also appearing in world were facilitators (SL experts, design staff ), a language mediator and occasional visitors. A selection of participants was made
according to availability for the set dates and their
language profile. Having learned about the importance of voice communication, students were asked
to test their access to SL and that their equipment,
particularly the headsets and settings for voice communication, was functioning before joining the
study. They were also required to fill in a pre-study
questionnaire assessing their design language competence. Students had access to additional supporting materials such as information on getting started
in SL, an introduction to design briefs, and a short
summary of building in SL.
Figure 3
Snapshot of a group building
activity in Session 5
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Session 1 was dedicated to introductions, becoming familiar with the Second Life environment
and solving technical problems. In Session 2 Students were invited to engage in a discussion with
the aim of speculating on what might be the design
brief behind ‘an egg’. The egg was chosen because it
offered an unusual context for reflecting on design
briefs and because it has obvious associations with
fragility. Students were encouraged to think about
different aspects of fragility and how this might influence a design brief. The focus was on informal language and ability to understand and use in discussion technical terms of the design brief to describe
objects. In Session 3 students were invited to work
in groups in order to build an object in response to
a given brief. Following on from the previous session, and the issue of fragility, this brief required
students to build a chair for the children’s storybook
character Humpty Dumpty. The focus was on technical language as well as communication during collaborative design. In Session 4 students were invited
to work in groups using FM. Each group worked to
define a new design brief for an object, or system
that embraces the notion of fragility (e.g. in terms
of environment, aesthetics, function/performance,
experience). The focus was on verbal and textual
communication in ideation. In Session 5 participants
swapped their briefs from Session 4 and worked to
the brief generated by another group in SL. They
were tasked with developing responses that satisfied the brief they had been given. In the final session students worked together in SL, and in their
respective groups, in order to develop a short (five
minute) verbal presentations of their interpretation
of the design brief they had been given. The focus
was on formal presentation skills.
While 17 students were recruited the maximum
number attending for any one SL session was 13.
It’s an indication of the difficulty of finding meeting
times that suit everyone in a student cohort. The
group size was manageable but one language mediator was not enough because the task involved
observing, interacting and summarizing language

features that were used in the sessions. Outputs from
the mediator facilitated the creation of examples of
successful communication and these were sent out
to participants via email. The input of the facilitators
structured discussions and provoked ideas for new
directions of a discussion. There were some technical problems associated with SL Viewer 2. The facilitators needed to guide the sessions very directly in
order to keep to the planned time schedules but
even with a clear time plan, each session took a significant proportion of the allocated time to get down
to the set collaborative task. This was mainly due to
persisting technical problems with sound and Internet connection speed. The only exception to this
was the final session where the presentations began
promptly. Attempting to solve every technical problem of every participant would leave no time for the
group work.
Reflection on the ARCH21 study
Technical problems were a major factor in the experience of all participants. In the induction session half
the students had sound problems and this affected
the quality of the induction to building. There were
also problems with permissions to edit objects created by others. At times facilitators resorted to Skype
to discuss problems being experienced concurrently
in SL. Written communication can provide a useful
channel but chat became very crowded with parallel discussions, typing in SL chat can be tiresome
and some novices failed to find instant messaging.
Audio and chat were used to introduce building in
SL but some participants found this confusing. Approximately half of the students got to grips with
basic building techniques quickly. The problems decreased as the sessions progressed.
Participants found the session that explored the
possible design brief for an egg stimulating but technical problems meant that communication patterns
were erratic and out of sequence. The group reflected on the properties of eggs as a driver for speculating on what a hypothetical design brief for an egg
might be. At the end of the session the facilitators
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were able to bring out clear teaching points about
how an object can reveal features of the brief that
may have initiated it.
Session 2 on designing a seat for Humpty Dumpty introduced students to collaborative ideation and
building. It was immediately noticeable how much
the students learnt by talking to each other. This was
evident even before the building session really started when one student helped another in completing
some questions about the concept of fragility.
The session where participants met in FM as
well as SL was ambitious for novices and it introduced a whiteboard into the tool options. Students
were split into three smaller groups of 4-5 each to
discuss the concept of ‘fragility’ creating attributes,
synonyms etc. Facilitators steered the discussion
from general to more concrete problems related
to fragility. Students engaged in the brainstorming
phase but could not, as a group, focus on one theme.
The whiteboard was not used as anticipated and a
direction for one group brief had to be imposed
by a facilitator. Another group did not adequately

conclude this discussion in time and was late returning to SL, which weakened the social coherence of
the larger group.
The fourth session invited students to use their
SL building skills to respond to a brief created by another group. The use of representations to support
creative thinking and communication was stimulating. Understandably, given the focus of the project,
verbal discussion focused on intended meanings of
the various briefs as well as explaining the interpretations imposed. In the conclusion to this session,
students really wanted to discuss the overall concept
of SL in design education rather than focus on the
local task in hand. Finally, the facilitators took snapshots of designs created in that session in SL, which
where mounted on panels for presentation in the
final session.
In the final session the participants used their
display panels to practice and then deliver short
verbal presentations (see Figure 4). Students had to
negotiate who would convey each part of the presentation. Language support took the form of advice
Figure 4
Group presentations in front
of display panels
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of understanding and abstraction of knowledge
through conversation, i.e. initiation response
cycle. We are exploring whether certain characteristics in discourse reveal distinct upward
steps or insights and contrasting experiential and conversational knowledge observed
through interactions.

on how to deliver material (e.g. speed and content).
Each presentation was followed by questions and
applause with a final summary of language matters
from the language facilitator. The session ended with
an in-world celebratory disco.

THE DIRECTION FOR ANALYSIS
The notes presented in this paper provide a snapshot
of one small part of the ARCHI21 project conducted
at the Open University. The work has generated
video data awaiting analysis plus qualitative data in
the form of notes from the language mediator, the
technical support and the staff facilitators. There are
about 20 hours of recorded data, which offers a rich
ground but also challenges for analysis. Summarising and sampling is being explored to overcome
the need to generate and examine full transcripts
for every session. Conversation Analysis would then
be applied to the identified key samples within each
session following four threads of analysis:
1.

Uncertainty
Uncertainty is inherent in design activity. This
makes many design processes fragile. It is also
a driver in designing that is urging designers
to move to more certain propositions. We were
able to observe expressions of uncertainty in
conversations in SL. The level of uncertainty in
language and the use of hedge words can provide an indicator of confidence and progression
in design.

2.

Repetition and adoption of language
If the data provides evidence that students
repeat and adopt the tutors’ design language,
applying it when they communicate their own
design activity and outputs, then this might reveal how Second Life can support the type of
learning that the traditional face-to-face studio
experience has done so well.

3.

Building knowledge in conversation
This concerns leading students to a higher level

4.

Building points of view
The potential for this is seen particularly in the
last two sessions. There are many styles and
features of establishing a point of view and developing this through discussion. An analysis of
the argumentation patterns in discourse could
reveal how students develop a supportive argument for their design ideas.

And, of course we have the participants’ questionnaires to assist in a triangulation of such analysis.

END NOTE
This paper has reflected on two programmes of research, the ATELIER-D project in 2009-10 and the
first phase of the ARCHI21 project in 2011. It suggests that virtual environments such as Second Life
might provide a core component of an online atelier. The traditional atelier model fostered the type
of enculturation into practice that modern schemes
for distributed situated learning are just coming to
understand. The atelier model has proved particularly effective for developing sensitivities to those
classic but fugitive elements of design education
such as problem finding and problem solving,
working effectively as part of a team, sensitivity to
market opportunities and the ability to generate innovation. However, the traditional atelier has had
a significant period during which it developed its
robustness. For example, incorporating systems
to encourage participation, groupings that ensure
support, fostering creativity and the constructive
value of failure, stages of learning that allow learners, as well as teachers, to assess needs and progress, methods of assessment that are transparent
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and skills that are valued and relevant. Few of today’s environments for distance design learning exhibit more than a few of these characteristics. This
is why they are fragile.
Designing today is a complex collaborative
process and preparing students for professional
practice across a spectrum of potential careers is difficult. The skills and knowledge are broad and many
of these need nurturing and fostering in safe, supportive spaces with appropriate interaction between
peers and tutors. Verbal communication is enhanced
where visual cues are present and visual artefacts are
particularly important in fostering communication
and learning. It is all too easy to compose a fragile
online environment that consists of the component
parts of an atelier. It is much harder to integrate the
tools in a robust way that acknowledges the fragile
nature of the teaching and learning in design.
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Abstract. After the earthquake and tsunami occurred in Chile on February 27th 2010, the
Technical University Federico Santa Maria was asked to contribute with reconstruction
proposals for the commercial infrastructure destroyed in the town “San Juan Bautista”.
Located 600 km (~370 mi) away from the continent, this town is not just the home of several
endemic species, but is also located next to a National Protected Area and UNESCO
Biosphere Reserve. Within this context, the design problem consisted on the development of
a component-based strategy and prefabrication requirements, and to reduce to the minimum
the implied logistics and environmental impacts of the new buildings. With a Studio of 23
final year students and the support of the Architecture Firms Association, 11 projects were
developed using digital tools such as visual programming and digital fabrication. Finally,
technical documentation was produced and delivered to the local and government authorities.
Keywords. Visual programming; post-disaster reconstruction; prefabrication; constraintbased design; building components.

INTRODUCTION
Scenario
San Juan Bautista is located on the Juan Fernandez
archipelago, 600 km (~370 mi) away from the Chilean
coast in the Pacific Ocean (33.61S - 78.83W). From
time to time, a family wants to build a small extension for their house, usually made with a traditional
wooden balloon- or platform-framing system. They
do not have to study the building and planning regulations only, but also to coordinate the implied logistics efficiently. After a satisfactory design decision
they ask for building materials to the Chilean Navy,
which send the materials, food and other supplies

from the continent to the island on a monthly basis.
Hopefully the family will not forget any detail; any
missing building element has to wait another month
for being purchased and delivered. Also, all of them
must be found in traditional construction stores and
achieve basic sea transportation conditions, such as
humidity resistance, easy-to-handle size and weight,
minimum volume and a fast installation. Usually the
family will build the extension themselves; there is
not skilled workforce within the town’s population of
600, who mostly exploit a fishing and tourism-based
local economy.
Research, Education and Practice - eCAADe 29
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After the earthquake occurred in Chile on 27th
February 2010, inhabitants in the affected districts
realized that any place can suddenly become a
fragile place. Workplaces, housing developments,
historical places and urban areas were lost or seriously damaged during the 8.8 earthquake which
was felt by more than 70% of the country’s population, and pushed 500.000 below the poverty line. In
Juan Fernandez, the earthquake was not felt, but the
subsequent tidal wave destroyed -without previous
notice- the coastal infrastructure and the city centre
(Figure 1). They not just lost every commercial, touristic and fishing infrastructure, but also under the
sea the bay was crowded with rubble. Within this
context, Chilean Universities were asked to contribute with reconstruction proposals to replace the destroyed buildings in several cities, as well as to create
links with government agencies and local authorities
for its delivery and evaluation.
Educational approach
This was a unique opportunity not just to work
with a Studio in a contingent design problem but
also to face, within an academic environment,
a real-world context involving design critiques
from external agencies, a challenging physical
context and the final production of deliverables.
In the Technical University Federico Santa Maria
(UTFSM) there is a tradition of setting Architecture Studios within non-traditional geographical
contexts (Hormazabal, 2007), from the northern
desert to the design of antarctic stations (Taylor et al, 2000) and in many cases, students are
aware of the site conditions by travelling to those

locations and using outdoor spaces as workplaces
and workshops during teaching activities (Serrano
and Gonzalez, 2009). Our proposal entailed the
design of the city centre’s commercial infrastructure, considering 6 buildings. For some of them
students developed 2 design alternatives (Table
1). This Studio was also complemented by other
educational activities such as the design of fishing
infrastructure in northern Chile, the design and
construction of 11 geodesic domes for emergency
response and its DIY fabrication guidelines, and a
Studio for designing emergency shelters for future
disaster scenarios.
Program

Area

01

Restaurant

100 sqm

02

Fishing and diving equipment

80 sqm

03

Small scale Commerce

100 sqm

04

Medium scale Commerce

250 sqm

05

Medium scale Commerce

250 sqm

06

Medium scale Commerce

250 sqm

Table 1
Required program for the reconstruction proposals

Without any doubt, architectural education
must consider, learning outcomes that belong to
the domain of the professional practice. However,
there is indeed a gap between the technologic innovations and tools used in academia, and its implementation on the practical realm. In computeraided architectural design (Turk, 2001), bridging
this gap requires the transmission and adoption
of operational and reusable knowledge related to
real constructive processes and the tools involved
Figure 1
Pictures of the destroyed city
centre in San Juan Bautista.
Source: MINVU, 2011.
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in each one (Larsen et al, 2007): so far, the time
span between the formulation of a technical innovation and its adoption in the practice has been determined in 25 years by Gropius (1956), and lately
in 17 years by Larson (2000) in the context of the
housing market. Nevertheless, this approach considers the delivery of technical knowledge, without
considering the acquisition of soft skills that belong
to our profession and which, in most of the cases,
are deeply rooted within local practices, i.e. to keep
relationships with clients and colleagues within a
collaborative environment, to develop response
capabilities against unexpected modifications and
evaluations during the design and construction
process, or to develop response capabilities against
unexpected changes in the social, political, urban
or economic context of a specific project. It is still
necessary to debate about the benefits of these
soft-skills within academic environments (To which
point should we practice these in academia?, How
to deliver that knowledge?), however the competence-based educational model for architecture
programs in Latin-America points toward these
skills (Beneitone et al, 2007):
•• Competence 17: Ability to form part of interdisciplinary teams deploying different intervention techniques to improve degraded and/or
disputed urban and architectural spaces
•• Competence 20: Skill at leading, taking part and
coordinating interdisciplinary work in architecture and urban development.

The delivery of these skills is quite a challenge
for academic environment, as it requires not just
the formulation of technical learning outcomes but
also academic exercises as a ground for its development. In this Studio, we were required to face some
experiences which are quite commonplace in the
practice but are usually not considered in the curricula, such as the existence of a real “client” and
unexpected changes on the design conditions due
to the parallel work of other Universities and government agencies.

STUDIO
Digital design approach
Consıderıng this context, and the particular conditions of the workload, the main challenges of the
Studio were established as:
•• to develop and explore an architectural building systems by using object-oriented models,
considering prefabrication alternatives, size
and transport restrictions, and
•• to develop and explore different space planning alternatives without significative amounts
of additional workload.
Although there is an active discussion about
the pertinence of teaching programming tools to architecture students, there is evidence that this tools
could help us to accomplish those objectives. At the
time of facing it with standard text programming

Figure 2
Graphic-user interface in
Cinema4D and design alternatives for a truss design
engine. Student: Ignacio
Fernandez.
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tools, visual programming has proven to be more
user-friendly, allow students and lecturers to discuss
about one design solution at the time, and let the
designer to visualize and deeply comprehend the
design problem (Donath and Gonzalez, 2003). Visual
programming is a 3D modeling technique that allows the user to develop small applications during
the design process, in order to explore design solutions without requiring previous knowledge on hard
programming. As such, a visual interface is used to
inter-relate parameters and geometries (Figure 2),
revealing the very parametric nature of the design
problem and letting the designer to easily modify
the problem structure in order to look for different
design instances. For the Studio purposes, the students used the node editor “Xpresso” embedded
within MAXON’s Cinema 4D software. None of the
23 students had previous training on visual programming, but already had training in the use of 3D
modeling and drafting softwares. Some of them has
experience in fabrication of physical prototypes.
The mere fact of visualizing design information
allows the designer to declare explicitly how the
design exploration will be undertaken and the constraints that define the solution space. A contribution

to creativity can be outlined; according to Dorst and
Cross (2001) creative events may occur during a retrospective insight, where the designer -or an observer
of the process- can identify a point during the process
at which key concepts emerge. Therefore, a registry of
an explicit design structure can lead to creative discoveries, usually hidden under a complex cognitive
process. The same authors conclude on their work
that an appropriate definition of the design problem and its framing is a key aspect of creativity, even
more than the choice for any specific design process.
Of course, visual programming is not an intention to
imitate on a diagram-based approach the complexity
of design phenomenology, but is indeed a useful aid
to refine both the problem and the ideas on an iterative process, allowing different instantiations of the
design solution within a finite solution space.
Definition of building components’ geometry
The first exercise was to pull out the geometric relationships between the constructive elements of typical balloon framing and platform framing systems.
By an extensive literature review students were able
to develop a quite logical understanding of the function of constructive elements and their geometrial
Figure 3
Models of building systems
programmed in Cinema4D
and fabricated using laser
cutting machinery.
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relationship by using topology diagrams and basic
geometric definitions: “above”, “next to”, “attached
to”, among others. The second step was to translate
this information to a set of design constraints, by developing a logical and/or mathematical model which
was lately translated into a visual programming interface. Those constraints were built considering the
geometry of commercial building elements, in order
to define components within a valid design solution space (Figure 2). Students programmed small
assemblies and panels in order to produce building
components based on commercial wood and plywood dimensions and modules. Basic definitions for
a productive chain were achieved in many cases, and
some physical prototyping exercises were made in a
laser cutting machine (Figure 3).
Definition of the space planning
A similar method was used to explore different space
planning alternatives. The main requirements, such
as area, location, and orientation were previously
given by the client, but several changes were made
during the 4 months process though. During the
Studio, two main approaches to the space geometry
arose. Some students designed wide open spaces
and building components that could fit in different
configurations, leaving the final layout decisions to
the builders. Others opted by designing the layout
completely but considering specific spaces for flexible uses. In both situations, the sanitary core was
fixed in a specific location in accordance to the feedback and the new city plan layout provided by the
Association of Architecture Firms and the Ministry of
Housing and Urbanism (Figure 4).

PRODUCTION AND DELIVERY
The overall production of the Studio comprises
a set of 5 buildings for the reconstruction of the
touristic and commercial infrastructure in San
Juan Bautista. In term of impact on its surroundings, the building should not just accomplish sea
transportation conditions following a componentbased building system, but are also located within
the area that could be potentially flooded by future tidal waves.
During the design process, students faced 3
major changes on the context conditions, referred
mostly on the parallel master-planning process undertaken by the Association of Architecture Firms:
changes on the built surfaces, changes on the pedestrian pathways, and the uncertainty on the budgets that will be considered during their technical and
economical evaluations. Despite this, the early definition of a solution domain and its correspondent
object-oriented structure allowed students quick
explorations of the solution space and hence, to rapidly produce new design alternatives and to finally
produce deliverables.
By July 2010, 11 selected projects with their
technical documentation were fully delivered to local authorities and the Association of Architecture
Firms for evaluation and presentation purposes.
So far, high-priority buildings are still under development: school, city council, and a new housing
project for the town. Despite the devastation after
the tidal wave and the lack of supporting infrastructure, the surrounding of the town did not lose its
condition of National Park and UNESCO Protected
Biosphere Reserve.

Figure 4
Spatial planning variations
on a model for a small-scale
restaurant layout. Student:
Leisy Marinelarena.
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CONCLUSION
This Studio offered the opportunity to both involve
students on an office-like environment with de presentation and basic development of its corresponding soft skills, and to proof the usefulness of visual
programming as a way to face real-world design
problems in two different types of problems: building components and spatial planning.
As a contribution to design cognition, the most
important feature of visual programming was to elicit
the parametric nature of design by relating on single
diagrams both geometry and its parameters. The construction of the solution space and its exploration was
made iteratively, grounding a fertile soil for creative ideas (Dorst and Cross, 2001). In this context the student’s
role was closer to a solution explorer rather than a solution-developer. On the other hand, as a contribution
to the professional practice, visual programming might
lead the way to the fabrication of “preference and design engines” (Larson et al, 2001), were the user requirements are translated to geometric information and
then explored by the designer in a mass customization
context. Therefore, visual programming interfaces can
be also understood as intermediate instances between
the pure virtual modeling techniques and physical prototyping. This relation between both virtual and physical models is currently being explored as a part of the
first author’s doctoral research.
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Abstract. In this paper, we will discuss the opportunities and challenges of using a Web-based
Geographic Virtual Environment Prototype, primarily developed in the framework of a longterm research project by Pak and Verbeke (2011), as a complementary medium to support
an international urban design studio. We reconfigured and rescaled this prototype with the
objective of encouraging students to make a collaborative, open-source and location-based
analysis of the fragile project area (the Brussels-Charleroi Canal) and share their findings
with each other. During this eight week long experimental study, the students were able to
effectively use the environment during the analysis phase of the urban design studio; despite
their heterogeneous profiles. They created an online inventory that covers five gigabytes of
analysis findings, sketches, photos, maps, studio presentations and texts describing their
experiences. This environment shows the power of crowdsourcing and online collaborative
analysis. Moreover, the findings of our online student survey demonstrate a general positive
attitude towards the use of the Virtual Environment Prototype.
Keywords. Urban Design Studio; Web-based Virtual Environments; Integration of CAAD
Research into Design Education; Collaboration.

INTRODUCTION
Web-based Geographic Virtual Environments can
be briefly defined as applications that combine
various types of data, geographic information services and functionalities from different sources.
Examples of these are GMapCreator and Maptube,
both developed at University College London

CASA Centre (Hudson-Smith et. al, 2009).
In this paper, we will discuss the opportunities
and challenges of using a Web-based Geographic
Virtual Environment Prototype, primarily developed
in the framework of a long-term research project by
the Pak and Verbeke (2011), as a complementary
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medium to support an international graduate urban
design studio. This prototype is specifically aimed at
the representation and communication of alternative urban projects prepared for Brussels.
We reconfigured and rescaled the prototype
with the objective of encouraging students to make
a collaborative, open-source and location-based
analysis of the fragile project area (the BrusselsCharleroi Canal) and share their findings with each
other. Such an analysis was hypothesized to assist
the international students in developing a better understanding of the urban environment. In addition,
we aimed to collect and reflect on the progress of
student works on a regular basis and create an open
inventory that can be used as a future information
resource. The motivations of this study were twofold:
•• The potentials of web-based Virtual Environments as learning tools (and media) to improve
design reflection and feedback; as illustrated
by various researchers in the past (Knight and
Brown, 2010) (Martens and Achten, 2008)
(Chase et. al., 2008).
•• The pragmatic need for an online environment
to be used in our joint graduate urban design
studio. This studio accommodated 40 students

of which 36 were ERASMUS students from all
over Europe. Most of them had no prior knowledge of the problematic project site, the Brussels-Charleroi Canal. Therefore, it was necessary
for the students to develop a thorough understanding of the socio-spatial characteristics of
the city in order to create designs respecting
the fragile nature of this urban environment.

THE FRAGILE CONTEXT: THE CANAL AREA
OF BRUSSELS-CAPITAL REGION AND THE
INTERNATIONAL URBAN DESIGN STUDIO
The Charleroi Canal is a remainder of the industrial
past of Belgium, cutting across the heart of the city
of Brussels (Figure 1). It was constructed in 1832 with
the purpose of connecting the Wallonian industries
and mines with the port of Antwerp in Flanders.
Since then, surroundings of the Canal -and specifically the Anderlecht neighborhood- have historically
been a problematic place filled with industrial complexes and low quality housing. Inhabited by the
working class, it was often excluded from the major
urban development projects.
Starting from 1960s, the Charleroi Canal became partly dysfunctional due to the rise of the coal
Figure 1
Location and urban fabric
of the Brussels-Charleroi
Canal Area and Anderlecht
Neighborhood
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and steel production costs, causing many mines to
close down. In time, the original inhabitants gradually left the area and have been replaced by the
Mediterranean and North African immigrant families
who were invited to Belgium to work in the largescale construction projects such as Expo 58 and the
metro network. This cultural cocktail, combined with
the international character of Brussels has created a
fragile socio-spatial environment.
Currently, the Canal area is confronted with various problems such as high unemployment, poverty
and wastelands. In recent years, the international and
local interest in this area has significantly increased
and its potentials have become more evident.

Motivated with these facts, a graduate urban
design studio (uAD) was organized at the Sint-Lucas
School of Architecture in the fall semester of 2010.
It aimed at exploring the possibilities and undiscovered potentials of the area and involved the analysis
and exploration of Brussels Canal Area through the
lens of international students. The design studio was
especially configured to test the use of our Webbased Geographic Virtual Environment for the “designerly” analysis of the urban setting. The first eight
weeks of the studio were solely allocated for the
analysis of the project site. The students worked in
groups throughout this phase, sharing information
and their findings with each other.

Figure 2
The structure of the proposed
Virtual Environment Model
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In order to facilitate the use of the Web-based
Geographic Virtual Environment, open workshops
were held every week. In these workshops, the basic
concepts of virtual environments and neogeography were discussed, including crowdsourcing and
fair use practices.

THE WEB-BASED GEOGRAPHIC VIRTUAL
ENVIRONMENT PROTOTYPE
The prototype used in this study is a web application
hybrid specifically developed for the representation

and communication of alternative urban development projects in the framework of a three year research project. It combines Semantic MediaWiki
and Google Earth API for representing textual data,
imagery, concepts maps, 3D models and time-based
information in a geolocated format (Figure 2).
In this framework, all placemarks, lines and areas created on the Google Earth API are automatically linked to the local MediaWiki topic and vice
versa. The entered information is stored in a MySQL
relational database.
Figure 3
Screenshots of the prototype
used in the design studio: the
main page and the gallery of
uploaded files (on the top).
Adding location-based notes
through the interface (on the
bottom left). Superposing
and visualizing multiple
hand sketches (on the bottom
right).
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UTILIZING THE WEB-BASED GEOGRAPHIC
VIRTUAL ENVIRONMENT PROTOTYPE IN
THE URBAN-ARCHITECTURE-DESIGN STUDIO: OBSERVATIONS
In only eight weeks, students created an impressive online inventory with 66 topics (pages), organized according to 11 themes. These topics include various analysis findings, sketches, photos,
maps, studio presentations and texts describing
their experiences and thoughts on their future
projects (Figure 3). The total size of the uploaded
data is around five gigabytes.
Every week, the students collaboratively created a new page related to their analysis theme.
They edited these pages in groups of three to five.
The contents of these pages were not moderated or
validated by the tutors, but the pages had to include:
a verbal description of group findings (linked with
maps), photos of models, sketches and the PDF version of group presentations. Organizing the analysis
findings according to time allowed easy tracking of
the group progress.
Representation of design information of similar
nature made the group works comparable and this
contribution was highly appreciated by the studio
coordinators. Furthermore, the proposed virtual
environment promoted communication and interaction between the tutors, students and even with
third parties outside the sphere of the school.
In addition, by using this online environment, the
students were able to learn from each others’ projects.
While constructing their own ideas, they used other
students’ analysis results as an extended knowledge
resource. These analysis findings helped the students
to choose their project site, develop new design strategies, create novel concepts and design temporary
installations to interact with the inhabitants (Figure 4).

FINDINGS FROM THE STUDENT ATTITUDE
SURVEY AND WEB ANALYTICS
We have employed a variety of methods to evaluate
the use of the Web-based Geographic Virtual Environment Prototype in the design studio context.

Among these are the on-site web analytics, a student attitude survey, a usability questionnaire and
feedback meetings. The results of these studies are
too voluminous to be reported in a conference paper; therefore we will present only the most interesting findings.
In order to explore the students’ attitude towards the virtual environment and receive feedback,
we have conducted an online survey. This survey
covered various Likert-scale questions related to the
motivations of our research.
As we have expressed in the introduction topic,
one of the major research questions of this study
was about the role and future potentials of the Webbased Geographic Virtual Environment. According to
the results of the survey study, 87% of the students
strongly, mostly or somewhat agreed that using the
proposed virtual environment helped them to develop a better understanding of Brussels (Figure 5).
When students were asked if they plan to use
the proposed virtual environment as an information
resource in the future, 84% of the students responded positively (Figure 5). Of course, a more reliable answer to this question can be derived from long-term
web analytics and follow-up surveys.
At the end of our online survey, we also asked
an open-ended question related to the future development of our online environment to receive the
comments and suggestions of the students. The answers reflect the students’ individual perceptions of
our experimental implementation (Table 1).
Overall, the findings of the online student survey demonstrate a (general) positive attitude towards the use of the Web-based Geographic Virtual
Environment Prototype. These results are encouraging for the improvement and future testability of the
application, but they are not solely sufficient for the
evaluation of the environment.
Besides the online student survey, we used
on-site web analytics in order to gather information
on the nature and intensity of the students’ online
collaboration. According to these automatically
generated reports, 48 out of 66 pages (79%) were
Research, Education and Practice - eCAADe 29
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edited by more than one student (Figure 6). This
finding shows that the students really collaborated
through the virtual environment while creating
the content. It is also in line with our observation
that working in groups motivated them to share

information and findings and construct a collective
memory of their project sites.
When we analyze the contributions on an individual basis, the students made an average of 38.89
edits (Figure 7). The majority (26) of the students have
Figure 4
Examples of student works
created during the first 8
weeks (analysis phase) of the
design studio.
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Figure 5
Students’ responses to two of
the Likert-scale questions presented in our research.

Figure 6
Percentage of pages according to the number of students
that contributed to them. 79
% of the topics (pages) were
edited by more than one
student.

Table 1
Samples from the positive
student responses to the openended question in our survey.

Do you have any thoughts for the future development of the virtual environment prototype?
Student A: “The website itself was very easy to use, I haven't made a website before but felt it very easy to understand how to do
it and have now basic knowledge I can use later. I think the interface should be as easy/simple as now to make everyone able to
understand and use it.”
Student B: “I'm not really good with computers and the idea of "virtual environment" sounded really abstract for me at the beginning. But I think I really understood and developed an interest to use it as an analysis tool.”
Student C: “It is a nice idea, because our people can see our work. I never thought that I could edit the website; it was an unknown field for me. However it turned out that it isn't that difficult. At the end, in my group, I was the person who edited our
page the most”
Student D: “This tool is quite important for the globalized world we move in nowadays, and it's a powerful way to explain your
ideas, readable from wherever and easy to use.”
Student E: “In the future it would be more interesting to learn from other students by checking their own inspirations, creations,
ideas, sketches and so on.”
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made 1 to 50 edits whereas only 3 students made
more than 100 edits. No significant gender difference
was found in the number of individual edits.
As a final study for the evaluation of our experimental implementation, we compared the student grades at
the end of week 8 with the total number of group edits
(Figure 7). The hypothesis behind this comparison was

that there should be some kind of a relation between the
collaborative use of the environment and group success
(grades) in the analysis phase of our design studio.
The results show that the groups who received
higher grades had made relatively more collaborative
edits (and/or vice versa). It is impossible to derive a direct causality out of this finding but the data points
Figure 7
Histogram of individual student edits. Average edits per
student is 38.89.

Figure 8
Scatter graph of Student
Groups’ grades compared
with the total number of
group edits.
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indicate a possible correlation between collaborative
edits and student performance. When combined with
our design studio observations, these findings may
suggest that collaborative use of the proposed virtual
environment as a knowledge resource may improve
the performance of the student groups (such as the
“Everyday Life” group) as well as decrease them (such
as the “Fragile” and “Networks” groups); depending on
the profile and individual characteristics of the students (Figure 8).

CONCLUSIONS AND FUTURE PROSPECTS
In this study, we tested the use of a Web-based Geographic Virtual Environment Prototype as a complementary medium to support an international urban
design studio. We motivated the students to make
a collaborative, open-source and location-based
analysis of the project area and share their findings
with each other.
We found that creating transparent and open
studios can enhance the communication in architectural design education. The Virtual Environment
Prototype that we tested in the proposed design
studio context acted as a sustainable information
platform for collecting students’ design information. It was actively used for following the progress
of student works online on a regular basis and also
during the reflection process which took place in
the design studio.
In eight weeks, the students were able to effectively use the environment for the analysis phase of
the urban design studio; despite their heterogeneous
profiles. They created an online inventory that covers five gigabytes of analysis findings, sketches, photos, maps, studio presentations and texts describing
their experiences. This environment definitely shows
the power of crowdsourcing and online collaborative analysis. In other words, it can be considered as
a “proof-of-concept” for the use of a Web-based Geographic Virtual Environment in the design studio.
Moreover, our observations illustrate the students’ positive attitude towards the use of the prototype (Figure 5 and Table 1). Students proposed that

they have developed a better understanding of the
project site by reflecting on our virtual environment.
Furthermore, the students learned to communicate and reflect on their designs using various
means, including alternative analysis topics, images
and models, all of which stimulate them to think
more about the conceptual foundations of their
projects. The design studio coordinators noted that
this process has induced more competition between
the students.
In addition, the proposed prototype provided
opportunities for the transfer of the rich knowledge
produced within the framework of a design studio to
future studios, thus establishing a basis for the sustainable development of education and design ideas. The design studio coordinators were assured that
the body of knowledge represented in the virtual
environment can potentially inspire their future students, and therefore we decided to use this environment as a major resource for future design studios.
On the other hand, we found a number of difficulties and challenges relating to the usability of MediaWiki and Google Earth API-based web application
hybrids. Among those, the lack of an efficient WYSIWYG editing interface, (the relative) complexity of the
Wiki and Keyhole markup language for the students,
efforts needed for the scanning of hand sketches and
students’ reluctance to comment on each other’s
projects are notable ones. We believe that it is possible to overcome the first two challenges by using a sophisticated editing tool and providing students with
basic information on markup languages. Moreover,
learning how to use the environment and processing
information to be represented online were challenging tasks for some of the students and tutors; especially at the beginning of the design studio.
In the future, with the development of affordable and portable multi-touch tablets, students
can create their drawings in digital format which
can make them easier to share with other students.
Furthermore, combining the social networking environments with the Wiki talk pages may enhance the
students’ motivation and sociability.
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For the researchers who want to conduct similar
experimental studies, we recommend to design the
whole studio together with the coordinators. Ensuring a healthy communication and coordination between the tutors and students is also essential for
effective integration.
Moreover, the technological platform to be
used in the studio should be stable and easy to understand. Depending on the complexity of the proposed platform, weekly hands-on workshops proved
to be useful for raising awareness on the conceptual
framework of the implementation.
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Abstract. This paper describes a teaching experience conducted and carried out as part of
the coursework of first year students of architecture in two different countries. The workshop
is the second of three workshops planned to take place during the course of the first year
studio, aimed at introducing new ways of thinking and introducing students to a new pattern
of architectural education.
The experiment was planned under the theme of “Production” in the mid-stage that is
considered the operational stage of the design process. It also succeeded a recognition
stage in which the students’ visual reasoning skills were targeted with more open and less
determined design tasks. A grammatical approach was chosen to deliver the methodology in
the design studio, based on the shape grammar methodology.
Keywords. Beginning/Novice students; shape grammar; pedagogical grammar; design education.

INTRODUCTION
The presented work is based on a pedagogical model (Ibrahim et al., 2010) that structured the first year
studio and divided it into three consequent stages:
recognition, production then evaluation (figure 1).
Three experiments were scheduled to take
place accordingly over the course of each stage in
order to evaluate the effectiveness of the framework
in delivering the planned learning outcomes for
each stage. The early stage experiments were crafted
with a main goal of nurturing the skill of seeing; with
more creative and ill-defined design tasks, the mid
stage ones utilize formal strategies to help students
designing with constraints; while the final stage’s
tasks aim at creating a comprehensive architectural

design experience with real, yet simple and comprehensive design problems. This paper discusses
the mid stage (production experiment), giving also
a glance on the implementation of grammar in the
beginning studio.

THE INTRODUCTION OF GRAMMAR IN
THE FIRST YEAR STUDIO
Driven by its success in analysing and synthesizing design, shape grammar has been brought into
design education in various forms(Stiny and Gips,
1972). In many instances it is introduced as a generative design methodology during design computation classes, and in other occasions it is highlighted
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as a design methodology in specific design projects
through design studio work.
Despite these interesting facts, there is no comprehensive literature on the use of grammatical systems for the beginning design studio education. The
methodology is thought to be well-suited for teaching beginners from other different theoretical aspects:
•• The grammar’s concept is mainly about “making tacit knowledge explicit”, the problem that
is mainly addressed throughout the first year
studio with inexperienced students (Pantazi,
2008). A pedagogical grammar therefore could
benefit from manifesting this implicit knowledge in a more abstracted way.
•• The grammar development and application
stages expose some of the main design strategies (subdivision, addition, grid, etc.), principles
(balance, harmony, rhythm, etc.) and even
simple compositional operations (rotation,
symmetry, transition, etc.). The implicit teaching of these issues within the grammar’s process makes the methodology more relevant for
teaching beginners composition and visual correlation (Knight, 1999; Economou, 2000).
•• Some of shape grammars’ scenarios manage to
capture the layout of the design process and
adjust students to it. The cognitive operations
of cognition, production as well as evaluation
are implicitly embedded in these scenarios in
a way that promises beginners development
of a good understanding of and control over

••

••

their own design processes.
The methodology is also very significant to
be used under the studio’s project based approach as the implementation stage of synthetic shape grammars involves a playful “Making” process. This could be clearly seen in some
early examples like Fleming’s wall grammar
(Flemming, 1990).
Other examples such as Knight’s work with
UCLA students (Knight, 1999) and the Wright
Prairie grammars (Koning and Eizenberg, 1981)
show the power of this simple mechanism to inspire students in producing large and complex
designs in their studio experimentations.

To apply the grammar in the beginning studio structure, its deterministic, strictness and unequivocal nature will be the main aspect of the
methodology to be reconsidered in order to keep
the process open in every stage of the structure’s
model. The applied model will be a more general
interpretation of the theory that promises some
degree of flexibility in its vocabularies and rules’
description to allow all these reinterpretation and
changing situations to occur.

THE MID STAGE: PRODUCTION
Designing with constraints /design generators
The production stage is the making phase, the
most playful and creative of the design process, in
Figure 1
The three stages of the beginning design studio (Ibrahim et
al., 2010).
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which architects form ideas and possible solutions
that might address the goals, constraints, and opportunities established during the problem analysis phase of the process. For tutors, the act of making is most important in increasing the students’
understanding of the object or space being drawn;
this understanding can therefore be translated into
a “remembered experience” which subsequently
forms the basis for a repository of memories and
experiences that one draws upon in the design
process. This is essential in order to develop the
targeted expertise in beginning design students.
The real difficulty associated with this stage is not
just the formal composition of a solution itself; recognizing the nature of the design problem, its constraints and most importantly to respond to it with
the appropriate solution is the very important yet
ill-defined skill to be learnt.
Constraints act as filtration factors for the design solutions; they are also stimuli for the design
generation (Lawson, 2006).The diversity in its functions, typologies and originators can easily be seen
reflected in the range of design approaches being
followed. Tracing the conceptual change in the design reaction will most likely lead us to the search for
the associated actions generated by the constraints
themselves. Identifying and understanding the constraints at this stage is thought to be a key for the
appropriate solution.

THE EXPERIMENT: “DOING SHAPES”
The experiment grammar (subdivision grammars)
The implemented grammar was based upon the
analysis of some of Richard Meier‘s house elevations.
The main idea behind the grammar is that each elevation can be analyzed as a parallelogram subdivided
with two simple rules of subdivision: vertical and
horizontal (Figure 2), into three different types of volumes: solid, glass and void. In the grammar, those volumes are labelled in yellow, blue and green (Figure 3).
Presented in 2D, the elevation grammar begins
with an initial rectangular layout. The grammar’s development occurs in three sequential steps (Figure 4):
1. Subdivision: subdividing the rectangle and labelling the subdivided zones.
2. Layering: merging similar zones with similar Z
values, projecting and moving layers in order
to give the 2D elevations a three dimensional
perspective.
3. Articulating (refinement): giving some of the
language and refinement details ( this step was
not introduced in the experiment)
The pedagogical version of the grammar is a
less descriptive and more general one. The studio’s
methodology is built only on two phases of the
grammar: one is the subdivision and labelling step
and the other is the layering and projecting one.

Figure 2
The two main subdivision
rules.

Figure 3
The main concept of the subdivision grammar.
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Introductions of Constraints / References
References are more like labels in grammar, used to
guide the subdivision and avoid the defragmentation
of the designed subject. They are mainly groups of
values, lines or codes that are marked on the original
master layer as guidelines to snap the subdivision to
them. These guidelines represent some of the design’s
constraints and considerations. Some are mandatory like structural /floor levels and legislation; some
concern design decisions like the respected module,
human scale and the code of functions behind the
facades; while others reflect design principles like
rhythm, proportions, etc. (Figure 5).
These “references” also prevent the process
from proceeding aimlessly, causing the design to
disconnect from its functional context or whatever
logical purposes it stands for.

The Workshop
The workshop took place four months from the beginning of the year and was conducted with two
groups of students:
•• Group A, Strathclyde University students (UK):
within a project based studio curriculum, students have some familiarity with “design” as
they were confronted with designing and making from the beginning of the year.
•• Group B, Alexandria University students (EGY):
studio education here is mainly about fundamentals and basic design. Students have not
been subjected to any kind of designing or
modelling activities, yet they have fair amount
of knowledge about drawing techniques, design principles, etc.
In the introductory lecture, the general idea
Figure 4
The main subdivision grammar steps.

Figure 5
The initial shape’s master
layer and the References
different levels of complexity (a) floor level references
only (b) the addition of work
and maximum reach level (c)
other codes for the functions
behind the façade.

Figure 6
Designing a subdivision
with respect to human scale
references.
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of extracting the design vocabularies and applying
rules was revisited. Students were given a 20 minutes talk about design strategies, including subdivision. Each strategy’s features were illustrated with
architectural and non-architectural examples. Later,
subdivision was brought into the discussion as the
experiment’s implemented strategy. Students were
questioning the variety it can produce with limited
rules and fixed output layout. The idea therefore
was to challenge their assumptions with the diversity of designs produced by the same strategy.
The concept of the subdivision grammar was
demystified and demonstrated with some of Meier’s
examples. Afterwards, the idea of references was illustrated with some examples, showing its different
types and combinations as well as its way of controlling the subdivision in the grammar (Figure 6).
In groups of five, students were given a facade design assignment (Figure 7), in which they
had to use the subdivision strategy in designing
an abstract facade for a building in a historical
context. They were asked to begin by selecting
their own preferences for guidelines (constraints
or idea generator) for the master layer, selecting
from a range that includes internal (the building’s information, function and spaces) and external (guidelines from the surrounding context)

constrains. The students’ work was carried out in
the traditional studio environment with sketches
and 3D models.

OBSERVATIONS
Once the abstractness of the design problem fades
away, unveiling some concrete meanings, the students’ response becomes more significantly affected
by their own perception of the problem. With regard
to the given example (Figure 7), the problem is clearly
architectural, i.e. a facade design. It was therefore not
unexpected to see some architectural reflections in the
students’ work from their surrounding environments.
These reflections are the outcomes of what could be
described as contextual preconceptions.
For some students, the effect of these mind-sets
was strong enough to interfere and conflict with
their understanding. Their conflicted perception
misled them to clearly render versions of the surrounding context images in their work, overlooking
any given instructions about the abstractness of the
masses and the subdivision mechanism.
Concerning these unexpected design outcomes,
the interaction between the beginners of both groups
and their surrounding environment was shaped by:
•• The image: the characteristic of the surrounding architectural context which accumulatively

Figure 7
The assignment: a façade in a
historical context.
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••

formed their architectural memory. The health
of the surrounding architectural and urban environment also affected their architectural taste,
their basic understanding of forms’ conception,
as well as their ability to visually communicate
in a proper way. Figure 8 shows some replications of Alexandria’s eclectic facade features like
pediments and triangular patterns.
The perception: the way in which students perceived and translated these contextual images,
whether by inspiration or direct imitation of the
surrounding architecture features in their designs. This expands the students’ visual repository of good examples as well as enabling them
to early experience design; both are effective
ways of refining their expertise and developing
good intuition. Figure 9 illustrates the imitation of different local and international styles in
group A’s student work.

Even though students in group A missed the
main concept of subdivision in the first instance,

they captured and understood the use of references in their designs. They managed, to an extent,
to successfully design with constraints. During their
on-going design project (To Dwell), students were
expected to design a facade for a building in a historical context. Their work sketches showed them
using the same idea of references. They mostly
used external references that link the facade to its
neighbourhood rather than only following internal
ones that respect the function and structure behind the designed facade. In the analysis of their
design project (Figure 10), their notes showed how
they also proposed new external references that
were not mentioned in the tutorial about the colour and materiality of the surrounding buildings.
While group B students managed to understand the use of references as well, their selections
were limited to the ones proposed in the tutorial and
more precisely to the internal references more than
the externals.
The same defect is believed to be caused either
by the students’ continuous search to solve defined
Figure 8
Group B’s unexpected designs
neglecting the whole mechanism of horizontal and vertical subdivision; instead, they
deliberately drew entrances,
windows and balconies to
define its functions (some of
Alexandria’s eclectic features
that appeared in the students
designs from the use of the
main building’s pediment to
smaller triangular ones defining the windows).
Figure 9
Some of Group A’s unexpected
designs, showing imitations
to the local and international
architectural styles.
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Figure 10
The group A students’ (To
dwell) sketches after the first
workshop, showing the use
of references in designing the
façade: notes on the sketches
propose lots of different external references to respect, like
rooflines, materials and colours of the adjacent facades.

Figure 11
Group B students’ stand-alone
examples.

Figure 12
Some group A student work
during the first workshop.

facade was produced that was identical to another
(Figure 12 & Figure 13.)
Despite being the first architectural design assignment for group B, and regardless of the naivety
of some of their designs in addition to the unexpected outcomes, the results showed that the process is
capable of producing interesting, viable and innovative designs .The richness of the students’ work demonstrated that the application of rigid rules does not
interfere in the creative process.
problems or their eagerness to design that disconnects the subject being designed from its contextual
meaning. It is also worth mentioning that, although
these designed facades exhibit some good design
qualities, the still is a lack of the proper connection
with the surrounding context (Figure 11).
Although all students applied two structured
rules in the development of their design compositions, the solutions were innovative and diverse. No

CONCLUDING REMARKS
Giving time for proper preparation, the experiment
was reintroduced with a new introductory exercise
that trained students on the technique and the use
of references before proceeding to main design experiments (Figure 14).
The implemented shape grammars proved being
an appropriate design method for delivering the goals
Research, Education and Practice - eCAADe 29
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Figure 13
Some group B student façade
designs in the hypothetical
architectural context.

Figure 14
Some of the students’ work
during the preliminary
example.

Figure 15
Group A work progress during the remaking of the workshop (the second extended
version of the workshop).

of the mid stage. In the presented case, and especially
in the remaking of the workshop (Figure 15 & Figure
16), the selected methodology provided students with
a simple, interesting and playful making mechanism
that enabled them to start designing with constraints.
Another preconception highlighted in the feedback session was the students’ perspective of the
differences between mimicking and inspiring from
a subject. Most novices tend to begin inspiring in
their designs by imitating outlines and features. The
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workshop’s experiment provided students with values, codes, levels, proportions, rhythms and other
aspects to inspire from and design accordingly
instead of the direct imitation of the surrounding
environment.
Not only are the two subdivision rules straightforward, but the selected design subject (the facade
design) was simple enough to enable the students to
connect their designs with the subject and context
from the very first beginning of the design process.

Figure 16
Group B work for the second
version of the workshop.

Figure 17
Part of the students’ final
projects, influenced by the
subdivision mechanism and
showing the analysis of the
points of references.

It is also evident that the quantitative and qualitative
introduction of constraints didn’t hamper the flow of
the design process, nor did it prevent the generation
of innovative designs.
The teaching experiment was highly evaluated
by both students and teachers. The discussion on the
results touched on the subject of creativity and the
way rules and structure can enhance a design process.
Some of the students were influenced by the mechanism of subdivision in their latter projects (Figure 17a)
but most importantly was their tendency to use references to describe the linkage between their designs
to external or internal constraints (Figure 17b).
Following the success of the grammar in the
students’ work, the prospect of using CAAD programs should be considered in the future to assist
with the traditional studio methods. Such implementation can increase the number of alternatives
as well as facilitate the study of the third dimensional
transformation of the facade (the layering stage).
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Abstract. The design paradigm has shifted from addressing geometric masses and social
spaces to integrate a whole new set of variables and criteria evolving from the environmental
aspect of the design. Architectural design is confronting a mounting challenge with the evergrowing complexity of design concepts and the increasing pressure to incorporate aspects of
energy preservation and sustainability. Such challenge is clearly noted and sensed within the
pedagogical realm. There are many calls to bridge the gap through assisting design students
to assimilate environmental analysis data in their design and decision making process. This
paper presents a framework for a proposed method and relating tools aiming to utilize games
technology with multi-agent systems and data mining techniques to assist design students
and untrained professionals in comprehending various aspects of environmental design, with
guidelines to incorporate these aspects in their design iteration process.
Keywords. Environmental Design Education; Building Performance Simulation; Games
Technology; Multi-Agent Systems; Data Mining.

INTRODUCTION
The United Nations has instigated a new ‘Decade
of Education for Sustainable Development’ back in
2005, aiming to educate and prepare a new generation of young professionals (including architects) for
lower energy needs and preservation of natural resources (Yan and Liu, 2007). With the ever-growing
call for green and environmental-friendly designs,
there has been a high demand for designers to resolve the highly complex social, cultural, technological, and economical issues in “Sustainable Design”.
This new trend has evolved the traditional design
method from just the formulation of masses and
social spaces, to introduce a series of new complex
variables and equations that the proposed design

should fulfil and resolve to become acceptable. Design students are thus facing bigger challenges to
develop their conceptual ideas while accommodating these new variables, and developing a design
that satisfies both the visual and technical parameters. The challenge now falls on the schools of architecture to prepare new generations of designers that
are capable to address both sets of design variables,
with high level of comprehension of all presented
parameters, and solid approach to problem analysis
and decision making.
This paper presents a proposed method -with
the relating tools- that seeks to facilitate the integration of environmental design into the architectural
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design process. The paper discusses the currently
noted pragmatic issues with using Building Performance Simulation (BPS) applications in the architectural community, and proposes to employ games
technology with Multi-Agent System (MAS) and Data
Mining (DM) techniques to develop a supplementary tool that assists architects and attempt to resolve
these issues.

ENVIRONMENTAL DESIGN
BPS applications offer new frontiers for the architectural community to investigate further dimensions
in their designs that extend far beyond the aesthetical qualitative nature. These applications aim
to be effective decision-support system and design
validation tool, through providing sophisticated
analysis and methodical evaluation of anticipated
design-specific performances. The analytical evaluating temperament is particularly suitable for the iterative nature that architectural design process possesses (Bambardekar and Poerschke, 2009), where
the repeated gradual refinement of design entities
and details can be reflected in its anticipated performance. In the architectural pedagogy, BPS applications, as argued by Charles and Thomas (2009), can
offer design students a chance to broaden their perspective and skill set, gaining constructive analysis
proficiency with regards to complex building physics
phenomenon.
Currently there are number of BPS tools employed by architects at various stages of design
(like Ecotect, IES-VE, EnergyPlus, etc). However, the
highly technical nature of these tools has generated several pragmatic issues for their use within
the architectural community, particularly with students and untrained professionals. There is a high
risk with the misuse of BPS tools, leading in turn
to misleading results and subsequently uncalculated design decisions that can ultimately affect
the building’s performance throughout its lifecycle.
The pragmatic issues noted with BPS integration in
the architectural design community can be divided
into three sections:
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Motivation to use BPS applications
One of the key aspects affecting architects’ approach to environmental design is their constant
desire to freely explore and implement design
concepts. Soebarto (2005), among many others,
argued that architects in general place the environmental aspects of their design at a much lower priority level, while the aesthetical aspect of design is
generally acquiring the higher priority in the design
process. Design students tend to think more about
geometries, masses, proportions, as well as social
interaction with and within the space. On the other
hand, they perceive environmental design as a series of mathematical equations that requires extensive time and effort to resolve, and this is a medium
they are not naturally accustomed to, thus taking
them out of their comfort zones. The new criteria
introduced to the design process are perceived to
be extra burdens, and thus could hinder the architects’ creativity.
Another aspect affecting architects’ motivation to use BPS tools is the level of detailed information required before initializing the simulation.
At the preliminary conceptual design stages, details are generally in an abstract format and thus
deemed insufficient to run the performance analysis, particularly as the building geometry is under
constant updating and modification. This fact, as
argued by Mahdavi (2005), caused architects to
recede from using BPS tools in the important early
stages of design, relying only on the final validation
at the later stages when the required information
are available (in many cases run by specialists and
service engineers).
Motivation to use BPS is also affected by the architects’ preference to rely on experience and guidebooks. Struck and Hensen (2007) argued that
“Design decisions are often based on experience and intuition, rather than on quantitative prediction of performance indicators
such as running costs, thermal comfort and
CO2 emissions” (pp.1434).

Pedrini and Szokolay (2005) also concluded
that in early design stages, personal experience and
intuition are the most preferred methods for architects, followed by rules-of-thumb, design guidelines,
and published design assisting suggestions, while
mathematical simulation models are among the
least favored.
Complexity of BPS applications
For a simulation process to be effective, designers
need to possess a good level of knowledge and understanding to be able to formulate and define a set
of criteria and procedures that structure the building simulation and analysis process. Designers need
to clearly specify the assessments routines required
to run in the BPS tool they are employing, based on
the desired outcomes they envision to obtain. It is
arguable that the complex, highly technical nature
of most BPS applications (in terms of interface and
functionality) results in a steep learning curve that
faces the architects. A study carried out by Soebarto
(2005) concluded that architectural design students
spent a lot of time and effort trying to prepare and
run the simulation on their designed model. The process required interventions from instructors and studio tutors to provide support and further rationalization about different particulars in the simulation
program, and the basics of calculations. In another
study, Bambardekar and Poerschke (2009) observed
that students tend to invest extensive amount of
resources and time, looking for explanations, examples and documentations, to be able to understand
the basic environmental analysis concepts, particularly when -in most cases- not one BPS application
was sufficient enough to perform a full comprehensive simulation, and answer all design inquiries.
Knowledge extraction and data representation
The key objective behind using BPS tools is to formulate informative decisions that improve the proposed
building design performance. Misinterpretation of
simulation outcomes could lead to clear failure to
translate obtained data to design criteria and thus

effectively iterate the design. Srivastav et al. (2009) argued that this could be based on the ineffectiveness
of current BPS means of visualization, due to the complexity of representation of analysis data, and thus the
difficulty in correlating the data, defining patterns, ...
causalities, and extracting knowledge. The outcomes
of the simulation process are normally non-geometric
quantitative data, represented by different numerical,
tabular, and graphical means (including layering, colour coding, fever charts, and digital 3D visuals).
The temporal dimension of the analysis data,
in many cases, poses increased difficulty to communicate to the users when using conventional
representation means. Yan and Jiang (2005) believe
that current visualization techniques utilized by the
big majority of BPS tools have limited capability in
supporting the level of complexity generated by
the spatiotemporal characteristic of the simulation.
Many researchers have called for an original visualization technique that can represent spatiotemporal
data in an effective manner that facilitates the comprehension of the relationships and patterns of the
presented 4D building analysis data.
Attia et al. (2009), argued that the successful utilization of energy analysis tools as a decision support
system (particularly in the preliminary design stages),
required defining the simulation process as a social
discipline that comprises human-computer interaction with reasonable level of information processing, while simultaneously providing an opportunity
for exploring the design space and investigating its
various entities. In this aspect, incorporating design
assessment criteria -in terms of sustainability and
building performance- within a virtual 3D interactive
narrative environment (like a 3D game) could prove
quite effective and motivating to students.

GAMES AND EDUCATION
Playing games, in recent years, have become a prevailing paradigm and pattern of life for most adolescents. Games have become an extension to youngsters’ lives, to the extent that recent studies show
that they spend more time playing video games
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than playing outdoors. Prensky (2001) presented
the characteristics of the modern learners, labeling
them as ‘The Games Generation’. This generation of
learners has adopted to the play-centered learning
techniques, as they are
“accustomed to the twitch-speed, multitasking,
random-access, graphics-first, active, connected, fun, fantasy, and quick payoff world of video
games, MTV, and Internet” (pp. 64).

It has thus become eminent to incorporate the
“Play” metaphor -within an appropriate game context- (Woodbury et al, 2001), in other aspects of their
lives, particularly education. The idea of games being a synonym for fun within an educational context
has a clear advantage in the students’ comprehension and their cognitive perception. This concept has
been widely applied in recent years in the architectural education community.
Dickey (2006) argued that 3D virtual learning environments have the potential not only to associate a
narrative structure for situating and contextualizing
learning, but also to provide an enhanced sense of
spatial reasoning, which go far beyond linear analysis. Representing the geometric space and contextual
entities in a 3D environment, and perceiving these elements in first-person perspective, enhances the learners’ sense of presence, engagement, and collaboration,
and subsequently improve the quality of learning. The
interactive narrative nature of the game enables design
students to be immersed in its virtual environment as
active participants rather than passive observers to examine their own design ideas. This effect will encourage the students to think about their architecture more
as a social and spatial experience. It is even noticeable
that many 3D and CAAD application packages have accommodated the ‘gaming experience’ quality in design
representation and evolved their interfaces to integrate
more game-like features.
Hamza and Horne (2007) promoted the integration of the concepts of ‘Design’, ‘Visualise’ and
‘Simulate’ within an interactive virtual context. They
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explained that design students are more motivated,
and show greater interest in assessing their design
models on a performance basis virtually. Visualisation of geometric and non geometric aspects of their
design simultaneously is of greater interest, helping them to synthesize number of features of their
project (aesthetics, low-energy consumption, geometric masses and relations, etc.) into a whole single integrated model, that has the capacity to push
students to a higher ground of understanding. This
integrating approach is believed to be of great potential, particularly with regards to the motivational
problem discussed earlier.

THE PROPOSED ETUTOR GAME
It is understandable that the students’ initial design
outcomes will require considerable enhancements
and iterations, just to reach acceptable performance
measures and attain reasonable building’s comfort
targets. Reaching interior comfort temperatures
can be achieved either through harvesting passively (through addressing aspects like solar gains,
insulation grades, thermals mass, etc), or through
actively enforcing interior temperatures using HVAC
systems for example. Since the passive treatment of
the building requires certain qualities that students
don’t normally possess, the merit envisioned in the
proposed tool is not only to investigate data and
highlight problems, but also to walk users through
the process, and present possible problems’ causalities and routes for resolving them. In this sense, the
tool can work as an effective learning context.
The design of a successful course that effectively fulfils the desired learning outcomes, according to Biggs (1999), should incorporate reflective
analysis that manifest a ‘Deep Learning’ approach.
It can be argued that addressing sustainability and
energy efficiency in a design in terms of a technical
report in a stand-alone module can only satisfy a
‘Surface’ level of learning. Based on this theory, integrating design, visualization, and simulation in the
same module (on the same project) could instigate a
deeper level of learning, and have greater effect on

the students’ level of comprehension, skills acquisition, and achievement of the desired objectives.
The proposed game attempts to fulfill this through
‘tutoring’ the students with a walkthrough into their
ideas, strategies, and design concepts and decisions.
The tutoring implemented in the proposed tool is
adopting a discussion-based scenario, through interrogation and Q&A routines involving the students.
The questions asked seek to form a knowledge
base for the proposed design and the strategies the
students have implemented, aiding the system to
perform a more profound analysis and present the
user with effective feedback and useful guidelines.
Tutoring the students in this manner is believed to
provide them with a chance to critically evaluate and
analytically reflect on their work and decisions made,
and present them with feedback that pours into the
iterative design process.
MAS and DM
An agent-based approach has been deemed appropriate for the system development and implementation of the features in this tool. A MAS, according
to Wooldridge and Jennings (1995), can be defined
as an autonomous entity that is comprised of multiple assorted components (agents), that have the
capacity to communicate and interact with each
other and with the surrounding environment, aiming to achieve both agent-specific and generic system objectives. An agent can be viewed as a single,
self-contained unit that can simultaneously execute
a string of commands to achieve a task or maintain a
specified state, based on the defined scope of capabilities. The nature and aptitude of MASs can match
the intricate nature of the BPS outputs, in terms of
data analysis and pattern definition, as well as data
representation. In support of this statement, Lesser
(1999) argued that computational environments
where MAS implementation is appropriate, typically
“have a naturally spatial, functional, or temporal decomposition of knowledge and expertise
among agents” (pp.3).

In this aspect, computational environments
with high degree of intricacy, in terms of processing and/or information scope (like a BPS simulated
virtual environment), could benefit from being structured as MAS. The benefit of implementing multiple
agents rather than a single omniscient agent in such
environments is the opportunity to simplify complex objectives and break down tasks -that could
be rather problematical- to smaller supplementary
tasks. It is also arguable that in terms of system development, management, and maintenance, a MAS
offers a much simpler approach, due to the ‘modular’
nature that is produced from dividing the program
into multiple functionally specific modular components (Sycara, 1998). The wealth and magnitude of
data obtained from BPS calculations (and other resources) can be overwhelming for design students,
particularly if the simulation covers prolonged periods (like annual simulation). For the agents to deal
with the available analysis data, they need to adopt
a powerful technique that facilitates the interpretation and correlation of information, and extraction
of knowledge in its abstract format (Han and Kamber, 2001). Data mining techniques are coupled with
the implemented MAS for this purpose. DM process
performs sifting, identification, examination, and
extraction through employing sophisticated analysis mechanisms (as discussed later) to highlight relevant patterns and relationships in the raw datasets.
System Architecture
The proposed tool is built within a game engine that
works in conjunction with a BPS application. Ecotect
has been chosen as an appropriate BPS application
to be used in this context. The simplified nature and
interface of Ecotect is considered very effective for
design students, as well as being suitable to use in
the conceptual stages of design. C4 Engine has been
deemed suitable to accommodate the tool’s architecture (Figure 1).
The process starts by building the design model
and using it in Ecotect. The simulation process is
run in this case using customized automatically
Research, Education and Practice - eCAADe 29
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generated LUA script (the scripting language used
with Ecotect) which automates the data generation
and exportation process (addressing the complexity
problem defined earlier). The script is generated from
the game engine according to the users’ specified requirements and settings. The design CAD model, the
generated simulation data, along with data retrieved
from various resources (including the model, Psychrometric chart, sun-path diagram) are imported in
the game engine and stored in a ‘Data Warehouse’. A
Data Warehouse is a local data repository that acts as
a centralised point of reference where the run-time
queries always refer to. it is where noise-free heterogeneous data (extracted from multiple resources) is
collected and stored. The data stored is then processed by the MAS, which employs three types:
Retrieving Agent (Retriever): All the run-time
automated and user-defined queries are passed to
this agent. It is responsible for refining the questions

or information inquiry, and gathering relevant contextual information that could help in further specification of the required information (like current thermal zone, and current data and time). The refined
query is passed to data warehouse and relevant data
is consequently retrieved and passed to the analysis
agent for further processing.
Analysis Agent (Analyzer): When relevant data is
passed to the analysis agent, it starts the process of
knowledge discovery (Han and Kamber, 2001). The
agent uses analysis mechanisms and DM techniques
to extract the required information and pass it to
the reporting agent. The analysis agent only relies
on ‘Descriptive DM’ (Dunham, 2003), which is solely
concerned about defining existing relationships
and describing patterns in subsets of the available
data (for example, defining the periods where temperature is out of comfort range in the current zone).
The techniques used in the mining process include
Figure 1
The proposed tool’s system
architecture
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‘Summarization’, ‘Association Analysis’, and ‘Decision
Trees’. These techniques examine data against particular standards and climate equations (Rules), to refine the data and generate the required information.
Reporting Agent (Reporter): It is the only embodied agent, which means that it physically exists
within the virtual game world and communicates
with the players. It receives filtered extracted knowledge from the analysis agent, and presents them
to the users when required (requested reports) or
when deemed relevant (instant briefs). The reporting
agent is responsible for creating the dialogue with
the users interrogating them for information, and
presenting feedback and design guidelines. In this
aspect the reporting agent is not only implemented
as a structural element in the system architecture,
but also the narrator/tutor of the building story, and
the users’ companion throughout their journey within the building (Tallyn et al, 2005). The reporter gathers information from the users and passes them back
to the retrieving agent to either store in the data
warehouse, or to process and retrieve relevant data.
The iteration process is completed by the feedback
and guidelines presented to the users, which form
further design decisions to the CAD model, and thus
the process can be repeated.
Features and Functionalities
On starting the game, students are given a chance
to define some custom settings that could affect the

game, including the current date and time, number
of building occupants, hours of occupancy, and the
type of activities performed. The virtual experience
starts outsode the proposed building, presenting
current outdoors temperature and sun location
(Figure 2). Once entering the building (which is split
into separate thermal zones), the reporter generates
a run-time zone brief, presenting current zone temperature and a summarized report about its state.
This brief covers brief assessment of the current daylight and thermal affairs.
The users can generate more detailed daily,
monthly and yearly reports for the current zone. This
reports mine information to highlight the key aspects of the zone’s performance (using ‘Summarization’ DM techniques) and define any noted problems
with their possible causalities (using ‘association
Analysis’ DM technique) (Figure 2).The generated
reports are presented in a relatively simple and userfriendly manner, to avoid any confusion and uncertainty that could affect any judgment or decisions.
The tool engages the users in QA interrogation
routines -mimicking that of a real tutorial- (Figure 3).
The questions are elected and presented to the user
with relevance to the current state of the virtual experience and the information gathered earlier. The
questions may either require missing information,
or ask the users’ opinion regarding the suitability
of a strategy. For example, asking questions about
the ventilation strategies, effective area of opening,

Figure 2
First screen: Outside of the
case-study model. Second
Screen: Daily report with
problems defines and possible
causes
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solar gain strategies, etc. This QA manner insures an
engaging game narrative constituting questionning
and feedback, which in general enriches the value of
the users’ virtual learning experience. The tutoring
virtual experience is finalized by presenting a set of
zone-specific design guidelines (Figure 3). The defined guidelines are based on number of resources
including Watson (1983) and Loftness (1970). These
guidelines address directly the current performance
and problems noted, and offer help to improve the
design and thus eliminate (as much as possible) the
problems. Interrogation routines and guidelines are
generated using the ‘Decision Tree’ DM technique.
Users Testing and Evaluation
The proposed tool has been presented to number of
potential users and stakeholders to assess the concept and its effectiveness and suitability within the
desired domain. The stakeholders were categorized
into inexperienced (undergraduate students), users with basic experience (researchers), and experts
(instructors). Users were involved in three waves of
evaluation through user trials, questionnaires, and
structured interviews. The first two waves focused
on building the requirement specification set, based
on the identifying the difficulties encountered with
integrating environmental variables, and also based
on features that stakeholders deem imperative to
improve the integration.

Generally, the tool was well received and appreciated by the users, particularly the students.
They noted that the representation of their design
concept in an interactive 3D medium like a game
environment is of predominant interest to them.
Students also liked the automation of the simulation process using the automatically generated LUA
script, noting that it could save a lot of time and effort trying to figure out what to simulate and how.
Instructors were also interested in the interrogation
routines and zone-specific guidelines presented. Users in general liked the fact that this tool is architectoriented, addressing the needs of the designers in
their own domain, without having to deal with loads
of graphs and numerical quantitative calculations.
There were, however, some concerns raised
with this concept. Some students noted that this
method adds more workload to them, as they are
supposed to learn and use a new interface (the
game’s world editor). Some others mentioned that it
is still daunting to have to build and model in Ecotect
and specify initial required parameters before automating and running the simulation. They mentioned
that some default settings and parameters could be
implemented to speed the process, particularly in
the early design stages. Instructors noted that it is
important to add links to more detailed information
within the game itself for every environmental term
encountered.
Figure 3
First screen: Interrogation
routines. Second Screen:
Zone-specific design
guidelines
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CONCLUDING REMARKS
This paper presented a method that utilizes games
(as a virtual learning medium and a technology),
coupled with MAS and DM techniques to assist students and untrained professionals in interpreting,
analyzing, correlating, and visualizing environmental and building analysis data thus facilitating the
comprehension of implication of their strategies on
a building in different design stages. The related tool
has been developed and presented to potential users and is currently undergoing further testing and
evaluation. The tool is generally perceived to be
useful and has great potential to assist the design
students, as it communicates and present feedback
in a qualitative rather than quantitative format thus
could be a sophisticated teaching and knowledgebased tool.
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Abstract. A traditional design studio is organized round tutors who give the students an
assignment, more precisely a design problem which the students have to solve in 12 weeks.
Since 2006 we run at our University a design studio which is focused on a new way of
thinking in and about architecture. In many aspects the organization differs greatly from the
more traditional organized design studios.
In the first part of the paper we will discuss the pedagogical organization of ‘our’ studio and
how this new way of generative design is used in architectural training.
In the second part we will show and discuss some students work, one project will be discussed
in more detail.
Finally, we will summarize our experience with this design studio and provide some
guidelines for successful implementing Generative Design in architectural design teaching.
Keywords. Generative design; algorithmic design; teaching.

INTRODUCTION
Recently there is a renewed interest in the use of
computer software during the form finding phase
in the architectural design process. Terzidis (2008)
refers to this renewed interest as the shift from
computerization to computation. According to Terzidis (2008) computerization is the act of “entities
or processes that are already conceptualized in the
designer’s mind are entered, manipulated, or stored
on a computer system.” In contrast, computation
or computing, shapes aren’t manipulated by the
designer but generated by the computer. Mousebased operations on objects, as done in well-known
CAD applications, such as AutoCAD, Revit, ArchiCAD
etc, aren’t computations but belong to the ‘act’ of
computerization. By using the embedded scripting

languages of CAD-applications like VBA or AutoLisp
in AutoCAD, the designers go beyond the limitations
of the built-in functions.
Lately the use of the generative paradigm and
hence mathematics in architecture has regained a lot
of interest and this time from leading designers (eg.
Frank Gehry, Kas Oosterhuis, Greg Lynn) closely followed by the architectural students. This new group
of designers uses modern CAD technology for generating shapes often based on classical algorithms and
gave this new impulse in Architecture also new names,
as “Generative Design”, “Algorithmic Architecture” or
“Design Computing”. These architects use visual based
software like Generative Components or Grasshopper
or they use the embedded scripting languages.
Research, Education and Practice - eCAADe 29
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It is our belief, to understand the visual approach better, it is necessary to have a basic understanding of programming and designing an algorithms. Scripting is an easy way to learn both. So we
focus more on software tools with an embedded
scripting language. The ‘text’ based approach also
makes the generative approach clear and the generation of alternative solutions is very down to earth.
A traditional design studio is organized round
tutors who give the students an assignment, more
precisely a design problem which the students have
to solve in one semester. The problems are most of
the time “design a ………” Out of supervision-efficiency all the students in the design studio get the
same design assignment. The tutor leads the students by the hand till the end. Along the path markers are placed (deadlines) which must be reached in
time. So the whole path is well paved (or well structured). The tutor uses a “red pencil” to mark what is
wrong and the student follows the given direction.
Students who attend our studio often say: “the other
studios are always the same, only the subject differs, we don’t learn anything new”. Besides that in
the other studios all students have the same design
problem, during the meetings there aren’t any new
insights or subjects to learn. They learn a lot about
the design problem at hand but don’t learn to express themselves on unfamiliar design problems.
With mixed problems, students get triggered by the
solutions of other problem; the meeting becomes a
challenge and an opportunity to get new insights.
Computational design isn’t a design process in
the traditional way, but it is the use of a combination
of different arithmetic methods (directly or indirectly) in order to generate a set of different alternative
solutions for the design problem at hand. In this way
it becomes possible to find solutions for complex
problems which can’t be found in a traditional way
of problem solving.
For most architects and architectural students
mathematics is not heir favorite subject and we
don’t even mention software programming. It is our
opinion that the education of the new generations
710
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of architect needs a shift. In our design studio we
educate the students this new way of looking at architecture. We link in our studio this traditional way
of visual modeling and the generative approach. To
establish this link we use CAD scripting languages.
The problem rises however is twofold:
1. Scripting languages are meant to extend the
system functionality and not to easily generate
shapes;
2. Most architectural students have no programming skills at all.
Therefore dedicated training and support is
necessary to get the first results in a short time, before the student gets frustrated over the programming burden.
Since 2006 we run at the Technical University of
Eindhoven a 3rd year design studio which is focused
on this new way of thinking in and about architecture. In many aspects the organization differs greatly
from the more traditional organized design studios.
In the next paragraph we will discuss the pedagogical organization of ‘our’ studio and how this
new way of generative design is used in architectural training.
In the following paragraph we will show and
discuss some students work, one project will be discussed in more detail to show the path the student
followed and the happiness that he experienced at
the end.
Finally, we will summarize our experience with
this design studio and provide some guidelines for
successful implementing Generative Design in architectural design teaching.

GENERATIVE DESIGN STUDIO
In this paragraph we discuss the design studio in
more detail. To do so we use the work of a student.
He was a typical architectural student and attended
our studio because he was interested in.
The design studio lasts one semester, with a
general meeting every week, at the first meeting
there is a small course to explain generative design

and what it stands for. Most of the times it comes as a
shock, when the students are told that they need to
formulate their own problem.
In the next two weeks the students perform a
literature research on the topic, to trace their field of
interest. They have to bring for the next session 10
imagines of photos. They have to pick those photos
at first glance, not rethinking about why the liked the
subject. We advise also to use the faculty-library and
not only ‘Google’ pictures. During this period the students phrase their own design problem, which has
to be solved with use of scripting. Together with the
supervisors, CA(A)D software and the initial design
problem are chosen. Because of the familiarity most
students have with AutoCad, this software is mostly
used together with the VBA scripting language which
is implemented in AutoCad, but also Generative Components, Rhinoceros or Max-Design are used.
A few of the pictures the architectural student
presented here were: a balancing acrobat, a lamp
hanging on the ceiling and a picture of a sailing boat.
During the discussion of the photos a few
words constantly re-appeared: elegance, balance.
The photo of the hanging-lamp (see Figure 2), the
balancing acrobat (see Figure 1) and a sailing boat
(see Figure 3) triggered those words. During the
discussion the teachers tried to change topic to get
to a better defined topic. A topic which could easily be translates into a mathematical description.
Every time we tried to change topic or direction of
the discussion, it returned to those words. After a
long discussion we agreed maybe we could gain elegance and balance in a pile of discs. So we agreed to

develop a script to build a tower of piled disks, each
disk would have a random diameter and overhang.
The design problem is reviewed, because it has
to be a problem in which “generative designing” can
be fully explored. Students are introduced to scripting with help of simple exercises.
After a brief introduction to answer questions as:
how to script in Autocad, how to open the script-editor, to load a file, we explain where the two help files
are located, one for the Basic commands and the other for the Autocad commands. The former mentioned
help-files helps to answer Basic syntax questions, and
the later answers question which Autocad command
has to be used and what the syntax of that command
is. There is a brief introduction to VBA (= visual basic
for applications) to explain: Why do you have to assign variables, what are integers and doubles. We
keep these introductions to a minimum, by studying
the Autocad examples the students learn in their own
pace. This design studio is not about programming,
it is merely an introduction to scripting. Scripting is
a tool to learn thinking in a more structured manner
about designing and parametric design
These exercises are also a start of the design
problem they want to script. For simplicity the initial exercise is chosen in 2D. During the course, the
results and progress are weekly monitored, and students get support with their scripting tasks. This initial script is developed subsequently.
The initial assignment, for ‘our’ student, was to
script a disk (see figure 7). The next script would
be to pile a number of discs (see figures 4,5, and
6). This assignment introduced the loop command.

Figure 1 (left)
Figure 2 (center)
Figure 3 (right)
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During the next weeks the script slowly gained in
complexity. After a few weeks ‘branching of the
tower’ was introduced, after a random number of
stacked discs, the tower would branch into a second tower and this branch would become a contra
weight for the first branch.
During all sessions we advise the students to
experiment with their scripts to get a feeling of their
script. They need to ask themselves what the limits of
the variables are, are there singularities in the script

etc. Most of the time this experimenting results in a
better understanding of the script and new insights
of which direction the development will go.
Last be not least the availability of the digital
model allows the students to create a physical mockup from their design without much extra effort.
Transferring the digital model into a physical model
raises questions about the materialization of the design, and therefore this is an important step in the
design process. The technologies used such as the
Figure 4

Figure 5 (left)
Figure 6 (right)
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Figure 7
Script 1

laser-cutter and a 3D printer, and the encountered
constraints are discussed with the students. This step
out of the virtual reality in to the tangible and the
concrete reality is welcomed by the students and is a
reward for the hard labor they did during the studio.
After finishing the scrip, our student made it
ready for rapid prototyping (see figure 5, 6 and 7). Seeing the end result of his hard labor he was ecstasies.
He called his project “Where Elegance meets Balance”.

SOME RESULTS FROM OTHER STUDENTS
Madolis (student 1)
Differentiation and unification in interaction with
each other, these are the underlying principles of the
Silodam project in Amsterdam, designed by MVDRV.
“The final design left many question unanswered, as
if it was the easy way out of this fascinating concept.
What would be the effect if we use modern computers
Research, Education and Practice - eCAADe 29
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Figure 8 (left)
Figure 9 (right)

Figure 10 (left)
Figure 11 (right)
Basic Madolis

to generate complex but attractive alternatives, with
use of a set of newly developed constrains.”
Madolis is an alternative solution to the Silodam project. The underlying concept is left intact,
but the design is generated by the computer, figure
11. On the building site a pre-set number of buildings blocks is the starting point. A building block occupies a total floor area within certain limits. These
building blocks will increase, with the smaller ones
having a higher priority. Fulfilling the constraint area,
the entree of each building block is created, to ensure that it is connected to the pier, figure 12.
Chaos Pavilion (student 2)
The goal of this project was to generate “chaos”
within a pre determined bandwidth. A small number
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simple steps results in a complex structure. This is
done for a number of different scales levels.
Neo Amsterdamse School (student 3)
The goal of this project was to see what can be
achieved by placing a number of boxes (bricks)
along a curve. By applying to each box a small translation or rotation, different walls could be generated.
In the end the student did some experiments with
the alternative wall configurations and made with a
laser cutter a prototype (see figure 14)

CONCLUSIONS
Students who participate in the design studio learn
a new way of designing. They also learn that there
is a hidden relation between many aspects of the

Figure 12
Rendered Madolis

Figure 13
Chaos Pavilion

Figure 14
Neo Amsterdamse School

design and they learn to think and look in a more
abstract way.
After a slow start, the students learn quickly
to program a script, and the end result is always
astonishing.
By translating their own algorithm, with use
of an embedded script language, into ‘a script’, the
CAD-software can perform the task. According to
Terzidis (2008, pp 65) “an algorithm is a computational procedure for addressing a problem in a finite
number of steps. It involves deduction, induction,
abstraction, generalization, and structured logic.”
He continues with “Algorithmic strategies utilize the
search for repetitive patterns, universal principles,
interchangeable modules, and inductive links.” Every
one of the former mentioned ‘actions’ is part of a
general problem solving strategy. Learning to develop an algorithm from scratch as well learn how to
program, serves a few purposes, namely:
•• Learn to solve a problem in general way;
•• Learn to master CAD software in a more fundamental way;
•• Learn to surpass the limitation of the ‘out of the
box’ CAD - software;
•• Looking at a problem in a different way.
With the experience of our design studios we
conclude that students adapt quickly to this new
way of designing. Some students see the advantage
of this way of thinking and the possibilities to generated new alternatives. Other students think it is a
nice experience, and will probably not utilize the experience in the future.
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Abstract. The paper discusses the following problem: How can digital technology are
integrated with urban composition teaching to provide a better understanding of the
aesthetical and emotional aspects of the city? It argues for the current need for an integration
of computer modelling and the approaches developed form the work of K. Lynch, G.
Cullen, R. Krier, F. Ching. The paper is based on the experience in design studio teaching
and an experiment completed with students. The exercise shows the students that different
spatial organization may cause different emotions according to the treatment of spacedefining elements. The paper presents the background and context as well as describes the
experimental environment and the student work.
Keywords. urban composition, serial vision, computer animation.

INTRODUCTION
“Formal and functional analyses do not eliminate the
need to consider scale, proportion, dimension and
level. (...) The relationship between the whole and
the parts is bound up with general and well-known
categories such as those of anaphora, metonymy
and metaphor...” (Lefebre, 1991, p. 158) A city plan is
not only about an optimal distribution of different
functions. Designing of a city is a complex activity
in which the designer should analyse and take into
consideration ecological, sociological, economical
or even political aspects. But quite often one forgets
that an important piece of knowledge that makes it
possible to reach the “good city form” is the knowledge of the urban composition - notion of harmony,
proportion, rhythm and other compositional principles. We would like to look at the urban forms as
a composition of physical elements and as a mental
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image. In our pedagogical approach we would like
to go back to the roots of urban design and show
students how important the compositional principles are.
Since Vitruvius, the architects were interested in
the urban landscape. In this paper, we take an interest in the creation of the urban landscape by using
computer media. This approach is a part of a more
general discussion focusing on the question - How
to introduce CAD software into the process of urban
composition teaching? How can technology be integrated with urban design to provide a better (deeper)
understanding of aesthetic and emotional aspects of
city creation and perception? This paper argues for
the current need for an integration of computer modelling and the approaches developed from the work
of R. Krier, K. Lynch, G. Cullen, and F. Ching.

In this paper an experiment which helps students understand the basic principles of urban composition is presented. The paper consists of fourth
parts. The first part concerns the urban background.
As the start point, the definition of an urban space
and its main structural elements are discussed in the
context of its usefulness in the process of creating
abstract digital urban environments and the possibilities for computer usage. In the second part, different inspirations for the proposed teaching method
are presented, followed by a description of the experimental environment (a database of spatial elements and procedures of creation) in the third part.
In the fourth part, students’ work is presented and
discussed. In the conclusion we discuss the results
and propose a plan for future research.

URBAN BACKGROUND
Since the dawn of time, a city has been a special
space enabling its inhabitants to define their relationships with the world and outer space. A city is
the man’s point of reference. A city in its historical
development has formed a characteristic model related to the hierarchical structure of spaces. A city
enables its inhabitants to realize social behaviours
through their partnership in urban life. People are attracted to cities by an appealing offer of urban buildings and public spaces as well as some characteristic

features of the identity of an urban space (especially
readable in the oldest fragments of cities), such as
the beauty and the unique atmosphere of urban
complexes with a centuries-old history. The standard
of living in a city depends on the harmonious shaping of all the elements that constitute an urban living
environment. The public spaces in a city – squares,
streets, parks, beaches, boulevards – are commonly
accessible places, remembered from the past and
their characteristic atmosphere is attracting both
the city dwellers and strangers for various meetings
and contacts. Public space has been the arena for everyday life of urban communities, people’s meeting
place throughout the centuries. (Fig. 1.) Public space
and buildings make an unusually attractive offer for
everyday life. Only knowledge of the theory of urban
composition will make it possible to reach the “good
city form”. Since buildings are perceived at different
distances - on the skyline, down the street, across
the square, or close to eye level and people walking
about, their visual impact needs consideration.
Humans walk about receiving lots of raw sensory information and their brains use this information
in order to build a model of the world that they may
use to predict and exploit the environment. The path
of our movement can be conceived as the perceptual thread that links different interior and exterior
spaces together. All paths of movement or of people

Figure 1		
The old Polish cities:
Wroclaw and Kalisz.
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are linear in nature. Linear composition can be characterised by interrelations between spatial forms
(solid planes and space between them) and by time
and movement. The sequence of elements making
up the spatial configuration of urban assumption is
a sequence of spatial pictures which we perceive as
we get to know a part of the entire configuration. It
is a perfect embodiment of Sequence as a certain
type of architectural story. As Ching said – “Since we
move in Time through a Sequence of Spaces we experience a space in relation to where we’ve been and
where we anticipate going”. (2007, p. 240)
The concept of a sequence of spatial pictures –
the “serial vision”, which defines the urban landscape
as a series of related spaces was created by Gordon
Cullen’s in “The Concise Townscape”, first published
in 1961. Serial visions are a drama of juxtapositions
that come alive when we walk down the street and
experience the contrasts between, for instance, the
street and the courtyard, light and darkness etc. Having two contrasting pictures in mind “a vivid contrast
is felt and the town becomes visible in a deeper
sense. It comes alive through the drama of juxtapositions. Unless this happens the town will slip past us
featureless and inert” (Cullen, 1961, p.8)
Cullen has analysed the perception of the city
by studying of how pedestrians moved around. The
dynamic perception was Venturi’s area of interest,
too. He was interested in the way people experience the city by moving through it. Las Vegas is a car
based city, so the conception of the moving eye in
the moving body was essential to their work. In Las
Vegas the average speed was around 35 miles per
hour (rather than 3), and this determined the work,
both in regard to the themes mapped and the relationships between them. (Venturi, 2000)

INSPIRATIONS
Many researchers stress the importance of model
implementation in design teaching. H. Kramel has
written: “Particularly promising seems to be the
models role in education. The model could serve
as a kind of library integrating present and future
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research.” (Kramel, 1995, p. 4) Creating a 3D geometric urban model is essential to an urban visualization system. In our approaches we decided
to elaborate a library of patterns (blocks) making
it possible to play with these elements while creating the city. We found several inspirations when
researching the idea of experimental city space
designing. (Fig. 2.) The first of the inspirations were
LEGO plates, which allow the creation of a city grid.
The second one was the mock-up of “futuristic Brussels”, which was the result of the workshop at Hogeschoole voor Wetenschaap & Kunst in Brussels a few
years ago. The city centre was divided into squares
and each of them was redesigned by a group of students. These blocks were then connected and as a
result a new version of the Brussels city centre was
achieved. The third inspiration was R. Krier’s book
“Urban Space” and his view that “in our modern
cities we have lost sight of the traditional understanding of urban space”. (1993, p.15) It includes a
comprehensive analysis of significant urban spaces
in different cities throughout Europe. Krier breaks
down urban space into two basic elements – the
street and the square. According to Krier, man first
discovered urban space in a square which was developed by grouping houses around a courtyard for
security reasons. He shows that the urban spaces in
Europe have three main forms: square, circular or
triangular. Each may be twisted, divided, added to
others, penetrated, overlapped or alienated. They
are framed by facades, which in turn can take many
forms from solid, unrelieved masonry, through masonry with openings of various kinds: windows,
doors, arcades, colonnades, to facades which are
entirely glazed. Krier has sketched a series of basic
square shapes. This selection of shapes is not complete, as the Krier himself said, but indicates that
urban designers “must incorporate spatial considerations more exactly into their overall view of architecture and town planning. Such considerations
have in fact been criminally neglected.” (1993, p. 30)
Work by Krier focuses on understanding the relationships between individual pieces of architecture

and the city. Using his theories, a city can be generated with different shapes. The fourth inspiration
is a thesis that we create the space around us in a
kinetic way, and our body’s moving plays an important role in this process. A non-moving person can’t
perceive space or geometry. In fact, when we describe locations of objects, we imagine movements
which would be performed to touch these objects.

EXPERIMENTAL ENVIRONMENT OVERVIEW
A living city is made up of parts, but the problem is
the choice of which components of a complex city
system are important. We have decided that a city
will be examined as a collection of paths guided by
buildings and as set of spaces connected by paths
and reinforced by buildings (Salingaros, 2005). Following K. Lynch and R. Krier we have described a city
as the network consisting of nodes (squares) and
edges (streets) (Krier 1993, Lynch 1960).
The most widespread design method used for
structuring of a city is the orthogonal grid. It is significant in urban design because it appears in the
whole verticum of urban history. The orthogonal
structure was used not only as a form, but also as a
method of establishing an urban system. In our exercise we use the grid system because of its simplicity
and great flexibility.
The first step was the decision concerning
the type of the urban grid. Initially we considered
a simple grid - system of parallel lines on modular
distance. Analysis of the block set created by Krier

shows that we need gaps between separate blocks.
Simple block connections are impossible due to different possible positions of the street starting from
the square. We decide to use a tartan grid - system
of parallel lines using two alternating modules of different size. This makes it possible to create a space
for the placement of “connectors” between each of
the pattern “blocks”. The connectors are forms (buildings) which help connect different blocks. After analysis of various European squares we have decided
that the size of the grid will be 200 x 200 m and the
gap size – 100 m.
Secondly, we have created the set of blocks
with squares and streets. It was based on the series
of spatial forms sketched by Krier. As a result, we
have prepared the database, consisting of the main
matrix (3 x 3 grid spaces) and 42 preliminary square
models. (Fig. 3.) The size of the matrix is 800 x 800 m,
squares size are between 50 to 70 m in each direction, i.e. square sizes of 50 x 50 m, 50 x 70 m or 70 x
70 m are possible. The height of the buildings is 10
m. The street’s width (the distance between buildings walls) range from 10 to 30 m. Cinema 4D was
the software of choice for modelling.

THE INITIAL INFORMATION FOR STUDENTS’ WORK
The students’ task was to compose a “city” using the
provided blocks. But they were allowed to change the
buildings height or add individual elements, such as
colonnades, arches, sculptures, etc. They built different

Figure 2
Inspirations: LEGO plates,
“vision of Brussels” and R.
Krier sketches of squares.
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city spaces with different emotional values and of varied durations and intensity. Creative space articulation
is the most important aspect of urban design. In the
traditional approach the visual elements of a street, including the road, adjoining buildings, street furniture,
trees or open spaces, are combined to form the street’s
character. In our exercise we asked the students to create completely abstract spaces with no relation to the
real city space. Abstract spaces have no function other
than evoking emotions. The forms are more poetic
and metaphoric. In our experiment we have decided
to concentrate on abstract spaces, as in order to create
sequences of urban spaces, we should start our work
from more abstract concepts. (Hillier, 1996) As an inspiration we collected a set of impressionistic video clips
from YouTube, such as: “Short story about the man with
a suitcase who leaves impartment signs during his hike
across Warsaw”, “Enigma Warsaw - city game for everybody”, “Global Vision China Shanghai City impression”,
“Light Show at Las Vegas Downtown”, or “Las Vegas
Strip at Night May 2010”.

At the beginning the concept of emotional
values in spatial constructs was analysed and justified in the proposed implementation. Public spaces
around the world are like diaries of each country and
its people: they remind of revolutions, celebrations,
mourning, entertainment, etc. We have decided to
split these spaces into three types based on their
value: monumental, cosy and dynamic, each having
a different function: celebration, contemplation or
action respectively.
Monumental space had been a central feature
of the most historical squares. How does a monumental space become visible? Monumental can be
described as very large, massive, enduring, historically notable, important, and colossal. At the same
time any work of art of grandeur and simplicity may
be called “monumental”, regardless of its size, although it often connotes great size.
Cosy space is an exact opposite. It may be defined as: warm and snug; intimate, friendly; having or fostering a warm or friendly and informal
Figure3
Preliminary square models.
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atmosphere. Cosy space may be described as silence,
charm and softness.
Dynamic can be defined as relating to energy
or to objects in motion; characterized by continuous change; marked by intensity and vigour;
forceful; relating to variation of intensity. Dynamic
space is the space in which one’s eye vision is in
motion because of the size of the forms or their
expressive shapes.
Of course, city spaces often cannot be defined
conclusively. On the contrary, they can use a mix
of aforementioned types. As a means to highlight
these types, their parameters can be altered. This
can be done, for example, by amending the elevation colour and texture, using different colour of
lights and changing the light’s parameters, such
as colour, visibility or time of lighting. While modelling a harmonic city space the students should
use artistic principles such as: proportion, order,
hierarchy, scale, balance, contrast, rhythm, detail,
colour and texture.
Creating an abstract space is based on the students’ own experiences, memories and expresses
their emotions. In fact, they created “their own places”. The difference between a space and a place is a
problem discussed in many works. In short, we may
describe the difference between the two as follows.
A space is an objective being and may be measured
by objective parameters. A place is a metaphysical
being determined by images and emotions. Lefebre searched for reconciliation between a mental

space and a real space. He moved from metaphysical and ideological considerations of the meaning
of space to its experience in the everyday life of city.
(Lefebre, 1991) One of the most important factors
in urban design is making a connection between
people and places.

MODEL PREPARATION
1.

2.

3.

4.

The students selected three square models
and put them into the plate with the grid. The
separate squares could be arranged in any of
the nine possibilities and placed in one line
or in a zigzag.
The students created the model, consisting of
the three squares and any appropriate streets,
according to the exercise description. (Fig. 4.)
When model was finished, the students were
asked to complete a photographic survey of the
“city”. This was done as a set of renderings (10
intervals in which 4 photographs were taken).
(Fig. 5.) The inspiration for this approach was
Cullen’s concept of “serial vision”, which defines
the urban landscape as series of related spaces.
(Cullen 1970)
The next step was preparing the animation.
As the best cities are the ones that elevate the
experience of the pedestrian while minimizing
the dominance of cars, the students were asked
to prepare two animations. The first animation
was a view from a moving car with a speed of
about 30 km/h. The second was from a man’s

Figure 4
The models of the city.
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5.

point of view with a man’s speed of moving
(approximately 5 km/h). In the first case the
animation lasted 2 minutes (2400 frames) and
in the second - 12 minutes (14400 frames). Due
to the long calculation time we used Cinema 4D
NetRender module and created the movie in a
small resolution (640 x 480 pixels).
Students were then invited to submit short design statements with their proposals in which
they explained the design idea and principles
behind it, as well as provided explanations on
compositional matters, e.g. why is the corner of
this building curved?; is the entrance clear?; is
it the right height and form for this particular
square and street?; etc.

FUTURE RESEARCH
In the old days the main parameters of path were
its distance (km) and speed (km/h). Nowadays,
when we prepare an animation of a digitally created space we measure the distance in frames
and the speed in the numbers of frames per second. As a result the main parameter of perception
is not distance but time. We go back to the time
when the answer to “How far is to ...?” was - “two
days’ journey”. In animation we observe the time
acceleration which is determined by “real-time” actions, which are undertaken in the digital space in
“real time”. There is no, typical for any human being, time for reflection. Animation as a tool for urban spaces presentation seems inadequate. The
Figure 5
The models of the squares.
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path of perception is determined. The speed of
the sequence of visual images doesn’t give us the
possibility to stop at any moment and think about
what we see. We have to seek the solution to this
problem and decide what tools to use for future research in the immersive virtual environment. In traditional simple computer animations the viewer is
“outside the space”, they are just an onlooker. In VR
models they are “in the space”, they become active
participants in the space. The perception process
becomes dynamic and the onlooker’s emotional
engagement increases. It is possible now to convey the emotional message of the designed spaces
more precisely. This helps to better understand the
relations between composition elements as well
as their influence on emotions. Therefore, we are
planning an experiment using the Cave Automatic
Virtual Environment (CAVE) in order to analyse the
strengths and weaknesses of the virtual realm.

CONCLUSION
We propose a new computing approach in urban
composition teaching. Modelling an “abstract city”
provides the students with the knowledge about
compositional principles. At the same time this approach allows to explore the possible cohesiveness
between the physical urban space and the urban
place. Our exercise provides an understanding of
how emotional places can be created. Created model permits the evaluation of space-based emotions.
Each street and square ought to be analyzed by
means of “space categories” and “emotional values”.
Space denotes the three-dimensional organization
of the elements which make up the place. The emotional value denotes the “atmosphere”, the feelings
which are an inherent property of any place.
The new digital media for modelling urban
forms give us new possibilities but at the same time
create new problems. Thanks to the new information
technology we have a chance to change the process of thinking about city shape creation. The attention focused on exploring the possibilities that are
characteristic for computers and not available with

traditional modelling methods. One of the important aspects is dynamic perception. Men – observers of the city – are inside a space. In this space they
experience sequences of the form in an established
order. Static picture of a city isn’t equal to the reality. Real perception of a city needs to consider the
time factor. When we compared the different speed
of men’s movement, we observed that the speed influences the perception of digitally created spaces.
Speed becomes a factor, which influences the form
and scale of signs, symbols, and spaces.
Considering the problem of the truthfulness of
computer animations, we have observed a discrepancy between walk-through movies and the real
perception of the urban space. There are two aspects
of this phenomenon. One aspect concerns the duration of the animation, the second is a number of
details which observer needs for understanding and
remembering the perceived space.
Animation time with the car speed is about
2 minutes. Walk-thorough animation requires 12
minutes. When students prepared the walk-through
animations they observed that they were too long
and that nothing interesting was happening. Moreover, they said that watching such long movies was
unbearable. The reason for this is the lack of details.
Another aspect of the truthfulness of dynamic
images perception is the linear character of the movie, whereby the pictures produced by the camera become the material for the director’s argumentation.
Through the pictures, the movie leads spectators to
the director’s conclusions, director’s truths. That’s
why in future research we plan to use an immersive
virtual environment where the observer may decide
about the speed and direction of their movement.
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Abstract. This paper offers insights into innovative practice being undertaken in higher
architectural and design education, where both language and content teaching and learning
are integrated as interwoven parts with joint curricular roles. Using Expansive Learning
Theory as an analytical framework to examine potential tensions and contradictions arising
from the educational approach of Content and Language Integrated Learning, reference is
made to three very recent pilot studies of the EU funded project, ARCHI21. The experiential
learning in these studies adopted a blended approach, where classical face-to-face learningteaching scenarios were supported by immersive 3D virtual environments together with social
networking media and Web 2.0 tools. This paper uses these pilot studies to speculate on
aspects of fragility and offers reflection on future project activity.
Keywords. Architecture; education; Content and Language Integrated Learning; 3D
immersive environments; Second Life.

PROJECT OVERVIEW
This paper presents the outline and the initial results
of the first action phase within the ARCHI21 project
(Architectural and Design based Education and Practice through Content & Language Integrated Learning
using Immersive Virtual Environments for 21st Century Skills), a two-year project funded by the European
Commission as a part of the Education and Culture DG
Lifelong Learning Programme. Its first action phase offers an insight into a thematic focus on fragility in physical and virtual worlds, linking research and education
within the theme of the eCAADe 2011 conference.

Virtual worlds, a new design field for innovative architectural and design practices, can facilitate language learning and teaching which is relevant to the real-world needs of the future architect
and bridge the gap between language and content
learning. The combination of immersive 3D virtual
environments with social networking media and
Web 2.0 are tools of architectural experimentation
today for some but are unknown to many architectural and language practitioners, educators and
students.
Research, Education and Practice - eCAADe 29
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ARCHI21 promotes awareness of the potential
of immersive virtual environments in architectural
and design education using a Content and Language Integrated Learning (CLIL) approach and intends to reach Higher Education (HE) students and
educators, adult learners, language professionals,
practising architects and the wider community.
The overall project aims are to: apply semiexperimental research to action learning to gather formative and summative data in the areas of
a) CLIL in higher and vocational education sectors; b) the inter-relationship between linguistic
competence and design competence building in
project-based learning; and c) the intercultural issues to be considered. It creates and pilots: i) 3D
in-world induction courses for language mediators and learners, educators and practitioners of
architecture and design; ii) a CLIL model for HE and
specifically in architecture and design education;
iii) a collection of reusable Learning Objects; and
iv) best practice guidelines based on architectural
and design case studies.

Why CLIL?
Content teaching and learning in HE institutions in
Europe is often separated from language teaching
and learning or delivered entirely in English. When
the medium of learning changes to what is a second
or foreign language for both teaching staff and students, as is seen in the increasing adoption of English for part or whole programmes, this history of
separation emerges as a problem. The educational
approach of CLIL within the European context is
a dual-focused ‘innovative fusion’ (Coyle, Hood &
Marsh, 2010, p.1), where both language and content teaching and learning are integral interwoven
parts with joint curricular roles. It focuses mainly on
meaning-making through integrated approaches
developing language of learning, for learning and
through learning, without emphasising language
over content or content over language.
The overarching aim of the ARCHI21 project is
therefore to explore alternative approaches to existing practice to enrich and enhance the language
learning experience in architectural and design
Figure 1
Activity system for CLIL
Implementation (Hunter,
2010).
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education, promoting cultural diversity and lifelong
learning. Integrating content, language and 2D/3D
technologies, scenario based learning provides the
theoretical underpinning and conceptual framework to suggest possible CLIL implementation in HE.
The educational approach of CLIL can be termed
‘fragile’ in itself within the project’s specific thematic
focus on fragility. Sound foundations for successful
CLIL implementation in the ARCHI21 project rest
upon cross-disciplinary respect, trust, collaboration,
co-design and the construction of a learning community (Hunter, 2010). Members of the learning
community include students and educators of architecture and design, language educators, practising
architects and the wider community. Engeström’s
Expansive Learning Theory (2008) offers an analytical framework to map the CLIL experimentation terrain within ARCHI21’s multiple interacting activity
systems, where each activity consists of interrelated
elements (subject, object, mediating artifacts, community, rules and division of labour) in three central
theoretical constructs: activity system, contradiction
and zone of proximal development.
Figure 1 illustrates the long-term intended collective activity system in ARCHI21 for CLIL implementation to be explored in the reiterative process guiding CLIL inquiry from recent, ongoing and future experiential pilot studies, each with their own multiple
interacting activity systems. The learning community
is itself an object of an activity and a major collaborative feature of the ARCHI21 project’s approach. The
analysis of potential emerging tensions and contradictions will advance knowledge creation concerning
the feasibility, validity and potential learning gains of
joint curricular roles for language and content.

and entertained and must be designed according to
place-making principles practised for centuries by
architects, landscape architects, town planners, and
interior designers (in physical space) and adapted
to the cyberspace. They proposed eight criteria for
cyber-place-making: (i) events; (ii) presence; (iii)
relative locations; (iv) authenticity; (v) adaptability;
(vi) variety of experiences; (vii) transitions; and (viii)
memorable. Amongst other criteria that can be considered are context, gestures, improvisation and
graphic representation.
The existence and state of a physical space may
be subject to economic, political, social and natural (i.e.
physical) factors, amongst others. Virtual spaces may
also be determined by the first three, but in a virtual
world physical factors are non-existent but may have
analogous counterparts. The existence of a virtual
space is dependent upon the physical world as well, i.e.
computing hardware and software, often consisting of
client and server computers and a network infrastructure through which they communicate. The state of
any of these physical components determines the possibilities available in the virtual world (e.g. computing
power, storage space), and indeed, whether one can
even access (i.e. exist in) the virtual space.
The ease and speed with which one can build
and destroy virtual spaces is a fundamental difference to the physical world, an issue explored in the
design workshops throughout this project. How do
we preserve meaningful virtual spaces with limited
resources? ARCHI21’s virtual islands will be built and
rebuilt several times over during the course of the
project. Negotiation, selection and archiving are key
aspects of this collaborative process within the virtual world (Chase et al., 2008).

Virtual space: a fragile place for building and
learning?
Places in a virtual world have aspects of fragility
that are both similar and dissimilar to those in the
physical world. According to Kalay and Marx (2006),
cyberspace is more than a means of communication; it is also a destination to shop, be educated

PILOT STUDIES
This paper reflects work in progress, as not all pilot
activity presented here has been concluded and
formal evaluation has yet to be conducted. At this
early stage, the results offer tentative answers in
the overall objective to consolidate a CLIL model for
architecture and design in HE. During the project’s
Research, Education and Practice - eCAADe 29
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first action phase, various experimental pilot studies
were carried out in local institutions. This section of
the paper reports on two pilot studies carried out at
the École Nationale Supérieure d’Architecture ParisMalaquais (ENSAPM) in France using Second Life (SL)
[1] as the learning environment and one pilot study
undertaken in the University of Ljubljana, Slovenia.
Pilot Study 1
The first ENSAPM pilot study integrated language
into the content and context of a face-to-face studio design workshop, jointly lead by an architecture
educator (native English speaker, bilingual in French)
and a visiting architect (native French speaker). Seventeen students, including native and non-native
French speakers from academic years ranging from
the first to the fifth, participated in the five day elective workshop, totaling 28 hours. Language based
groups were formed according to the working language to be used (English or French). Daily interactive crit sessions on both product and process occurred in the appropriate working language groups
(content educator to student, student to content
educator, student to student). Critical and collaborative instances were captured using video and voice
recording. Negotiated and structured pre-planning
integrated the presence of language researchers external to ENSAPM into the workflow of the creative
studio process (one physical presence and all others
at a distance). Punctual daily language interaction
between language researchers and students was integrated into the programme at specific times using
an asynchronous audio recording platform, and in a
synchronous manner using in-world verbal interaction to collect data from the learning experience.
The workshop content focused on the design
and fabrication of the immersive, networked environments for the ARCHI21 project consortium
which was considered the ‘client’, whose spatial,
communication and social demands were construed as the workshop programme. A two step studio process was employed, based on a) an analytical understanding of ARCHI21 project parameters
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through exploration and information gathering;
and b) creative decision making through the interpretation, representation and elaboration of design
proposals. Taking the role of fragility as its creative
cornerstone, four content workgroups were organised: Programme, Identity, Landscapes and Space to
develop working models for the consortium’s three
dimensional immersive environments, its technical
infrastructure and graphic expression.
The Programme workgroup developed a synthetic model for the generation of architectural
usages in immersive environments based on temporality and filters. The modeled timeline manages
all in-world event data (transactions concerning
objects, environments, conversations, social connections and networks of people). Past and future
events (represented by generational algorithms)
are linearly organised; the existence of a specific
event can be triggered by filters that are activated
by search or other forms of avatar interaction (e.g.
movement, building). The Identity workgroup explored the three composing elements of an avatar:
an agent, the client’s presence within a simulator;
an avatar, the visual representation of an agent; and
a camera, through which an agent sees the world.
The Landscapes workgroup’s analysis demonstrated
that, while SL’s 3D modeling capabilities were adequate for constructing its static buildings, fabricating
its organic, vegetative and tectonic features called
for a more innovative solution than the SL building
toolset had to offer. It was concluded that an essential conflict will persist between the SL built-in global
spatial referencing system (the Grid) and contemporary architectural creation due to this contradiction.
The Space workgroup built programmed interactive in-world structures capable of both a) orienting
avatars in the space, and b) modifying the spaces
themselves. As an avatar moved through space, partitions moved to create opening (or closure) indicating possible paths within a space, or an interactive
signage, that helped avatars to navigate. In parallel,
as a space was modified to indicate its possible uses,
the size, proportion, texture and colour of the space

changed. Orientation was achieved through the use
of dynamic, self-organising spaces to fabricate the
built environment, its spatial texture and its social
potential (Fig. 2).

with feedback from a non-language educator, in
order for them to present their own work from the
studio design workshop in their second language,
in this case English.

From a CLIL perspective, initial findings based
on observation and feedback from both learners
and content educators confirm a disruption in the
workflow. Initial student appreciation of the integrated language dimension by external language
researchers diminished as the need to ‘produce’
architectural content intensified. What began as a
‘relaxed’ and enjoyable approach, as perceived by
students, later became a disturbance to their workflow and reflective process. Whilst the perceived
presence of ‘language teaching in parallel’ by language researchers’ activities integrated into this
pilot may be questioned, the fundamental issue
made visible is the recognised pressure to obtain
and produce content in the given studio design
workshop settings. Despite the fact that students
presented their final work in the ‘other’ language,
the emphasis from the third day of the workshop
was clearly on content over language. This was also
reflected in oral exchanges between architecture
educator and students.
A CLIL success of this pilot was demonstrated
in the preparation and final delivery made by three
volunteer students to present their work in an inworld annual conference, Virtual Worlds Best Practices in Education [2,3]. Students were given language support and presentation skill support by
a language educator internal to ENSAPM, together

Pilot Study 2
The second pilot integrated specifically focused 3D
immersive virtual architectural and design content
into the face-to-face Language and Communication
Skills class of 17 second year students, led by their
language educator (native English speaker, bilingual
in French) and an external geographically distant architect (native English speaker) in five in-world sessions, each lasting 90 minutes. The objective was to
raise student awareness to the affordances of a 3D
immersive environment such as SL as both an experimental and real world design space, using English
as the working language. Content focused on site
visits of authentic physical, virtual and hybrid projects incorporating authentic documentation such
as plans, blueprints, images which students analysed and critiqued in four crit sessions. Adopting a
CLIL approach, all course content and delivery was
negotiated, co-designed and co-taught by the local
language educator and the external architect based
in the USA. Interactive site visits were co-designed
integrating language learning strategies with task
objectives. All sessions in SL with students, language
educator and architect were in real-time; therefore
timing and technical accessibility were important
elements to be considered in the planning.
Pre-pilot study content included text analysis,
oral discussion and textual reflective output by students on the concepts of virtuality and virtual space.
The first session was a general introduction to SL as
a potential design space concentrating on camera
skills for future in-world assignments. Resources
were introduced covering fundamental design elements, concepts, processes and strategies with examples and culminated in a synchronous real-time
building of the student-to-architect negotiated
‘home base’ (meeting point, resource area) for the
in-world learning space and group. Although this

Figure 2
Dynamic structure developed
by the Space workgroup in
pilot study 1
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was not a building course to generate user-created
content, all students were given full building permissions to modify and add to the learning space ‘home
base’ together with a virtual ‘studio’ where they
could conduct building experiments.
The four crit sessions explored 1) a project first
prototyped in SL before construction in the physical world; 2) a virtual model replica commissioned
to visualise the physical world design concept of a
future construction; 3) a site of space creation and
form as pure artistic expression, design and conception; and 4) the commissioned virtual counterpart
of a physical world building or ‘hybrid architecture’.
Four set assignments required students to document each crit session with an image and reflective
writing for whole group comments using OpenDesignStudio, an asynchronous online design studio
environment where students, language educator
and architect can post, view and discuss each other’s
work [4]. Final evaluation includes a survey and reflective essay on the learning experience.
At the time of writing, this pilot is ongoing.
However, initial student feedback confirms the success of the pilot in raising awareness to the potential of this 3D environment as a design space for potential future use based on the authentic resources,
site visits and real-time presence of the professional
architect. Students enjoyed the experience despite
the technical problems which arose (e.g. lag, internet connections, griefers disrupting a class session).
Integrated language learning was perceived as fluid in the work process, supported by language educator text input, online dictionary use, peer-to-peer
and peer-to-language educator clarification using
IM or verbal communication. Despite initial resistance to using the OpenDesignStudio platform,
students found it very beneficial to complete the
four assignments, forcing them to focus and reflect
upon the visual representation chosen, the textual
language necessary to interpret their perceptions
and the sharing of peer assignments. It is important to note that due to the late completion of
these asynchronous assignments, not all students
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benefitted from the online exchange offered by this
platform. One student who did wrote ‘I was thrilled
to read a comment from our architect on my work’.
Interactive site-based quizzes were found to be
highly enjoyable, together with prim manipulations. Student feedback suggests that more should
be integrated into the pilot design, together with
specific building sessions. Many stated that with
specific building skills, they would like to continue
using SL but felt ‘lost’ without the educator presence in this environment. All appreciated however
having their own ‘homebase’. It is also to be noted
the general desire for this type of pilot study to be
incorporated into project work. Timing was a tension for a variety of reasons. Ongoing project work
was prioritised by some over ‘attending language
class’, despite their expressed interest in the pilot. It
would therefore appear, on initial analysis, that this
approach can be successful in the students’ perceptions if totally integrated into the timing and workload of a studio project.
Pilot Study 3
The Faculty of Architecture of the University of Ljubljana undertook an intensive introduction of CLIL
activities in the framework of the content-focused
elective course ‘Space and Media’. The course represents an integral part of the winter semester activities within the Masters study programme in architecture. The CLIL activities preparation period started
during the intermediate stages of the course and
they were implemented during the presentation
phase of the course.
The main topics of the course are: cognitive
processes in architectural, urban and landscape
space as multimedia space; arts and sciences of cognitive spatial processes; conceptual and experiential
space; ideal and real space; information and space;
media of learning and interpreting space; and factors of influence of the creative process of spatial design. The normal student population consists of an
Erasmus student majority. The ‘language landscape’
involves non-native English speaking learners and

teachers, native and non-native Slovene speaking
learners and teachers where the majority are nonnative Slovene speakers The usual CLIL integration
of English for non-native speakers (L2) corresponds
to the ‘partial CLIL’ category (content-focus in L2) as
outlined in the LanQua Toolkit [5]. There is also a presessional optional basic level L2 Slovene ‘partial CLIL’
(language focus-LAP focus in L2) course available. It
is to be noted that English and Slovene are usually
not integrated in normal ‘Space and Media’ course
practice, because the actual need to learn Slovene
is less than the motivation students have to improve
their English fluency.
Within the framework of the eCAADe conference theme, students were asked to: a) interpret
the word ‘fragility’, based on their previous knowledge and experiences; b) define ‘fragility in architecture’ / ‘architectural fragility’; and c) design
a concrete proposal related to the eCAADe 2011
conference needs in which they would use their
interpretations from the first two steps to communicate the idea of ‘fragility’ to the conference participants. The design proposals offered virtual simulations of the places at the faculty building which
would provide arrangements for the conference.
There were ten Erasmus students engaged in this
course implementation, together with three architecture educators, one Slovene language educator
and one English language educator. The learning
environment combined usual face-to-face interactions with 2D language-related courseware (Slovene/English terms about fragility and terms related to presentation of basic architectural ideas)
and 3D modeling software. Both L2 English and
L2 Slovene were introduced at the ‘adjunct CLIL’
level. Language educators were involved before
the study presentation phase. The content educators’ languages were Slovene (native speaker, L1)
and English (L2). The learners were encouraged to
use both English and Slovene during the course
presentation phases.
The group experience shows that L2 English was the primary vehicle of communication

throughout the course. The usage of L2 Slovene
differed in relation to the L2 English fluency level.
In the cases of low and intermediate L2 English levels, L2 Slovene became a communication ‘breaker’
or barrier. However, where higher levels of L2 English fluency were achieved, L2 Slovene became a
communication stimulator, especially in combination with L1 Catalan, Basque, and Portuguese. The
sounds of the term ‘fragility’ in different languages
became stimulators of creativity through its architectural interpretations. In the cases of Czech and
Macedonian, the role of L2 Slovene was intermediate: Slovene and Czech sound familiar and the language similarities encouraged students to use Slovene at a level of complexity not understandable to
the others. In the case of L1 Macedonian, the problem was identified as the student’s low confidence
in the ideas to be defended.
There are some clear lessons identified in the
Ljubljana pilot study:
•• In face-to-face interaction, visual language is
the most important integrator of all the ‘languages’ employed. It enables ‘going beyond’
the difficulties arising from the diversity of the
literacy levels in relation to the English and Slovene languages.
•• During the introduction of Slovene as a nonnative language (L2), a very high level of pressure on both staff and students was felt during
the implementation phase, even though the actions were planned in advance, and in particular
for low level English (L2) learners.
•• Learning Slovene is more an opportunity than
an actual need for students, as long as it is fun.
The ‘fun element’ stops when the real need to
express oneself appears, in order to communicate architectural ideas. The aim to improve
the most basic literacy in Slovene is questionable when it disrupts the content related communication, which requires higher levels of
communication skills. The question of adapting this approach to a 3D immersive environment remains open.
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Fragility as a consequence of environment and
activity
The nature of virtual environments (as mentioned
earlier) and specific workshop activities also contributed to the apparent fragile nature of the pilot study
results. This became evident in those studies that
used SL and other communications tools in their
working environment.
In SL, the number of ‘prims’ (geometric primitive elements used for building) is restricted by the
amount of virtual ‘land’ one has. Thus, one has to
learn ways to build that are often quite different to
those one has used with more traditional 3D modeling software. There is an art to building with a restricted number of prims; to develop this can require
more than a five day workshop. The result (when one
exceeds the prim limit) is a seemingly arbitrary loss
of part of one’s creation (experienced by students
and teachers in pilot studies 1 & 2). This exemplifies the fragile nature of the environment: while
there are ways to avoid such loss, what is required
is a stable software environment, extremely careful
management of the environment by system managers and teachers, careful building, and cooperation
amongst the builders, a sometimes difficult set of
requirements to juggle.
Virtual worlds are complex environments
requiring intensive graphics and networking
capability to operate effectively amongst diverse groups (with respect to physical location,
language facility, culture and work discipline,
amongst other factors). This also contributes to
fragility of communication. A well planned activity
will include both synchronous and asynchronous
communication. In such an environment, a variety of communication methods are encouraged,
partly due to the experience and preferences of
the users, but also in large part due to its fragile
nature (always have a ‘Plan B’ if something doesn’t
work). Thus, during the workshops, synchronous communication included a variety of tools
such as SL voice, SL text chat, Skype, face-to-face
communication (where participants were in the
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same physical space) and even included the ‘old
fashioned’ telephone (mobile or landline). Asynchronous communication is always essential and
includes well tested platforms such as email, virtual learning environments and social networking
sites (including Flickr for posting images from the
workshop). In any intensive workshop, the limited
time can force the participants down a particular
path in order to reach the goal of producing something by the end of the workshop. This can also
result in a reduced amount of experimentation
(participants use what they know and are comfortable with), including the use of a variety of communication tools.
In both real and virtual environments, ownership contributes to their fragile nature. In the
real world, disputes over ownership may lead to
destruction of the environment. Transfer of ownership often leads to modification of the environment by the new owner. In a virtual environment,
the former may not be an issue, but the latter will
always apply. Additionally, the management rights
(permissions) on virtual objects and land can be
extremely complex, even for a so-called expert.
Who has the rights to copy, modify, give away or
sell a virtual object? How can one manage this for
groups who collaborate? One incorrect permission setting can have a cascading effect, leading
to the inability for a group (or even an owner) to
access, build, manipulate, share or take possession
of an object or parcel of virtual land, thus having a
negative impact upon what may be intended as a
collaborative effort. The opposite also applies, i.e.
providing too much access to something that was
intended to be restricted.
Given the large number of activities proposed
in this project, and the need to reuse virtual spaces,
how can one preserve these spaces given limited
resources? What are the best ways to capture and
archive our results for reuse? Some of these issues
are currently being addressed in a pilot study led by
Aalborg University on building in SL for teachers of
architecture and design (‘teach the teachers’).

CONCLUDING REMARKS
This paper has presented some initial insights
on integrating language and content learning
and teaching in higher architectural and design
education in three pilot studies of experiential
learning. The pilot activity presented here is still
to be concluded and formal evaluation has yet to
be conducted. However, observed tensions and
contradictions confirm the necessity for intensive
collaborative design across the disciplines in a
context-driven approach. This is further highlighted by the complex and fragile nature of the virtual environments used and the demands placed
upon the students. From the student perspective, the emerging fragility of the dual-focused
CLIL approach indicates that language learning
should remain enjoyable and not perceived as a
burden or disturbance to the normal content and
work flow. Expansive Learning Theory provides an
analytical framework for the evolutionary nature
of the ARCHI21 project, ensuring that results of
these pilot studies will inform other project activities. Through formative interventions and the
development of collective activity systems within
the ARCHI21 project, further results are expected
from exploratory research that underpins the reiterative process to guide CLIL inquiry.
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Abstract. An overview of the research activities of a university simulation laboratory is
presented. The mission of the laboratory is to anticipate the design and to support the
evaluation process of urban design projects from a perceptual viewpoint through the use
of digital and physical models. We have research and educational purposes. Founded five
years ago, the laboratory has implemented different simulation tools, often combining
existing techniques and finding new applications of existing ones. In particular, we focused
our interest on visual perception tools, investigating the use of physical models and digital
ones, and combining them in different ways in order to enhance the experience offered by the
perceptual simulation.
Keywords. Visual simulation; city modelling; augmented reality; game engine; simulation
laboratory.

INTRODUCTION TO THE LABORATORY
At the beginning of 2007 at the Politecnico di Milano, Department of Architecture and Planning,
prof. Fausto Curti instituted the Laboratorio di Simulazione Urbana (Curti et al, 2007; Piga, 2009) in collaboration with prof. Peter Bosselmann, professor
of Urban Design and director of the Environmental
Simulation Laboratory at the University of California
at Berkeley (Appleyard et al, 1973). From then on
scholars together with students, work on theoretical and experimental researches about the effects of
urban transformation/renewal projects with a specific interest on the perceptual experience and the
environmental quality. For instance, the main aim is
to anticipate the design and to support the evaluation process through different kinds of simulations.
In order to achieve this goal we integrate various
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digital and physical three-dimensional modelling
techniques and constantly upgrade representational
skills by inventing combinations of new and proven
techniques. The theoretical approach is tested and
reinforced through experimentation and the successful methods are applied to different case studies,
both in the professional and the educational field.

LABORATORY WORK MODALITY
Most of the work conducted at our research laboratory was developed in collaboration with students
(bachelor, master or Ph.D. students). In this way, the
research and the didactic experiences become a unity
through practice. Students in architecture and urban
planning collaborate to the ongoing researches during their internship at the laboratory. Thus, they have

the opportunity to work with a professional team
that instruct and drive them; for instance, the team
work applied on a real job help students to feel more
involved in the process and at the same time to improve their technical and relational skills. After their
internship some students developed an experimental
thesis at the laboratory, and few of them continued to
collaborate with us after their graduation as collaborators or within a Ph.D. program.
Since its establishment five years ago the Laboratory started several collaborations with others
research laboratories. Typically, they belong to the
same School (the School of Architecture and Society) and to the same Department, but we started to
collaborate with other Departments and Schools at
international level as well.

RESEARCH TOPICS
Following the premises that led to the foundation
of the laboratory we pursue a multilevel approach,
working on the same case-study area with different
scales, typologies of simulation and topics. Three
main areas of interest have been identified as overriding: perceptual, environmental and economic effects of urban design projects. At the moment we are
working on the first two ones; we started to deal with
visual outcomes of proposed urban design projects,
then we included a study on some environmental aspects, i.e. shadowing and temperature, to study the
comfort of urban public spaces, and now we are beginning a new research field on urban soundscape
from a perceptual point of view.
We work on the cases using different types of
simulation techniques in parallel, and looking at
projects from different viewpoints. We think that this
approach can support and facilitate a cross-reading
of the complex relationships between urban design
and the existing physical context, thus ensuring a
better control of the cumulative outcomes.
We use both physical and digital models (two-,
2.5- and three-dimensional urban models) with a multi-scalar approach. We believe that the correct use of
simulations can improve the whole comprehension

of the different aspects of an urban project, even if a
deep experiential interpretation of places is apparently very ambitious and complex. In any case, our
aim is to study urban projects by using these models
in an integrated way, starting from the visual and the
environmental impacts. We always consider ‘time’
as a key factor: for this reason our approach deals
mainly with simulations that can help us to understand the effects of urban design schemes from a
dynamic perspective (Bosselmann, 1998). We work
on conceptual and perceptual simulation together,
and we focus on the complexity of projects in order
to understand the mutual and cumulative impacts of
multiple design alternatives. For this reason we privilege the use of dynamic simulations that combine
and express together different effect of the urban
projects in their context.
It is important to note that this approach cannot substitute the traditional one in any case; rather,
it can be used in parallel with it. Each type of representation and simulation can highlight different aspects of an urban condition (Appleyard, 1976).

CASE-STUDY APPLICATIONS
In the few years from the foundation of our laboratory, we have worked on different case studies. One
of them in particular was used as a reference to test
different simulation techniques. This was the main
case study we worked on, and we worked continuously on it for four years. In fact, using the same map
and the same model as a base we had the chance to
focus on the challenges and limitations of different
simulation techniques. By comparing the outputs
on the same area and on the same topic, e.g. visual
effects, it was possible to better understand the different analytical possibilities of the different kinds
of media used. This also represented a stimulus to
develop some specific simulation tools that could
integrate existing ones, already in place in the urban design praxis. The case-study area, situated
in Milan (Italy), is an urban transformation project
that takes its name from the site where it is located:
Garibaldi-Repubblica, also known as ‘Porta Nuova’
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from the historical gate close to it (Arcidiacono and
Piga, 2007; Bosselmann, 2007, ibid 2008). It was
chosen because of its relevance and dimension at
the city scale, and because of the complexity of the
project itself. Those two aspects made the case appropriate for testing our approach, methodology
and tools. This urban redevelopment design project has a central location and a significant extension: 300.000 m2 [FIGURE 1]; the scale of the transformation and the height of its buildings, which
radically change the traditional horizontal skyline
of our city, make the case pertinent to understand

the potentiality of the simulation laboratory we
were setting up. The construction on site was to
start when we began the research in 2007, and now
many parts are almost concluded. This allows us to
validate the simulations we did initially and to learn
something more about the correctness in the way
we have processed it (Sheppard, 1989), as well as
their usefulness or limits [FIGURE 2].
It is our opinion that, in dealing with these kinds
of projects, our traditional decision-making process
is not completely satisfying, and that the whole process and the final result could have taken advantage
Figure 1
The location of the case-study
area of Garibaldi-Repubblica
in Milan.

Figure 2
Two snapshots showing the
comparison of the simulated outcomes of the design
scheme superimposed to the
real context taken in 2007
(left) and the video recorded
in May 2010 with the real
building under construction.
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of the use of simulations to anticipate some important outcomes. Not only the understanding of some
particular effects could have been better cleared to
the audience, but also the sharing of ideas among
the various professionals involved, as well as the citizens, could have been improved by the use of accurate simulations (Kwartler and Longo, 2008). Realistic
perceptual visualization can be particularly helpful
for the involvement of lay people that can have difficulties in interpreting abstract maps. Nevertheless,
even when the actor involved can easily read maps
and sections it is not always granted that s/he can
correctly comprehend how it would be to walk along
a street when the design project will be realized.
Moreover, even for professionals, it is not always easy
to mentally visualize in dynamic terms the different
outputs of an urban transformation project from a
static map, i.e. views in movement and shadowing in
different hours of the days or seasons. Hence, in this
direction the use of simulations, and especially dynamic ones, can become useful tools for supporting
the design phase the and evaluation process. Furthermore, discussions on the project with a concrete
visualization at hand could reduce the possibility of
misinterpretation, and could reinforce the transparency of the whole process.
As said above, using different types of analysis and tools at the same time can favor a more
comprehensive understanding of an urban design
project. We used this approach in the study of the
the Garibaldi-Repubblica project, where traditional
representational and analytical tools were applied
together with simulation ones. The study was an
opportunity to experiment the application of some
tools, conventionally used in other disciplines (i.e.
movie techniques), for urban studies purposes, besides being an occasion for designing and developing some new useful simulation tools. Those are
intended to be useful both for the design phase and
the decision making one, and can be applied in the
professional sector as well as in the educational one.
We work both with static and dynamic simulation, since each typology can support a specific

understanding of a situation, and we intend dynamism as a key factor to interpret urban conditions.
For this reason we tend to use static images in dynamic terms, i.e. sequences of images to describe an
urban path. To elaborate the simulation we use analogical and digital tools; for this reason a digital and
some physical models of the case study were built.

NAVIGATING THROUGH THE PHYSICAL
MODEL
Beside the work on the case study, we developed a
project with a professional company (BetaNit), for
realizing a micro-car able to drive and carry a microcamera inside the physical model [FIGURE 3]. With
this hand-held tool it is possible to have a stable
visualization from different points of view from the
maquette in real-time. The usefulness of this tool is
twofold: first, it can be used to check representative
subjective views in a quick way; second, it can support the participation process and the involvement
of people by facilitating their comprehension of the
possible outcomes of design projects. The way we
mainly use it in the laboratory at the moment, is for
the study of the visual effects of an urban project in
its physical context. In fact, with this technique it is
possible to study visuals from a fixed point in space,
or to move along a street at different velocities. This
approach presents some vantages and some limits:
portability, the ease of use and the immediateness
of the output make it an helpful solution, while the
fixed eye-level (eye-level changes only if we change
the scale of the model) and the characteristics of
the images, i.e. medium quality and still life (people,
cars, and other elements), make the overall output
not completely satisfactory. For this reason, within a
Bachelor of Science Thesis (Miniello, 2010), we experimented the use of physical dynamic elements inside
the model. This procedure enhances the communicability of the views, but requires a small scale model, which means a large size maquette if the analysis
has to be done for urban studies purposes. So this
solution can be useful just in some specific cases, i.e.
in-depth examination at the scale of the road.
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DYNAMIC SIMULATION: COMBINING
VIRTUAL MODELS AND VIDEO
RECORDING OF PLACES
Realistic subjective views from the physical model
are useful to easily identify the representative point
of interest that can be used to conduct a deeper
analysis. Then, other techniques can better explain
the final outcomes of the design projects in relation
to its physical context. The important paths towards
the project were therefore simulated using different
methods. To do that we concentrated on typologies
of simulation that could produce visualizations in
motion. We started using simple tools like sequences
of realistic photomontages. This kind of technique is
quite simple and allows to easily describe a walk in
the city. Since likelihood can be confused with accuracy, it is important to pay a great attention to
the correctness of the processing method. If the superimposition is inaccurate, e.g. distorted in size or
location in comparison to the existing context, the
visualization can lead to a misunderstanding of the
real outcomes of the urban transformation (Sheppard, 1989) that would probably have an influence
on the evaluation phase. To avoid this problem the

render of the project should be produced in an
identical way as the original photographs, i.e. point
of view, target and field of view, so that the two images can be superimposed without any adjustment.
If correctly produced, sequences of photomontages
are a simple method to describe the dynamic visual
experience of a person in the city.
One of the limits of this technique is that the visualization in motion is not fluid; for this reason, within
a Bachelor of Science thesis (Canzanella and Secchi,
2008), we experimented the use of a cinematographic
technique for urban purposes. We superimpose dynamic renders of the project to a video recording of
the real context, paying the same attention used to
produce the sequences of images [FIGURE 4]. This
technique allows to create a virtual camera that traces
out the same movement of the real one used to shot
the existing context, hence the final video presents
the virtual urban project on the real video. Thanks
to the communication skills proper of this medium,
the final output is really suitable; the video has a high
quality and the richness of details of the existing context assures a better involvement of the observer. The
main limit is that the view is confined to the pre-determined views chosen by the author, even if this can
become an advantage if this kind of simulation is used
in parallel with more flexible ones (for example interactive simulation). In this case the audience can look
through the eye of the simulator, who is an expert
in simulation and urban design, and so the observer
can take advantage of her/his professional ability in
showing important views that need to be considered
to comprehend the final result of the urban project.

EXPLORING DIGITAL URBAN
ENVIRONMENTS THROUGH GAME
ENGINE SOFTWARE
For this reason we started to work with simulation
tools that can allow an interactive use (see for instance
Bishop and Lange, 2005). To do this we tested several
game engines software and their potentiality in depicting urban transformation projects. The choice of
the appropriate tool for our goal was made in relation
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Figure 3
The micro-car equipped with
the micro-camera used to
navigate inside the physical
maquette.

Figure 4
One snapshot of the video
recording of the path along
the construction site of
Garibaldi-Repubblica with
the superimposition of the
digital model of the new development project.

to its friendly usage and to the possibility to use readymade models and to customize, through the use of
various programming languages, some specific interactive features, lastly the capability to interact with a
variety of platforms. This was the occasion to merge
two important aspects of our research: composition
and environmental impact of a design project, i.e.
visual and shadow impact in public spaces. It is possible to use the software to take an interactive walk
in the context and, with a specific interface we programmed, it is also possible to set time and season of
the trip and to change it during the travel, so different
condition and effects are comparable. Moreover, it is
possible to jump from a point to another in the urban
area and to see different alternatives of the project or
to go back to the existing condition. This possibility allows a quick comparison between different situations
and conditions, and gives the possibility to compare
them in motion. This flexibility is really important and
gives to the observer/s the opportunity to check in
real time several outputs from the point of view s/he
is interested in. This can help the dialog among the

project, not only between professionals but also with
a wider public. In this case too, photorealism is really
significant for a good communication, since abstract
views in perspective need a stronger process of interpretation to connect the observed view with the
actual one.

MIXING DIGITAL AND PHYSICAL
SIMULATION
One of the limits of this solution is that the perceived
scene is on a bi-dimensional surface and it is impossible to appreciate its proportion in a real 3-D manner. At the moment, only the physical model can
guarantee a simple interaction with physical 3-D
scaled volumes and elements of the city. A frequently asked question is why we still use physical models
if we can use digital ones. Each kind of medium has
its own vantages and limits, and digital 3-D models
can not entirely substitute physical ones, as the opposite is true as well. It is important to consider these
tools as possible accomplices instead of antagonists,
one versus the other. They are different media able
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to highlight specific conditions on the same subject,
if any, and one can add significance to the other. Off
course, they have common aspects too, but their
own peculiar qualities make them irreplaceable.
For this reason we decided to study a simulation
tool that could take advantage of the potentiality of
the two different typologies of the models (physical
and digital), and the occasion was a Master of Science Thesis (Cibien, 2010). This field of research started in the nineties at the Massachusetts Institute of
Technology (MIT), and culminated in 2000 when the
Media Lab developed the first Luminous planning
table for didactic purposes (Ben-Joseph et al, 2005).
This tool could mix digital and physical elements, but
urban volumes were simple wireframe elements. Following the MlT direction, and exploiting Augmented
Reality (AG), we developed a luminous table (‘Tavolo
Luminoso’) that could use solid volumes instead
of wireframe ones. Modeled scaled volumes of the
urban setting are placed on an horizontal touchable screen, the luminous table; exploiting the possibilities of AG, physical volumes are directly linked
to their corresponding virtual ones. In this way software elaboration, e.g. photographic base maps and
shadows can be visualized in real time on the table,
which is the open space at street level [FIGURE 5].
This tool is capable to join the vantages of physical
and digital simulations together. The user can experience a direct interaction with the model, i.e. there
is no interface like a monitor or a keyboard, and s/
he can choose in a simple way which effects of the
urban configuration to visualize. The visualized elements can be either static or dynamic. The ‘Tavolo
Luminoso’ allows considering different aspects of an
urban context together, i.e. composition and comfort output, which is one of the important aspects of
our approach, and it allows to do it dynamically in
real time. Moving a volume, indeed, would create a
change in its casted shadows or in the windy condition at street level or both, depending on the settings imposed by the user. This can be useful, in general terms, in order to share ideas among the project,
and could result particularly interesting in public
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participation processes or for educational purposes
in architecture and urban planning.

FUTURE WORK
The visual perception of places presented in this paper is just one aspect of the experiential simulation.
Today, we extend our research interest in order to
include also other senses and reach a more comprehensive feedback about the human experience of
places. For instance, we aim at approaching the field
of sensorial urbanism (and simulation), by initially
juxtaposing the sound experience (urban soundscape) to the visual one.
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Abstract. Introduction to architecture studio introduces students of architecture with
fundamentals of design and design thinking. Here, the students learn: analytical thinking by
constructive analysis of precedents; language of design by using basic geometric elements
and operational/transformational principles among them; and principles of form making
by engaging in constructing the form. The paper explains the process of the studio in which
shape grammar methodology is utilized in teaching analytical thinking, language of design
and principles of form making to architecture students.
Keywords. Architecture Studio Education: Shape Grammars: Rule Based Design

INTRODUCTION TO ARCHITECTURE STUDIO
Design studio has always been the major interest
of design education research. Its aim is to teach
“the creation of good design” in which “the understanding of the design process” is seen as “fundamental”. To understand design process means
being directly engaged in the process of making
things with ideas in them. The architect’s learning,
depends in reasoning through making, with in this
contexts the studio can be seen as a site of learning in which making plays an important role in
understanding. The learing process in the design
studion consists of different phases that reflect different modes of the learning cycle. Especially in design studio level 1 here named as “Introduction to
Architecture Studio the experience through a serious of different learning activities is crucial since
the preliminary aim is to develop the perceptual
skills of design students through an analytical and

abstract way of thinking. The primary aim of the
design studio introduced in this paper is to develop an understanding of what the design and design activity are, through a creative and analytical
way of thinking. Here, the design students learn
and practive new ways of thinking, new languages,
and new skills.
To develop understanding of the design process the design activity from conceptual to concreate
level should be conscious, selective and intelligent
rather than habitual and coincidental. However,
since the novice design student has not developed
the perceptual and relational thinking skills for him/
her intelligent design activity is a formidable task.
The aim of Introduction to Architecture studio described in this study is to develop awareness
of design thinking, materiality and construction
among the novice design students by engaging
Shape Studies - eCAADe 29
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them in making design artifacts. Analytical and abstract way of thinking, learning by experiencing, reflective thinking, and doing is emphasized throughout the studio. The studio is the first place where the
students are introduced totally with a new world of
design with its own values and attitudes. They learn
a new abstract design language, the way of abstract
thinking and practice some new skills such as designing and making artifacts. The studio introduced
in this paper consisted of two modules: Understanding architecture through structured analyses, and
understanding of design composition by the concept of pattern, and by prototype making.
Understanding Architecture Through Structured
Analysis
At the very beginning of the studio before asking
students to design anything, it was aimed to make
them understand abstract thinking through design
analysis in which geometry is introduced as abstract
design language. The initial stage of this exercise
was the reading of the architectural language of a
building and understanding what has been read
through visiting the building. Hagia Sophia one of
the most significant building of architectural history
constructed in simple Euclidean geometry is chosen
as an example for this exercise.
First, the students are introduced with the basic
elements of design language (point, line, face and
solid) their operational rules and associative thinking and then with the rule based design analyses
(shape grammar) method in architecture. Then they
are asked to provide rule based analyses of Hagia
a

Sophia through literature search by looking at its geometry, massing, plan to section relation, structure
and layout composition.
Once they were able constructively to analyze
Hagia Sophia from literature and extract its basic design principles then were taken to the actual building
for on site analyses. They were asked to describe with
rules the design principles of Hagia Sophia, by observing it. Each student individually worked on design
analyses and rules of Hagia Sophia. Then the students
were divided up into three groups for constructing
1/10 scale models of Hagia Sophia: massive (a), structural (b) and section perspective (c) models (Figure 1).
To comprehend the design of Hagia Sophia for
novice architecture students is quite difficult task
since he/she hasn’t yet developed perceptual skills
and relational thinking. Analysing the building with
Shape Grammars method by extracting its geometrical copmposition rules in relation to its structure
made students to understand that the abstract language of geometry is the language of the structure
of the building. In their drawing analysis of the building they were able to explain the meaning of each
line marked on the paper. After these structured
analysis they were asked to make 1:10 scale massive, structure and plan to section models of Hagia
Sophia following the rules of that they extracted in
their analyses of the building. (Figure 1) It is observed
that compared to previous years exercises where the
students had been introduced to Hagia Sophia and
analyzed it in conventional way, structured analyses
of the building provided higher level architectural
and structural understanding of the building.
b
c
Figure 1
Hagia Sophia Models
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Understanding of Design by the Concept of Pattern, and by Prototype Making
The second exercises aimed to make students aware
of the conceptual understanding of design by the
concept of “pattern.” It consisted of two steps. The
first step utilized shape grammars as graphical production method for 2D pattern generation. Shape
Grammars provide a formal mechanism for generating 2D and 3D compositions based on shapes and
their spatial relationships by specifying methods to
replace parts of shapes with others.
A pattern is generated from a shape grammar
by beginning with the initial shape and recursively
applying the shape rules. The result of applying a
shape rule to a given shape is another shape consisting of the given shape with the right side of the
rule substituted in the shape for an occurrence of
the left side of the rule. “Rule application to a shape
proceeds as follows: (1) find part of the shape that is
geometrically similar to the left side of a rule (2) find
the geometric transformations (scale, translation, rotation t mirror image) which make the left side of the
rule identical to the corresponding part in the shape
t and (3) apply those transformations to the right
side of the rule and substitute the right side ‘of the
rule for the corresponding part of the shape.” (Stiny
and Gibs, 1972) The generation process is terminated when no rule in the grammar can be applied
The students were asked to chose initial shape

from Hagia Sophia drawings and define rules for 2D
pattern generation as illustrated in Figure 2.
The second step utilized shape grammars as
graphical production method for 3D pattern generation. Here, Frobel grammars (Stıny, 1980) a constructive approach is utilized for 3D pattern generation.
3D patterns are defined from scratch by rules and are
constructed by means of shape grammars in 5 stages:
1. A vocabulary of 3D pattern is specified. The
shape provides the basic building elements of
3D pattern.
2. Spatial relations between vocabularies of
shapes are defined.
3. Shape rules are specified in terms of shape relations.
4. Shape rules apply to initial shape(s) recursively
to construct 3D patterns.
5. 3D patterns are specified in terms of shape rules
and vocabulary of shapes.
Here the application of the rules is not deterministic: multiple choices can be made in each
stage. Specific possibilities in one stage may lead
to multiple possibilities in a succeeding stage.
Multiplying possibilities from stage to stage in the
construction allows for increasingly finer spatial
distinctions to be made and therefore provides
constructive machinery to define patterns with precision and control. (Stıny 1980)

Figure 2
2D pattern generation with
shape grammars
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Figure 3 illustrates 3D pattern construction by
means of shape grammars using Frobel blocks as vocabulary elements.
Once the 3D pattern is constructed, then it is
transformed by adding some initial vocabulary to the
composition as illustrated in figure 4. (White blocks)
The students than were asked to interpret generated

3D grammar composition as base for exhibition stand
design. The transition from abstract composition toward the concrete design occurred through building
1/10 scale prototype models. In this working model
the students explored the behavior of the materials,
structural stability, connections interfaces and spatial
possibilities. The difficulties of constructing the actual
Figure 3
3D Pattern construction

Figure 4
Abstract 3D Pattern and 1:5
scale protoype model

748

eCAADe 29 - Shape Studies

design with chosen material (wood) were discovered
in prototype model. Therefore, in the next step the
students constructed the design in 1:5 scale instead
of 1:1 scale as shown in figure 3.
In shape grammar the shapes are manipulated
according to their visual structure. As a result the designer is free to manipulate description of his design
in a manner that reflects the interactive freedom often associated with sketching. When a designer manipulates parts of a design, emergent patterns and
associations can be discovered which suggest new
features and relations. The structure of the design
can be reinterpreted according to these emergent
patterns. Such reinterpretation is a vital element in
the exploration of designs.
The third example of 3D rule based design was
“shell project” constructed in 1:5 scales. In this Project

the students first worked on conceptual model
through which they defined the basic components
and the design principles of shell structure as shown
in figure 5a. Then they constructed working model in
1:20 scale, as shown in figure 5b, they explored relations between the components, material properties
and structural stability of the shell project.
The students redefined components and construction principles of shell structure through working model and group discussions. They learned
about design making through constructing it as
shown in figure 5 and 6.

CONCLUSION
Introduction to architecture studio emphasized five
points: 1- Understanding architecture through structured (shape grammar) analyses, 2- Shape grammar

Figure 5
Design principles and working model of shell structure.

Figure 6
Constructing the prototype of
the shell structure
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as abstract form generator tool, 3- Learning through
constructing, 4- Material property of design artifact,
5- Collaboration and communication in designing
and building.
The presented studio work aimed to develop
in-depth awareness of the design process in the beginning level of design education by utilizing structured computational design method of shape grammar in design artifact development. Here, the craft
of making functioned as a vehicle for thinking ideas
in concrete matter. The studio emphasized a process
in which fabrication is inseparable from the conception of design. It allowed for experimentation, learning and collaboration. Here the dual roles of thinking
and making are symbiotically joined.
To conclude it, the development in technology
tools that join thinking, designing and fabricating
are changing the way how architects work. The studio education in architecture schools has to adapt to
these changes not only with technology integration
but with the new ways of thinking and doing that
these new changes are bringing. Level 1 studio here
named as “Introduction to Architecture” plays a crucial role in this adaptation.
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Figure 7
Shell structure 1:5 scale

Lattice Spaces
Form optimisation throgh customization of non developable 3d wood
surfaces
Sascha Bohnenberger1,Klaas de Rycke2, Agnes Weilandt3
1
B+G Bollinger und Grohmann GmbH, Frankfurt am Main, Germany
2
B+G Ingénierie Bollinger + Grohmann S.a.r.l. ,Paris, France
3
Spatial Information Architecture Laboratory (SIAL), RMIT University, Melbourne, Australia
1
http://www.bollinger-grohmann.de/,2http://www.bollinger-grohmann.de/, 3http://www.sial.
rmit.edu.au/
1
sbohnenberger@bollinger-grohmann.de,2kderycke@bollinger-grohmann.fr, 3aweilandt@
bollinger-grohmann.de
Abstract. This paper discusses a collaborative project by RDAI architects,
Bollinger+Grohmann and the timber construction company Holzbau Amann. The project is
located in a former swimming pool in Paris and it is part of the new interior of a flagship
store of the French fashion label Hermes.
In late 2009, Rena Duma Architects, asked Bollinger+Grohmann to collaborate as structural
engineers on a challenging design proposal within a very short timeframe. Three wooden
lattice structures, the so-called “bulle” and one monumental staircase with a similar design
approach characterize the interior of the new flagship store. The lattice structures are
dividing the basement into different retail spaces. They vary in height (8-9 m) and diameter
(8-12 m) and have a free-form shaped wicker basket appearance.
Wood was the chosen material for these structures to strengthen the idea of the wickerbaskets
and to create an interior space with a sustainable and innovative material.
Keywords. digital production; parametric design; mass customization; wood; digital crafting.

INTRODUCTION
The French fashion label Hermès had entrusted the
RDAI agency, which is responsible for designing
most of the Hermès stores worldwide, with the design of a new space, in Paris. In the discussed 1930’s
swimming pool building Hermes’s new ‘La Maison’
furniture line is being displayed.
Three pavilions with an organic design, are forming the main interior of the new shop. The staircase that
naturally leads the visitor towards the pool and forms

the link between the entrance and the open space of
the swimming pool is the fourth naturally shaped object in the space.
These shapes of different form and dimensions
are constructed in wood to support the philosophy
of Hermes as a sustainable fashion label with a highquality approach.
Starting with that vision the architects worked
in a close collaboration with Bollinger+Grohmann to
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turn this concept into a feasible, self-supporting “object”. Considering the deadlines, the complexity, the
multi-formats exchanges and the communication
with collaborators on the project, it was necessary to
organize a smooth workflow between visual aspect,
geometry, structural properties, structural optimization and execution process.
Digital Wood
Who would have thought that wood would become a high-performance material that is used in the
most complex geometrical and structural way that we
can imagine. Due to custom made programs that are
describing not only the geometry and the structural
performance but also calculating the most efficient
way of producing and fabricating the wood elements,
this material got a renaissance in the building industry.
This “old” material offers us a broad range of beneficial
properties; it is easy to work with, affordable and accessible to many, a new way of engagement with the
material through digital design and fabrication processes. Joining, laminating, carving, bending, cutting
and finishing become sources of design ideas (Robert Woodbury, 2007). Within the last few years wood
has become a construction material for advanced
complex geometries in architecture, examples for this
material revolution are the Korkeasaari Lookout Tower
in Helsinki, the roof of the Centre Pompidou in Metz
or the recently produced Parasol pavilion in Stuttgart.
The understanding of the material behaviour
and its properties is becoming more accurate with
the development of new analyses techniques in

various realms. Material scientists and biologists
are looking closer and understanding the complex
structure of wood at a nano scale, engineers and architects are shaping the geometry according to the
performance of wood.
The Hermes project is following that trace and
shows new possibilities of working and designing
with wood.
Material specifications
The basic design of the here-described “bulle” was
thought as a kind of a wicker basket structure that reflects the concept of sustainability and natural beauty
with its appearance. In order to develop such a structure that is on the one hand self-supporting and on
the other hand will meet the high design criteria of
Hermès and RDAI, we had to look first to the possibilities of creating double curved wooden elements.
Since the mid. 60’s the knowledge of different
approaches to control and bend wood is available.
The following example explains the various techniques that were published in the book: Principles
of Wood Science and Technology/Solid Wood (Kollmann, Franz F. P. en Côté, Jr, Wilfred A.,1968)
To be able to complete the project in the given
tight timeframe we decided to collaborate with a
timber construction company from an early design
stage. In order to develop a solution for the rationalization of this complex design while integrating
the understanding of execution principles as well
as structural, geometrical, visual and time wise elements five variants for the execution were seriously
Figure 1
Impressions of the architecture (first design)
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considered , tested and discussed with different possible wood construction companies:
1. The steam bending process was too labor-intensive and besides that fact no one was able
to produce 12m long laths within the short construction time frame.
2. The two-dimensional bending approach with
single curved laths. This process did not answer
fully to the aesthetical requirements because
the aesthetical understanding behind the design was more related to a fully 3 dimensional
curved line that describes the geometrical
shape of the bulle.
3. Bending and milling the laths was designed to
bend manually the elements in two directions
until they met the required boundaries for the
final milling process. The process has the advantage that it is simple for the manufacture since
everything is numerically controlled. The process is also relatively fast but in the end this process was considered too industrial for the craft
tradition of Hermès and for this project and
it would lose the quality of the design of the
wood because the grains are not continuous if
you are cutting extreme curved wood laths.
4. By carrying out the bending and gluing of the
wooden laths directly on site and adapting the
Figure 2
Table of wood fabrication
methods

5.

length and thickness of the elements to the
curve was after a short discussion with the fabricator not satisfactory. Aesthetically and structurally the solution would not fit into the criteria
of the architects. The structure would consist
out of too many end pieces and small elements.
The work exclusively on site was also considered too dangerous in terms of time, structural
quality and aesthetic quality (example; La Chapelle des Diaconesses in Versailles).
The Laminated bending approach was the last
construction method that was considered. The
process consists of gluing several laths together
in the right shape. This is very labour-intensive
and time consuming but offered the possibility to
optimize all aspects of construction, form, structural performance through adapted geometry.

GEOMETRICAL ANALYSIS AND FORM
FINDING
To fulfill the design wishes of the architects and the
short construction period the parametric design
software was linked to our structural solvers. The advantages of using a parametric strategy are that all
element parameters can be manipulated while constraints and dependencies between elements are
maintained. The dynamic models that result are able

Laminated Bending
Kerfing
Ammonia treatment
Alkali treatment

Compressing bending
Cold bending

External bending

Internal heating (microwave heating)
Hot bending

Solid Wood Bending

Wood Bending

Bending process using a chemical treatment

Direct heating method
Hot plate method
Boiling method
Steaming method

High pressure method
Low pressure method
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to respond to changes and offer a degree of flexibility and coordination. These processes of “anticipation
and response make up the dynamic of life” and apply
equally to everyday consideration of design, fabrication, and construction and to conceptual explorations of dynamic conditions like Weinstock (2004) is
pointing it out.
Equipped with a rough 3d model based on a
pure volumetric model by the architects, because
they developed the appearance of the wicker baskets with a bitmap pattern, we started to analyze the
shapes in order to develop the first scripts to create
3 dimensional shapes of each lath.
The 3 “bulles” were following no particular geometrical rules and had therefore no continuous curvature or dependencies between each other. To be
able to create producible elements that we could
analyze we developed certain “rules” and created a
reparameterized geometry that we could work with.
A script that was developed within the scripting
environment of the 3d-modeller Rhinoceros by Mc
Neel automated that process.
The reparameterization
A set of curves was created with a certain distance to the original surface. This results in a set of
horizontal curves that could be analyzed in terms
of their curvatures. We optimized the curvatures

wherever necessary. From these horizontal Béziercurves, we could reconstruct and improve the surface close to the original geometry. This operation
permits the creation of a vertical regular surface.
This nurbs-surface is built up from two-dimensional
parameters in U and V direction, which are represented as lines on the surface. These U and V “lines”
serve later as guiding lines for the definition of the
axis of the laths.
Tessellation
The wicker-basket pattern was created by the division of every constructed horizontal curve through
a number of points. By introducing an offset at each
horizontal curve of the division points we are able to
design and control the diagonal pattern.
The crossing of the curves in two directions
creates a lozenge pattern. Since the aim was to
have the impression of regular shaped and equal
sized diamonds on the whole surface, we thought
of the diamond pattern as a tessellation. The creation of the curves creates an actual 3D-tesselation
on the surface, eg.; a diamond pattern of tiles on
an irregular surface. Several scripts controlled and
equalized each enclosed diamond on its size of surface, parallel lines, etc. This script ensures the regularity in size and density of the diamond pattern
over the irregular shape!
Figure 3
reparameterization process
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Laminated bending approach
The Laminated bending approach was chosen to realize the bull and the stair cladding for two reasons.
It combined high-tech technique and mathematics with high skilled woodworking. All laths were
perfectly pre-designed in a CAD-model and precisely cut including all necessary holes. This approach
ensures a full digital control of the final result. The
digital approach reveals any unforeseen effects in an
early stage and control of all necessary parameters;
what you draw is what you get!
However this process required advanced material skills to bend and glue these elements together.
The developed technique provides an almost continuous wood grain from the natural solid wood
which is advantageous both in structural and aesthetical sense-.
To obtain the laminated bending approach
the geometrical optimisation had to be clearly described. The optimization consists of a mathematical
phenomena; a double curve of a rectangular section can be designed trough the sum of two simple
curves combined with some twist.
Each single curvature is describable and thus
developable; this means that the laths

can be cut out from a simple flat panel. This operation on its own would not create an ever-changing non-describable double curvature of a rectangular section. To obtain the real form and to obtain
that laths perfectly lay onto each other at the nodes
the rectangular section needed to be twisted. Since
wood, cannot be infinitely twisted, we also gave restraints to the twist in the laths. Due to the nature
of wood bending and twisting is directly manually
possible and this material behavior inspired us to
choose this solution!

STRUCTURAL ANALYSIS AND EXECUTION
PARAMETERS
Fast modifications and updates of parameters were
made possible by the development of programmed
parametric geometries to be able to control the
overall shape of the guiding surfaces and different
design partners /parameters.
The input parameters for the code were such
as slats curvature tolerance, slats intersection angles, intersection area and slat dimensions, braiding
density, alignment and torsion tolerance. The evaluation and optimization of the generated models
were based upon: structural analysis results, visual

Figure 4 (left)
curvature analyses
Figure 5 (right)
developable elements
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appearances and execution techniques and discussion with the different design partners.
With the introduction of a whole set of analysis
scripts we could now optimize the bulle structurally and aesthetically. Already in this phase, the geometrical model communicated with the structural
geometry via Excel and a Com-interface in order to
gather necessary information for the optimization.
Typical scripts for analysis include curvature
control and the distance to the initial surface.
The developed surface of each “bulle” is horizontally regular; a horizontal offset of two curves and the
surface created between them remains a controlled
surface. Every surface can be developed within a certain tolerance by simply unrolling the elements.
The initial scripts are related to flat slats lying on
the surface. The structural analysis gives the input
of the necessary thickness and width of the laths.
To obtain geometrically the thicknesses of the laths
-and bearing in mind the execution process- we considered the following; The developed surface can immediately be used and cut out of a wooden panel.
An extra script was introduced in order to twist
the laths exactly at the right position around the
nodes. The neutral surface of each lath (=middle of
the lath) was used to do this.
In a second iteration of the offsets, we built in an
extra step to control the curvatures and the maximum
allowable torsion or twist of the laths. This was introduced as an iterative design process in order to be flexible and precise at the fabrication stage of the project.
The slats are produced at the factory on false work.
Three wooden elements with 14 mm thickness and 60
mm width are cut from flat plates and placed on a false
work. The slats have to be slightly bent and fixed in the
correct geometry manually. After placing and aligning
the laminates, these are glued and held together with
bar clamps, so as to produce the composite carrier.
The set of customized parametric tools was
also used to develop an exchange-feedback platform between 3D models, structural models and
Excel sheets. All involved parties were using different software packages and had varying interests into
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different scales of information. Here a customized
workflow was necessary and the whole collaboration was optimized by data exchange files. Hence a
close communication between the different members of the project could be introduced.
Detailing
The structures are assembled by four connection details which are all load bearing elements and will be
briefly explained.
The crossing points of the rods: They are connected to a central shoulder bolt with a diameter
of d = 8 mm and two eccentrically placed dowels in
order to be able to absorb the torsional moments occurring in the node.
The center shoulder bolt is integrated within
the laminated wood elements.
The connection of the bars on the door consists
of steel swords, which are welded to the profile of
the door. The bars are slotted after the swords, to
hold the sword in the central axis. Fixing is by means
of two shoulder bolt itself, which thus form a doubleshear connection.
The compression ring is placed in the plane
between the two bar levels and is connected in the
intersections of the wooden slats. To ensure the
load transfer between the pressure ring and rods,
arranged shoulder bolts are also connected to the
steel section.
The supports are made out of flat steel feets
witch are oriented according to each slat with
unique angles. Those feets are welded to a flat steel
plate following the outer curvature of the bull.
Customization
To realize the project, specific solutions for braiding
joints, openings and foundations have been conceived and discussed with the architects. Both our
work on digital and physical models helped us defining the execution process. Following the principle
we adopted for our physical model, the idea of a specially adapted scaffolding system to control curvature of the wooden slats was developed. Eventually

the production established a high-end process of
CNC cutting, scaffolding, bending, glueing and assembling of wood pieces to create the final double
curvature wooden slats.
Every single wooden sculpture shows a different curvature of non-developable surfaces. Various alternatives for the construction were seriously considered and tested: steam bending, bending
in combination with milling and assembling smaller pieces to continuous slats. The final manufacturing process was defined due to the concept of
easy production of the single slats, a fast mounting solution and to have an invisible node.
The pavilions and the realized monumental
railing of the staircase show the possibilities and opportunities of the digital workflow in the context of
design and structure with complex geometries. The
key here is to adapt the targeted free forms and the
structural system until they meet the demands of
the architectural approach. This requires a very close
cooperation of those companies involved in planning and construction.

CONCLUSION
The understanding and the knowledge of the construction and design material, in that particular case
wood are identified as one of the main indicators
for the success of the project. Digitally simulating of
the right material behavior was impacting not only
the geometrical form finding but also the structural
performance of the overall shape of the four different bulle. This understanding of the material was the
common thread that also connected the involved
planers and partners. The architects with there ideas
about a sustainable emerging interior for the fashion label Hermes, the engineers with the knowledge
about the geometrical constrains and the load bearing abilities of wood and the expertise of the fabricator Holzbau Amann could establish a workflow
and a collaborative framework around the material
properties.
Not only had the material defined the collaborative work around the implementation of the properties of the material into the parametric design and
optimization process. It led also to a variety of design

Figure 6
nested wood laths
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Figure 7 (left)
pre-assemble of the structure
Figure 8 (right)
final lattice structure

options and proposals. Equipped with this clear advantage an optimum of design and fabrication in a
short design and construction period was possible.
These insights of the project and the relationship between material behaviour and geometry in
order to create optimised constructions and fulfil
promising design solutions will be a focus of future
projects.
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Abstract. This paper presents strategies for the design of bending-active structures through
the introduction of modern computational design methods, exploring their architectural
potential through contemporary means of design, engineering and robotic manufacturing. As
a case study the ICD/ITKE research pavilion’s information modeling process is depicted: how
form-finding experiments guided the development of various models that synthesize data for
design, simulation, analysis and fabrication. The paper explains the integration of relevant
material information into generative computational design processes and concludes by
comparing the resultant data models with a scan of the built prototype.
Keywords. Computational Design, Bending-Active Structures, Robotic Fabrication,
Computer-Aided Manufacturing, Information Modeling.

INTRODUCTION
A material construct can be considered a fragile
equilibrium state of internal and external forces and
constraints. In architecture, this understanding is of
particular relevance if the elastic bending behaviour
of material is allowed to play an active role in the design and construction process of so called ‘bendingactive’ structures (Knippers 2010). However, due to
the considerable technical and intellectual difficulties posed by such a synchronous consideration of
force, form and performance, there are only very few
cases of elastically-bent architectures such as the
Madan people’s vernacular structures of bent reed
bundles in Iraq (Figure 1) (Otto 1974), or the elastically
formed wooden structures by Frei Otto in Hooke Park,

England (Figure 2) (Gass 1985) as well as the more recently finished Downland Gridshell (Kelly 2001). While
the geometry of the gridshells was based on experimental models, modern finite- element programs
now render the possibility to form-find and analyze
structures that derive their complex curved geometry
solely from an erection process in which they are elastically deformed (Lienhard 2010). The research presented in this paper aims at further developing the
unsung lineage of these bending-active structures
through the introduction of modern computational
design methods, exploring their architectural potential through contemporary means of computational
design, engineering and robotic manufacturing.
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The result is a novel bending-active structure,
an intricate network of joint points and related
force vectors spatially mediated by the elasticity of
thin plywood lamellas, which was developed and
tested as a full scale research pavilion. The pavilion’s
unique equilibrium state unfolds a novel perception
of architectural space and extreme efficiency of employed material resources.

INTEGRAL COMPUTATIONAL DESIGN
In today’s practice, computational tools are still
mainly employed to create design schemes through
a range of design criteria that leave the inherent
characteristics of the employed material systems
largely unconsidered. Ways of materialisation, production and construction are strategized only after

a form has been defined, leading to top-down engineered, material solutions. Based on an understanding of form, material and structure, not as separate
elements, but rather as complex interrelations that
are embedded in and explored through integral
generative processes, the research presented in this
paper demonstrates an alternative approach to computational design (Menges 2009): here, the computational generation of form is directly driven and
informed by physical behaviour and material characteristics as well as by the fabrication constraints
(Menges 2010). The structure is entirely based on the
elastic bending behaviour of birch plywood strips
(Figure 3 & 4).
These strips are robotically manufactured as
planar elements, and subsequently connected so
Figure 1 (left)
Madan people reed bundle
(Oliver 2003)
Figure 2 (right)
Hooke Park Workshop
Building (Nerdinger 2005)

Figure 3 (left)
Physical / digital test of
elastic plywood bending
behaviour
Figure 4 (right)
Simulation of system
behaviour.
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that elastically bent and tensioned regions alternate
along their length. The force that is locally stored in
each bent region of the strip, and maintained by the
corresponding tensioned region of the neighbouring strip, greatly increases the structural stiffness of
the self-equilibrating system. This is explained by the
fact that the bent arch induces tensile stress into the
straight arch. This tension pre-stress increases the
lateral stiffness of the straight arch and hence the
geometrical stiffness of the entire system.

PROTOTYPE STRUCTURE
The spatial articulation and structural system is based
on a half-torus shape. Defining the urban edge of a
large public square, it touches the ground topography
that provides seating opportunities on the street facing corner (Figure 5). In contrast to this, the torus side
which faces the public square is lifted from the ground
to form a free-spanning opening. Inside, the toroidal
space can never be perceived in its entirety, leading to
a surprising spatial depth that is further enhanced by
the sequence of direct and indirect illumination resulting from the convex and concave undulations of the
envelope, which derives its form from the equilibrium
state of the embedded forces (Figure 6). The combination of both the stored energy resulting from the
elastic bending during the construction process as
well as the morphological differentiation of the joint
locations, allows a very light, yet structurally sound

construction. In this lightweight structure bending is
not avoided but instrumentalized, here referred to as
bending-active structure. The entire structure, with a
diameter of over 10 meters, can be constructed using
only 6.5 mm thin birch plywood sheets with a total
construction weight of only 400 kg.
The half-torus timber shell was constructed out
of 80 individual strips (Figure 8). Each of the strips
consisted of 6 or 7 segments and was coupled with
its neighbouring strip to form a self-stabilizing arch
(Figure 4). The coupling occurred at either end of the
segments along the side of each strip. The unequal
lengths of the neighbouring coupled segments
forced the longer segment into the post buckling
shape of an elastica arch. The final torus shape was
then constructed by coupling 40 self-stabilizing
arches in a radial arrangement. In order to prevent
undesirable local stress concentrations as well as
the adjacency of weak spots between neighbouring
strips, the coupling points need to shift their locations along the structure, resulting in 80 different
strip patterns and resultantly 500 different segments.

ROBOTIC FABRICATION
The fabrication process and the simultaneous assembly of the pavilion on-site were highly dependent on
the use of a robotic manufacturing laboratory (Figure 7). All settings of the robotic arm as well as the
spindle management (like routing speed, depth, and

Figure 5 (left)
Exterior view of prototype
structure
Figure 6 (right)
Interior view of prototype
structure
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feed motion) were adjusted to combine high accuracy with efficient logistics. Furthermore, the tight production schedule necessitated that within one run,
the entire part was not only cut in its contour but
also screw position marked, material layers removed
and finished, as well as joint angles precisely shaped.
Designing all these details to be fabricated by one
and the same spindle with a diameter of 20mm additionally reduced the production time.
This method allowed the fabrication of 500 geometrical unique parts with three types of connection
details and about 1500 different angle set-ups. As
opposed to the demanding fabrication process, assembly was straightforward and quick to execute,
without extensive scaffolding or additional equipment (Figure 8).

RESEARCH VERIFICATION
The development and construction of the research
project allowed verification of the presented computational design and fabrication process by comparing the following three models which were all
derived from a centralized information model:
•• the computational design model
•• the related FEM simulation model derived by
structural engineers
•• the actual geometry based on a pointscan
model of the constructed pavilion measured by
geodesic engineers

Central Information Model
Because of the very short timeframe available
to develop and build the Pavilion and its unique
characteristics in terms of material behaviour, the
team decided to integrate as many aspects of the
design process as possible into a central information model. The university’s recently acquired
robotic manufacturing workshop allowed fabrication of most of the elements needed for construction on site. This opened the possibility for
a direct transition from the digital domain to the
physical artefact.
Therefore, as opposed to conventional CADmodelling strategies in the building industry we
developed a unique computational information
model, which consisted of 2 integral parts: A parametric model which integrated the knowledge
derived from physical form-finding experiments
into a geometric output in form of a polyline
“skeleton” and secondly a multi-subroutine script
which used the parametric models’ polylines as
an input to create the geometric model (Nurbs
Surface Geometry). This was achieved by continually developing the information model parallel
to the design process, informing it through early
physical form-finding experiments, embedding
appropriate methods for geometric description
of physical behaviour and successively expanding its functionality as the project progressed.
Figure 7 (left)
Robotic manufacturing of
plywood strip
Figure 8 (right)
Assembly on site
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Subsequently, individual subroutines existed,
within the information model, for all aspects of
the pavilion design: From creating a 3-dimensional NURBS-Surface model (Geometric model)
for visualisation & solar analysis to generating all
relevant details and the related unrolled 2D strip
geometries for FEM-simulation and robotic fabrication (Figure 9 & 10).
This aspect of the project presents a novel approach to conventional Building Information Modelling (BIM). By developing highly specialised, individual subroutines, it was possible to derive the data
necessary for the design, fabrication, construction &
assembly of the structure without needing to revert
to preconfigured building blocks / elements as it is
usually seen in commercial BIM software.
For the planning of the prototype pavilion
the integral computer-based design strategy was
one of the essential measures which helped to

coordinate and mediate various design and fabrication factors. This information model combines
relevant material behavioural features in form of
abstracted geometric relationships that were transferred into parametric principles.
Design Model
This Model represents the geometric output of the
information model based on data derived from
physical form-finding experiments.
The goal of the form-finding experiments was
to measure the increase and limits of the rise of an
arch that is observed in a single span beam under
compression in its post buckled shape (Figure 3). In
the following step, a curve-matching algorithm was
developed in order to approximate these shapes
computationally. The aim was to find a geometric
description of the longitudinal system-axis that was
controlled by a small set of parameters:

Figure 9 (left)
Computational detailing for
manufacturing
Figure 10 (right)
Manufacturing Data for individual strips

Figure 11 (left)
Curve matching algorithm

Figure 12 (right)
Algorithmic distribution of
joints in design modell
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Subsequently, a 2-dimensional BSPLINECurve was constructed with 3 control points. The
first (A) and last control point (C) defined the start
and endpoint of the curve, whereas the 2nd control point (B) was used to create an arch-like shape.
This was achieved by placing (B) at midpoint between (A) & (C) at curve parameter t=0.5 along the
curve AB and stepwise offsetting it perpendicularly in one direction.
The offset amount (length) as well as the curve
weight associated at (B) were enough to sufficiently
describe the desired longitudinal system-axis computationally (Figure 11). As the inherent logics of
computational BSPLINE-curves are derived from mechanical spline behaviour it could be expected that
matching the results from physical experiments lead
to a sufficient correlation of the mechanical behaviour and geometric data embedded in the design
model (Figure 12).
Simulation Model (FEM)
While the geometry of the design model was an
abstraction of the actual equilibrium shape, which
also neglects additional deformation due to dead
load, it already gave feedback about the range of
design possibilities made available by this process.
More importantly it also defined the unrolled geometry of the strips including all connection points.
This information was directly transferred into the
input geometry of the finite element simulation
model. Given the unrolled geometry and connection points of the coupled arches it was possible
to simulate the erection process and thereby the

residual stress in a finite element based form-finding process. As the geometry of a bending-active
structure aimed for becomes more complex in a
coupled system, so do the equilibrium paths followed during the deformation process. At this point
it is no longer possible to simply deform a structure
into its post buckling shape by a number of linear
support displacements. As a form-finding strategy for coupled bending-active systems in FEM the
use of elastic pre-stressing cables was introduced.
These cable elements work with a temporary reduction of elastic stiffness which enables large deformations under constant pre-stress.
This method was developed for the formfinding of tensile membrane structures using e.g.
the transient stiffness method (Lewis 2003). For
the form-finding of coupled bending-active systems the great advantage is that the cables allow
the equilibrium paths that are followed during the
deformation process complete freedom . The prestress which is independent of the change in element length also allows the simultaneous use of
several cable elements in the different positions of
the system. In an iterative deformation process the
cable pre-stress is gradually increased in several iteration steps until all cable elements have contracted to zero length (Figure 13 & 14). This form found
structural analysis model allowed verification of the
geometrical shape including its residual stress, as
well as analysing the deformations and stress levels
under external wind loads.
Comparing models both without and including residual stress, it could be shown that the
Figure 13 (left)
FEM simulation : planar
strips (start of simulation)
Figure 14 (right)
FEM simulation : self-stabilising form (end of simulation)
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pavilion developed additional geometrical stiffness
due to the fact that the arch segments induce a
tension force into the straight segments. Here the
deflection under dead load was reduced by 15%
due to the residual stresses. This effect however
was reduced over time due to relaxation of the plywood. Therefore creep and relaxation tests were
started parallel to the erection of the pavilion. It
was thereby possible to calibrate the residual stress
in the finite element model to the actual situation
of the pavilion structure. Deformation tests with local loading could thereby also prove the correlation
of the finite element modelling with the physical
structure before and after partial relaxation of the
residual stresses.

Pointscan Model (Geodesic survey of actual built
geometry)
The third model was a point-cloud dataset based on
the exact measurement of the built prototype that
was established through full scale scanning and geodesic measurement techniques (Figure 15 & 16). This
model allowed understanding of the precision and
deviations of the two models explained above compared to the built artefact. Thus, it provided the critical link between the approximated geometric model
and the FEM analysis model. In addition it demonstrates the pavilion’s structural performance over a
longer time period by documenting the geometry
changes resulting from creep and relaxation of the
plywood strips.

Figure 15 (left)
Full scale scanning and geodesic measurement
Figure 16 (right)
Pointscan Model in CAD
environment

Figure 17 (left)
Design Model (top) &
Pointcloud Model (bottom)t
Figure 1 (right)
Final Prototype Structure
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Model comparison
The comparison of the 3 previously described can be
summarized as follows:
Comparison between Geometric Model & Pointscan
Model
The Geometric model did not embed behavioural features beyond the description of each locally bent segment. It intentionally factored out additional parameters such as the weight of the overall
structure, relaxation of wood due to exposure to humidity & sunlight as well as the effects of additional
deformation of the self equilibrating arches when
coupled to neighbouring arches. All of these aspects
do effect the overall geometry.
The observed deviation between pointscan
and geometric model is therefore tolerable and was
expected (Figure 17). Overall, the self-calibrating nature of the system compensates for these minor metric differences and alludes to the requirement of redefining an understanding of tolerances when dealing with behavioural-based computational models
and related material systems (Figure 18).
Comparison between Simulation Model & Pointscan
Model
Even though the previously mentioned factors
were embedded in the simulation model, a marginal
deviation to the data of the Pointscan was observed.
The minor discrepancies are due to the (necessary)
simplification of the model: e.g. Mechanical behavior
on the detail level, such as the slip at each strip-to-strip
connection, was not accounted for. Furthermore, the
geometry of the individual strips were abstracted, as
the curved outlines proved to be a challenge for the
necessary meshing that proceeds every FE-Simulation.

CONCLUSION
The Pavilion proved to be a successful vehicle for an
integrative approach to computational design. Material behaviour was efficiently captured within the
Information Model through the full utilisation of existing B-spline algorithms.
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The development of the central information
model allowed for linking the geometric data at the
design stage directly to the necessary FE-Simulation
environment and prepares data for robotic manufacturing throughout the entire process. This generative
process, combined with the use of high-tech fabrication technology in timber construction, allowed the
production of 3 comparable models: The geometric
Design Model, the Simulation Model & Pointscan
Model of the built pavilion itself.
The synthesis of material, form and performance enables a complex structure to be unfolded
from an uncomplicated system, which is both
economical and material efficient, to build while
providing an enriched semi-interior extension of
the public square. This project shows how these
unique characteristics could be reached through
the combination of modern computer based design and calculation methods. Furthermore, the
pavilion shows how bending-active structures
may reach extremely complex geometries based
on the non linear deformation of post buckling
shapes. We may conclude that the use of modern
computational design and analysis methods may
carry this design approach beyond the complexity of single layered grid shells, while still using
the advantage of generating complex curved
geometries from linear or planar construction
components.
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Abstract. As the architectural community becomes more and more “aware” of the ecological
problems that our environment faces, digital tools gain a prominent position in the attempts
to inform the design process with environmental sensibilities. However digital tools could
provide more than the means to evaluate the energy efficiency of a design. The paper
discusses the possible ‘digital-to-analogue’ design methodologies that are developed through
the use of advanced computational techniques, alongside with material explorations, through
example-projects designed and constructed by the students of the School of Architecture of the
Aristotle University of Thessaloniki during an intensive, one week workshop.
Keywords. Responsive Action; Digital & Analogue Processes; Design Protocols.

The discussions concerning the ecological problems
that threaten the life conditions on the planet have
reached the architectural community within the last
10 years. In this context issues like the incorporation
of the microclimate of a place in the design process
and the recycling of materials become crucial in contemporary architectural design strategies. Yet, most
practices in this direction tend to approach ecology
in a restricted way. They either deal with the relation
of the designed object to the natural environment,
as an issue that validates design proposals, or they
incorporate energy efficiency technologies, as a
fashionable implement.
However, ecological thinking suggests a much
more broad and extensive approach. This has to do
firstly with the relation of the subject (where as subject we can understand either a person or in our case
the designed object) to its environment, both natural and artificial, then the relation of the subject to
other subjects, and finally the relation of the subject
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to itself (Guattari, 2000). This involves a sensitive and
responsive attitude according to which design has
to be seen more as action taken in order to bring
balance between these fragile relations rather than
a decisive method of superimposing a novel assembly upon an existing setting. If we want to approach design in an ecologically aware manner, we
need to employ tools that help us to interpret and
control the delicate environmental conditions. More
importantly, we need to adopt a new way of thinking that initiates from these conditions and relies on
bottom-up design processes, rather than to apply
a high level conclusive concept (Vergopoulos & Kalfopoulos, 2004).
In the urban context, a designer has to take
into account the multiple conditions that are layering modern urban situations. Economy, memory,
culture, environmental and technological matrices
are only some of the fields that need to be studied
and mapped along with the inter-relations between

them. Today, digital technologies provide the necessary means in order to map the flow of information regarding the above-mentioned elements, and
to direct it in order to shape design decisions. Yet,
while it might be easier to imagine such a process
in relation to parameters that have clear quantitative values, the same undertaking becomes vaguer
when it comes to parameters of a more qualitative
nature. For this reason, it is important to understand
the nature of digital tools and see how we can use
them in order to develop design protocols that will
direct both qualitative and quantitative flows of information towards design decisions; where protocol
is understood as “a language that regulates flow,
directs netspace, codes relationships, and connects
life-forms” (Galloway, 2004).
The paper focuses on these issues through the
work developed by students at the School of Architecture of the Aristotle University of Thessaloniki,
during the Urban-Performance Workshop, organised
in during the spring semester of 2010. The aim of the
workshop was to use waste materials (like empty water bottles, used CDs, plastic forks) as building material for site-specific installations that are formed and
defined through mapping of conditions met at each
of the selected sites.
There are several examples in the architectural
practice where waste objects are becoming the raw
material for an architectural intervention. However
the workshop proposes a novice approach. Waste
materials, being usually industrially produced objects, are homogenous and undifferentiated. Therefore their use as a building element tends to produce
equally homogenous results. The workshop explores
the design of the connecting devices, through the
use of advanced computational techniques and digital fabrication, which control the positioning and/
or the transformation of the base material. That way,
a waste product of mass production becomes manipulated by the means of mass customization that
the new technologies provide, creating a highly differentiated final product. At the same time, it is the
flow of information that is mapped on each site that

directs and informs the ways in which this differentiation occurs.
The work produced during the workshop is
discussed in relation to the progress of each project
and the digital tools that were used each time. There
is an attempt to locate and identify the processes
and tools that better accommodate the external information and incorporate it in the process of shaping objects with very specific material properties.
These tools and processes are subsequently used in
order to create installations in equally specific locations throughout the city. This discussion relies on a
design model consisting of four parts, two of them
digital, and two analogue: The first part is the recognition and the comprehension of the material qualities of the initial waste objects. This is accomplished
by physically manipulating each object and trying
to detect its potential to reveal a new identity and
acquire new qualities; not anymore as a complete
object but as a component of a much wider and
complex system. Part of this process is the definition
of the connection principles. The next part is implemented with the use of digital tools and refers to the
development of a protocol, a set of rules that are put
in place by the designer according to the information that is manipulated (Gourdoukis, 2010, 2011).
In this part, the coding of those rules (through computer programming) becomes an essential element.
The third part is the simulation of the protocol, still
in a digital environment. Simulation does not aim
to “specify unknown variables” but rather “at finding similarities or analogies across time in complex
processes for which the precise actions of variables
remain unknown” (Hookway, 1999). This allows for
larger environmental patterns to become visible and
the properties of the model to emerge in a bottomup fashion. At the same time, simulation is not used
as the repetition of an already defined process: Simulation does not copy something that already exists.
It utilizes instead the protocol defined in the previous stage and reveals its potentialities becoming
that way not an evaluating but a generative process.
(Vergopoulos & Gourdoukis, 2011). The final part of
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the design process is the construction of a physical
model according to the results of the previous stages in order to evaluate the ways in which the design
interacts with the physical space. Between these four
stages a feedback loop is developed that becomes
the generative force in the design process.
This design model attempts to apply the principles of ‘bottom-up’ processes (as these are defined
by Benyus in the context of biomimetic architecture) to methodological aspects of the development
(Benyus, 1997). Benyus suggests that a top-down
process initiates from an abstract concept and subsequently continues to the specification of the form,
then the structure and finally the material of a construction. On the other hand, in a bottom-up process (particularly in nature) the structure and consequently the shape of an organism rely on its material.
In the context of digital design, a lot of bottom-up
approaches define the interconnecting relations of a
structure as the initial point of an assembly, but only
a few try to approach materiality. As the following
description of examples of student projects shows,
this is one of them.

The first of the projects we are going to describe
here used paper cupcakes as its building element.
Initial explorations were both digital and physical.
Physically they were based on the transformability
of the material. Being able to bend or skew, it was
able to produce in its repetition both curved and
straight surfaces. At the same time using glue as
the connecting material, the students managed to
produce a wide variety of formations with a different degree of rigidity: Larger glued areas produced
more rigid results while smaller connection areas
more transformable ones. At the same time, in the
computer, initial experiments were based on the geometry of the paper cupcake and the ways in which
it could be multiplied. The first digital attempts were
made in Autodesk’s Maya employing built-in animation techniques. That is, the multiplication and transformation of the component was achieved through
animation dynamics: particles and force fields.
This first round of experimentations was
marked by an almost total incompatibility between
the digital and the physical models. Connections
and assemblies made physically were impossible to
Figure 1
Initial animation experiments
of the ‘paper cup’ team.
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Figure 2
Basic growth algorithm of the
paper cup project.

Figure 3
The results of the used script.
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be matched digitally in order to explore their potential in larger assemblies, while formations achieved
digitally were practically unbuildable in the physical
model. This discrepancy led to a change of strategy
in relation to the digital processes. Maya was still
used but the built-in animation techniques were replaced by much simpler, in the beginning, scripted
operations. That proved to be a much more efficient
method in order to simulate digitally the observations made in the physical model. By setting simple
initial rules in order to specify the ways according
which the components were connected to each
other and multiplied, the students were able to recreate formation that were initially modelled physically and consequently able to alter and transform
these formations in manners possible to be reproduced manually. While there were still differences
between digital and physical models, there were
enough common properties to allow the students

to move back and forth between the digital and the
physical in order to develop the project. In fact it was
those small differences that became the creative
force: They were small enough to allow the passage
of certain properties from one model to the other,
but big enough to make each step not a replication
of the previous but a new transformation in a line of
consecutive alterations. The final project was a sheltering structure, placed in a specific place of the city
used equally by humans and pigeons as a meeting
point. The structure accommodates the needs of
both groups promoting an idea of symbiosis.
A second group used plastic forks as its building
component. While the initial approach was similar
with the first group (experiments both digital and
physical), the digital tools were different: the students employed Rhinoceros 3D and Grasshopper
as the means to explore the possible formations. In
this case, the digital experiments were investigating
Figure 4
Physical model of the paper
cups project.
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the possible formations of several different aggregations of components, where the fork was reduced
essentially to a simple line representing its length.
At the same time, the physical models were focusing on the study of possible ways to connect the
forks with each other: In the beginning using its own
spikes, then using rubber bands and finally employing metal screws. The different joints were providing
different degrees of flexibility with the screws being
chosen finally as the most appropriate one. It is interesting, however, that in this case digital and physical
models were able to be developed in parallel without significant discrepancies between them. While
in the previous example the whole processes was
a series of steps, where each one was transforming
and developing the previous one, in the case of the

plastic forks project the relation was complementary. The digital model was testing aspects difficult
to explore physically, like the aggregation of large
numbers of forks, while the physical models were focusing on aspects like the connection joints. In other
words, the digital models were ignoring the problems faced in the physical ones (assuming that the
forks are going to be connected in a way) and were
dealing with the larger scale (the formation of the
construction in total). At the same time the physical
models were presupposing the result of the digital
ones – the forks will eventually form a larger assembly – but were solving local issues – the connection
joints. The final project was a network structure used
in order to signify the existence of some ancient ruins in the city of Thessaloniki that are currently rather

Figure 5
Photomontage of the paper
cups project.
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Figure 6
Basic configuration of the
‘forks’ project.
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ignored because they are in a lower level that the
rest of the city.
One conclusion that we might draw from the
previous examples is that there seem to be two
ways to implement the four-part process described
in the beginning of the article. In the first way, as in
the case of the paper cups project, each part is a reinterpretation of the previous one: First the material
properties are observed in the physical model. Then
a protocol is developed in order to encode digitally those properties. Subsequently the protocol is
simulated in order to see the possible results. Finally
some of those results are build physically. However,
each part alters the previous by adding information
and consequently by changing the direction of the
project while ensuring, at the same time, that the
alterations will not be too big, as that would result

in the loss of connection with the step that follows.
In the second way, as in the case of the plastic forks
project, each of the four parts does not interpret the
previous but it rather focuses on different aspects or
problems. The initial physical model tests the material properties and explores possible solutions in the
local level. A digital protocol is developed in order to
establish relations that will define the ‘global’ properties of the construction. Then the protocol is tested
so the global possibilities are explored. Finally the
physical construction is made combining the results
of both local and global scale.
Of course those two distinct ways are perceived
as such only in a theoretical level. In practice the
process followed is always a mix of the two. However it usually tends towards one of them, as in the
examples of the urban performance projects. And

Figure 7
Photographs of the building
process.
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Figure 8
Photomontage of the ‘forks’
project on site.
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thus each of the two has different properties. The
first one, where each step is a transformation of the
previous, can accommodate much easier qualitative
properties that cannot be described in terms of numbers. The second one, where each step complements
the other, is much more precise and can incorporate
quantitative data in a very efficient way. Finally, an
important aspect of both processes is that the more
we follow a digital-analogue paradigm, the more we
realize that predefined processes in existing software are ultimately inefficient. In order to be able
to bridge the two – physical and digital – we need
to develop custom tools that each time respond to
the specific situations encountered. Therefore, a useful direction for CAD might be the development of
software that does not provide solutions, but the
means to create processes defined by the designer,
something that is supported by the current spread
of software like Grasshopper that focuses exactly on
this aspect.
As a closing comment, it is important to point out
that, although the digital model is the starting point of
the design process, it is the physical model that deals
with the material qualities of the designed object, as
well as its fragile relation to the urban environment,
and that this interactive design operation triggers
further design rearrangements. This particular aspect
connects the whole undertaking to research towards
analogue and digital hybrids in design.

THE URBAN PERFORMANCE WORKSHOP
The Urban Performance Workshop took place in May
2010 at the School of Architecture of the Aristotle
University of Thessaloniki. Below is a list of the people involved in the workshop:
Visiting Professors:
Heather Woofter, Sung Ho Kim (Washington
University in St.Louis)
Teaching team:
Stavros Vergopoulos, Dimitra Chatzisavva, Dimitris Kontaxakis, Vassilis Papadiamantopoulos, Spiros
Papadimitriou, Anastasios Tellios, Dimitris Gourdoukis, Katerina Trifonidou
Organization:
Stavros Vergopoulos, Dimitris Gourdoukis
Students:
LoveMeTender: Plavou Vasiliki - Maria, Samara
Aliki, Smouklis Fotis, Papakonstantinou Vasilis, Chiou
Maria, Koroni Dimitra
Mind_inTheGap: Boukouvala Maria-Aglaia, Kotsani Euthimia-Dimitra, Psaltis Stelios, Sourvinou Ioanna, Tsakiridis Giorgos, Vlassi Jules
ReflectingBites: Arvanitakis Giorgos, Dalamaga
Vassiliki, Diamanti Vassiliki, Mavropaidi Christina
PlastiCity: Gkoumas Vaggelis, Iakovidis Nikos,
Karaoglanian Anait, Kasimati Efi, Mpoutoulousis Patsios Ioakeim, Panagoulia Eleanna
RainbowGenerator: Kotsanis Giannis, Konstantinidou Athina, Loukidou Anna, Rakintzi Dimitra,

Figure 9
Photograph of the physical
model of the ‘forks’ project.
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Stergioudis Vasilis
EggCellter: Georgaka Anthi, Keki Adamantia,
Papayianni Maria, Loukaidis Giorgos, Kaminidis Romaios, Melikidis Ivan
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Abstract. Computational aspects of architectural design have revolutionized actual process,
and have made a new platform for cooperation that spans across all disciplines. The focus
of this study is to understand how the seashell form can be applicable in design process of
human architectures. Our approach will show the act of choosing an inspirational natural
form and its application into the virtual world, then digitalization, transformation, and
evaluation of the form that are suitable for human architecture. 3D model generating would
be performed by doing the scan of a selected seashell form. Further action would be to import
the object as a tool in the Zbrush application, and continued modeling transformations. This
phase would include other parameters that need to be integrated during the architectural
design process since architecture usually exists in a radically different environment in
comparison with the seashell.
Keywords. Complexity; architectural form; generative design; digital design fabrication;
rapid prototyping.

INTRODUCTION
Contemporary world is a place of constant change.
New technologies are present at every field of
human activity. In spite of traditional reluctance
that architects have when it comes to new and
unknown, most of the architectural community is
finally starting to be aware that it needs to except
technology, and embrace it as a new source for architectural practice, even from the early stages of
the design process. Until recently, typical shapes
used by designers have been rectangles, spheres,
triangles, squares and cylinders – Euclidean Geometries. As free form shapes no longer are constrained by the traditional drafting and machine
tooling, it is now possible to build these shapes as
formations with unique details and appearance.

In that sense the structures in nature have always
been great lessons for human study. Having been
in development for several billion of years, only
the most successful structural forms have survived. One of the most beautiful, interesting, yet
complex natural forms are seashells. The focus of
this study is to understand how the seashell form
can be applicable to human architectures, not as
strict imitation, but as a starting point in generative process of creating architectural forms. Digital methods are used to scan selected seashell
form, as well as to suggest a variety of possible
architectural forms.
In that sense needs for effective delivery of results within processes of designing, manufacturing,
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and other aspects, have significantly improved. Effective use of available resources needs new tools
and approaches, which are being developed as a
result of rapid movement and advancement in computer technologies, and they directly incorporate
computer controlled systems into manufacturing
processes. The approach to development of new
design has extremely changed, in regard to former
design development, and all thanks to important
achievements in different computational and manufacturing technology areas. As an addition to CAD/
CAM/CAE, technologies of rapid prototyping are
being introduced as they significantly reduce time
and costs of architecture design. Rapid prototyping have expanded the list of possible Euclidian and
non-Euclidian shapes for play by designers. It is one
of few clear methods that can help designers effectively build free form shapes for design projects, by
producing a prototype. The potential of an effective
prototype is acquired information in design that will
make full scale production economically, functionally, estetiqually feasible.
In this paper, we have introduced a DDF method (Digital Design Fabrication), as a new tool for
architects in their conceptual design. The Digital
design fabrication method is a two-stage process of
working that integrates generative computing and
RP into one process. All RP techniques have the same
approach. Based on that assumption all RP systems
have similar chain of process, containing five steps,
which are:
•• 3Dmodelling,
•• Conversion and data transfer,
•• Testing and preparation,
•• Fabrication,
•• Post processing.
Through a presentation of issues, procedural
observations, and research findings, we will present
the potential applications of the DDF, drawn from
the experiment done with a chosen complex form
of a seashell. It will demonstrate a new phase that
should be integrated into the process of design.
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Hopefully, through further computational education
and development, it will help architects in generating new ideas for architectural visualization.

ARCHITECTURAL FORMS
Architectural forms can be defined as one of the
strongest expressional aspects of architecture.
They derive from our definition of space, and have
historically gone through many transformations of
their physical configuration and semantic codes.
Complexity of architectural forms has progressed
through time. The concept of complexity came into
modern architecture with postmodernism, which is
treated as spatial differentiation and diversity, striving for “architecture of complexity and contradictions” (Venturi 1989).
World of forms is a world of proportion, and
their relations. Complications within that world are
the essence of the complexity of architectural form,
which according to Jencks shows the “creativity rich
with possibilities”. The complexity of the architectural forms, characteristic of contemporary architectural creations, can be seen as “deconstruction of the

Figure 1
Seashell, a natural form

classical concept of space in architecture - introducing
fragmentation of form, disorder and randomness, biomorphous geomorphous shapes – seeks original expressions and creating a new grammar which would
give a more dynamic, more complex spatial relations.
Design of spatial form in contemporary architecture,
based on the geometry of complexity and nonlinearity, is enabled by the development of new scientific
theories, technological capabilities and by applying
computer programs that are based on the theory of
complex systems.” (Cahtarevic 2008).
Most complex, proportionally perfect forms can
be found in nature, and the nature has always been a
place where man has sought inspiration, and translated it into analogies in architecture, science, art,
etc., which has been documented since the earliest
prehistoric cave drawings.
Figure 2
Nature and architecture
analogy

“Biomimetics, also referred to as bionics, biomimicry, bioinspiration or bioinspired design, can be
defined as the implementation of design principles
derived from biology… Three distinct levels can be
recognized at which patterns can be translated from
biology to architecture. The lowest level, and the most
obvious, is direct copying of biological objects… The
second level of translation is the recognition of patterns in the way problems are solved in biology and
engineering….The third level of translation is more
closely integrated with current practice in engineering and design. The patterns are more abstract, but
are there, in that problems are defined and solved
within a closely defined framework based on a large
number of published patents. “ (Vincent 2009). In our
paper the attempt is to make a shift from the first level

of biomimicry, by illustrating direct copying of biological objects just as one of many possible ways of
jumping further into the conceptual design process,
instead of starting from scratch.

SEASHELL FORMS
There are many examples of the use of natural forms,
or the phenomena as the basis for architectural geometry. Through history and especially in recent
times we have seen a lot of examples of that. Our
interest is focused on research how natural forms
can be a starting point in generative process of creating architectural forms. “The research has been
outlined in a number of mathematical relationships
that control the overall geometry of shells.” (Jirapong
and Krawczyk 2002). Mathematics is the science of
patterns and relationships, which helps us to express
ideas. By observation and mathematical definitions
we extract new parameters into the mathematical
framework, which gives us new rules that we can implement for solving different architectural problems.
Architecture, which exists in a radically different environment from the seashell, has other parameters
that need to be integrated during the architectural
design process. These parameters are in relation with
the functional requirements of architectural forms.
Beautiful, natural forms such as seashells have
especially been suitable for analysis and applications
into digital design process.
Seashells exist in specific natural environment,
which has its implications on defining the final shape.
Extracting such form from its original environment,
and putting it in another context, leads to new condition for designing in accordance with its inputs of
new environment. “The abstracting process combines
three major components that influence the final result of an architectural form. These components are
the seashell geometry properties, seashell structural
properties and architectural properties.“ (Jirapong
and Krawczyk 2002). Using mathematical language
selected model of seashell can be described as combination of circles, lines and forms they make by their
translations and rotations. Moving on from geometry
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to structural properties, as we do further analysis of
seashells forms, we can find analogy in how shell geometry responses to any load from outside world by
redirecting forces within a very thin section of shell
structure along its natural multiple curvatures. All
this is why seashell forms are suitable for extraction
of principles and their further analysis and application. Never the less, architectural properties that
every building has to fulfil in order to produce human
architecture, no matter which design principles are
used during the design process, the final goal should
always be inhabitable architectural forms.

of analysis and measurements are used as inputs
for generating 3D models. Reversible engineering
represents use of digital technologies like 3D scanners, to translate existing physical objects into
digital models. “RE aims to automatically generate
computer models from existing physical ones. RP
aims to create physical model based on computer
model, quickly and directly with minimal human
assistance.” (Plančak 2004). The implications of
rapid prototyping in digital design tend to emphasize the continuousness of design, materialization
and construction.

DIGITAL DESIGN FABRICATION

CASE STUDY: SEASHELL

The Digital design fabrication method is a two-stage
process of working that integrates generative computing and RP into one process. The term digital
design has various meanings and definitions. “Digital design as a method can be generically described
as a constructed relationship between information
and forms of representation that support design
in computational environments.” (Sass and Oxman
2005). Generative design, or generating a 3D model,
can be achieved through several methods, by using
software systems, mathematical data, reversible engineering, etc...
Software systems, such as Proengineer, Catia, and others, can provide data and representations of the model. Mathematical data, as results

An idea is starting point of each design process, that
doesn`t appear in vacuum, it is triggered by inspiration, which can be found everywhere around us. For
this case study, inspiration was found in the seashell.
Next step was observation of the seashell complex forms, and development of strategy and concept how to use seashell in future design. Sketch
(Figure 3) was used to present the idea, and it became clear very early in the design process that use
of ordinary computer skills and software won’t be
sufficient for representing the design in full version.
Next phase was defining of all the steps that
had to be parts of digital design and defining what
we need to do, which softwares we need to use to
express our desired design. Algorithmic thinking is
Figure 3
Sketch of a seashell

782

eCAADe 29 - Shape Studies

needed in these design approaches. Observing patterns in natural environment, recognising how they
act in their natural environment is inevitable, and
whether their relationships say something useful for
solving the problems.
Illustrations of steps that need to be taken in
this kind of approach are shown in algorithm:
1. Scanning “object” by laser scanner 3D Davids
laser scanner (“object” will be the start of our
concept design)
2. Processing of “cloud of points”, creating 3D
model (shape model)
3. Creating solid object by Pro E (Catia)
4. Modifying and making our final design
5. Preprocessing of model for Rapid Prototyping
6. Preparation of 3D model for 3DP process (Z
Print)
7. Production of “green” part by 3DP machine
(z310+, Z Corporation USA)
8. Post processing of “green” part – production of
final product
Generating of 3D model was performed by scanning of selected sea shell. The model was set within
camera objective, the laser passed over the model
20 times from different angles. Laser that we used to
scan model was contactless David Laserscanner. Since
this is a complex form, this type of laser is preferred for
scanning in these cases. It should be noted that scanning must be done carefully and slowly in order to
collect vast number of dots, which gives us more detailed results. Each recording with a laser can be seen,
and should be saved in order to overlap. After recording model from different angles, as we rotated the
model around one axis, in the same direction, spanning 360 degrees, we overlapped resulting images in
order to generate the model, as basis for our design.
Overlap was also made in software program 3DShape
Fusion, where we performed the scanning by choosing the ADD button, and choosing the saved surface 1
and surface 2 and then pressing the command ALINE.
That way overlapped surfaces dots were identified.
After that, we excluded the surface 1, added surface

3, and repeated the same process for surfaces 2 and
3. The same process was continued with two by two
surfaces in order to get compact model which had
overlapped surfaces, placed on exact position. Once
we had done the procedure for all of the 20 surfaces,
we turned on and selected all of the surfaces and
pressed the button COMBINE. As the result we have
a model that consists of all surfaces that we recorded,
with dots set to the proper place. Obtained model
was saved and the use of other software packages
was acquired for detailed model transformation and
manipulation. We used GEOMAGIC Studio 10 software. First we had cloud of dots and by using method
of triangulation we transformed model into a surface
and deleted excess dots. For these actions, we used
commands: Point phase, Reduce noise, Uniform Sample, Repair intersections, etc. Relax Boundway. After
saving as STL format, model can be further processed
in Pro Engineer, or CATIA software . The same software was used for modeling, designing and 3D printing. Working process requests knowledge of software
packages, and multidisciplinary approach, which improves final results.
In our work we collaborated with Faculty of Mechanical Engineering in Tuzla that gave us unique
opportunity to perform our practical part of our paper in the Faculty lab. After importing the model in
ProE, we removed the lower part of the base (plasticine) which we used to fixate seashell during the
scanning process.
Special interest architects put on 4th stage of
process: modifying and making final design. This
stage integrate skills and knowledge about computer software and virtuosity of architect to be able to
implement those skills in architecture, as this case
shows how to use natural form in exploring new
concept of constructing object. It is not just about
design in sense of aesthetic, but constructing also.
Shape study will allow architect to use natural form
in architectural design. The scanned model was
imported in 3ds Max software, containing several mesh structures, which needs to be grouped
and exported as an .obj file, quad type geometry
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without texture and material library. According to
the fact that this is scanned 3D model with about
million polygons (982500) it was needed to minimize model up to 80.000 polygons to be able to
efficiently manipulate and operate with model.
Further action was to import the object as a tool in
the Zbrush application. Zbrush application requires
work based on pixels (2,5D pixels, which besides
having a width and height, also has depth). Zbrush
makes specific kind of editing possible, with its
own brush tools. This enables development of very

complex and precise interventions on the mesh
structure of the object, as: configuration modeling,
all kind of space transformations, and texture painting on very surface of the object, and upgrading
of the object to HD geometry level which later on
can be used in context of very refined researches
and additional visualizations. Alignment of model
was done in Zbrush with smooth brush and after
it was exported as an .obj format in 3ds Max in
which it was by using prooptimizer minimized up
to 76,863 polygons and maid as one unit. Using
Figure 4
The scanning process
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Figure 5
Shape study

Figure 6
Final shape option
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spline volume was structured and patch area was
done with all smooth shell lines. Rough border was
removed. On the flank opening is performed. Result
of such modifications is a model that could again
be exported as an .obj file, with a possibility of repeated importing in any 3D or CAD application.
After defining the final satisfactory design, the
new model is ready for realization in the material
world, as generative design and rapid prototyping
close the cycle of digital design fabrication.

CONCLUSION
Nature has always been an endless source of inspiration for architects. Richness of forms and shapes
prompted our exploration of nature. Earlier in time,
architects had certain constraints, due to lower levels of structure and material technologies. Most of
the forms and shapes, inspired by nature stayed only
in their imagination and on their sketches, only few
brave as Gaudi succeeded in breathing life into his
nature inspired beautiful forms. Architects of today
don`t have those boundaries, and that is provided by
technology advancement and computation. Now, as
the possibilities have no boundaries, and the computation has made abstracting natural forms into architecture possible. Complex visualizations and fabrications are made by simple computation. It is very
important to stress significance of the link between
future design and use of new technologies, and the
fact that multidisciplinary approach is inevitable. Until recently architects had to be familiar and have at
least basic knowledge in all other engineering disciplines, but now contemporary world has introduced
a new aspect that enforces obligatory knowledge of
new software packages, new technologies.
This paper has illustrated the approach to
design that shows all preliminary stages of design
process, and a possible path that can be chosen in
sense of implications of natural forms into the design, as an initiating generator of architectural form
conceptualization. The case study shows the act of
choosing an inspirational natural form and its application into the virtual world, then digitalization,
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transformation, evaluation of the forms that are
suitable for human architecture.
In contemporary society, digital design literacy
of architects is expected, as well as constant update
with technology development and growing possibilities of different software packages. By having
that knowledge, architect becomes aware of importance of collaborations and openness to other
disciplines, and of their contributions to architectural design process. Those elements affect the cognition of creativity, understanding the limitations
of technology and building techniques. Overall, it
concludes in liberation of the mind and more creative designs.
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Abstract. Alberti’s ”De re aedificatoria” is considered one of the most influential treatises
of architecture. Historic approaches aimed at tracing such an influence on European
architecture have relied mainly on documental sources. The extent of such an influence,
however, remains elusive. The research described in this paper is part of a larger project
aimed at using the computational framework provided by shape grammars to determine the
extension of such an influence on the architecture of the Portuguese empire in the counterreform period. The idea is to translate the treatise into a shape grammar and then determine
the transformations required for the grammar to account for the generation of the buildings
designed and built in this geographic region. The paper presents a grammar for the Albertian
column system, focusing on the Doric order. Subsequent work will be concerned with
identifying the transformations of this grammar in the Portuguese context.
Keywords. Alberti; generative design; shape grammars; transformations in design, design
automation

GENERAL
The research described in this paper is part of a
larger project, called ”Digital Alberti,” which is aimed
at understanding the cultural impact of Alberti’s
treatise on Portuguese classical architecture using a
computational approach. The initial motivation for
the project was the recent publication of the first
known translation of the treatise into Portuguese
from Latin by M. Kruger and A. E. Santo (2011). The
specific goals of the project are twofold: first, to determine the influence of the treatise on architecture
in the Counter-reform period in Portugal and second
to use digital media to enable a contemporary interpretation of the treatise.
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Based on documental sources that reveal links
between Portuguese architects and Alberti’s work,
some historians have pointed out that such an influence was real, but none was able to determine its
extent so far. Our idea is to shed some light on this
discussion by translating the treatise into a shape
grammar (Stiny and Gips, 1972) and then trace the
influence of Alberti’s work by determining to which
extent the grammar can account for the generation
of Portuguese classical buildings. This approach follows the transformations in design framework proposed by Knight, (Knight, 1983) according to which
the transformation of one style into another can be

explained by changes of the grammar underlying the
first style into the grammar of the second one. Grammars are thus proposed as a complementary tool to
be used by architectural historians to test hypotheses
raised after documental sources. The project foresees
the development of grammars encoding the rules for
designing the column system and rules for designing
buildings, namely churches. The paper presents an excerpt of a preliminary version of the grammar for the
column system, focusing on the Doric order, briefly
describes the computer implementation of the grammar using Rhino and Grasshopper after being converted into a parametric design system, and presents
some digital and physical models produced from the
output of the program using rapid prototyping. These
models will be included in an exhibition that is expected to be produced at the end of the project.

METHODOLOGY
Alberti’s treatise can be thought of as a set of algorithms that explain how to design buildings

according to Alberti’s interpretation of the canons
of classical architecture. Our aim is to translate such
algorithms into a shape grammar using a procedure
similar to the one followed by Li (2002) in the study
of the Yingzao Fashi, a 12th century Chinese treatise of architecture, then into a parametric design
system, and finally into a computer program. This
procedure encompasses the following four tasks:
decoding the treatise, inferring the grammar, implementing the grammar, and generation of digital and
physical models, which are described below.

DECODING THE TREATISE
”De re aedificatoria ” is a text without illustrations. Alberti says that he decided not to illustrate the treatise
to avoid misinterpretation and construction errors.
In our opinion, this also might have been due to the
generative nature of the treatise. In fact, it describes
a system of rules, rather than models of solutions. Because Alberti lacked a visual way of representing such
rules, he chose not to provide any visual illustrations

Figure 1
The four steps taken to understand and decode the treatise:
systematizing the text (top
left), creating 2D drawings
(top right), making 3D digital
models (bottom left), and producing physical models using
rapid prototyping.
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that might have led readers to think that he was
proposing rigid models. (Book VII, Chapters 7 and 9)
Nevertheless, illustrations have been made by several authors over the centuries, the most important of
all are probably those by Moroli and Guzzon (1994).
Although, our argument is that shape grammars
provide the visual apparatus that Alberti lacked to
describe the generative nature of his system of rules,
our first task in the development of a grammar for the
treatise was to produce graphic representations from
our own reading and interpretation of the treatise.

This task is illustrated in Fig. 1 and it aimed at gaining
a deep understanding of the algorithms described
in the treatise by systematizing the text, developing
2D drawings and 3D models of the column system
according to its rules, and then producing physical
models using rapid prototyping.

INFERRING THE GRAMMAR
This task aimed at gaining a deeper insight into the
structure of Alberti’s treatise and, consequently,
of the described rule system in order to capture it
Figure 2
Diagram summarizing the
structure of the column system and its articulation with
the structure of the temples
as described in the treatise.
(Book VI, 13; VII, 9) D means
column’s diameter.
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into a shape grammar. It encompassed three steps.
The first step was to create a diagram capturing the
order in which Alberti describes the formal structure of the column system; (Fig. 2) the second was
to zoom in and extract the rules for defining the
proportions of its various parts; (Table 1) and the
third step was to draw the shape grammar rules.
(Fig. 3-4) The rules for designing the colonnade, the
“proto” column system, and detailing the shaft are
described in ”De re aedificatoria”’s Book 6, Chapter
XIII; the rules for detailing the base, capital, and entablature of the four column systems -- Doric, Ionic,
Corinthian, and Composite -- are provided in Book
7, Chapter VII to IX.
The column system, Alberti’s expression to designate what Vitruvius and most authors called “classical order,” is at one time the structural and formal
skeleton of the building. It may be found in any of
the parts that composed of the buildings -- for instance, in the temples it may be found in the cell, the
chapels, or in the portico -- and it may be embedded
in the walls or detached from them. In any case, they
are organized into colonnades, which may be of five
different types, depending on the spacing between
columns, called intercolumn and, therefore, on the
balance between the number of columns and the
dimension of the intercolumn. This dimension is a
proportion of the columns diameter (D) and may
vary from 3/2D in compact colonnades to 27/8D in
extended ones.
At the beginning of Book VII, Chapter 7, Alberti
says that all various the moldings in the columns
system result from compositions of a vocabulary
formed by the letters “L”, “C”, “S”, and inverted “S”. He
then goes on to describe rules for how to compose
the various column systems. One would expect these
rules to be defined from such a vocabulary. However,
this is not the case, as his description proceeds mainly in a top down fashion without reaching such a basic vocabulary, which is never mentioned again. As
a result, his rules are far more rigid than one would
expect. This compositional rigidity exists both in the
relative order of components in the column and in

their dimensions, which are all proportional to the
diameter of the column as shown in Table I, just for
the column system, the shaft, and the base due to
space limitations.
The column system is formed by the entablature and the column. Each of these parts is formed
by three smaller parts, which in turn are formed by
other smaller parts, and so on. However, Alberti describes the entablature and the column in different
ways. The entablature is described in a bottom-up
fashion by the successive addition of components,
whereas the column is described in a top-down one
by the recursive decomposition of bigger elements.
The column is, thus, formed by the base, the shaft,
and the capital. Note that Alberti also uses the term
column to designate what most authors call the
shaft but we decided to use shaft to avoid confusion
between the two cases. The Doric base is formed by
the plinth, the lower torus, the scotia, and the upper
torus. Finally, the scotia is formed by the lower fillet,
the channel, and the upper fillet.
The shape grammar
In accordance with the illustrations that were developed for the treatise by several authors over the
centuries, including Morolli, the grammar was developed as a parallel grammar encompassing four
views: plan, section, elevation, and axonometric. The
first three of these views are developed in the Cartesian product of the algebras U12 and V02, and the
fourth in the Cartesian product of the algebras U13,
U33 and V03.
The definition of the column system grammar
faced an important difficulty related to the interdependency of parameters. As mentioned in the
previous section, the intercolumn is a multiple of
the column’s diameter but so is its height. So, the
problem became one of deciding how to start the
generation. Should it start from the plan or from
the elevation? The current version of the grammar
was developed to start from the plan, after rules for
designing the colonnade have defined the location
of the each column. However, the ultimate goal is
Shape Studies - eCAADe 29
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Table 1
The proportions of the different parts that compose a
Doric column system and
their assignment to rules.

Protocolumn
Rule 1

Rule 2

Rule 3

H entablature = 2D
H column = 8D
W colonnade = (2n-1)
Wic + 2nD
W intercolumn = Wic
Wic Є {3/2D, 2D, 9/4D,
3D, 27/8D }

H capital = 1/2D or 3/4D || W capital = D
W column = W
imoscape = D

H shaft = 7D || W shaft = D
H base = 1/2D ||W base = D

Shaft
Rule 4

Rule 5

Rule 6

H proto upper (collar + fillet + recess) = 5/27D
H proto shaft = 7D –
(5/27D + 1/8D)

H proto lower (recess +
fillet):3 = 1/8D * 1/3 =
1/12D

1P = lower fillet || H lower fillet = 1/24D || W lower fillet = D
2P = lower recess
H lower recess = 1/24D * 2
= 1/12D

W lower recess = D - 1/9D = 8/9D
r = H lower fillet = 1/24D
α = 360°/4

Rule 7

Rule 8

Rule 9

Rule 10

H proto upper collar =
2/3 * 1/12D’ = 1/18D’=
1/18 * 8/9D = 4/81D

W upper collar = D’ + 1/18D’ * 1/2 = 19/18D’ = 19/18 * 8/9D = 152/162D = 76/81D

H upper fillet = 1/3 * 1/12D’ = 1/36D’= 1/36*8/9D =2/81D || W proto upper collar = W sumoscape = D’ = 8/9D
H proto upper recess = 3/2 * 1/12D’ = 1/8D’ = 1/8 *
8/9D = 8/72D = 1/9D

W upper recess = 7/8D’= 7/8 * 8/9D = 7/9D
H [belly, sumoscape recess] = 3D
H [imoscape recess, belly] = 4D W belly =
8/9D

Doric Base

Base
Hb = 1/2D

Rule 11

Rule 12

Rule 13

Rule 14

Hb :3 =
1/2D * 1/3
= 1/6D

2P = rem1
Hr1 =
2* 1/6D
= 1/3D

Hr1:4
=
1/3D * 1/4
= 1/12D

1P = upper torus || Hut = 1/12D || Wut = D +1/12D*1/2 +1/12D *1/8 =
13/96D

Wb= D

3P = rem2
Hr2 =
3* 1/12D
= 1/4D

Rule 15

Hr2:2 =
1/4D * 1/2
= 1/8D

Rule 16

1P = scotia
Hs = 1/8D
Ws
(*)=
[Wfi, Wfs] =
= [D + x –
D/64,
D + 5/192D]

Rule 17

Hs:7P
=
1/8D * 1/7
= 1/56D

1P=
upper
fillet
Huf = 1/56D
5P = canal
Hc = 5* 1/56D
1P = lower
fillet
Hlf = 1/56D

1P = lower torus || Hlt= 1/8D || Wlt = D + x
1P = plinth || Hp = 1/6D || Wp = D + x, 1/2D >= x >= 1/3D
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to encompass both cases, so that the columns system can be designed depending on existing length
or height site constraints.
Due to space restrictions, we show only the
rules for generating the Doric “proto” column from
the colonnade (Rules 1-3, Fig. 3) and the rules for
generating the Doric base from the procolumn
(Rules 11-17, Fig. 4). Rule 1 generates guidelines for
the design of the colonnade, dividing the column
system into entablature and column. As mentioned
above, Alberti describes porticos with different
intercolumns and specifies when each should be
applied, depending on programmatic requirements. This rule places labeled points along the
portico line on the plan, and vertical dashed lines
in the section and elevation, representing the axes

of columns. The labeled points indicate the type
of portico from which the diameter of the column
can be obtained. Then Rule 2 applies to create a
cylindrical “proto” column around the axis. Rule 3
divides the proto column into “proto” base, shaft,
and capital. The following rules divide each of these
components recursively until the basic elements of
the column are obtained. In each successive subdivision, specific rules of proportion set in the treatise and shown in Table I determine the height and
length of each element. Rules 4-10, not shown in
this paper, define the shaft. Rule 5, nevertheless is
worth mentioning as it defines the imoscape, the
lower diameter D of the column’s shaft, which is the
independent variable from which all the other variable values of the column system are inferred.

Figure 3
Rules for generating the column system: Doric colonnade
and protocolumn.
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Figure 4
Rules for generating the column system: Doric base.
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Figure 4 (continued)
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Figure 5
Derivation of a Doric base
according to the grammar.
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Rules 11-17 define the base. Rule 11 divides
the “proto” base into three equal parts. Rule 12
makes the plinth out of the lower of such parts. Rule
13, divides the two remaining parts into four equal
parts. Rule 14 will turn the upper part into the upper torus. Rule 15 will divide the remaining three
parts into two parts. Rule 16 will turn the lower of
these parts into the upper torus and the upper one
into the scotia. Finally, Rule 17 will divide the scotia
into seven parts; the upper part will become the
upper fillet, the five middle ones the canal, and the
lower one the lower fillet. Rules Eme, Eme ma, and
Ema erase the labes and terminate the derivation.
Figure 5 shows the derivation of a Doric base after
these rules. Rules 19-40, also not shown, detail the
capital and the entablature.

INPLEMENTING THE GRAMMAR
This task was aimed at writing the computer
program encoding the grammar after converting it into a parametric design system. This conversion was straightforward because the grammar is a parametric set grammar. The computer
implementation was developed using Rhino and
Grasshopper. This implementation permitted us
to test the adequacy and accuracy of the grammar in conveying Alberti’s rule system. It also
permits one to explore the system in the generation of classical elements. And it takes advantage
of its parametric capabilities to permit one to
generate such elements according to Alberti or
Vitruvius’ system of proportions by selecting appropriate parameter value ranges. In doing so,
the implementation highlights the similarities
and differences between Alberti’s and Vitruvius’
rule systems. In addition, it permits one to disrespect both canonic proportions by unrestricting
the parameter value ranges, thereby allowing for
a more creative and contemporary exploration of
the rule system.
Rules for generating the column system: Doric
base. Rules Eme, Eme ma, and Ema erase labels and
terminate the derivation.

GENERATING DIGITAL AND PHYSICAL
MODELS
The last task in the methodology consists in the
production of digital models using the computer
program and then making drawings and physical
models from such models using plotting, rapid prototyping, and ultimately digital fabrication. Different
techniques have been tested to produce physical
models including additive techniques like FDM and
3D Print, and subtractive techniques like laser cutting and CNC Milling. This completed the process of
translating the treatise from its original text format
into physical artifacts, thereby gaining a deep understanding of Alberti’s rules.

CONCLUSION
This paper describes the methodology that is being
used in the translation of Alberti’s ”De re aedificatoria” into a shape grammar and it presents part of this
grammar, namely the one that corresponds to the
interpretation of the Doric column system, focusing
on the base. One of the goals of this study is to find
whether the buildings produced by Alberti`s ”De re
aedificatoria” are just a composition of different scaled
elements, as strict proportion rules seem to suggest,
or whether it defines a more complex system. In the
text, Alberti suggests that is possible to develop combinations of systems and orders; this means that the
user is motivated to use them in a more complex way
than the one defined by Vitruvios in ”De Architectura.”
Alberti`s concinnitas, that is, quantity, proportion, and
location (Kruger 2011) may have the key to understand this issue. The way the elements are described
and organized in the treatise may suggest that Alberti
was showing that the column system may be generated in a combinatory way. The grammar developed
so far is inconclusive regarding this issue. The study
of Alberti’s built works, the next research phase, may
shed some light on this issue. The other goal of the
study is to use the grammar to determine to which extent Alberti’s work influenced the architecture of the
Portuguese empire in the Counter-reform period, the
subsequent research phase.
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Abstract. As computational design processes have moved from representation to simulation,
the focus has shifted towards advanced integration of performance as a form defining
measure. Performance, though, is often assessed purely on the level of geometry and stratified
between hierarchically independent layers. When looking at tension-active membrane
systems, performance is integrated across multiple levels and with only the membrane
material itself, defining the structural, spatial and atmospheric qualities. The research
described in this paper investigates the integrative nature of this type of lightweight structure
and proposes methodologies for generating highly articulated and differentiated systems.
As material is a critical component, the research focuses on a system-based approach which
places priority on the inclusion of material research and parameterization into a behaviorbased computational process.
Keywords. Material behavior; material computation; system; gestalt; tension-active system.

INTRODUCTION
Architectural design processes have been increasingly tailored to foster more thorough and precise
considerations of context in the generation and
specification of form. Here, context is not simply the
physical elements at the boundaries of an artifact
but refers to the interwoven composition of material, environment, and functional intensities. This is
reflected within current computational platforms, as
well as organizational frameworks, which attempt to
embed the variants and invariants related to a building’s materiality, its internal spatiality, and its external

relations within a cohesive process structure. By in
large, these design frameworks function through
strategies which place primacy upon geometry. Geometry is formed in response to a limited number of
contextual conditions, and in subsequent steps tested against the remaining internal and external criteria. Such a stepped approach often resolves itself
in systems of interconnected but autonomous layers; interconnected as geometry, but autonomous
in their operation and function. With the design of
each hierarchical layer, its preceeding layer is ‘frozen’
Shape Studies - eCAADe 29
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in the overall geometric configuration. Of course it is
understandable that such a stratified process is necessary. The complexity of inter-relating all aspects of
form and performance is intense to the point that
evaluation of a precise nature can typically only occur once externalized from the iterative and generative design process (Kalay 1991).
Nevertheless, the trend is clearly to expand,
through computational design frameworks and processes, the spectrum of inputs and measures being
considered. At the same time, the effort of measure
within the design process seeks increasing precision.
Computation, since its introduction to architecture
as a digital format in the 1960’s, has intended to relieve the struggle, as stated by Nicholas Negroponte,
in managing complexity in large scale relationships
alongside small scale constraints in their particularity and seeming trivialness (Negroponte 1969). A vast
array of computational techniques have been implemented to, in the least, visit this realm of multi-scalar
design and attempt to find equilibrium between the
micro and macro relationships of form and performance. Parametric modeling, information modeling,
and recursive (evolutionary or swarm) algorithms
are examples of such techniques. Ultimately, though,
there is a more fundamental question of how information beyond geometry is embedded, coordinated
and increased, with the most critical aspect being the
latter. In design, where the formulation of the procedures, requirements, possibilities and subsequent solutions work in a transformative manner from abstract
to precise, the framework for process must encapsulate the same progression (Aish 2005). Understanding
the system to be produced and the system by which it
is developed are two synchronous but separate conditions. The first is a specific expression of principles,
while the second is a search and discovery of opportunities within an evolving set of principles. Examining tension-active structures, one must evoke a concept for understanding architecture in its physicality
as a dynamic system – assembly of surfaces defined
by lightweight materiality and equilibrium of tension forces – and process as a system for the complex
800
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resolution of form and performance – inter-relating
the structuring of doubly-curving surfaces, materialization, spatiality and environmental description of
thin membrane material (Ahlquist & Menges 2010).
Computationally, this can be accomplished in a process which balances embedded knowledge with simulated behavior. It exposes a process by which material
study can be combined with computational means to
develop a robustness, which produces viable results
within an agile design environment, functioning with
a high level of manipulability in a constrained design
space. Ultimately, through the search of expanding
information and precision it is intended that new
principles and consequent innovative results can be
achieved (Miller et al. 2002).

SYSTEMS OF SYSTEMS
In expanding the influences which define and activate architectural form, the methodological approach which generates such form reaches beyond a
pure study of technique. The broad exposure of computational programming and parametric modeling
techniques to architecture has established deftness
in the ability to both invent and resolve complex
geometric relationships. The development of libraries, such as Robert Woodbury’s Design Patterns [1],
thoroughly defines the concepts and applications
for the construction of associative models. The question lies in the broader understanding of how architectural systems function, and what arrangement
and execution of techniques can most adeptly relate
to aspects of how systems are materialized and how
they perform within their specific contexts of function and environment. Developing a conceptual and
methodological approach for the integration of form
and performance means there must be an intimate
understanding of what constitutes a system and the
procedures by which they can be simulated.
The term system has many definitions and it is,
by no means, foreign to architectural design processes or the activation of architecture as a physical
artifact. When we define a system as the intertwining
of information and operation resulting in particular

phenomena, then we can quickly jump to the understanding that achieving a precise series of phenomena requires accuracy in the descriptions of elements
and interactions which underlie the entire system.
This is the acute challenge in architectural design
when expanding the scope of systems inclusive to
the design process. In relation to Negroponte’s statement of the designer’s ignorance to large scale complexities and avoidance of small scale conditions, a
system is exactly the resolution of global relationships and local specificities.
Ludwig von Bertalanffy addressed the complexity of systems and the failure of processes which
tried to understand them through investigating
elemental units in isolation. When dealing with issues of organization in “systems of various orders”,
he surmised that the study of only local events will
not explain the entirety of the phenomena (1969). In
seeing systems as universally striving for a particular
homeostasis, Bertalanffy proposed a cyclical feedback mechanism, as shown in Figure 1A. Handling
the complexities of relationships at the elemental
level, he defines three distinctions: number, species,
and relations, as described in Figure 1B, where case 3

deliberately shows that relations are a critical aspect
in defining system components.
This is a descriptive mechanism by which the elements and operation of a system can be deciphered
and partitioned to ultimately be re-integrated and
tested. It does not portray the manner in which
each aspect of the system is particularly characterized. If we view form in this manner as a system, the
elemental units are its component parts which are
organized, not by hierarchically independent layers,
but through integrated pressures based upon the
influence of material reactions and environmental
response. Christopher Alexander states this clearly
as form being a continually dynamic result of pressures in material and environment. Modulation or
the discovery of an equilibrium state between the
active agents which inflect upon material conditions
defines an architecture. Yet he also distinguishes
between the operation of the form as a system and
the system by which the operation is discovered, dissected, instrumentalized and applied. He terms this
latter aspect the “generating system” (1968). A particular key to this strategy is that in the generating
system the rules of both elements and interactions

Figure 1
A:Bertalanffy’s simple
feedback mechanism.B:
Bertalanffy’s depiction of the
three distinctions in defining
the elements ‘a’ and ‘b’ of a
system.
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are defined. Therefore the generating system is both
a logic of discovering the rules and a method for enacting the rules to realize new possibilities within the
range of phenomena possible with the system.

FORCE SYSTEMS
With this expression of systems, we can examine
some of the key particularities which underlie the
formation of force-defined surface structures, specifically tension-active structures. As an integrated
phenomenon, tension-active structures operate on
a distribution of tensile stresses within a thin textile
membrane to arrange the geometry of a structurally
stable surface. This inextricable relationship of form
and performance considers the forces by which the
geometry is initially formed, defined as pre-stress,
and the structure’s overall ability to withstand subsequent loading from wind forces, snow loading,
etc. So complex is this relationship, in fact, that only
recently proposed computational methods can approximate the influence of natural wind flows on
a tensile membrane structure, better so than the
typical method of scale model wind tunnel testing (Michalski et al. 2011). As wind load alters the
geometry the tensile load distribution is changed
thus giving a different response to continued wind
loading and subsequent changes in geometry, and
so on. These reciprocal affects between load and
geometry emphasize the highly systematic nature
of such pre-stressed structures. Nonetheless, while
this exemplifies the need to understand the intense
reciprocal dynamics of form and performance of tensile systems, such a level of consideration is beyond
the bounds of the design generation system.

What serves as some of the fundamental principles for the generation of tension-active systems is
a catalogue of basic geometries: saddle, cone or cylinder, and ridge-valley (Knippers et al. 2010). These
geometries, as shown in Figure 2, assume a type of
minimal surface which has an equalized distribution
of tension force and a particular balance of doublecurvature. The exact geometry relies upon these
rules along with the definition of the boundary conditions, in their position and comparative difference
in strength versus that of the overall surface.
What even these prototypical surfaces lack,
though, is a mathematical constant which accepts
the varied boundary definitions and can describe
the particular geometric form. The surface state cannot be described with a singular function nor can
the transition from one surface type to another be
accomplished with a singular function. Ultimately,
to study a more exhaustive design space than just
the variation of the saddle, cone/cylinder, and ridgevalley types, production of the hybridization of these
types is necessary. To establish a design space which
intertwines these principles types, it is not the type
that has to be established as the rules of the system.
Such rules, as already stated, are not possible when
viewing only the resulting geometry. This is not the
simplest level of the system. Rather, it is the most
fundamental terms of tension, double-curvature,
and relative material properties that have to be
implemented to discover a wider range of tensionequilibrium forms.
In defining the simplest principles of the design generation system, materiality is a necessary
agent but not a primary input. In evaluating the
Figure 2
Basic shape catalogue for
tension-active geometries:
saddle, cone/cylinder, and
ridge-valley.
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Figure 3
Translation from computational geometry using
particle-spring simulation to
panel description for physical
simulation.

geometry, curvature serves to indicate the intensity of force at a particular location. Less curvature
at a single moment within a surface indicates that
more force is necessary to accomplish that degree
of curvature. Materiality is an effector associated
to the geometric description and the intensities of
force that it describes. Where materiality does play a
specific role is in the translation from computational
to physical form. Because the system is pre-stressed
and the geometry is doubly-curved, the translation
from geometric form to panel description is not 1:1.
The geometry must undergo “compensation” which
calibrates the pre-stress and material characteristics
to flat un-stressed textile panels. Figure 3 describes
a scripted process, developed with this research,
which simultaneously unrolls and shrinks the geometry. Considering force, geometry and material
elasticity allows the possibility for higher degrees of
double curvature to be solved within a single panel.
Materiality rules the definition of the number of panels, the affect of the panel edges, and the degree of
double curvature that can be accomplished.
When considering the hierarchical layers of this
type of material and force-based system, we see that
it can only be considered through integrated processes. Conditions of boundary, surface and force are
inextricable while related in variable manners. This
aspect exemplifies the need for a systems-based
approach in understanding performance and executing methodology in generating form. From this,
form is seen, not as layers of the static or “frozen”

geometric entities to which other geometries adapt,
but rather as the accumulation of dynamic integrated factors to which materially parameterized elements, in their position, orientation, and interconnection, have a reciprocal relationship. This eschews
the parameterization of type, and looks for simpler
terminologies by which the generating system operates to produce the phenomena of which define the
functioning system. The striking question becomes
how the processes are accumulated to exact this
particular kind of form and performance phenomena, and how they function to provide the potential
to develop new principles and opportunities.

INFORMING SYSTEMS IN BEHAVIOR AND
KNOWLEDGE
Behavior-based and knowledge-based strategies
have significant differences in how information is
structured for the progression from abstraction to
precision that is inherent in any design process. The
primary difference between these two approaches is
that one is based upon the determination and selforganization of fundamental properties by which
global behavior (or form) emerges, while the other
is a structure for the re-organization of mostly prespecified information made applicable through interpretation (Mark et al. 2008). This is depicted in Figure 4 in how the state space for each approach might
be defined. In a knowledge-based approach, the
state space is fixed and knowable, though needing
to be thoroughly searched. In the behavior-based
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scenario, only the rules are knowable with the specific outcome to be realized by iteratively activating
the rules. When we look at the whole of a design process, not only the execution of a particular set of procedures but the construction and alignment of those
procedures, there is a logic which combines both
types of information accumulation answering the
question of how the generating system is specified.
Knowledge-based strategies implement precedents as design parameters. This happens through
three modes: deduction, induction, and abduction,
each having varying relationships to precedents, as
shown in Figure 5.
Fundamentally, reliance upon cases limits the
ability to produce results which are tailored to unique
contextual conditions and integrated material behaviors. The only segue between case and application is through generalization. Where this approach
can contribute, though, to a system-based methodology is in the application of abductive reasoning to
the definition of prototypes. In this context, prototypes can be seen as both physical entities as well as
schemata for procedures. With either case, they are
defined as “knowledge organizing instances” (Coyne
et al. 1990a). The production of prototypes serves to
produce cases which test the degree of validity of

the rules. Prototypes, as parameterized episodes, aid
in establishing the backbone of the generating system through iterations which encapsulate aspects of
the operating system.
The connection to a behavior-based approach
can be simply stated as the bridge to which knowledge and specific performance is resolved. In John
Gero’s framework of Function-Behavior-Structure,
behavior serves as the transitional constants which
generate the expected results given the structure
of the process; structure being the catalogue of elements and relationships (2004). The behavior is the
causal description of transitions defined by conditions such as physical laws, mathematical rules,
structural constraints (referring to the computational structure), and states or transitions transferred from another behavior (Goel et al. 2009). The
behavior-based methods, as transition functions,
provide avenues for local rules to be integrated
with external influences. Knowledge-based reasoning helps construct and validate the rules while
behavior is the expression of specific transitiondefining functions. Behavior serves to inform and
specify symbolic or schematized knowledge, as an
active model of local behavior and resolved global
behaviors (or performance).
Figure 4
A: Design system, as compared to exploring a maze,
is defined here as a problemsolving and search effort
predicated on preset goals
(Coyne et al. 1990b). B:
Design system (b), as compared to billiards, navigates
the possibilities of a design
space through only local
rules.
Figure 5
The three types of reasoning as stated by Coyne et al
(1990a).
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A behavior-based computational process for
tension-active systems works on the basis of certain
characterizations of material and variants related
to its manipulation (fabrication) and topology (assembly). Comprehending the overall behavior of the
system involves an initial step of design search, primarily accomplished through prototyping computational structure and physical artifacts. As the individual characterizations and variants do not contain the
intelligence of the global behavior, the possibilities
must first be searched, identifying particular capacities and performance, and embedded as knowledge
in the design generation system. Design, it can be
said, is then the quantification and qualification of
the deciphered aspects of a particular discovered
behavior or gestalt. Search becomes an operative
design agenda from the initial identification of a
solution space to subsequent steps of generative

testing in continued specification and articulation of
an individual form.

COMPUTATIONAL GENERATIVE SYSTEM
FOR TENSION-ACTIVE SYSTEMS
This synthesized knowledge and behavior-based design strategy is exemplified through on-going research
into the design and fabrication of complex and highly-articulated tension-active systems. This serves as a
quite useful test case for such an approach and computational strategy in terms of integrated form (operating
performance), and the structuring of computational
mechanisms (frameworks and functions. The specific
research shown here investigates the local definition
of tensioned textile cells and their capacity as a sound
buffering device. The global form, as shown in Figure
6, examines the complexities in distributing tension
throughout a highly differentiated geometry.

Figure 6
Physical prototype of Deep
Surface tension-active
membrane system. Michael
Pelzer, Christine Rosemann,
ICD University of Stuttgart
- Sean Ahlquist, Prof. Achim
Menges.

Figure 7
Prototyping studies to confirm
the performance of the tension active system, primarily
in relation to translation from
particle-spring simulation to
physical artifact and control
of the cell “apertures”.
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The principle behavior, captured within the computational process, is the relation of form to structural and acoustic performance realized through the
interactions and parameters of force, material, and
boundary conditions. The relation of form and structural performance is resolved in a strategy which integrates three specific behavior-based components:
force simulation, topology, and translation (Ahlquist
& Menges 2010). Translation has already previously
been described as the point at which material specificity becomes invested in the process, a measured
process integrating prototyping studies and behavior. Specific studies for this particular morphological strategy are shown in Figure 7. Force simulation
and topology are interrelated through the use of a
particle and spring method. A spring defines a force
magnitude and vector following Hooke’s Law of Elasticity. While the stiffness of a spring functions in a linear fashion, algorithms are enacted to recognize the
non-linear behavior of the selected textile material. A
network of springs defines a surface and a diagram of
force distribution.
In this project, the topology of springs follows
that of a basic cylinder. The morphology, though,
transitions to a form where one end of the cylinder is
folded back on itself. This produces within each cell a

center aperture, and across multiple cells a continuous
closed surface. The continuous surface serves as a light
and sound barrier, allowing for the apertures to be the
primary control for diffusion of both atmospheric effects. The parameters of the springs within each cell are
manipulated to control the aperture size, as shown in
Figure 8. The transition functions translate the overall
morphology via manipulation in the boundary conditions, the addition of internal stiffened springs acting as
“cables” and also the local variation in force parameters
in the individual cells. Most importantly, it is clear that
the transition function does not rely upon geometric
translation. Manipulation occurs in the altering of behaviors within the system to trigger change in the resulting global form, as shown in Figure 9.

CONCLUSION
The reasoning for a behavior-based approach for the
formulation of tension-active systems is to provide
the capacity for efficient computation of the intense
levels of complexity inherent in the material system,
and the possibility to discover increasingly advanced
morphological descriptions. With a lightweight deep
surface textile structure, as exemplified in the preceding prototype, it is possible to address form as a system of integrated systems, a gestalt, which negotiates
Figure 8
Determination of acoustic behavior in relation to aperture
diameter and depth.

Figure 9
Generating system and feedback function for behaviorbased spring model.
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multiple atmospheric conditions. Such integrated
form demands a clearly constructed framework for
compiling and executing a design generating system.
This encompasses both examination of architectural
systems as active and dynamic agents within themselves and amongst their surroundings, and processes
which dissect, instrumentalize, and discover potentials in dynamic and integrated performance. Design
in not singularly or primarily about technique, but
about relationship between and understanding of
system performance and system generation. Such an
approach and framework, or meta-process, wicks episodic knowledge, through prototyping, to understand
the systematic potential of the resulting morphologies
and calibrate the computational components. Enacted as a behavior-based generating system, process
evolves form in specification and performance, while
revisiting the effort of prototyping so as to allow for
new principles to be uncovered, exacted, and reactivated within the evolving process. A framework which
registers data of physical capacities as constraints and
associative parameters, the local behavior, and actions,
as mathematical transition functions which pertain to
the magnitude of influence and reaction amongst the
multitude of material elements and dynamic forces, realizes form as a material gestalt.
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Abstract. xThere are many researches to make low energy demanding building. Lots of them
focus on facility systems and insulation performance of building materials. However, not only
systematic solutions but also design solution can reduce building energy consumption. This
study focuses on development of optimized geometry for super tall office building in Seoul,
Korea. Specifically, ratio of lateral to longitudinal length and building orientation are main
topics of this study because these are the most primitive and preceding factors deciding mass
design. To analyze the energy efficiency of masses, energy simulation is necessary at the
initial design stages. In this study, BIM and BIM based energy simulation tools are arranged
to compare the alternatives.
Keywords. BIM; energy simulation; ratio of lateral to longitudinal length; orientation; super
tall office building

INTRODUCTION
Research background and objectives
A variety of ways or methods to reduce energy consumption have been studied as part of an effort to
solve such problems as global warming, unusual
weather phenomena, depletion of fossil energy
sources, etc. However, the previous studies on energy conservation in building had concentrated on
the efficiency of heating and cooling equipment and
improved thermal insulation property of building
envelope. In addition, to access at the design stage
of building, energy load by each design alternative

needs to be evaluated, but in a conventional 2-D
modelling approach, more time and efforts had to
be mobilized for energy simulation and thus it is
difficult to apply energy reduction measures in the
early design stage.
The introduction of BIM(Building Information
Modelling) made energy simulation through 3-D
modelling possible, and thus the time for energy
modelling was dramatically reduced. In addition,
such devices as Ecotect, which were developed to
evaluate the results of simulation more intuitively,
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were used as a means of strong decision making for
environmentally friendly and energy efficient design
from the initial design stage of building.
This work uses BIM tool and BIM-based simulation tool and derives the optimal geometry of super
tall office buildings in Seoul. As environmentally
friendly elements in the recent construction of buildings are dominant, environmentally friendly and
energy efficiency has become the main headword
in super tall buildings along with the existing keywords like efficiency, economy, and symbolism. To
satisfy this, it is necessary to access from mass design
stage, which is probably the most primitive stage of
architectural design. The input of local climate data
in Seoul in the energy simulation derives the optimal
mass geometries that reflect Seoul’s climate conditions and South Korea’s building energy standards.
This aims to contribute to energy reduction as the
results derived are used as primary research material
for energy reduction in the actual building design.
Research scope and methodology
In this paper, the plan type of super tall office buildings, which is the subject of this study, was set as a
rectangular plane 60-story building. According to
the definition of the Council on Tall Buildings and
Urban Habitats, super tall building is defined as
height of 200 meters high and more than 50 stories.
Therefore, this work examines such buildings with
240-meter high and 60-story exceeding the standards of high-rise buildings. Another subject of the
study is planar rectangle, which can be considered as
the representative form of super tall buildings.
This work focuses on energy reduction measures in the mass design stage, which is the initial
stage of high-rise building design stages.
Design elements affecting energy consumption
include placement and orientation of a building,
changes by ‘ratio of lateral to longitudinal length’,
floor planning depending on the ways of spatial
configuration, elevation and sectional planning and
envelope system. Among these elements, design
elements determined in the mass design stage are
812

building orientation and ratio of lateral to longitudinal length, which are simulation variables. To compare energy consumption by each variable, relative
loads are compared based on cooling load and heating load of building.
The experiment of energy analysis first used
BIM tool to make a modelling of building with different ratio of lateral to longitudinal length. The
BIM tool used is Revit Architecture 2011. In the next
stage, modelled shape converts into gbXML and the
converted file format is imported by BIM-based energy simulation tool, ‘Ecotect Analysis 2011’ and the
building’s energy properties are entered and then
each simulation is performed by each orientation.
Based on the results of the experiment, the energy
load by each variable is evaluated.

BIM BASED ENERGY SIMULATION TOOLS
AND PREVIOUS RESEARCHES
BIM based energy simulation tools
Energy simulation through BIM requires separate
energy analysis program. BIM-basedenergy simulation passes through four stages: modelling through
BIM tool, data conversion, energy modelling, and
analysis.
The typical BIM tools are Revit and ArchiCAD,
DP(Digital Project). The typical BIM-based energy
analysis programs are Ecotect, Green Building Studio, and IES. In common, they read BIM information
with gbXML as neutral format. In addition to these
programs, energy simulation programs that read
BIM information by conversing gbXML file format
into its own file format via middle ware are EnergyPlus and eQUEST.
The interoperability between BIM and energy
simulation program has still many problems. In the information exchange through gbXML, building shape
information and location information has the possibility of relatively accurate information exchange, but
other heating and cooling systems for energy simulation and information exchange of thermal properties
of building materials do not occur. Therefore, climate
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Table 1
Modeling cases

data required for analysis in energy simulation program for simulation, building schedules, energy properties of building materials, heating and cooling area
and system setting is required.

seven times than cooling load, which suggests that
the thermal properties depending on purposes
weren’t considered as the internal heat generation
of office buildings were set as 7W/m2

Previous researches
Studies on energy consumption depending on azimuth and floor plan of super tall office buildings include following studies.
A study of office buildings located at Seattle
showed that the best azimuth of building might
reduce annual energy consumption of buildings
to 1.3%. However, as this study was based on the
researches conducted in Seattle, U.S. it cannot be
identically applicable to Korea, and as the analysis of
the study was on seven azimuths like 90°, 45°, 15°, 0°,
etc., it is necessary to derive the optimal orientation
process with more segmented azimuth.
Studies on energy efficiency depending on the
surface plan of high-rise buildings include studies on
the configuration and efficiency of super tall office
buildings. The floor plan patterns of buildings are
divided into square, rectangular, triangular, circular,
which, which are simulated under the conditions of
various climate data and planar energy efficiency by
climatic condition are compared. The experiment
concludes that a moderate climate area like Korea
has higher energy efficiency in the order of rectangles, circles, squares, and triangles.
Another study is on energy consumption patterns depending on the changes of ratio of lateral
to longitudinal length of office building’s plan. This
work has three cases of ratio of lateral to longitudinal
length of buildings: 1:1.2, 1:2, and 1:4 for experiment.
As a result of simulation, heating load was higher

BUILDING ENERGY MODELING AND SIMULATION

Case model

Length(m)

Width(m)

Building modeling
The subject of buildings of energy simulation was
set under the same conditions as ground floor area
3,600 m2, ceiling height 4m, all 60 stories, ratio of
window against wall 40%, and the ratio of core area
against the total area 25%. Under these conditions,
as shown in Table 1, ratio of lateral to longitudinal length of planes is given to each configuration,
which has nine cases.
Energy modeling
Energy simulation tool for experiment is Ecotect
Analysis 2011. ASHRAE encourage to use DOE-2,
BLAST, EnergyPlus for computer-based simulation
program and defines simulation requirements for energy analysis program. In addition, BESTEST(Building
Energy Simulation TEST) simulated the representative
energy analysis programs under the same conditions
for comparison. As Ecotect is a specialized energy
analysis program in the initial design process, it is
different from analytical entry required by BESTEST,
and thus all the requirements for analysis cannot be
met. Therefore, relative comparison isn’t possible by
BESTEST. However, as energy analysis algorithms are
accredited international standards like ISO 13791, ISO
13792, and ISO 13789, it appears valid to compare the
relative analysis results for each alternative.
Case model

Length(m)

Width(m)

Case 1:1

6.00

6.00

Case 2.25:1

9.00

4.00

Case 1.25:1

6.71

5.37

Case 2.5:1

9.49

3.79

Case 1.5:1

7.35

4.90

Case 2.75:1

9.95

3.62

Case 3:1

10.39

3.46

Case 1.75:1

7.94

4.54

Case 2:1

8.49

4.24
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Property input standards for energy modelling are
the Guideline for Energy Conservation for Public Office
and the Innovative Urban Design Guidelines for Public
Buildings and additional necessary property information derives from ASHRAE Standard. Table 2 shows the
basic information input values related to the purpose
of the building, climate data, and location information.
The building areas are divided into heating and
cooling area and non-heating and cooling area and
then energy properties should be input. Heating
and cooling area is the perimeter, which is a leased
district for office buildings. As office buildings have
more office equipment and amount of lighting heat
compared to other facilities, the amount of internal
heat gain should be input, considering this. This experiment set the amount of internal heating caused
by heating equipment as 21W/m2. Non-heating and
cooling areas are service areas such as building stairs
and elevators, toilets, equipment room, hallway, etc
and 25% of the whole area, and the amount of internal heat was set as 7W/ m2.
Heating and cooling facility, hot water facility,
lighting conditions have input values as in Table 4
and non-indicated conditions comply with Ecotect
default setting value.
Property information for building envelope is
input to meet the minimum requirements of heat
Value

Building type
Weather data file

Analysis of heating and cooling load
After analysis of data calculated through energy
simulation, in case of cooling load the changes in
the planar ratio of lateral to longitudinal length,
the planar ratio of lateral to longitudinal length
decreases as shown in Figure 1, it increases in the
order of 1:1>1.25:1>1.5:1>1.75:1>2:1>2.25:1>2.5:1
>2.75:1>3:1. This indicates that cooling efficiency
becomes better as the area of surface per unit area
of the building increases. We can find the cause of
this result from the fact that in order to dissipate
overheated internal heat during the summer to
the outside, as surface area per unit increases, the
amount of heat radiation increases.
Value

office

Local time zone

+8:00 Perth

SouthKorea-Seoul.wea

Altitude

86m

Latitude

37.57°

Local terrain

Urban

Longitude

126.97°

Table 2
Project setting

Value

Parameter

Value

Lighting Level

400lux

Lighting Level

100lux

Number of people

1ea./12m2 (225people)

Number of people

1ea./12m2
(75people)

Sensible gain

5W/m2

Latent gain

2W/m2

Type of system

none

Internal gains

Sensible gain
Latent gain

15W/m2
6W/m2
Mixed-mode system
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Unconditioned area
Internal gains

Parameter

Type of system
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ANALYSIS OF SIMULATION RESULTS AND
ENERGY OPTIMIZED GEOMETRY

Parameter

Conditioned area

Parameter

transmission based on the criteria of the central region among energy-saving criteria of Korea.
Energy modeling conditions presented in the
above are input to each plane under the same conditions depending on each planar ratio of lateral to
longitudinal length, and each azimuth rotates by 5°
clockwise on the basis of southward direction as 0°
and planar ratio of lateral to longitudinal length and
energy load to each azimuth are simulated.

Table 3
Zone property

Zone profile

Parameter

Value

Parameter

Value

HVAC system type

Single-duct VAV

Specific activity by zone type

Plate heat
exchanger(Recuperator)

Fuel Type

Natural gas

Heat recovery

Plate heat
exchanger(Recuperator)

Heating system

LTHW boiler

General lighting

C-T12-F-H-L T12

Heating recovery system

Heat exchange plates or pipes

Heat gains fraction

8

DHW system

Occupancy sensing

Auto-on-dimmed

DHW system

Photosensor controls

PH-dimming

Parameter

Value

Efficient lamps

43.000 lumens/circuit watt

Heating generation type

Using central heating boiler

Time switching on display
lighting

Dimming

Heat source of HVAC system

LTHW boiler

No, Hours/day display lights
off

17.000

Fuel type

Natural gas

Ventilation method

Mechanical

Time

Occupancy

Wk.

Sat.

Sun.

Wk.
Lighting

Table 5
Schedule, unit:%

HVAC system

Sat.

Sun.

Wk.
Operation

Table 4
System property

Sat.

Sun.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
95

0

0

0

0

0

0

10

20

95

95

95

50

95

95

95

95

30

10

10

10

10

5

5

0

0

0

0

0

0

10

10

30

30

30

30

10

10

10

10

10

5

5

0

0

0

0

0

0

0

0

0

0

0

5

5

5

5

5

5

5

5

5

5

5

5

0

0

0

0

0

0

5

5

5

5

5

10

10

30

90

90

90

90

80

90

90

90

90

50

30

30

20

20

10

5

5

5

5

5

5

5

10

10

30

30

30

30

15

15

15

15

15

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

Off

Off

Off

Off

Off

Off

On

On

On

On

On

On
On

On

On

On

On

On

On

On

On

On

On

On

Off

Off

Off

Off

Off

Off

On

On

On

On

On

On

On

On

On

On

On

On

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off

Off
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Also we can find that the planar ratio of lateral to longitudinal length determines azimuth
whose cooling load can be maximum or minimum, which represents that as the planar ratio
of lateral to longitudinal length of buildings increase, changes in the cooling load by each azimuth increases. Figure 2 represents heating load.
Wall
Material

Conc.

Glass
insul.

This represents that as opposed to cooling load,
as the planar ratio of lateral to longitudinal length
increases, heating load increases in the order of
3:1>2.75:1>2.5:1>2.25:1>2:1>
1.75:1>1.5:1>1.25:1>1:1. This represents that as
the surface area per unit of a building reduces, the
heating efficiency reduces. We can find the cause of

Floor
Gyps.
board

Window

Mortar

Air gap

Polystyrene

Conc.

Glass
standard

Ceiling

Air gap

Glass
standard

Plaster
board

Width
(mm)

200

125

12.5

40

50

20

180

6

30

6

10

Density
(kg/m3)

2200

2540

1100

2000

1.3

40

2200

2300

1.3

2300

1250.0

SP.Heat
(J/kg•K)

880

770

840

800

1000

1130

880

836.8

1004

836.8

1088

1.400

0.031

0.180

1.200

0.100

0.032

1.400

0.900

4.784

0.900

0.431

Conduct
(W/m2•K)
U-value
(W/m2•K)

0.230

0.810

2.410
(SHGC=0.75)

Table 6
Envelope property

5.160

Figure 1 (left)
Annual heating load
Figure 2 (right)
Annual cooling load
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Figure 3
Annual heating and cooling
load according to orientation

this result from the fact that the smaller the surface
area is, the lesser the amount of energy loss.
The heating load difference in the planar ratio of
lateral to longitudinal length 1.25:1 and 1.5:1 shows
obvious less difference compared to the difference
between different types. This seems to be because
the inflection point of increase energy loss depending on energy acquisition and increased surface area
due to increased area of solar radiation form at some
point between 1.25:1 and 1.5:1.
The heating load to the azimuth has, like cooling load, different maximum and minimum energy
load depending on the type of each plane, which
suggests that as the planar ratio of lateral to longitudinal length increases, there are large energy load
by each azimuth.

lateral to longitudinal length. Energy load increases
in the order of ratio 3:1>2.75:1>2.5:1>2.25:1>2:1
>1.25:1>1.75:1>1.5:1>1:1. In general, as the planar
ratio of lateral to longitudinal length increases, energy load increases and energy efficiency is reduced.
However, the planar ratio of lateral to longitudinal
length 1.25:1 represents much larger energy load
than 1.75:1, which shows relatively low energy efficiency. This result can be translated that heating load
is relatively high at 1.25:1.

Energy optimized geometry
The data analysis result of heating and cooling load
represents different aspects from separate analysis
results of cooling load and heating load. The result
showed that as the planar ratio of lateral to longitudinal length increases at all azimuths ranging from0°
to 180° increases, cooling load reduces and heating load increases, but differently from this, when
it comes to co-analysis of heating and cooling load,
the planar ratio of lateral to longitudinal length,
which represents a minimum energy load by each
azimuth, differed.
Figure 3 represents the annual energy load
per square by the type of the planar ratio of
Table 7
Optimized ratio of lateral to
longitudinal length

Orientation

0°~10°,160°~0°

15°~35°

40°~155°

Optimized ratio of lateral to
longitudinal length

Case 1.75:1

Case 1.5:1

Case 1:1

Simulation, Visualization, Prediction and Evaluation - eCAADe 29

817

CONCLUSION
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Abstract. Acoustic performance is defined by the parameter of reverberation time; however,
this does not capture the acoustic experience in some types of open plan spaces. As many
working and learning activities now take place in open plan spaces, it is important to be able
to understand and design for the acoustic conditions of these spaces. This paper describes
an experimental research project that studied the design processes necessary to design for
sound. A responsive acoustic surface was designed, fabricated and tested. This acoustic
surface was designed to create specific sonic effects. The design was simulated using custom
integrated acoustic software and also using Odeon acoustic analysis software. The research
demonstrates a method for designing space- and sound-defining surfaces, defines the concept
of acoustic subspace, and suggests some new parameters for defining acoustic subspaces.
Keywords. Architectural Acoustics; Performance-Driven Design; Parametric Design; Digital
Fabrication.

INTRODUCTION
Many people work, learn, and play in open-plan
spaces; however, the users of these spaces often
consider the acoustic performance to be poor.
(Petersen, 2008) The Distortion 2 project is an experimental research project, designed, built, and
tested to create visual and acoustic affects within
an open-plan space. This paper shows how, through
the specification of geometry and material, a surface
can respond to acoustic performance criteria. The
findings from this project inform the future designs
of acoustically regulating structures for open-plan
spaces. This research suggests a general method for

designing, simulating, and fabricating sound- and
space-defining structures.
The Distortion 2 project was designed for, and
has been featured at, two exhibitions: the 2011
Stockholm Furniture Fair, and the 1:1 Research exhibition at the Royal Danish Academy of Fine Arts,
School of Architecture. The project was collaboration between CITA, a university architecture research group, Akustikmiljo, a fabricator of acoustic
products, Krydsrum, a local architecture practice,
and Acoustica, the acoustic engineering division
of Grontmij, Copenhagen. The project combines
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a research-through-design methodology with the
quantitative measurement and simulation methods
of acoustic engineering. The goal of the research is
the study of the process of design, with the aim of
the improvement of this process. The design intent
of the Distortion 2 project was the creation of an
acoustic surface designed in response to sonic performance criteria, see Figure 1. This project aims to
make the soundscape of our buildings an exciting
and desirable experience.

SOUND
Sound Design
This project questions the design strategy of acoustically homogeneous spaces defined by the specification of reverberation time in building codes. Instead
it suggests and explores the potentials of acoustically heterogeneous spaces. Acoustic performance is

usually specified using a single criterion, reverberation time; however, hearing is a multi-dimensional
experience and there are many different ways to
evaluate sound quality. Reverberation time is often
constant through a space; despite this, we can often perceive different acoustic qualities throughout
a space, and these differences have been shown to
modify our opinions of the space. (Petersen, 2008)
This research project recognizes this fact and suggests that, if the factors that create differentiated
acoustic spaces can be understood and controlled,
and then these can be used as a design tool. This
research introduces the concept of the acoustic
subspace, which we defined here as a zone within
a larger space that can be differentiated through its
acoustic qualities. This project was designed specifically to probe two acoustic extremes: a sound-amplified zone, and a sound-dampened zone as shown
in Figure 2.
The creation of the acoustic subspaces was
done through the definition of material, the level of
enclosure of the wall, and the geometry of the focusing and sound scattering panels. When measuring the room acoustic impression, the sound source
and sound receiver must be very close together to
simulate the effect of mouth and ear. The early reflections become very important and therefore the
materials of the surfaces close by the listener become noticeably acoustically active. The designed
acoustic surface, shown in Figure 3, has a hard and
reflective finish of the sound-amplified side and the

Figure 1
Design sketch of responsive
acoustic wall with folded
plate structure

Figure 2
Sound design concept, plan
and perspective view of
sound-amplified zone and
sound-dampened zone

820

eCAADe 29 - Simulation, Visualization, Prediction and Evaluation

soft and absorbent finish of the sound-dampened
side. The reflective panels on the sound-amplified
side focus sound to a privileged position to make
this zone louder.
Sound Modeling and Simulation
To have a functional iterative design-analysis cycle
using acoustic performance, the geometry produced
in the architectural CAD system needs to be easily
imported into the analysis software and the results
from the analysis software need to be understood so
that they are able to then drive the geometry in the
architectural CAD system. Two approaches to acoustic simulation and analysis were used in this project.
The first approach used the ODEON acoustic analysis software and used imported geometry. Figure 4
shows the elevations of a digital model and a corresponding analysis diagrams. The analysis diagrams
show how reverberation time is relatively constant

throughout the space, while sound pressure level
varies greatly. The data could be easily transferred
from the parametric model to the analysis software,
but in order to do this the geometry had to be level
separated by material, and be constructed of simple
triangular shapes.
The second approach is to integrate the evaluative tool into the design environment. Figure 5
shows a ray-tracing analysis of a structure mapping
the sound level around a structure. This analysis was
programmed in the CAD design environment and
offered instantaneous feedback about the design
option. However, this data was not translated then
to an established acoustic parameter, and since the
data transfer to ODEON was so simple, this method
was only used during the sketch design phase. If
this evaluation tool is developed further this could
become and increasingly useful tool for designing
responsive acoustic surfaces.

Figure 3
Hard, reflective Dibond surface on sound-amplified side,
and soft absorbent surface on
sound-dampened side.

Figure 4
Elevations of acoustic surface
and analysis diagrams: reverberation (T30) and sound
level grid analysis (SPL(A))
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STRUCTURE

customized digital tools allowed us to create the base
design and to simulate the performance on its behavior (Deleuran, 2011). The structure’s basic tectonic
principle is that of a system made of stiff plates; however, we sought to gain more stability through the
introduction of folds into the surface. The structure
is a continuous, single-layer folded-plate system that
distributes the structural loads through the surfaces
and along the folded seams across three dimensions,
where different tessellation patterns can achieve different spatial effects, structural conditions, and sonic
effects. (Moussavi, 2009) The folded plate structure
performs on two levels that are important to acoustic
performance: first, the tessellated folded plate components scatter the sound in different directions, and
second, the plates can be used to reflect sound from a
sound source to a sound receiver.

Structural System
The structural system needed to fulfill several criteria:
it needed to be as solid and heavy with no holes or
gaps in order to reduce sound transmission, it needed to be able to be dismantled and transported, it
needed to be self-supporting, and it needed to have
the ability to control the orientation of the constituent plates. Similar to other projects done by CITA,

Structural Performance Logic
One of the fundamental features that defined the
folded plate system used was the trihedral corner.
The trihedral corner is a structural system where
three rigid plates meet at one point, as shown in Figure 7. Trihedral corners are always rigid as opposed
to corners with more than three meeting plates
which are often non-rigid.

To simulate how a person would experience the
acoustics at a given position of a room, a technique
of mapping of near field amplification, titled Hot Spot
Plots were carried out. This technique was developed
as part of a research project looking at acoustic conditions in open plan office work environments. (Petersen,
2008) Calculations used a sound source and an ‘imaginary’ receiver 20 cm above the source. The sound
source was omni-directional; this type of source was
used to minimize the influence of a person’s orientation. The plots in Figure 6 show that there are experienced differences between the various points around
the installation. The circles show where there is a strong
near field amplification. This analysis shows that the
installation shapes the acoustic environment around it.

Figure 5
Ray tracing analysis of design
option using integrated software module

Figure 6
Experience of near field amplification due to influence of
Distortion 2 wall structure
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Initial investigations mixed both tetragons and
triangles in order to gain more geometric flexibility.
The tetragons form trihedral corners and the triangles connect these rigid hexagonal clusters; however, these initial cardboard models showed that
this mix was not structurally rigid until a triangular
dependency between the adjacent clusters is created. The benefit of this type of structure is its ability
to vary appearance as shown in the first three images of Figure 8; however, the disadvantage is how
difficult it is to control the geometry of the system.
After numerous parametric modeling studies, it was
found that the internal geometric constraints made
the control system very sensitive to changes in the
overall shape. A structural system using only trihedral corners was selected and used. The investigations done showed this system has greater stability
than the mixed structure, and because the geometric logic of the trihedral system was less sensitive, it
became more flexible.

Figure 7
Trihedral geometry connected
with triangles, and pure trihedral system

Structural Design and Geometric Logic
The geometry was generated with a parametric system. The folded plate structural system was broken
down into a series of repeated components. While
the geometric logic of these components remained
the same, the dimensional characteristics of each

component could change thus allowing the overall
structure to have a changing curvature and changing height along its length. A single surface defined
the overall form of the installation. This design surface acted as the controller for the overall geometry.
On this surface, a triangular grid was placed which
was populated with the trihedral folded plate components. These were placed on every other triangle
of the grid and the corners connect to each other
through the second half of triangles, see Figure 9.
The vertically oriented panels were used for
sound reflection. In the geometric model the waves
of sound were simplified and regarded as rays;
similar to light the ray is reflected where the angle
of reflection equals the angle of incidence. (Long,
2006) Based on this geometric rule, every reflector
panel on the surface that faces the sound source S
can be re-oriented to the optimal reflection angle,
see Figure 9. However, due to the re-orientation of
the reflector plate, the adjacent panels must also
be re-oriented. In order to avoid the reflector plates
obscuring the plates behind from the sound, the
surface plane of the panel is oriented towards the
sound source. This maximizes the surface’s overall
area for reflection. To find the position of the three
plates an ideal plane IP was created in the middle of
the reflector plate and a line from the sound source

Figure 8
Cardboard models of studied
folded plate systems
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S was created towards the common vertices of the
back plates. The intersection between the plane IP
and the sound source gives the third point A. This
position and the triangular base points are all information needed to instruct the adjacent plates
about their rotation.
In order to achieve the correct orientation of
the reflector panels the shape of the surface had to
change as well; therefore, an iterative routine was
introduced to modify the position of the trihedral’s
base points. However, as the overall shape of the
surface approached that of a parabola in section,
the structural integrity becomes compromised. The
iterative process to find the node positions became
necessary when the structural and geometric rules
were overlaid with sonic performance which led to
the definition of the folded plate structure.

DETAILING AND FABRICATION
Materials
Based on previous research project experience (Deleuran, 2011) a composite plate system was developed that integrated the different functions in layers. The layers were: Akustikmiljo’s 50mm Fibrefloat
acoustic absorbing panels, 12 mm white-coated
MDF, and 3 mm of aluminum-faced composite Dibond, with bent laser cut steel joints. The MDF face
was oriented to the sound-dampened side and this
surface was largely covered with absorber. This material cannot bend but can be cut into any shape
using the CNC knife cutter. This allowed the customization of the shape of the absorber on the outside
where there was the sound scattering facets, and on
the inside where there was a laminated textile color
Figure 9
Orientation of sound reflector panels in the parametric
model

Figure 10
Fabrication diagrams of
unfolded panels for CNC cut
absorber panels, and CNC
cut MDF structural panels
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gradient. This pattern was also engraved in the Dibond panels. This pattern served both as ornament
as well as application guide.
In order to predict and design for acoustic performance using digital simulation techniques two
material properties need to be known: absorption
and scattering (Rindel, 2010) However, sound transmission is also a critical factor for acoustic performance. If sound transmission is not taken into account,
simulations will be invalid. Six different material wall
sections were tested for their noise reduction coefficient. A material construction of 12mm MDF and 50
mm Fibrefloat was chosen.
Generative Fabrication System
Four different digital production techniques used:
laser cutting, knife cutting, CNC routing, and metal
bending. The fabrication files for all of these techniques were generated out of a customized parametric system. The input for this was the structural
panel model. The planar plates are translated from
their three-dimensional (3d) position to the twodimensional (2d) space of the CNC machines and
details such as screw holes or assembly related engravings were added, and a similar approach was
used for the generation of the gradient pattern for
the sound absorbing Fibrefloat, see Figure 10.
Working with 2d representations gave advantages in speed of data processing and construction
of geometry. As the geometrical operations were
simpler, conclusions from observed material behavior (i.e. changes in material thickness) or fabrication

(i.e. tolerances) could be quickly introduced into the
system. A 3d representation of the model was not
done due to time considerations for programming.
The prototyping of physical models gave considerable insights on fabrication and assembly. The ordered geometrical logic of the plate system became
confused when it met the system’s edge conditions
and with the introduction of special elements (such
as stabilizing ground plates top shielding plates). The
result was a non-uniform matrix of components. As a
result a process was developed that looped through
all plates individually investigating their specific setup. In this way the more than 400 individual part files
for fabrication could be generated sequentially, each
with its own set of fabrication related parameters.
Prototyping and Assembly
As the structure’s sonic performance was determined by the geometry, a precise fabrication was
essential. 1:1 Prototypes became a crucial part of
the design process. These could be investigated in
relation to precision, structural ability and ease of
assembly. The first three prototypes were produced
in-house with laser cutter, and the fourth prototype
was done using the fabricator’s machinery, see Figure 11. The prototypes showed how critical the precision of the joint detail was. The joint is the place
where forces are transferred while at the same time
being visually very prominent. The use of machine
bolts and thread inserts gave high precision to the
assembly of the plates as well as creating a re-usable connection. The use of thread inserts avoided

Figure 11
1:1 Prototypes of Structural
System
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bore holes that would create holes between the
front and back of the structure. Prototypes proved
furthermore that the exact tolerances of the digital
fabrication machinery could translate to the tolerance of the overall structure.
Each of the four materials was finally produced
at a different fabricator. After cutting the MDF and
Dibond plates, the individual panels were assembled
with steel joints attached to the two upper sides. This
procedure took around two days. For assembly on site
a full-scale ground plan was laid out onto which preassembled ground elements were positioned. Then
assembly was done plate-by-plate in rows starting
from the lower side of the structure. The structure was
setup at four times with an assembly time of around 8
hours with three people. Disassembly took less than 3
hours. Screwing machines and simple rolling scaffolding were the only equipment needed.

RESULTS
The measured results discussed here were taken
when the project was installed at the Royal Danish
Academy of Fine Arts, School of Architecture. The
project was tested for acoustic and structural performance. Acoustic parameters were measured and
compared to the simulation and the structure was
laser scanned.

The ability of the acoustic surface to create
acoustic subspaces was tested with a head and torso
simulator (HATS), see Figure 13. The parameter Voice
support, STV is defined as the reflected sound minus
the direct sound (from mouth-to-ear). (Garcia, 2011)
STV is for one channel only. The difference between
left and right channels can be used describe the amplification and attenuation of the structure. As the
HATS was facing along the structure, one ear faced
out into the room and the other ear faced into the
structure, a new parameter, STV IA-diff, was used to
denote the inter-aural difference between the channels. Figure 12 shows the results from this investigation for positions 3, 7 and 11. These positions cover
three conditions: far away from the structure, close
to the structure with left ear, and inside the structure
with right ear close to the structure wall. The results
show that a STV IA-diff value of close to 0 when far
away from the structure, a positive value of 3-4 dB
with left ear close to the structure, and a negative
value of 2-4 dB with right ear close to the structure.
Therefore there is a significant attenuation of the reflected sound because of the structure.
The relative sound strength, G, and the reverberation times, EDT and T30, were studied at each
of the three positions shown in Figure 12. These
measurements were calculated for the reverberant
Figure 12
Positions 3, 7 and 11 for the
dummy head, and STv IA-diff
values for these positions.

Figure 13
Measured G-Values, EDT
Values, and T30 Values for
Positions 3, 7 and 11 for the
dummy head.
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sound energy only, so the strong influence of the direct sound is ignored. The results of this are shown
in Figure 13. The G-values are higher close to the
structure. This is most likely because there are more
sound reflections from the surfaces when close to
the structure, when further away, there is mainly the
response from the large room. The EDT values of the
reverberant sound energy give quite a good description of the experienced room impression. Similar to
the simulations, see Figure 5, the T30 values do not
vary much depending on the position. It can be seen
that the structure creates the impression of a sounddamped room when close to the structure.
A laser scan of the assembled structure revealed
that while the panels and local geometry of the final
structure follows precisely the planned geometry,
the structure bends under its own weight at the
highest point, see Figure 14. This performance was
similar to what was observed with the cardboard
models in the design phase, thus re-affirming the
value of working with physical prototypes. An investigation of the scanned point cloud shows that while
there is some bending in the plates, the bulk of the
deformation can be traced to tolerances within the
joints. The structure has a maximum deviation of
only 5 cm in the vertical and 14 cm in the horizontal
at the structures highest point of 315 cm.

CONCLUSIONS
The consideration of acoustic performance is important in the design of open-plan working and learning spaces. The Distortion 2 project has shown that

sound can be an area of creative design potential.
Designing for sound is a challenging as it is a timebased phenomenon that changes with the position
and qualities of sound sources and sound receivers
and the social/cultural situation in which it is experienced. Through responsive geometry and material,
architectural surfaces can create acoustic conditions.
In order to design for sound performance an evaluation system must be part of the design process
and measurable acoustic performance criteria must
be set to correspond to the design intent. Designers must be able to contemplate design options
through these evaluative feedback mechanisms.
Feedback on acoustic performance can come from
through acoustic simulation studies. This project
has demonstrated the phenomenon of the acoustic
subspace. Acoustic surfaces can create differentiated
acoustic conditions within open-plan spaces; however, the reverberation time (T30) does not capture
this impression. The parameters of EDT, G, and STV
IA-diff, were found to be more useful to define and
measure the acoustic subspace.
Parametric modeling techniques were central
to the design process as they allowed the creation
a model that could be modified to achieve the performance criteria. Material properties were mapped
in relation to acoustic performance and geometry
was adjusted meet performance requirements. It
was found that file exchange with the acoustic analysis software was easiest using DXF file with simple
triangulated shape geometry. The parametric model
was linked to fabrication machinery. However, the

Figure 14
Sound-Amplified Zone,
Sound-Dampened Zone,
Laser scan of Geometry
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linking of form, performance, and fabrication requires letting go of some design ideas, because of
competing demands from these the three systems, a
balance must be achieved.
This project demonstrated the trihedral folded
plate system as a structurally strong system with design flexibility. To integrate the behavior of sound,
the geometric logic of the folded plate, structural
considerations, and the assembly logic into the performance equation establishes a feedback loop that
creates a new understanding of architectural assemblies. The project was realized and performed as predicted because of the high degree of precision that
was achieved through digital fabrication.
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Abstract. In this paper we are to present a research, still in progress, whose main objective is
the desire to develop and test an alternative method of surveying, representing and analyzing
buildings that are part of a minor historical-artistic heritage. The instruments used and
the proposed methodology want to give an alternative to other solutions such as 3D laser
scanners and photogrammetry, which would be not only expensive, but also difficult to use in
small and irregular spaces, typical of the old Italian villages.
The case study that will be presented is Caporciano, a small medieval village in Abruzzo (a
region at the centre of Italy), in the internal area of the region affected by a violent earth
quake in 2009. This tragic event has put the spotlights on the problems and the fragility of
these small villages, which represent an important local resource of cultural importance, and
therefore must be preserved for the future generation. In order to properly act in these areas,
it is necessary to thoroughly know the actions to be taken for its recovery or conservation, and
the present methodology allows the creation of this knowledge made up of several drawings,
both two-dimensional and three-dimensional.
Keywords. 3D survey; cultural heritage; 3d modeling; CAD; Abruzzo region.

INTRODUCTION
The research presented in this paper has as its specific
objective the development of a survey and representation method of small historical villages, through
the use and experimentation of different tools and
software packages. During the centuries, under the
pressure of practical needs or the desire to deepen
their knowledge concerning the architecture of the
past, there have been elaborated new theories, tools

and methods to survey and represent buildings and
places, both at the urban scale and at the scale of
the single artefact. In Greece, between the seventh
and sixth century BC, Heron of Alexandria invented
a geodetic device, the “goal”, to obtain the measures
of the azimuth and zenith angles of construction and
inaccessible places such as bridges, towers, walls,
river banks, etc. The Forma Urbis Romae (200 AD), a
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marble map of ancient Rome, shows a very modern
interpretation of the major urban areas. On the map
the spaces, the public buildings and the private houses are represented in plan, with a good topographic
precision and with a large number of symbols and
graphic conventions,. From the Renaissance to the
nineteenth century, surveying plays an increasingly
important role and interests related to the constructive knowledge of the buildings were added to the
metric interests. Giovan Battista Piranesi (1720-89)
not only redraws the visible elements, but attempts,
through excavations and surveys, to document even
the hidden parts. With the invention of the descriptive
geometry of Gaspard Monge (1746-1818) the way to
observe and study the work through plans, elevations
and sections changes radically. Letaroully Paul Marie
(1795-1855) surveyed many buildings in Rome with
the aim of creating a useful documentation for the
design of new buildings. In his remarks, he also gives
importance to the quality and graphic rendering: for
example, the thickness of the lines varies slightly according to the position of the element. (Docci et al.,
1992) These examples illustrate some important moments of the long path of the history of the survey and
mapping, and they show how the evolution of tools,
methods and concepts also occurred largely because
of the different practical needs. Our research is not an
exception, but is part of a wider challenge.

PROBLEM AND VALUE OF THE SMALL
TOWNS IN THE ABRUZZO REGION
The Abruzzo region counts 305 municipalities, 224 of
which belong to the mountain area that has a surface
equal to 76,2% of the regional territory. According to
a case study made by CRESA, the Regional Centre for
the social-economic case studies and researches, the
whole mountain system seems static in comparison to
the dynamic system of the coastal area. The weaknesses and the disadvantages of this system can be caused
by various aspects, starting from the demographic
degradation, to the underdevelopment of the productive system, and to the scarcity of the services provided.
The same situation is at the basis of our case study, the
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village of Caporciano. From the beginning of the past
century to the present day, this town has witnessed a
progressive depopulation. In 1901 in Caporciano there
were 1478 inhabitants, while in 2007, according to the
data from ISTAT (National Institute of Statistics) there
were 255 inhabitants. This social desertification has
generated a consequent abandonment and degradation of the existing built heritage.

THE CASE STUDY: THE VILLAGE OF
CAPORCIANO
The tragic earthquake of the 6th April 2009 has heavily damaged the city of L’Aquila and the surrounding
cities, including Caporciano, and consequently has
brought back to life all these problems. The small
villages like Caporciano constitute a rich artistic and
architectural heritage that has to be preserved for
the future generations in order to maintain our cultural roots. Its valorization could foster the economic
development of the territory with new activities and
initiatives. But these buildings could become really
useful also during the after-earthquake phase, that
still sees part of the inhabitants of the city of L’Aquila
without their own houses.
As happened in 2009 for the village of Castelnuovo (Di Mascio, 2010), also even for Caporciano was
organized a workshop (by the Faculty of Architecture
of Pescara and coordinated by Prof. M.C. Forlani), to
reflect and develop various ideas and proposals for
the reconstruction and the recovery of the village in
a sustainable way. The event involved students, PhD
and professors belonging to the technological area
of several Italian Faculties of Architecture. Our work is
part of this event/research. All the scientific contributions have been collected and recently published in a
publication only in Italian (Forlani, 2010).

OBJECTIVES OF THE PROJECT
To work adequately in a complex and fragile urban
context like the one of the small historical towns, it is
necessary to know this context extensively. The first
step related to the knowledge of the building, as indicated in the ReLuis Guide Lines (ReLUIS, 2010), is
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represented by the survey that should interest both
the whole geometry of the buildings and the single
decorations and the constructive elements.
One of the main purposes of a survey, there is
the creation of a metrically precise documentation
(plans, elevations and sections), useful to document
the geometric, spatial, proportional and formal characteristics of a building.
The various recovery and refurbishment interventions in the historical centers often show the lack
of an adequate basic technical documentation. It
follows that there are alterations of aesthetical, constructive and functional aspects. These errors are not
caused only by the cultural unconcern of those who
work in these contexts, but also by the high economic expenses of the interventions that have to be
done by expertise.
The survey of this “minor” historical-artistic heritage presents also a series of new problems. In fact
it does not deal about surveying and documenting
the squares and the monuments of the big cities,
often surrounded by a wide and comfortable area
to make all the measurements. On the contrary, the
small towns are characterized by a complex, densely
built center. The buildings are next to each other and
the main facades often overlook on narrow, irregular
and uphill roads (figure 1).

This is one of the main reasons why it is difficult
to survey the buildings and to make pictures. We can
find the same characteristics in the village of Caporciano, as well as in the narrow road, on which we focus in this study. On this road there are abandoned
buildings, with opening sides, and buildings classified unusable after the earthquake of April, 6th 2009.

METHODOLOGY
The survey techniques that we know, are often too
expensive and unworkable in the previously described situation. We are referring, for example, to
the use of photogrammetry and 3D laser scanners.
The costs related to a photogrammetric survey are
high not only concerning the preparation phase of
the stereographic couples, but mainly for what concerns the rendering phase that requires specialized
technicians.
Even the use of the 3D Laser Scanner, considering the conditions described herewith, does not
seem to be the best approach for the survey of minor historical villages, because of the many reference
points needed to scan the examined context. The
work could be too long and complex.
The main objective of the research we are presenting in this paper is related to the elaboration
and the testing of a method that, could be fast,

Figure 1
Pictures of three typical
streets of Caporciano.
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precise, cheap at the same time and able to employ
possible technologies and the software at our disposal in the best way. The desire to create a threedimensional model and not simply the traditional
two-dimensional drawings (plans, elevations and
sections) is born both from the major precision of
the final drawings, that all come from the same
model, and from the possibility of making deep
analysis concerning technological and constructive
elements of architectural features.
Instruments and methods of Information Technology (IT) applied to digital reconstructions and
critical analysis widen and improve the quality of
the information if compared with the ones acquired
through traditional systems (Di Mascio, 2009). Moreover, the studies on the three-dimensional models
could include also the morphologic-spatial aspects.
To deal with the problems presented previously and
to reach the set goals, we have used a method of
technological 3D survey of the architectures called
“Ad Oggetto” (research by Prof. P. Palka).
In computer science, around the 60s, a new
type of programming paradigm called “Object
Oriented Programming” was developed. This paradigm, unlike the procedural, considers a software
modular, in other words made up of single independent elements. With the procedural language
the software carries all the routines necessary to
perform various tasks on objects; with the objectoriented language, it uses only the elements it
needs at that precise moment, and later it releases
them. In architecture, we could compare the object-oriented language to prefabricated buildings,
where each part of a building is independent and
can be replaced without interfering with other
components. The concept at the basis of the survey “Ad Oggetto”, takes its inspiration just from this
aspect of the programming. Each architectural element (walls, doors, windows, etc..) can be measured
independently, and hence, every variation on the
same element does not require changes to other
objects, except in the connections. All the elements
are then reassembled to form the final object.
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The idea of the technological survey “ad Oggetto” is to obtain plans, elevations and sections
using a three-dimensional model. Through a total
station LEICA 850 POWER no prisma we have identified the salient points relevant to the representation,
in spherical coordinates, of the various architectural
elements that identify the architectural background,
like profiles, openings, projections and recesses.
The total station was placed on certain points
of support, both on the road with gradient and on
steps, connected by an open polygonal (figure 2).
Figure 2
Example of a working phase
in a difficult location; on the
right side : four different supporting points connected with
an open poligonal.

The LEICA 850 provides both azimuth and zenith angles, as well as the distance between the collimated point and the optical center of the station.
The traditional topographic methods use these
variables to determine the position of objects in
the plane (cadastral plans, layouts, etc.) The method
presented here instead, uses the so-called derived
quantities, ie, known angles and distance, the instrument in real time, and on a second display, is able
to provide the spherical coordinates of a collimated
object. Thus the set of the 3D points of the various
objects create a 3D scene.
The obtained coordinates have been reported
in real-time in a drawing software (AutoCAD), differentiating the objects by category and placing
them on different layers. Within the CAD package,
we have linked the single points identified through
lines, splines or arches. The final result is a 3D model
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in wireframe, that permits to appreciate the outlines
of the facades taken into consideration, the connections on the ground and the openings. In this way,
we have obtained a background that, provides us
with the first spatial information (figure 3).

PHOTO RECTIFICATION IN FOTORAD
The following passage has been fundamental for
a detailed representation of the architectural and
technological/constructive details. In this phase we
have used the homography, an invertible transformation from the real projective plan, instead of the
expensive and difficult photogrammetry.
A homographic transformation changes a figure into another figure, it even produces the deformation, so the angles of the two figures don’t remain
constant. In such a case you need to know the plane
coordinates of a minimum of four points on two levels of transformation.
Eg. Transforming a square into a trapezoid
(needs to know 4 vertices of a Square and 4 vertices
of a Trapezoid).
Differently an “affine” transformation does not

take into account the deformations, therefore, the
angles remain constant. In this case it is sufficient to
know the plane coordinates of a minimum of three
points on the two levels of transformation.
Eg. Transforming a square into a rectangle
(needs to know 3 vertices of a Square and 3 vertices
of a Rectangle).
The pictures have been elaborated with the FOTORAD software (research by Prof. P. Palka), ™ UD’A
1996. In this way the representation has been enriched by windows, doors etc. (figure 4)

NURBS AND 3D MODEL
The information obtained with FOTORAD has been positioned inside the wireframe cage, made exclusively
by lines and points. Since we are dealing with irregular
walls subject to various deformation such as the bulging, it is not possible to obtain adequate sections in
every point of the façade, with the only geometric elements available. For this reason we have decided to create some surfaces using NURBS (Non Uniform Rational
B-Splines), to represent both the walls that overlook the
narrow road and the floor surfaces. In fact, until a few

Figure 3
The wireframe model in the
CAD software and the list of
layers.
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Figure 4
Rectification and redraw
of an ancient portal in
FOTORAD.

years ago, in the CAD software packages it was possible
to obtain sections only by solids, while now we can also
section the surfaces. We believe that in the survey field,
in some situations, it is better to use surfaces generated
and composed by complex curvilinear profiles. Therefore it is important to critically identify the surfaces
adequate to represent the different elements and the
architectural details, such as walls and columns, portals and windows. For example, for the creation of the
facades it is important to choose the outlines of the
single wall surfaces of each building, in order to obtain
results as much as possible geometrically corrected

and easy to manipulate and to analyse within the digital working environment.
The overlapping of the wireframe model on the
surfaces has allowed us to understand the relations
between the irregular wall surfaces and the surveyed architectural/decorative elements. (figure 5)
Afterwards we have chosen a surface that represents the façade of a small building and we have
made parallel sections, both vertical and horizontal.
The sections so performed are the basic, useful documentation to demonstrate and analyse the deformations of the walls. (figure 6)
Figure 5 (left)
Rendering of the façades of
some buildings with the wireframe model overlapped .
Figure 6 (right)
Vertical and horizontal sections that document and
analyse the deformations of a
façade of a small building.

834

eCAADe 29 - Simulation, Visualization, Prediction and Evaluation

CONCLUSIONS AND FUTURE
DEVELOPMENTS
The 3D survey “ad Oggetto” has proved its usefulness
and validity in other studies (Palka, 2010), in which
the various models were used to extract elevations,
plans and sections, with cuts made at any level, as
well as to do more accurate calculations of surface
areas and volumes. Producing all drawings by a only
one 3D model helps to avoid the typical errors that
can occur when making individual drawings as in
traditional practice. However this approach is not
suitable by itself to represent complex three-dimensional decorations, and in this case it could be integrated with a laser scanner or a modeling application such as 3D Studio Max.
The method and tools described in this paper
are intended to provide a valid choice for surveying
and representing a small villages. The entire process
leads to metrically precise results, achieved in a short
time and with less cost in comparison to other technologies such as photogrammetry and laser scanning, which in this context are also difficult to use.
Research is still ongoing. We are experimenting various techniques of representation and
analysis of the digital model taking into account
the new opportunities offered by newer versions
of various software package such as 3dsmax or
rhinoceros. New tools for creating and modifying
NURBS surfaces allow further analysis of threedimensional models, a few years ago impossible
to put into practice. The research doesn’t stop at a
three-dimensional model only, but it also includes
textures, produced by the photo-plans created in
Fotorad, useful to represent different materials,
and animations that help to better understand
some spatial characteristics.
In the following stages, through some expedients in the creation of elevations and their objects,
like portals and windows, the 3D model provides
the opportunity to analize the individual parts of a
building even in a “net” environment, to query the
cards collected in a database, which contain various
characteristics of the elements.

The survey and the three-dimensional representation so far have concerned the facades of
buildings facing the little road of Caporciano. Because of the damage caused by the earthquake or
the absence of the owners in the village, it wasn’t
possible to make any survey into the houses. We will
be examining, in the next phases of the research, the
opportunity to get inside in some of the buildings so
as to make a survey and thereby create a complete
three-dimensional model useful for analyzing other
characteristics such as relationships between inner
and outer spaces, functional aspects, structures and
energy consumptions.
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Abstract. The presented paper describes a series of studio-based research projects on
structural optimisation and the cost-effectiveness of digital fabrication that aim to balance
stress distribution across thick walls or a rib density of slabs. As a consequence of the
structural optimisations, the results tend to be non-uniform shapes that are not ideal for
cost-effective fabrication. This paper introduces a few simple models to balance structural
optimisation and fabrication cost-effectiveness. It involves relatively simple structural
simulations as the design inputs, and then converts the simulation results into various
architectural forms using parametric 3D modelling tool (McNeel Rhinoceros v4, Grasshopper
v0.8) before fabricating them using digital fabrication technologies. The major challenge of
this study is how to translate simulation results into architectural components/overall building
shapes and how to fabricate complex forms in a cost-effective manner.
Keywords. Digital Fabrication; Mass Customisation; Cost-effectiveness; Structural
Optimization; Parametric.

INTRODUCTION
The principle of Form Follows Function has become
the dogma of modern architecture and industrial
design in the 20th century. It has also emerged as a
criticism of ornamentation, meaning that this ideology leads to the designs of as simple and rectilinear
forms as possible. However, as a consequence of the
recent development of digital design and fabrication
technologies, we have started to observe a number
of freeform designs, some that do not even have sufficient functional relevancy. Although such freeform
designs are eye-caching, a flood of fluid forms has left
the impression that the impact of each of these freeform designs is decreasing. According to the current
literature, one of the strengths of digital fabrication

technologies is their ability to rapidly create complex
and precise 3D forms. However, the use of these new
technologies, particularly for architectural design
and scale, has not yet been fully justified. We are still
in the midst of evaluating the functional meanings
of these technology shifts, especially for the generation and fabrication of complex forms in architecture. In this context, Bechthold (2004) suggests the
use of such technology to create digitally optimised
and prefabricated thin shell-like structures, while
Menges (2007) predicts a higher degree of integration among form generation, materialisation and
construction in the digital age. Sasaki (2007) develops and practices Extended Evolutionary Structural
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Optimisation, which is an algorithm-based solution
that incrementally evolves constrained geometry towards optimum structures.
This paper aims to present how architects can
translate the results of digital simulations into architectural components/overall building shapes in
relatively simple ways. It also suggests approaches
to fabricating sensitively configured complex forms
in a cost-effective manner. A series of research-based
projects on structural optimisation and digital fabrication illustrates the concept, particularly distributing stress across thick walls or a rib density of slabs,
which is followed by a conclusion with a comparative analysis and explanation of future prospects.

FORM FOLLOWS PERFORMANCE
Form Follows Performance is a critical agenda that
could supersede the current gap between recent technological advancements and the genuine functional
needs of architects. Its design inputs are performancebased rather than following a subjective form-making
approach. Finite Element Analysis (FEA) in structural
simulation drastically opens up the possibility of the
application of complex structural forms in architecture,
while parametric 3D modelling tools enable us to convert these visual/numerical simulation results into various architectural forms or properties of architectural
components, such as thickness and density.
As a consequence of such structural optimisations, the results tend to be non-uniform shapes,
which are rarely cost-effective for fabrication and
construction. We experiment with a few schematic

models to find a balance between structural optimisation and cost-effective fabrication: 1) Reversed
displacement model; 2) Stress-to-thickness model;
and 3) Mass customised density model.
These research projects involve relatively simple FEA structural simulations (Autodesk Algor, 2010)
as the design input, while the simulation results are
converted into various architectural forms using parametric 3D modelling tool (McNeel Rhinoceros v4,
Grasshopper v0.8), before they are fabricated using
various digital fabrication technologies.
Reversed displacement model
Antoni Gaudí (1852-1926) experimented with a hanging model structure in order to optimise the structural
shapes of his architecture, among which the bestknown example is Sagrada Família in Barcelona. The
reversed displacement model in a digital environment may work as a quick approximation of the hanging model, which could generate hanging model-like
structures to equalise stress distribution. We employ
the displacement visualisation function in FEA simulation software (Figure 1 Left) and then export the
magnified displaced 3D geometries in a VRML format
(.wrl; Figure 1 Right). The degree of displacement can
be controlled by the magnification function, which is
determined by the functional/aesthetic needs of the
spaces underneath. These deformed geometries are
re-imported into 3D modelling software to reverse
the direction of displacement and then they are reexported in the STEP format (.stp) for FEA simulation
once more. This re-examination by FEA lowers the
Figure 1
Left: Sample image of a structural displacement contour
diagram of a flat plate that
is supported by six randomly
positioned columns. Right:
The reversed displacement
model in 3D modelling software, which demonstrates its
reduced stress concentration.
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highest stress concentration figure, while the overall
stress distribution is more equalised (i.e., the highest/
lowest stress ratio is reduced).
Polymer-based laser sintering 3D printing (EOS
Formiga P100; Figure 2) quickly confirms the structural efficiency of the reversed displacement model
under gravity, while the amount of additional material is inconsequential.
The major benefit of this method is its quick
approximation of performance-based freeform
structures during the early design stage. As the
outputs approach a constant thickness, this may
simplify the construction of thin shell-like masonry
or concrete structures. However, these doublecurved non-uniform shell-like forms still require
fully customised frameworks, which are costly at
full-scale construction. The actual applicability of
Figure 2
3D printing model at a 1:100
scale (EOS Formiga P100).

the deformed shape for construction will also require further structural engineering.
Stress-to-thickness model
Image Sampler script (Grasshopper v0.8) can convert visual information (.bmp, .jpg, etc.) into a series
of numerical outputs. We experiment by inputting a
Von Mises stress contour diagram of a wall into Image
Sampler in order to parametrically convert its numerical outputs into the thickness of the wall or depth of
ribs to generate a wall-like structure. This example
shows a four-story building in a square plan with no
load-bearing wall on one side (Figure 3 Left). The loading condition is based on self-loading only. All boundary conditions are set as fixed joints. In principle, a
higher Von Mises stress area requires more materials
in order to prevent structural failure by exceeding
the yield strength of the material. By increasing the
thickness of the wall for the stress concentration area,
the stress distribution becomes more even. If the 3D
curved walls are converted into networks of planer
ribs, which are made of constant industrial construction materials such as steel plates, the overall material thickness required becomes much thinner (Figure
3 Right). The converted structural model shows this
reduced stress concentration as a whole. By contrast,
the same type of stress diagram can be converted into
a combination of various densities of ribs with a constant depth. In this case, the larger stress area requires
a denser network of ribs.

Figure 3
Left: Structural stress contour
diagram of a four-story building that has no load-bearing
wall on the right side. Right:
Sample image of the conversion of the structural stress
contour diagram into a depth
of ribs with a constant pitch
to form a wall-like structure.
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The clear advantage of this method is that
all ribs consist of planer surfaces that can be costeffectively fabricated and optimised for structural
performance as long as they always intersect at 90
degrees (Figure 4). However, the method may lose
its competency for non-uniform intersections, often
in the case of freeform designs, which requires fully
customised above 5-axis Computer Numerical Control (CNC) fabrication. Furthermore, the application
of this method is currently limited to 2D conversion,
such as walls and slabs, because of the functional
limitations of Image Sampler.
Mass customised density model
This model aims to test both structural optimisation and fabrication cost-effectiveness by rationalising the structurally optimised network of ribs into
combination of standardised components, namely
mass customisation. The following three structural grid models are tested progressively using the
same boundary conditions with two fixed supports
and are subjected to self-loading only. Figure 5 Left

represents the conventional orthogonal grid system
in which all members are jointed at right angles except at the peripheral condition. This type of model
often has a cost-effective fabrication, although the
distribution of the members does not precisely correspond to its structural requirements. Figure 5 Middle
demonstrates full structural customisation. This starts
to convert Von Mises stress diagrams into various
points, where more stress concentration areas are allocated more points. Those points are then converted into various densities of ribs using Voronoi script
(Grasshopper v0.8). However, the outcome requires
over 100 types of unique joints to combine various
lengths of members, which requires extremely high
labour and production costs. Figure 5 Right aims to
find a balance between structural optimisation and
cost-effective fabrication, namely mass customised
density. The key is to convert as much as possible a
randomly allocated member in the middle model
into combination of standardised components. The
first step is to prepare three types of triangular grid
(3, 6 and 12 m), with each doubling the size of the
previous. The second step is to match higher stress
areas to the smaller triangular grid using Image Sampler script. Finally, we must juxtapose those three triangular grid systems into one layer. As a result, the
combined grid system systematically corresponds to
the stress distribution, where the areas around the
supports are allocated a higher grid density. All members intersect each other at only nine types of joints
regardless of the scale of the application. In comparison to the fully customised model, this method
reduces the types of joints necessary by over 90%,
which improves fabrication efficiency.

Figure 4
Cardboard model at a 1:100
scale (Epilog Legend 36EXT).
In this model, structural optimisation has been carried out
for only walls, but not slabs.

Figure 5
A series of progressive structural simulation models supported at two fixed columns,
which represent the three
stages of optimisation. Left:
Conventional orthogonal grid
model, Middle: Customised
structural model using
Voronoi script, Right: Mass
customised density model.
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This approach is especially viable for buildings that have difficulty in adapting conventional
orthogonal beam structures, as in irregular site
conditions or when it is necessary to work around
existing trees, for instance. Figure 6 Right illustrates
such an application, namely a car showroom with
embedded multidirectional ramps, that achieves
structural optimisation and fabrication efficiency
at the same time. However, this is still also limited
to 2D applications only, such as slabs and walls,
because of the constraints of Image Sampler. This
might be overcome by the ongoing development
of a 3D database link between the simulation software and 3D modelling tools such as Slingshot [1]
or Geometry Gym [2].
By applying the abovementioned methods,
it would be easier for architects to use structural
performance as a design input during the early
stage, which may significantly influence the overall architectural design. This is especially important
when architects intend to employ non-standardised structural performance-based design without
proper structural engineering support, which is
not always available in the early design stage. A
similar type of performance-based design could
be applied also to environmental factors such as
solar exposure contour diagrams, which could be
converted into perforation density for façades or
might correspond to sun angles (Gibson, Klinger, &
Vermillion, 2008).

CONCLUSION
The recent development of advanced design/simulation/fabrication flow has encouraged architects
to integrate simulation results as one of the main
design drivers in order to determine primary architectural forms. Parametric design tools have virtually
unlimited possibility to convert diverse performance
properties into various components/overall shapes.
Furthermore, digital fabrication technologies enable
rapid physical prototyping to quickly confirm virtual
simulation results under gravity.
Three methods were in this study tested to seek
the balance structural optimisation and the cost-effectiveness of digital fabrication. The reversed displacement model reduces fractional stress concentration,
which may result in constant material thicknesses, but
it still requires double-curved surfaces. Networks of
planer surfaces in the stress-to-thickness model may
achieve partial structural optimisation and cost-effective fabrication, as long as those ribs always intersect at
90 degrees. The mass customised density model proposes a better balance between structural optimisation and cost-effective fabrication. Mass customisation
minimises the types of complex joints necessary, while
the remaining members are all standardised industrial
profiles. It also could accommodate random positions
of columns and irregular site conditions.
Because prior structural inputs significantly
influence the overall architectural design, it is important to develop handy methods for architects

Figure 6
Left: Mass customised density model, which consists
of only nine types of joints.
Highlighting one of the nine
instances in the mass customised joint system. Right:
The application of a mass
customised Voronoi system for
a three-story car showroom
(Thesis project, Chua Liang
Ping, 2011).
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to integrate performance properties into their designs. These performance-based methods imply
that designs can be simultaneously judged from
both a functional and aesthetic point of view,
which opens up new concepts of functional architectural design. Here, the Form Follow Performance
concept can justify the recent series of technological advancements in a functional manner because
such sensitively configured architectural forms
can only be realised through a combination of
advanced design/simulation/fabrication technologies. Because each profession in the construction
industry is becoming increasingly specialised and
segregated from one another, it is also important
to reintegrate them into one single creative entity.
Building Information Modelling (BIM) seems to be
an effective catalyst to accelerate this process, and
this research project has aimed to present a simple
and intuitive way of employing the BIM platform in
the creative design process.

Menges, A 2007, ‘Computational Morphogenesis Integral Form Generation and Materialisation
Processes’, Proceedings of the ASCAAD, Alexandria, Egypt, pp. 725-744.
Sasaki, M 2007, ‘Morphogenesis of Flux Structure’, AA
Publications, London.
[1] http://slingshot-dev.wikidot.com/grasshoppermysql
[2] http://geometrygym.blogspot.com/
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Abstract. The article presents an immersive tool to support early planning stages in building
construction and town planning. It combines concepts of augmented reality technologies with
radio controlled multicopter aircrafts to visualize virtual information in direct context of the
build environment within a highly flexible operating range.
Keywords. mobile augmented reality; planning support; pattern recognition.

BENEFIT AND LACKING OF AUGMENTED
REALITY
The comprehensibility of planning models and simulation results rise and fall with the availability of plausible visualizations, preferably in familiar surroundings, which is hard to achieve in outdoor scenes. Due
to the very different kinds of professions, personalities
and interests in building design, the immersive presentation of information should be a main goal of an
efficient planning and communication environment
in public processes. In Augmented Reality (AR) applications virtual objects are embedded in real life
scenarios and combined with them visually (figure 1).
AR visualizations lay a path to more intuitive
representations of virtual buildings and simulation
results, as presented in (Graf 2010) in a laboratory
setup. The technical challenges to offer augmented
reality range from localization of the camera in spatial position and orientation (6D), rendering of the
geometries from the localized viewpoint according

to the camera’s field of view, and the combination
of virtual geometries and real-world pictures before
presenting to the user.
Outdoor augmented reality applications use
motion, orientation and tilt sensors of the recording
unit in combination with its GPS module to determine
spatial position and orientation. Pattern recognition
methods can coinstantaneous interpret markers in
reality and put virtual objects at certain places of the
video stream. Necessary programming environment
for these processes are well proven and available in
open source projects [1], [2], (Billinghurst 1999).
Existing applications concentrate on presenting location-based services (LBS) of commercial
service providers and on the enhancement of social networks. Up to now the potential of AR is currently insufficiently used in planning and maintaining of buildings, even though this very scenario of
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Figure 1
Classical augmented reality
setup

providing relevant data and information of buildings
in combination with the environment, presents the
possibility of greatly enhancing information quality
for the planner. For instance, providing ad hoc visual,
textual and auditory information in direct combination with geographical location, orientation and
tilt of the respective mobile unit can allow for the
combined visualization of semantic information and
real life architecture. Simulation data, planning infrastructure and many more non-visual information
like costs or lifetime cycle data are displayed on location in the context of the actual real life building. Yet,
presently available AR applications are restrained in
their visualization of the combination of semantic
and real information to the conventional area of human movement (pedestrian point of view) and do
not allow free movement along all three-dimensional axes (bird’s eye view). Therefore the early stages of
planning and urban planning cannot profit fully of
AR’s potential.
At the same time AR applications have become
an easy to use and feasible extension to man-machine interface the potential of unmanned aerial vehicle (UAV) could be increased remarkable. Small but
capable UAVs like multicopters are now affordable,
844

easy to pilot and offer software development kits to
enhance their functionality. The proposed methods
are expected to be so robust that such small UAVs
will be sufficient for the envisioned AR applications.
Concerning our requirements we concentrate our
research and development on low cost UAVs such as
the gesture controlled AR.Drone of Parrot [3].
This article presents the motivation behind the
project, goals and use cases, followed by a description of the projects approach. Then, the regarded
UAVs will be presented and the ongoing integration
into the ARToolKit framework. Next, the technical approaches of appropriate tracking is detailed, future
directions are explained, followed by a conclusion.

PROJECT GOALS AND USE CASES
In order to demonstrate the potential of flying
AR solutions for planning support the project Flying Augmented Reality (FAR) has been started at
Karlsruhe Institute of Technology (KIT). The goal
of the project is to combine robust methods and
techniques of augmented reality with multicopters as an easy to pilot and affordable UAV and
to provide thusly gained information to the planning staff of building projects. Figure 2 shows the
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principle of this concept in model scale. A multicopter with two integrated cameras is flying over
a town model scene and transfers its video stream
wireless to a laptop. The installed software analyses the scene and replaces founded markers with
a virtual building.
The planer is hereby enabled to move an imaging device at any given spatial position in the planning area and overlay the transmitted video stream
with virtual architectural objects. To achieve this,
easily identifiable markers are set in the urban space
as targets for multicopter flying up to 50 m high.
The project describes basic concepts of installation
and evaluates possible scenarios of application in
the field of architectural planning by integrating
the urban spatial context. First, we focus on the allocation of simulation data of buildings (e.g. energy
Figure 2
Illustration of AR workflow
with an unmanned aerial vehicle in model scale.

consumption, air flow simulation) and on the visualization of hidden technical facility equipment. Sample of these application are show in figure 3.

APPROACH
Main challenges of the project are the real-time localization of the video-stream based on inaccurate
or inert sensor and image recognition, and based on
this, the adapted representation of virtual buildings
or numerical simulations as AR visualizations into
the camera image. The project covers topics from architecture, computer science and mathematics, and
aims to satisfy the immediate demands for urban
planning by an interdisciplinary collaboration.
The project adresses five different working areas:
1. Evaluation of small low-cost UAVs for the envisioned FAR applications
2. Improvement of location accuracy and angle of
view of the aircraft to place AR-media
3. Concept and evaluation of an easy readable
and clearly marker system for a long distance
recognition
4. Definition and evaluation of use cases in architectural planning processes
5. Feasibility studies of collaborative scenarios
based on open source projects
Traditionally, absolute positioning for flight
path control is realized using GPS sensors, which are

Figure 3
Examples for added information based on simulations or
otherwise invisible building
information with a flying
camera.
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too inaccurate for FAR applications. Stabilized multicopters provide besides in-flight life video location
information via orientation sensors and image analysis. The quick response sensors for stabilization alone
are unsuitable for directly determining the absolute
position of the UAV. The combination of image
analysis of the life stream and the time-dependent
evaluation of the sensor data makes an exact positioning with the help of mathematic models and
optimization possible. Conventional software for the
visualization of buildings and simulation results are
not made for being embedded in real time in a video
stream. The data is therefore exported in portable
data formats, is visualized via a prototypical controlling and visualizing software using the image data
and the optimized positioning and may be used for
controlling the drone, even without GPS.

MULTICOPTER
The scope of available multicopters is high and constantly growing. Also senor technology has been
improved in the past years and makes is possible
to handle these aircrafts with a minimum of flight
experience. Today multicopters within a range from
450 € up to 10.000 € are available and have enough
capacities for architectural requirements. The advantages oft the higher price classes are GPS receivers
and the possibility to create flight paths with Google
maps and a digital video-stream. While such abilities
have unquestionable advantages, the GPS accuracy
is not sufficient for the envisioned FAR applications;
they need near pixel accuracy in the object position
in the camera projections, instead of near meter

positioning of the UAV itself. Therefore, such more
costly multicopters were not considered, but furthermore offering an alternative to GPS receivers as
second use.
In the project FAR three multicopters has been
applied and tested (figure 4):
1. Parrot AR.Drone: The AR.Drone is an easy to
control aircraft, because of its advanced software and senor supported flying characteristic. It can be controlled by Apples iPod touch,
iPhone or iPad. Drawbacks are the limitation of
altitude and a non-movable cameras [3].
2. Conrad Quadrocopter 450 arf: The Conrad
Quadrocopter 450 arf has its strengths in an
additional payload of 500g, so it is possible to
use movable cameras and addional equipment.
The manual controlling is more difficult, due to
lacking support by software [4].
3. Gaui 330x-s. Regarding its technology Gaui
330x-s is similar to Conrad Quadrocopter 450
arf, but easyer to control through activating
software support during the flight. It could be
shown that the maximum payload can be extended from 500g up to 1,000g due to modifications of the hardware [5].

IMPLEMENTATION FRAMEWORK
The project uses at the ARToolKit as an open-source
software library developed by the HIT-Labs between
1999 and 2004 [1]. The software searches in the inserted video stream for known markers. When a
marker is found the software calculates the 3D-orientation of the marker and adds to the marker the
Figure 4
Tested lowcost multicopter
models: Parrot AR.Drone [3],
Conrad Quadrocopter 450 arf
[4], Gaui 330x-s [5]
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corresponding model with the compatible orientation. Since this happens in real time, the hardware
has to met special demands. ARToolKit uses 3D models in VRML-format which as an open description language can be exported by most CAD-applications.
Due to the dependency on weather and time there
were developed two methods to visualize the buildings (figure 5):
Online - method: the multicopter flies over
a building area in which a marker is placed on the
ground. The video-stream is transmitted over radio
to a PC. ARToolKit inserts the model of the building into the video-stream and displays the modified
video-stream on an optional head-mounted-display
(HMD). The HMD has a head tracking system, so it is
possible to change the angle of the camera, depending on the posture of the users’ head.
Offline - method: The UAV flies over a building
area in which a marker is placed on the ground.
The video-stream is transmitted by radio to a
ground station and saved by the ground station
or on the camera located under the quadrocopter.
The saved video can be inserted in the ARToolKit.
ARToolKit inserts the model of the building to the
video-stream and displays the modified videostream on an optional head-mounted-device
when it occurs the second time (HMD). It is also
possible to insert a marker in a taken video (e.g.
with Adobe After Effects CS5.5) for processing using the ARToolKit. ARToolKit normally works with
printed marker so the limits are reached soon. For
an altitude of 40 meters, the marker must have a
size of 6 meters, therefore active markers are considered for improved results.

CAMERA TRACKING
In AR applications tracking is required to determine
the position and the orientation of the viewer. This is
essential for rendering computer-generated objects
both perspectival and proportionally correct and to
overlay them in the right place. In FAR the viewer is a
multicopter mounted camera. When tracking movements in an real world environment there are usually
six degrees of freedom (DOF). Three of them are the
movements along the axes of the cartesian coordinate system and three are rotations around these
axes. Most of the approaches cover less than 6 DOF
thus have to be combined with other sensors.
Lateration is to determine a position by its
distance to known points. The sine qua non in a
three dimensional space are four distances. Usually transmitters send signals from known places
and a receiver is in the position that has to be determined. By measuring the time between sending and receiving and by knowing the velocity of
propagation of the carrier medium it is possible to
estimate the distance. As a carrier medium soundand electromagnetic waves can be used. With
standard wireless network devices an error deviation of less than eight meters can be achieved
(Günther 2005). The Global Positioning System
(GPS) also uses lateration. In this case the signals
are sent by about 30 satellites. This guarantees the
reception of a minimum of four satellite signals in
every spot on our planet. Due to the long distance
and the crossing of different layers of the atmosphere the accuracy is about 15 meters. However
if the line of sight is blocked (e.g. by houses) determining the position can be impossible. There

Figure 5
Online- and Offline Method
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are some enhancement systems available that
provide a position accuracy of less than one meter
(Schildt 2008).
A pressure sensor can be used as an altimeter
because the vertical position information of GPS is
less reliable, for low altitudes also ultrasound transmitters and receivers are used for height measurements. Further sensors have to be assembled to determine the orientation.
Accelerometers and gyroscopes are devices
that measure acceleration. First ones are used to indicate an acceleration along the axes, which results
in a change of the position, and are very accurate at
measuring the earth’s gravitational force. The latter
ones are used to indicate acceleration around axis
i.e. fast changes in orientation. While it looks feasible
to determine the UAVs speed by integration of the
acceleration, the measurement errors invalidate the
results quickly. While this information may even be
used for inertial navigation over short time frames,
the errors accumulate quickly. Nevertheless, these
sensors have a high frequency and are adapted to
track fast changes over short time intervals. They
complement one another with sensors that have a
stable output over long time periods in combination
with a low frequency (e.g. GPS, solid state compasses). Besides, they do not depend on external data,
and provide reliable orientation information.
A clear line of sight is essential for optical tracking. When talking about optical tracking we will put
our focus on high level optical tracking with cameras and image processing. There are two alternatives
for positioning of the markers and the cameras: Either there are ground-based markers and a camera
on the UAV, or there is at least one marker on the
UAV and several ground based cameras. In the latter case, the ground cameras can at least determine
the accurate 3D position, and combined with orientation sensors the complete 6D position is available. But since all UAVs are equipped with cameras
and not all of them provide access to the orientation sensors, the first alternative was followed as a
more robust alternative.
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The process of computing position and orientation of the camera from frames is comparable to
drawing where it is essential for the spatial impression to get the right perspective. With optical tracking it is the other way round. In the field of view has
to be an object with known size and orientation respectively a number of spots. Both the spots and the
geometrical objects are referred to as markers. The
image of the scene with the markers and the intrinsic camera parameters are given. So the position and
orientation of the camera can be determined.
For six DOF, only a camera, a computer and four
discriminable markers are needed. Even with a movable camera no additional sensors are needed, but can
be used for additional accuracy. This configuration
can be met by low-cost multicopters. The challenge
with optical tracking in FAR is the distances and the
lighting conditions. Active lights promise a sufficient
image contrast i.e. they define distinguishable spots
in the image over long ranges. Various alternatives for
active markers are currently in evaluation.
Optical tracking combines a high accuracy with
basic equipment in a wide operation area. Apart
from the markers there is no further hardware needed. This makes it the method of choice for FAR.

ENHANCED FAR
While the ARToolKit is providing a suitable framework for AR object representations, the support for
occlusion is limited. When a 3D city model is available, occluded section may be rendered invisible for
even more plausible visualizations. This is even more
true for space filling visualization such as visualizations of urban air flow where some results should be
hidden behind other buildings. In this project, the
positioning will be used for alignment with the Karlsruhe 3D city model (Hauenstein 2009) for visualizations of urban air flow simulated using the HiFlow
software package (Anzt 2010) using adapted visualization software.
The accurate positioning of the camera projections using optical tracking is providing inflight information on the UAVs position. Using this
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information for flight planning may provide an alternative to GPS-based flight planning, especially for
low-cost UAVs as they are used in this project.

CONCLUSION
The impact and comprehension of planning models
and simulation results are strongly related to their
visual appearance. The projects approach of a novel
FAR visualization is going far beyond traditional approaches and is laying new paths for communication
in planning and research. The author’s preliminary
results show the capabilities of low-cost UAVs for
the envisioned applications, and the presentation of
exemplary visualization examples has drawn large
public interest, due to the improved accessibility of
such technical images to the general public.
Based on these experiences and the latest results, the authors will continue the assessment of various active optical markers and continue the inclusion
of the results in the ARToolKit as a first example.
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Abstract. The investigation of the relationship between pedestrian modeling and the
built environment is essential in the process of analyzing, evaluating and generating new
architectural spaces that can satisfy circulation design conditions and respect the surrounding
environment in the best possible way. In order to achieve the direct interaction between the
users and the environment, current work attempts to examine how pedestrian models can be
used as generative mechanisms for the production of adaptive spaces, which can be optimized
according to human movement behavior needs. In this investigation, an existing computer
program will be further developed in relation to its ability to inform the environment in an
adaptive manner resulting the formation of spaces that can influence and can be influenced
by pedestrian movement behavior and hence circulation systems. This can be done by
creating new rules of interaction between components, for instance between pedestrians
and the geometry of environment, and by taking into account pedestrian movement behavior
conditions, as well as functional and morphological architectural design criteria.
Keywords: Pedestrian modeling; virtual forces; generative design; adaptive built environment.

INTRODUCTION
The integration of pedestrian modeling approaches
with the design of built environment is important
for the generation of spaces that can satisfy movement criteria of effective flow, efficient use of space,
as well as aesthetical design criteria. As it has been
already discussed in previous work by the author
(Kontovourkis 2010), human movement behavior
simulation involves the use of different modeling
techniques largely used for the evaluation of human
movement performance in the built environment.
Attention has been given in models that simulate the
850

behavior of a large number of interacting components (particles, agents, pedestrians, etc) in real time
and in parallel based on simple rules of interaction.
Such techniques might be divided in two main categories, in social interaction-communication and in
way-finding (Kontovourkis 2010). Examples that attempt to investigate the above-mentioned relationship between pedestrian modeling and design of
built environment can be found in both categories.
In the first category examples might include work
done in the area of pedestrian modeling in order to
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solve problems in mico-scale level and specifically in
spaces within buildings. In such cases, works might
propose new design of spaces where the movement
of pedestrians is found to be problematic influencing
the smooth transition and flow of pedestrians from one
space to the other. Also, work might be found in cases
where design needs to be improved in order to allow
unobstructed movement of pedestrians, for instance
in emergency situations. Various attempts to find connections and to generate spaces that can satisfy movement behavior scenarios can be found, for instance, in
the work done by Helbing et al. (2001) for the design
optimization of corridors’ bottlenecks according to
human movement conditions using pedestrian modeling and evolutionary design principles. Helbing et al.
(1997a; 1997b; 2001) have also introduced an active
walker model where pedestrians were programmed to
influence their environment and vice versa.
Focusing on similar principles that combine
pedestrian modelling and optimization processes,
Turner et al. (2004) combined pedestrian modelling techniques based on visual perception together
with evolutionary algorithms to solve problems related to the organization of rooms and spaces.
In each case, an extended version of pedestrian
model has been used, which combines simulation
of movement and design optimization strategies in
order to investigate and improve existing spaces,
to suggest solutions in problems of spatial arrangement, etc. In the process of generating new building
environments using pedestrian simulation techniques, computer models are enriched by adding
new computational rules and information that will
connect their internal structure with the geometry
of environment to be generated.

OVERVIEW
The paper is structured as follows: the second part
demonstrates new rules and information added on
the existing computer program allowing its use as
design generator of adaptive spaces; the third part
tests the program and its ability to generate new
environments by introducing two design scenarios

together with a discussion on results; the fourth part
draws some general conclusions.

COMPUTER PROGRAM
The existing computer program is called ‘virtual force’
model since the interaction and movement of individual components (this word is used to describe all
types of individual components involved in pedestrian modeling) is achieved by the application of forces
that are acting on them motivating their movement
behavior. Apart from individual components that represent pedestrians, other type of components include
signs, obstacles, boundaries, etc. Interaction between
different types can be used in order to investigate
pedestrian movement behavior within given environment (Kontovourkis 2009; 2010).
In previous work, rules of behavior were divided
in two main categories. The first category includes
rules of interaction behavior between pedestrians
and other types of individual components that produce a number of effects like repulsion, attraction,
obstacle avoidance, and sign effect (attraction-direction force) (Williams and Kontovourkis, 2008) (Kontovourkis 2009; 2010). The second category includes
rules of movement based on route choice behavior
modeling, which allows pedestrians to select their
route towards a particular destination using systems
of signs and destinations (Kontovourkis 2009; 2010).
In all cases, types of individuals that represent
geometrical components of the built environment
were treated as static objects. Circulation diagrams
were generated showing possible optimum paths that
pedestrians were taking to reach various destinations.
A number of other information was taken from these
models, for instance occupation of areas by pedestrians
during their movement towards a particular destination. Also, circulation diagrams were evaluated according to various movement behavior criteria including
the effective flow and the efficient use of space, but the
decisions on the formation of built environment was
taken based on architect’s selection and choice. Such
design strategy involves the use of pedestrian modeling techniques together with architect’s intervention.
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This work tries to expand current program’s
potential by introducing new computational rules
and information that can be added on the existing
program in order to develop a new digital design
strategy for the generation of adaptive built environment. Apart from interaction and movement behavior that occur between different types of individual
components, the new developments include interaction with geometrical components of the environment in a dynamic manner again using the concept
of ‘virtual forces’. The pedestrian model is developed
further to include the following behavioral rules that
can lead to a number of new effects. For the purpose
of current paper these behavioral rules are divided in
three main categories:
•• Behavioral rules between pedestrians and the
geometry of environment

••
••

Behavioral rules between different geometrical
components of the environment
Behavioral rules between components within
pedestrians’ system of movement

Pedestrians – Geometry of environment
The first behavior that can be emerged is the one due to
the movement of pedestrians in a given empty space.
Such behavior leads to the production of spaces that
are occupied by pedestrians. Following examples show
computer-generated spaces due to the movement of
two groups of pedestrians (red and blue) that interact
in a given environment. The red group moves from bottom-left to top-right and the blue group moves from
bottom-right to top-left [FIGURE 1].
Computer-generated spaces can be defined
geometrically as cells, trails, networks of proximity,
Figure 1
Spatial arrangement generated by pedestrians’ movement behavior simulation in
a given time interval. Left:
Pedestrians’ area occupation,
Right: Pedestrians’ network
of proximity

Figure 2
Patterns produced by the interaction of pedestrians with
boundaries. Images show
pedestrians’ area occupation
(three basic time steps)
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Figure 3
Patterns produced by the interaction of pedestrians with
obstacle. Images show pedestrians’ network of proximity
(three basic time steps)

etc. Quantitative and qualitative information taken
from such investigation might include areas, positions, and statistical values related to the occupation
of areas by individuals moving in a specific direction
and in a given time interval.
The second behavior is the result of pedestrians’
interaction with given geometrical components of
the environment. In this category, attempt is to reformulate or to re-define new position of geometrical
components based on their mutual interaction with
pedestrians. Repulsive forces between pedestrians and
geometrical components are used. In this case, components can represent boundaries or obstacles but can
also take different names, forms and arrangements
according to the problem under investigation. In both
cases, in boundaries and in obstacles, the components
that describe their geometries can be static or movable
objects resulting changes of pedestrians’ and objects’
position according to the forces acting on them.
Examples show, first, a possible interaction of
pedestrians with boundaries [FIGURE 2], and second,
a possible interaction of pedestrians with obstacles
[FIGURE 3].
As it has been already mentioned, such investigation can take different forms and expressions resulting the generation of various design outcomes,
which are related to the selected geometry and arrangement of geometrical components as well as
the pedestrians’ movement behavior.
This interaction suggests the generation of fluid
spaces that are continuously re-created. Although,

such study can provide an idea of the design process adopted for the generation of dynamic empty
spaces in-between pedestrians’ systems of movement, it has been observed that there is not much
flexibility of the system to re-formulate the direction of pedestrians’ movement in global level. This is
achieved only in local level between individual components that represent pedestrians and other components that represent obstacles or various forms of
boundary systems (repulsive behavior between two
individual components, for instance pedestrians and
obstacles or pedestrians and boundaries). The global control and dynamic interaction of pedestrians’
movement behavior with the geometry of environment might be achieved by re-parameterizing the
way geometrical components of the environment
behave in relation to the movement of pedestrians.
The previous investigation can be further developed by examining the dynamic interaction that
occurs between various geometries of the environment as well as components that influence pedestrians’ movement systems. Following behavioral rules
investigate dynamic interactivity that is occurred,
first, in the geometry of environment, and second, in
pedestrians’ movement systems.
Geometry of environment
Behavioral rules within the geometry of environment
adopt concepts related to previous investigations,
particularly concepts derived from repulsive or attractive effects (Kontovourkis 2009; 2010). Repulsion
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or attraction forces are applied in order to achieve
connectivity, separation, or proximity between different geometries.
In the following example, the interaction
between boundaries, obstacles, and field area
in a given environment is examined. The goal is
to optimize the spatial organizational structure
of geometrical components according to ‘virtual
forces’ acting on them influencing their behavior and hence their position in space. Following
figures show an attempt to generate patterns derived from these concepts using repulsive forces
[FIGURE 4].
The global formulation of such systems is the
fluid result of the interaction between individual
components that consists the built environment
with possible influence by individuals that represent
pedestrians. It is a time-based re-formation of sys-

As it has been already developed in previous
work done by the author, signs influence the movement behavior of each pedestrian. The position of
signs in space in relation to the position of destinations can formulate systems of movement according
to specific scenarios. So far, the arrangement of signs
and destinations were done based on architect’s
selection and choice mainly in an iterative design
process. Basic steps in this procedure includes the
initial simulation, the evaluation of results according
to given movement criteria, and the suggestions for
new signs and destinations positioning that fulfills
movement criteria in the best possible way.
In this paper, the procedure moves a step further, attempting to introduce methods for the direct
interaction between components (for instance signs
or destinations) that accelerate movement behavior.
Behavioral rules between signs or destinations are
Figure 4
Patterns produced by the interaction between geometrical
components of the environment. Images show pedestrians’ network of proximity
(three basic time steps)

tems that re-adjust their position and morphology in
space taking into account repulsive forces acting on
pedestrians’ movement system and on the geometry
of environment [FIGURE 5].
Pedestrians’ systems of movement
This approach, in comparison with the previous
ones, concentrates on the global control of pedestrians’ movement behavior, which can be changed
continuously over time due to the external interaction of pedestrian movement components (signs,
destinations) with the environment.
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Figure 5
Spatial arrangement as the
result of dynamic interaction
between pedestrians’ system
of movement and the geometrical components of the
environment in a given time
interval.

applied aiming to control their position in space according to parameters of proximity, separation, etc.
By achieving re-adjustment of movement components in space, their interaction with pedestrians can
continuously change the way path systems are generated introducing an optimum relation between
pedestrians and movement systems. As a result the
‘best’ design solution of circulation systems in a given built environment can be generated
In general, current work attempts to enrich the
existing pedestrian model by adding new behavioral rules. Simulated results and data derived from
pedestrians’ movement behavior can dynamically inform and be informed by the environment generating an adaptive built environment. Again this can be
achieved by investigating different effects based on
forces acting on each type of individual component
motivating its behavior according to the surrounding conditions of the built environment.
In order for the study to be completed, results
from dynamic interactivity between different types
of individuals are analyzed and used for further studies aiming at the optimization of design. Also, attention is given on the information derived from the position and area occupation of pedestrians in space.
Following section tests the new computational
rules and information based on two scenarios of interaction between pedestrians and the built environment.

DESIGN SCENARIOS
This part examines the relation between pedestrian
modeling and design of built environment through the
generation of adaptive spaces that can satisfy pedestrian movement criteria and geometrical conditions of
the environment. In order to achieve this, two scenarios
are developed, evaluated and results are derived as regards the pedestrian modeling principles introduced in
the previous part and the conditions of the built environment under investigation:
•• The first scenario takes into account minimum
conditions of the surrounding environment
(pedestrian movement behavior)
•• The second scenario takes into account maxi-

mum conditions of the surrounding environment (geometrical components)
Both scenarios are developed based on initial
information derived from previous author’s work
(Kontovourkis 2010). This is done mainly in order
to examine relations, correlations and connections
with previous work and to draw useful conclusions
that can help on the application of computational
techniques in architectural design. In order to test
the potential of new computational rules to be used
as generative mechanism, the hypothetical existing example of an imaginary public area of a city
is taken, together with all initial information that
formulate the design problem under investigation
(Kontovourkis 2010).
Although, the example remains the same as
regards the initial geometrical conditions, parameters that formulate the problem are modified and
new ones are developed according to the current
scenarios.
In order to have a clear understanding regarding the initial parameters of the given public area,
following information derived from previous work is
given (Kontovourkis 2010):
•• The example might be categorized in macroscale level where the design of circulation systems and the organization of functional areas
are examined
•• Circulation systems can help towards the generation of design solutions that aim to achieve
space efficiency and at the same time to optimize spatial configuration
•• The procedure involves the parallel use of pedestrian modeling and design following an iterative process starting from an initial pedestrian
simulation, then evaluating the results and finally suggesting new design that is used as the
starting point for further studies
The conditions of given environment as it was
described in previous work by the author is given
below (Kontovourkis 2010) [FIGURE 6]:
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••
••
••
••
••
••

••
••

Outline of public area including initial positioning of spaces or points of interest
Points on the boundaries of public area are
fixed representing entry and destination points
Spaces within public area are initially distributed randomly
Pedestrians move and interact with each other
within the given area according to different
needs and desires
Pedestrians flow diagrams consists of different
points of interest and movement scenarios
Given movement scenarios are represented by
route choice strings where each point represents a space or point of interest (spaces are organized in a sequence of movement steps with
one entry and one destination point)
Three groups of pedestrians (A, B, and C) move
inside the given area, each of them related with
three possible route choice strings
Route choice strings and hence generated systems are divided in two categories: a. Main circulation system that represents movement of all pedestrian in the perimeter of functional areas, and
b. Secondary circulation system that represents
movement through spaces or points of interest

The current work attempts to apply new behavioral rules that have been developed in previous
section. Such rules will allow an alternative investigation of the existing design problem different from
the one examined in previous work (Kontovourkis

2010). In both cases (current and previous work), the
aim is to create architectural spaces that can satisfy
given movement scenarios.
First scenario
In the first scenario, design possibilities are the results
of the interaction behavior between pedestrians in existing movement systems and new geometrical components of the environment like functional areas, field
areas, boundaries, obstacles, etc. Initially, components
of pedestrian movement behavior, for instance sings
and points of interests (destinations), are positioned
in the area under investigation. Such components are
determined according to given movement scenarios
(route choice strings). It is expected that pedestrians
will interact with the geometry of environment resulting re-positioning or re-adjustment of functional areas, boundaries, obstacles, etc. Attempt is to generate
an adaptive built environment based on those interactions. Following figures show patterns generated
by this behavior [FIGURE 7; FIGURE 8]
Second scenario
In the second scenario, design possibilities are the
results of the interaction behavior between existing
geometrical components, for instance boundaries,
and pedestrians’ movement systems in the given
environment. It is assumed that results derived from
previous design scenarios are used as the initial
geometrical configuration. Based on the given geometry of environment, the movement behavior of
Figure 6
Pedestrians’ route choice
strings. Left: Main circulation
system, Right: Secondary circulation system (Kontovourkis
2010)
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Figure 7
Initial simulation and spatial
arrangement based on the
interaction between pedestrians’ system of movement and
geometrical components of
the environment (boundaries
and field area). Images show
pedestrians’ network of proximity (three basic time steps)

Figure 8
Initial simulation and spatial
arrangement based on the
interaction between pedestrians’ system of movement and
geometrical components of
the environment (boundaries,
field area, and functional areas). Images show pedestrians’
network of proximity (three
basic time steps)

pedestrians under the influence of surrounding environmental conditions is investigated.
Results derived from both scenarios show design possibilities that can be emerged taking into account different parameters and behavioral rules. It is
believed that through such investigation a number of
unpredictable results are produced satisfying movement criteria as they are described in each case.
Focusing on macro-scale design investigation,
current work examines how such pedestrian models
can be used as generators of adaptive built environments. It has been found that such methodology can
be used in the conceptual stage of design providing
alternative design solutions that are generated using
modeling and optimization processes. Behavioral rules
and information derived from such studies can be examined and developed further in order to allow the use
of similar principles in different levels of design.

CONCLUSIONS
In conclusion, the current program and the new
behavioral rules have the potential to be used as
generative mechanisms for the design of adaptive
built environment. Obviously, new behavioral rules
can be added, as well as scenarios can be further developed in order to continue the current investigation, which is in a preliminary phase. In parallel with
the development of any new movement behavioral
rules, the model can be useful in architectural design
education and practice. It is believed that there is a
potential towards this direction since the concepts,
which relate pedestrians’ movement behavior with
the design of built environment are essential aspects that need to be taken into account in any architectural design problem. Architects and students
of architecture can further develop ideas of adaptive
spaces and interactive relations by introducing such
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concepts in their computer models involving different computational approaches.

FUTURE PLANS
Current work will continue towards the development of new computational rules in order to improve
results presented in this paper. Also, analytical information derived from current movement behavior
and interactivity between geometrical components
will be investigated further. Finally, current methodology will be applied in actual design scenarios and
results will be examined.
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Abstract. Regardless of its size or scope, the preparation of an Architectural Project, is
perfectly well defined. The first phase of conception, drawn up according to the statement of
intentions provided by the Owner of the Work (preliminary Program), usually is the only one
in the whole process which draws on the abilities of the Author of the Project.
Thus, with the aim of speeding up this process, an experimental model which can be used as
a tool for negotiation between stakeholders in a project of Architecture has been developed.
This implies giving priority to the graphic aspects of the model, such as visualisation,
texturing, manipulation and automatic data updating. What is left to be developed is the
desire to associate sensorial information to these scenic models – sound, smell and time – and
to study the means of converting the results of this informal communication into documents
that may come to be used in the subsequent phases of the Architectural Project
Keywords. Architecture; modelling, virtual reality; visualization.

SUMMARY
The preparation of an Architectural Project is perfectly well defined and managed by legislation1
involving the use of drawings, usually of Technical
quality. In the execution of a project, the sequence of
phases corresponds to the relationship between the
three main stakeholders – the ‘Designer’, the ‘Owner’
and the ‘Inspector of the Buildings’ of the mayor.
Sketching is the first phase of conception and
the only, amongst the whole process, where drawing
depends on the abilities of the Author of the Project

[FIGURE 1]. However, this informal state of objectives and forms of the Architectural Project always
depends from the approval of the client: the more
subjectively these are expressed, the more difficult
it is to achieve them. It is for this reason that the normal procedure at this juncture is to offer alternatives
and variations of the base-concept.
Aiming at speeding up this process, a model
has been developed which can be used as a tool for
negotiation between the three actors in the process,

Ordinance nº 35/72 of February 11(Instructions for Fees Calculation Relating to Projects and Public Works).
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bringing into play their individual interests and contributing towards the establishment of the final form
of the project, preferably in real time.
This means giving more concern to the graphic
aspects of the model, such as visualisation, texturing,
manipulation and automatic updating of proposed
alterations and adaptations, to the detriment of the
technical information associated with the models so
exploited by Building Information Model (BIM). The
goal is to have a modelling and visualisation tool
which allows the manipulation of geometry and
materials in real time, propagating the updates of
changes and adaptations automatically throughout
the whole project but accompanied by the different
attempts to sketch variations of the initial idea.

INTRODUCTION AND AIMS
Education in Architecture puts at the forefront communication through drawing in all its formats. However, even more than the latent disappointment
which exists when we make mental comparisons between what is imagined and what is later constructed, is the rather unattractive way in which drawing
software do represent objects.
Graphic computation (in vector format), published as an alternative to the process of traditional
design2 , makes tools for drawing three-dimensional

models immediately available. The problem lies with
the representation of solids as a material. The evolution of the algorithms used in these programs allowed overcoming these initial limitations, and even
to adding texture to those surfaces. There are numerous three-dimensional modelling tools specifically targeted for architecture, but, essentially, they
develop the technical design component aimed at
construction projects (Stouffs, Beirão and Duarte,
2009). This is the case of BIM, a particular type of CAD
systems, which was the answer for the need to link
written references to the drawings or models. This
made possible to automatically obtain reports on
the specificities of the building’s operation.
In spite of the importance of these developments for the building industry, representation in
Architecture falls short of the Designers’ requirements. New means of visualizing their projects are
necessary, that is: alternatives to pre-rendering or
to video, a fact that is especially critical when the
project calls for particularly high graphic quality. To
some extent, it can be said that the technology available for visualisation of Architectural models, such as
outlined below, is still an early stage development,
especially when compared with the technology for
real time rendering, already available in other more
developed areas such as in videogames.
In an initial phase, the problem of overcoming
these limitations was solved by personalising games’
graphical engines for the project purposes. However, this procedure is not totally satisfactory because
as it is not possible to control the importing of the
scenarios, nor even to access the programming language editor.
At present, and relative to the aims of this paper,
new forms of realistic representation in Architecture
are being sought. Research is focusing on specific
tools which meet the needs of communication and
which can provide an alternative to the renderings
and videos used at present, without any detriment
to the graphic quality of the models [FIGURE 2].

Related to normative architecture, (Márton, 2010).

2
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Figure 1
Comparison between initial
author sketches and the
finished construction: the
2005 Serpentine Gallery and
the Brasília Cathedral (Siza
and Moura, 2010; Niemeyer,
1967)

The work presented here is a research into the
modelling tools most appropriate for Architectural
Projects, in terms of visualisation of the final result, and,
where relevant, as an alternative even to the traditional
planning process. This process is based on procedures
which are the most natural, and the most compatible
with the method of construction itself. In other words,
the objective is to create realistic virtual models which
perform well in meeting the demands of an Architectural Project, also allowing users to manipulate the
scenarios created by the exploratory programs in real
time and in parallel. A further aim is to find a modelling
process that can evaluate the construction and planning sequence to be used in Architecture.
Finally, future developments can be expected
from the pursuit of these two broad objectives,
namely the evolution of technical aspects related
to the visualisation and presentation of the architectural work. These can be sensorial sophistication,
that is, adding details of sound, smell, volume and
impact. Nevertheless, evolution can also be expected in technical aspects related to planning, such as
remote team cooperation, where each individual

technician is responsible for a section of the project,
which s/he develops simultaneously and together
with the others involved.
In order to do this research, a model of an existing building, well-known to the study group, was
developed as a case study. Furthermore, group of
volunteers carried out evaluation of its impact with
the purpose of checking the results.

Process Modelling
Context
Mainly there are three kinds of computer graphic
software available when one needs virtual models:
1. CAD software modelling, oriented for design performance of two and three-dimensional objects,
with emphasis on rigorous constructive design;
2. Model and visualization software, which allows
one to customize objects with textures, for instance; and
3. Virtual reality software or real-time simulation
programs, such as game engines that allow the
manipulation of objects.

Figure 2
Example of what can be
achieved by manipulation and
image processing – Frank
Lloyd Wright Falling Water
project (Kasper, 2006)
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Compatibility between these software is required
for quality reasons. It is also a know issue because data
conversion often implies the redefinition of the models. Alternatively, it is possible to use interface tools
(known as plug-ins), but with the drawback of these are
programs that become out dated very easily.
Modelling: the strategy varies according to
each type of CAD, and it requires the designer to
think differently in the case of a 2D or 3D model, or
if other kinds of information should be associated
(such as BIM – Metadata), or if a parametric or generative model is needed. Parametric models allow
dynamic exploration and fast shaping of a variety
of solutions, The final form is reached more quickly
when compared to traditional methods, since there
is no need to redo the entire model whenever there
is a slight change in the project. In turn, associative
models also match constraints but with autonomous
components, i.e., as corresponding to the combination of different parametric models in the execution
of a whole object.
The association of technical descriptors (metadata) to graphical components permit automatically work reports and a faster search for a specific
element in a database which is constantly updated.
However, the objective of this application restricts
the ability of reaching a free-form object. And the
modelling procedures are dependent on the used
software (Sketch Up, ®AutoCad, Revit, Rhinoceros,
Bentley) and on the set strategy.
Edition: most models support different visualization and analysis techniques. In the case of performative design there is a goal, which is to improve one
or more aspects in order to maximize the design’s efficiency. This purpose can be related to sustainability
in architecture (where for example ®Ecotect Analysis could be used), to structure improvement, etc.
These are models that, in order to be handled with
some operability, are usually constructed in specific
environments that have some limitations therefore
sometimes simplification of the architectural form
are required and not always visual previews of the
results are available in automatic mode. The final
862

product is obtained by experimentation, a posteriori, when a satisfactory image is achieved.
Basically, at this stage it is necessary to handle
two types of software: one that allows texturing and
superficial treatments that are overlaid to the model,
such as GIMP (GNU Image Manipulation Program),
®Adobe Photoshop, ®Illustrator (FreeHand e Corel
Draw) Flash, Paint, ®InDesign; and others to assign
the desired image to the model, such as ®3D StudioMax or Blender.
Production: manufacturing – virtual or real –
is the expected outcome of any modelling project,
and more important than evaluating the results exclusively from the aesthetic point of view, is the fact
that it allows to confirm the articulation consistency
of the project, to test the quality of the structure and
to implement automated series of production (CAD/
CAM). Software for animation is usualy used to this
end (real-time rendering), or in alternative editing
games cards such as Cinema 4D, Maya, ® ActionScript 2.0 (basic), ® Premiere. The main drawbacks
of this procedure are related with the necessity of
reducing the quality of the models in order to be
able to display its manipulation, and also the need
of study the attribution of post-prodution (physics,
sound, etc.) to their performance – ®AfterEffects,
®SoundBooth, ®SoundForge. Finally, adjust the model for publication through the use of ®Dreamweaver,
®HTML (HyperText Markup Language), ®XML (Extensible Markup Language), ®CSS (Cascading Style
Sheets), among others.
The main features and limitations of Computer
Graphic (CG) software used for architectural purpose
can be summarized in the following [Table 1]:
This table suggests that any software is a support tool for Architecture but where there isn’t a
concern for an active communication with the stakeholders of a project. Thus, we developed a model
process with this quality, namely:
1. Where the geometry is related to the different
phases of a project, enabling interactive evaluation of different projective hypotheses, since its
early stages;
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Table 1
Results of the software, based
on tests made by Martins
(2010)

Characteristics
Revit

Lack of Boolean operations (only
subtraction is possible) complicate
the modeling task.

It is hard to recognize which restrictions have already been applied.

Lack of abstraction. Method is
based on technical drawings, depending on orthogonal projections
(views).

Grasshopper

The arches were a geometry challe
nge as there was no curve to answer the needs.

Data issues: dealing with lists of
lists of elements is not obvious
with the given tools. This struggle
caused a change in strategy more
than once.

The constant visualization and the
programming concepts involved in
the procedural modelling helped
understanding written programming concepts.

Blender

Exclusive for visualization, real time
visualization and rapid prototyping.

The existing 2D drawing documentation is not suitable for technical
drawings. No 3D data can be
added. Therefore it is not suitable
for architecture.

Conversion for another formats
is possible with eventual loss of
quality.

VisualScheme

More generalization and higher
abstraction lead to higher reuse of
the written functions.

Less interactive than grasshopper,
less empirical. It is harder for the
user to evaluate each individual
function.

Independency from the software
as the user is capable of designing
his own tools.

2.

3.

Where also the architectural finishes, either
from the object and its environmental could be
seen and tested in an interactive way; and,
Where the model could be easily ‘used’ in real time.

Basically, it is the application of film animation
concepts to Architecture.

Figure 3
Instituto Superior Técnico,
Lisbon

Methods
The selection of informatics was focused on the
choice of software that best fits to the purposes of an
Architectural Project, since there was no intention of
using more sophisticated equipment than a simple
laptop to express ideas.
The software choice was the freeware open
source Blender, from Blender Foundation3, also by
economic reasons, but mainly because it was the
best of all for modelling/visualization/manipulation
without having to convert files. In fact, Blender software is one application that integrates the actual
game engine (with real-time display) with by other

tools of modelling, animation, texturing, and sometimes also allows programming intelligent events.
In turn, the case study for modelling was the
Pavilhão Central (main hall building of Instituto Superior Técnico in campus Alameda) by the architect
Pardal Monteiro, conducted from 1927 to 1937 [FIGURE 3]. Mainly this choice is because it is a singular
building, well documented and easily accessible, as
it is on our faculty. Being a building with a permanent occupation of 70 years and with a large number
of modifications, we set up as our goal to draw up
the initial project and, according to the results, study
their adaptation to its more representative epochs.

Blender it’s an open source software for 3D modelling (animation, rendering, post-production, interactive criation and copy/paste)
available for most operating systems in general public license format (GNU).

3
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The graphic data of the project was divided into
three groups, independent but referenced and developed separately by different designers. Each of
them also corresponding to different levels of detail,
namely:
1. Pavilhão Central building (nº 4 in the picture);
2. Topography and surrounding;
3. Exterior and interior architectural details.
The building model was based on the creation
of faces (limited by edges – fill); on the subdivision
(cut) of those faces until the desired geometry is
achieved (assuming, in Blender, at most 4 vertices
per face) and also with the use of the common tools
and operators, such as move, rotate, and extrude, to
position the geometry in its place [FIGURE 4]. Thus,
the final model of Pavilhão Central results from the
union of simple entities, to achieve the interior and
exterior complexity of the original building, benefiting from its symmetry.
The same procedure was made to model the surrounding scenario and the architectural details, each
one at its own scale. In order to fasten the whole process and to easily interact with it, the three different
models of the building, of the surrounding campus
and of the architectural details, were developed in
separate files and then referenced to each other.
Then we proceeded the overlay of texture images (UV Unwrap) in harmony with the type of material involved: diffuse (diffuse texture), shine (specular
color), reflective (reflection or ambient map) or detail
(normal maps).
The diffuse texture controls the basic features of
the object, such as direct colour while the specular
controls the gradient of brightness and colour; the
ambient maps provide some additional reflections

(currently, there are just a few tools with the ability to calculate reflections in real time). The normal
maps allow adding some detail to the object without making the system slower, and without the need
of adding new geometry. They work by controlling
the normal (perpendicular) to the faces, namely tag
along the variation of one face’s texture, giving the
illusion of finer details.
Usually, for this purpose, first an equivalent object is modelled separately (prototype) with a great
level of detail in order to obtain pictures of geometric textures in the desired position (Bake), and later
more detail results from applying the image of this
more complex geometry (high-poly) on the more
simplified model (low-poly).
Realistic lighting should simulate in computer
graphics what happens with real light – ambientlight (indirect) and spot-light (direct). The creation of
shadows makes the scenes more realistic, but also allows evaluating the effects of textures. The complexity of indirect lighting is simulated using a combination of spot-lights and environment-lights (Hemi).
Spot-lights spread shadows over other objects shadowmaps format and environment-lights produce a
comprehensive and uniform light, brightening the
scene and softening the shadow/light contrasts. In
turn, the direct light is obtained with individual spotlights located at strategic points, specifically targeted some of the scene objects, managing to clear and
control its own lighting [FIGURE 5].

DISCUSSION AND RESULTS
The option for a known and accessible building
provides a comparison between model and reality.
Beyond the obvious lacks of equipment and human
use of space – because, at this stage, the interactivity
Figure 4 (left)
Example of different phases of
modelling Pavilhão Central
Figure 5 (right)
Pavilhão Central Atrium –
model and reality
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and intelligence components available in Blender
not yet been activated. At this point, there are obvious differences that may have negative connotations (such as the variation of architectural finishes)
but, on the other hand, there are very favourable aspects, including the freedom of choice to ‘walk’ the
space and points of view.
Blender provides some advantages over other software when used as a real-time architecture
visualization tool, however this advantages are at
the same time its greatest strength and also its
greatest weakness.
The internal render engine that powers Blender’s viewport visualization is a powerfull Game Engine, based on OpenGL with GLSL shaders. This allows an experience more visually appealing when
compared with other more generic real time renderers that power common CAD tools, like AutoCAD,
Revit, Rhino, etc. GLSL stands for Open GL Shading
Language and is a C based open programing language that allows the customization of the virtual
materials applied to the scene objects. These allow
greater visual fidelity, and contribute to the overall
“photo-realism”.
The built-in dedicated Game Engine also means
that real-time interaction tools, navigation methods
and interactivity can be infinitely better than any
viewport based software. The open-source nature of
the application also allows the creation of standalone
executables, that can be easily distributed and visualized by anyone, without installing any applications,
and eliminating the need to have a dedicated viewer.
This means that even with little additional work
a preview simulation of the model can look moderately good, some generic textures can be applied,
and adding some lighting and shadows can add
depth to the model. However, to bring it to a production level quality, some extensive texturing and
backing work has to be done, which can be a lengthy
task. This necessary work defeats the whole purpose
of having a quick visualization tool, even if necessary
for quality visualization, because of all the overhead
and time consumed preparing the model.

This is can be aggravated if the model is exported from another application, since editing and
reimporting the geometry might imply loosing work
and backtracking.
Another limitation of a Blender model (or other
mesh modeling software for that matter) is that this
“dumb” models carry no data with them, as opposed
to models created in a BIM environment. Polygon
models are in a way “useless” for construction or fabrication, since not only they don’t have construction
related information, they are mesh-based, meaning
that there is no curve or geometry precision, everything is triangulated or at best converted to quads,
rendering them somewhat inaccurate for fabrication
processes. Even bi-dimensional CAD drawings can
be hard to obtain from polygon or mesh geometries.
Also, even though polygon based tools have
many useful automating or “parametric” tools, they
are mostly directed for animations, character modelling and rigging, not for architecture, engineering
or construction. These tools may be used to reduce
some work and create so called “parametric” or
adaptive components; or at least dynamic models
that can be re-shaped and reused, some times even
with more success than dedicated tools; but they are
largely unadapted for rigorous CAD work and fabrication purposes.
Software like 3DSMax, Revit, AutoCAD or Rhino
have the advantage of being able to construct accurate NURBS based models, with construction information (in the case of Revit or Archicad or other
Building Information Model) and at least allow accurate bi-dimensional drawings like elevations or sections. Most of these software already allow dynamic
elements which may function as modules or components adaptable to different situation, this automating the drawing task.
However, most lack the graphical computation
performance required from a dedicated visualization
tool. Real time render engines are usually chosen to
optimize viewport editing and functional clarity, rather than visual fidelity or (photo) realism, therefore the
visual quality of the model is far from what it could be.
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Also, since this is not the primary function of
these render engines, they lack a method for distribution, meaning it is generally impossible to distribute a lightweight version of the model/viewer
that allows a client to navigate a 3D model without
a license and installation of complex and expensive
editing software.
If the result of a talk between stakeholders
leads to the adjustment of the preliminary program
provided by the owner, for instance, the increase
of the living room’s area or a change in a bedroom
configuration then this software allows some modifications, including the displacement of walls and/
or equipment.
This is an excellent tool to help decisions
about the architectural finishes as well the decorative elements. Since it is neither a parametric tool
nor does it allow association of related information
(such as details from the others specialties of an
architectural project), then changes are not easily
upgradeable.
One possible application of these visual models
can be rapid prototyping, especially when the object,
either by its scale or its characteristics, does not need
to be detailed in the constructive system point of
view. Depending on the used hardware, with greater
or lesser detail, the models can result in another form
of communication and become a political tool.
Finally, it is possible to think about implementing this type of procedures to modelling/visualization of small projects, such as advertising and marketing of Real State properties for instance, and analyse the ‘user’s’ reaction.

CONCLUSION
Any program that bases the presentation of its results on visual display has quick didactic applications as it is a form of communicating and representing ideas. Consequently, there are countless
fields where experimentation with these types
of programs took place: art, cinema, design, construction, education and research amongst others.
There is nothing better than an image to explain
866

a concept, when it corresponds with a design or a
model. The aim of this work was to explore its usability in the field of Architectural Planning, not
only where the visualisation of interior space is concerned but also for the interface with the user (keyboard, mouse and so on) and, later to be used in the
exploration of the programming of logic and animation in the model, that is, Artificial Intelligence.
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Abstract. Computer based visualization tools have the capacity to create convincing
reconstructions of historical structures that appear to be authentic and complete but where
inferences have been drawn from relatively limited evidence. The challenge is how to make
the exciting process of discovery, argument and reasoning more self-evident in the model and
also make known the alternative constructions that were plausible but less likely. This paper
refers to two computer visualizations developed by the author for world heritage building
sites. In both cases, a similar geometrical modeling technique was used. However, in the
second case, the 3D modeling approach is developed for juxtaposition with captured dialogs,
the evidence used, and the process followed so as to make level of speculation more explicit.
Keywords. Authentication; Three-Dimensional Digital Reconstruction; Archaeology;
Parametric Modeling; Decision Tree

ACCOUNTING FOR UNCERTAINTY
The evidence and logic used to build a three-dimensional digital model of a historic structure can be
stored as attributes on CAD entities. Yet, unless queried by an expert, the CAD model may visually appear
to present a more exact view of the structure than
may be warranted by the amount archaeological information found (Dumbill, 2004). At the same time,
one of the more compelling reasons for undertaking
a three-dimensional digital reconstruction is to provide a team of archaeologist, architectural historians,
architects, period historians, and other experts with
a means to visually work out how to interpret the
evidence. Recording their discussion helps to create
an audit trail that can be linked to the geometrical
868

model. Change the logic in the set of assumptions
and the original three-dimensional model should be
modified accordingly. Testing the assumptions over
time may help the next generation of researchers to
either more completely validate or to challenge the
logic with which the three-dimensional computer
model was made. Furthermore, methods of archeological analysis in the future may allow for more accurate assessments of the underlying data.
Two case studies in visualizing historic architecture had similar background conditions. In both
cases, the buildings no longer exist. The primary
evidence is in the form of written documents that
are several hundred years old and in archeological
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finds that are not fully conclusive about construction
methods. Archaeologists used post-holes and other
evidence found underground to establish building
footprints. No original photographs or architectural
drawings exist to directly support a three-dimensional interpretation. Apart from evidence excavated from the site that may establish what existed
below ground, the assumptions are more speculative about the structures above ground. There is the
added complication that archeological digs in the
past or the construction of later structures on the
same building site have left a physical imprint that
may obscure key data. Moreover, both of the case
studies are about highly publicized places. They
draw much tourist interest and popular media attention, and so separating fact from popular myth
can be one of the challenges.
The first of the two case studies is based on
the reconstruction of the Statehouse and a Barracks
building at the first permanent English settlement in
North America; Jamestown, Virginia. The reconstruction was developed for a permanent exhibit on the
original site. In the second case study, a project titled “Mulberry Row The Landscape Of Slavery”, two
exhibitions are planned for an audience interested
in understanding the slave dwellings and workshops on the main street at Monticello, the historic
plantation home of Thomas Jefferson (1743 – 1826),
the third President of the United States. At Mulberry Row, a landscape partially erased by time, the

research is intended to gain some insight into how
its occupants lived and worked. While the computer
modeling effort derives from a detailed analysis of
its subject in both case studies, the fleeting nature
of that understanding is made more self-evident in
how the interpretive digital reconstructions are being prepared for Monticello.
On the one hand, in the case of Jamestown, the
arguments and reasoning are not explicit within the
completed three-dimensional models. Rather, the
full analysis is described in a book written by the lead
archaeologist William Kelso (Kelso, 2006). The book
reveals how studies of the site were used to help establish the speculative reconstruction. On the other
hand, at Thomas Jefferson’s Monticello, the threedimensional model and underlying database is developed with an eye towards establishing on-line
a more explicit decision making trail of the notes,
arguments and preliminary sketches that led to its
construction. At Monticello participating in the discourse over some plausible interpretation may bring
the viewer closer to the processes of discovery. That
is, the actual evidence used, the speculation and
reasoning are made more explicit within the digital
work and disseminated through a variety of linked
media. Having access to this primary information, researchers or more casual visitors in the future may be
able to better judge the validity of the assumptions
made, retrace the thinking that led to them and add
their own perspectives.

Figure 1
Computer reconstruction of
Statehouse on known site.
Figure 2
Statehouse digital reconstruction superimposed on foundation wall.
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Jamestown Statehouse and Barracks
At Jamestown, the original foundation for the Statehouse partially is visible above ground. Although the
building’s foundation still exists, its physical appearance had been impacted by a preservation effort in
the mid 20th century. A three-dimensional digital
model is depicted in figure 1. It is the final iteration
on a series of studies that resulted from back and
forth speculations between members of an interdisciplinary team. The scope of this dialog is evident
in the book by Kelso that distributed at an on-site
Museum, but not directly integrated with the final
three-dimensional computer model.
At Jamestown, the three-dimensional model
was debated, revised several times and continuously
scrutinized by the researchers involved. Kelso’s archaeological publication explains the complexity of
arguments and evidence related to the project. For
example, one part of the original Statehouse design
would have constituted non-standard government
architecture, such as the modest main entrance on
the right-hand side of figure 1 above. The untypically
small entranceway isn’t well established in similar
institutional buildings and therefore demonstrates a
situation where significant speculation was needed.
At Jamestown, a number of renderings of the
three-dimensional computer model are reproduced
in panels erected on the site. They are within the museum interior as shown in figure 1 and outdoors as
shown in figure 2. All the panels sit directly above
and are keyed to a specific location at the foundation

walls of the original building. Although the renderings contain a full depiction of the Statehouse, they
represent only one of several alternative computer
models. The other models were considered to be less
likely though still plausible. In addition, the foundation wall was covered in the mid-20th century by an
archaeological team in order to preserve it following
their own fieldwork. Thus, the existing appearance
of the foundation wall and the juxtaposed computer model do not reveal the scholarly uncertainties
as addressed by the lead archeologist and his team.
Archaeological speculation at Jamestown also
included the reconstruction of a barracks lodge.
There are quite a number of popular reconstructions
of this building type. It has been reconstructed at a
nearby theme park “Jamestown Settlement” which
includes a physical reproduction of the original village. Set designers of the 2005 film “The New World”
starring Colin Farrell as Captain John Smith attempted another version. The 1995 Disney Animation
“Pocahontas” also speculates on its construction (not
badly according to lead Archaeologist Bill Kelso).
The archaeological team at Jamestown contacted this author and his graduate students to help reproduce a similar structure based upon the evidence
of post-holes and the precedent of wattle and daub
construction in the UK. Wattle and daub is a process
of making walls from a woven stick structure filled
with clay and other materials. Depicted in figure 4 is
the exposed structure of purlins that are needed to
support a thatched roof.
Figure 3
Marker at Jamestown over
foundation walls.
Figure 4
Computer model rendering
of wattle and daub structure
over post-hole plan.
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Once the digital model was completed, its
construction details were further examined. The archaeological team referenced it in order to build a
full three-dimensional mockup on the original site.
They tested how the lattice could be woven relative
to what could be visualized in the computer model.
A few minor discrepancies in the lattice structure
were easier to spot through physical construction.
Though the three-dimensional model helped to advance the research, it isn’t the definitive representation in every detail.
Monticello
At Monticello, a vernacular type of construction that
existed on Mulberry Row is no longer very common.
One reason may be that the use of logs and other
wood members were not adequately protected
from rot and terminates. Scholarship has been focused on the configuration of this vernacular building type that has disappeared from the region over
time (Chappell, 1997). Several alternative building
configurations are plausible for such a vernacular
type that was occupied by slaves. Jefferson labeled
three of these buildings as “R”, “S” and “T” for an insurance report. Research on the vernacular type was
the basis for an interpretive set of drawings of “S” by
a leading expert (see acknowledgement to James
Chappell). A follow-up three-dimensional computer
based reconstruction by this author is juxtaposed
with the archaeological sketch in an exhibition panel

near the actual site on Mulberry Row and depicted
in figures 6 and 7.
Yet, this is but one of several interpretations that
have been vetted before a group of experts. The current exhibition on the site addresses the speculative
nature of the existing reconstruction, points to the ongoing research and identifies the artifacts being used
to make sense of the archaeological findings. While
the images may appear deceptively photorealistic
and thus seem to be factually certain, a QR Code symbol is posted that can be scanned by a smart phone in
order to redirect the viewer to a web site where more
detailed information is posted. A blog was initiated at
http://www.mulberryrow.org to record visitor reactions and creates an opportunity for the project team
to respond (see acknowledgements to Dierkshiede
and Wollerton below).
In the effort to interpret the disappearing landscape of Mulberry Row, the range of digital resources
embodies several alternative lines of reasoning beyond
that which can be provided by the three-dimensional
model. It provides a representation not only of the
structure but also of the archeological evidence, and
the assumptions and reasoning used to reconstruct
buildings on the site. The approach is in effect cognizant that superior methods may be available in the
future, pending new discoveries developed from new
analytical technologies or methods. It is explicit about
its own limitations in the hope of being relevant to a
longer-term research and future rediscovery process.

Figure 5
Mockup Structure at
Jamestown developed by Bill
Kelso’s team.
Figure 6
Panel showing state of the
research with computer renderings at right.
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Another example of this approach is being
undertaken with respect to the Smokehouse and
Dairy structure depicted in figures 8 and 9. Jefferson
referred to it as building “M” in his insurance report.
Here too the research team is stepping through a
series of alternative speculations based upon the
archaeological evidence and historical precedents.
Cut-away views of the roof framing structure show
two different interpretations of “M”. A less likely
system based upon purlins is depicted in figure 8.
Within the rendering, the computer 3D model is juxtaposed above a drawing of archeological findings.
The purlins would have supported a board and batten roof. A more likely framing system without purlins is depicted in figure 9 and would support a riven
clapboard roof.
Note the logs and riven clapboard walls of figure 9 were algorithmically generated using random
number generators. A parametric script simulates
their moderately curved edges and uneven surface.
A specialist demonstrated how to make the riven
clapboards and thus provided the basis for the script
(see figure 10). Parametric variables can be adjusted
to speculate about the non-uniformity of the log

and riven clapboard geometry. For example, for any
given log section the radii are scripted as a part of 17
input variables:
logSection = logSectionMaker(RLcurCS, logCenter,
radiusNE + radiusNEt, radiusNW + radiusNWt, radiusSW
+ radiusSWt, radiusSE + radiusSEt, rAngleNE, rAngleNW,
rAngleSW, rAngleSE, logWidth, logHeight, numLogSides);

CONCLUSION
At both Jamestown and Monticello, information technology has been widely used to document the location of the site’s artifacts, date materials, scan objects,
and is encoded in a relational database and GIS system. By default the three-dimensional architectural
model at Jamestown doesn’t make explicit the wealth
of this data. It is the visual result without all the underlying evidence. At Monticello, there is a more direct
link to the supporting material publically accessible
form on-line and allows for greater scrutiny
At the time of writing this paper, public exhibitions of the Mulberry Row project are being prepared
for Monticello and for the Smithsonian Museum of
Figure 7 (left)
Detail of panel with QR
code symbol embedded at
mid-right.
Figure 8 (right up)
First interpretive model with
roof purlins and straight-cut
logs.
Figure 9 (right down)
Algorithmically interpreted
logs, revisited system.
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Figure 10 (left)
Hand riven clapboard
Figure 11 (right)
prototype iApp depicting
Building “T” mockup, a slave
residence.

American History. A combination of information
technologies will provide different ways of revisiting the data behind the project. An accompanying
web-based exhibition can be linked directly to the
QR codes on the site and may provide the most detailed data. Two kiosk computers on Mulberry Row
will provide interpretive animations. In addition, an
early prototype iApp by this author will allow a user
to see the varied structures on Mulberry Row juxtaposed through a kind of augmented reality interface
that will link to the same web sites. The test depicted
in figure 11 mockups one of the slave quarters “T”
on a now vacant part of Mulberry Row. Through a
wireless network technique for triangulating locations on site, different images will be programmed
to automatically pop into view as the visitor walks
towards locations where structures once existed.
The purlins in the Barracks depicted in figure
4 at Jamestown were prepared without exploring
an alternative roof structure since they were highly
likely to have existed. However, the purlins on the
roof depicted in figure 8 for building “M” at Monticello were developed along with a contrasting alternative. This approach may be especially needed
where the reconstruction is not based upon artifacts found on the site alone, but rather a kind of
detective-like process from circumstantial evidence.
As already noted, most of the physical evidence has

disappeared from the site. It exists primarily in broken fragments. Therefore, comparisons with other
known sites, inference, and peer review all have a
key formative role. An integrated knowledge base
can potentially transform a relatively inert threedimensional sketch into one that can expose the
systematic base of information more common in
contemporary archaeological GIS applications. Making the background information explicit through a
variety of media as well as providing a blog may enliven the visitor’s experience. It allows them to have
more immediate access to and express their opinion
on the background arguments. They can vicariously
become part of the project team.
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Abstract. This paper presents landscape as the continuous interface between urban media
facades and the ever-expanding use of digital devices and their content. It investigates
contemporary attitudes toward digital public spaces, such as mainstream media facades,
interactive art installations, and mobile apps. Media-infused landscapes could, if handled
properly, transfer the public domain back from corporate ownership to public authorship.
This paper discusses examples of public participatory spaces mediated by new technologies
and emerging opportunities associated with virtual social networks. The types of interactions
and experiences that in the past were predominantly confined to art gallery installations or
online chat rooms become main street events with broader participation and authorship.
While perceived by some as invasive and overreaching, media participatory landscapes could
also help us to reclaim the public realm and democratize its content.
Keywords. Media facades; interactive environments; mobile devices; augmented reality;
situated technologies.

INTRODUCTION
Digital technologies appear to converge on Mitchell’s notion that one day we would no longer use the
term “digital design”; instead, we would go back to
the original, unqualified term “design”, because the
“digital” would no longer be a distinguishing modifier. While Mitchell’s observation referred to design,
it applies equally to the broader realm of the digitally
enhanced world that surrounds us.
Mobile technology increasingly, and more
and more seamlessly, bridges the physical landscape with virtual environments to form visually
rich and emotionally engaging narratives. Wireless
communications, ubiquitous online connectivity,
and a multiplicity of electronic devices irreversibly

augment our daily lives. Video game environments
involving massive multiplayer online collaborations
affect our outlook on and expectations of our everyday activities and social fabric. Initially conceived
as purely virtual experiences confined to the PC
box, they start transforming our offline relationships with each other and with the environments
that surround us. Mobile devices serve as portals
to enter and navigate multimodal landscapes. Geographic data, pictures, and brief commentaries
merge into a single data-based landscape. The distinction between the actual and virtual, or the permanent and temporal, fades when seen through
the screen of a smartphone or an iPad tablet.
User Participation in Design - eCAADe 29
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Similarly, the distinction between the permanent and the temporal is blurred with the integration
of LED and projection technologies into architectural façades, effectively transforming previously static
buildings into dynamic media objects. The built environment becomes a continuous interface between
these urban media façades and the ever-expanding
use of digital devices with interactive content. Interactions and experiences that in the past were predominantly confined to art-gallery installations or
online chat rooms become Main Street events with
broader participation and authorship. While perceived by some as invasive and overreaching, media
participatory landscapes could also help us to reclaim the public realm and democratize its content.

COLLECTIVE THINKING
In studying social groups and networking, researchers are finding that a group of minds possesses a
unique power of collective thinking, which cannot
be matched by a number of individual minds. James
Surowiecki has written about this power, most notably in his book The Wisdom of Crowds, where he
examines the evidence suggesting that, “under the
right circumstances, groups are remarkably intelligent, and are often smarter than the smartest people in them.” (Surowiecki, 2004) Collective decision
making has influenced politics and the economy in
both positive and negative aspects, but ultimately
contributes to broader, more dynamic and resilient
systems. It has become a cornerstone of democratic and free societies. Can this approach be extended to collective collaboration, authorship, and
creativity in a similar way to the process by which
Wikipedia’s content is developed? Can the power of
crowdsourcing be harvested into effective creative
or artistic enterprise?
Howe connects the popularity of crowdsourcing with an increased popular use of electronic, previously high-end, tools by the general public. [1] This
is another take on the common observation about
digital technology being responsible for the democratization of authoring and production of intellectual
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work. Democratization of technology reduces the
gap between professionals and amateurs, and between developed and developing economies.
Opinions on the effectiveness of crowdsourcing
are mixed. Enthusiasts often reference the success
of consumer-created Super Bowl 2011 commercials
for PepsiCo’s Doritos and Pepsi Max Brands [2] as
one of the successful examples. However, this example may not be representative of the aspirations
and possibilities associated with crowdsourcing.
Consumer-created Super Bowl commercials do not
innovate anything; rather, the USA Today ranking
evaluates the popularity of a particular advertising
concept. While watching these commercials, one is
not overwhelmed with their conceptually innovative
narratives; rather, they connect with rudimentary
and stereotypical ways to promote a product, as is
the case with “Pug Attack”,[3] which achieved the top
ranking in the USA Today Ad Meter.
Nevertheless, there are a number of promising
examples that could help to transcend the intellectual status quo and enable new modes of collective
creativity. The premise of open-source collective
thinking set the conceptual framework of Web 2.0,
providing a basis for the success of platforms such
as YouTube, Facebook, Craigslist, and even Expedia
and Amazon, with users’ input as a critical component of their business. According to Tim O’Reilly
and John Battelle, organizers of the original Web
2.0 Conference, “Collective intelligence applications depend on managing, understanding, and
responding to massive amounts of user-generated
data in real time.” [4] In many ways, collective intelligence is an extension of a “fridge poetry” game,
or of the surrealist exquisite-corpse authoring
method, with creative outcomes emerging out of
fragmented and independent contributions. These
fragmented contributions are biased by personal
goals or misconceptions, but often still manage
to deliver unexpected and innovative results. The
same concept of including diverse viewpoints
and averaging opinions applies in the case of Web
2.0-enabled collective authoring.

What opportunities might we find in tapping in
to this collective intelligence by integrating the technologies available to us into our public spaces, our
buildings, floors, and walls, and synchronizing them
with our now-ubiquitous portable devices?
Another example of the power of crowdsourcing was the recent DARPA Network Challenge organized by the Pentagon’s Defense Advanced Research
Projects Agency. The challenge was to locate ten red
weather balloons scattered in public locations across
the continental U.S. in the shortest time possible. The
MIT team, relying on digital social networking, realized this task in just nine hours. [5] While the method
used by the winning team was relatively low-tech,
nonetheless the team was able to mobilize a great
number of contributors and ultimately locate all ten
weather balloons. The above example speaks to the
effectiveness not only of digitally facilitated social
networking, but also of effective crowdsourcing.
While it is hard to evaluate the role mobile devices played in the success of the MIT team in solving
the DARPA Challenge, it is clear that the ubiquitous
computing associated with mobile-wireless communication would increase the effectiveness of the electronic social networks that were credited with the
success of MIT’s team. An ability to instantly communicate with other crowdsourcing participants makes
a social group into an effective network capable of
problem solving.

INTEGRATING PHYSICAL AND DIGITAL
INTERFACES
Most commercially driven media façades are simple
projection or display screens superimposed on a façade without considering architectural design. They
often are seen as design eyesores that desperately
cry for public attention. Recently, however, more
buildings have incorporated media components
into their façades in ways that do not compromise
design. In the Graz Art Museum, Peter Cook and
Colin Fournier introduced “communicative display
skin” that incorporates a large, low-resolution media
façade. Their design relies on abstract patterns with

pixilated text or graphics, treating the media component as yet another building skin and augmenting it
with a textural reading.
This approach allows media content to enhance a structure’s appearance and to communicate a message or convey a building’s functional
content without compromising its design integrity. In other projects, media screens and projection lighting elements change the three-dimensional perception of an immobile object, as seen
in works by digital-media firm NuFormer. In the
case of NuFormer work, projections become social
events engaging urban life, often merging contradictory interests of public entertainment and
of the commercial needs of corporate sponsors
such as Volvo or Samsung. They follow the same
business models as many so-called banned commercials [6] distributed on YouTube that use a viral
and humorous message to encourage watching
otherwise commercial advertisements. [7]
Media facades are usually institutionally or
socially controlled, due to their what-you-see-iswhat-you-get (WYSIWYG) nature, and strictly serve
the interests of their owners. However, there is a
movement of reappropriation of the public realm
from commercial interests through digital graffiti,
laser tagging, and building projections in an analogous way to the billboard hacking practiced by the
New York artist Ron English or the Billboard Liberation Front. The reappropriation of media facades,
or billboards, is usually seen as an encroachment
on private property and generates mixed feelings
among the general public. However, these feelings
can be partially altered by the content, the message, and the intent behind these actions. Another
way to step outside the legal constraints of graffiti or billboard hacking while preserving the intent
and the message is to port part of the communication into the virtual realm. The virtual realm can
modulate and enhance the real-world experiences,
which can be commonly shared (WYSIWYG) or customizable to a narrow group of users and hidden
from the rest.
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MOBILE DEVICES
“Foursquare is all about helping you find new
ways to explore the city. Earn points and unlock
badges for discovering new places, doing new
things, and meeting new people.”[8]
“Yelp is the fun and easy way to find, review
and talk about what’s great—and not so great,
in your area.” [9]

These, and similar, messages greet you when
you download smartphone applications from a
number of the popular online social networking
sites. To increase their functionality, the apps link
you automatically with your Facebook friends and
Twitter feeds. These messages entice you to join
a virtual club of urban dwellers and promise exciting new possibilities. By monitoring your activities
through your phone’s GPS, the apps alert you when
friends are nearby, showing their location. They also
help you to map daily routines, comment on venues,
and learn from anonymous contributors. On occasion, they give you a personal insight into private arrangements within the public realm: Navneet Alang,
a Toronto-based blogger for This Magazine, writes
about his favorite tip from Foursquare, which suggests asking a waiter at a certain restaurant for “the
secret pink menu.” “You could call it a new approach
to urban discovery, one that takes the online mantra
of ‘by the people, for the people’ and mixes it with
happenstance,” he adds. [10]
All these applications are built on the “open
source” concept (a version of the collective intelligence discussed earlier), where individual members
contribute content that is often unfiltered or unchecked. While the society is usually reluctant to accommodate unfiltered and unchecked public communication, it is exactly these types of contributions
that most effectively produce collective wisdom.
Furthermore, location-based mobile apps augment the physical reality with highly customizable
and personalized messages that can be addressed to
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all or just to a selected few. In this aspect they redefine
the meaning of a communal space, away from the traditional WYSIWYG model, and bring the public realm
closer to a Web 2.0 character, with dynamic communications where a given Web page would display individualized content relevant to a particular viewer.
Since the digitally enhanced public realm is no
longer visually explicit, it allows for alternative cultures and parallel ways of living. Mobile devices, such
as cell phones and more recently iPads, allow for an
individualized view into the public realm: a view
with simplified datascapes or privileged information
that considers our needs and responds to our expectations. While the use of mobile devices as the intermediary between us and the environment may seem
awkward at first, they quickly become non-present,
much like eyeglasses after a brief time of “getting
used to” them. Furthermore, mobile devices not only
become a physical extension of ourselves, but also
emotional, philosophical, and intellectual. In many
ways they do for us what a magic wand does for
Harry Potter and his friends, becoming an attribute
of elevated capabilities.

DATA OVERLAYS
The popularity of smartphones has moved the Web
from desktop computers to our pockets. Collective
intelligence applications no longer rely exclusively
on human input, but increasingly also incorporate
data captures through sensors monitoring our behavior and second-guessing our intentions. Data is
being collected and shared in real time with other
users with the ease of pushing the “send” button.
Mobile apps such Yelp or Foursquare already
take advantage of the embedded GPS capabilities of
smartphones. Recently, the next generation of location-specific content apps, such as Layar or Wikitude,
utilizes mobile phone sensor capabilities such as a
digital compass or accelerometer in combination
with a video camera to deliver mobile augmented
reality experience. [11] These apps allow not only for
2D—the present limitation of a GPS platform—but
increasing 3D navigation and data assemblies.

Furthermore, these applications effectively
combine physical-world data such as real-time video
input with Internet databases to provide interactive, information-based navigation platforms. For
example, the augmented reality mobile application
Layar[12] augments real-world input by adding customized information overlays, such as building or
business information, over imagery captured with a
mobile phone camera. The overlaid, highly detailed
data correlates not only with the location, but also
with the direction camera is pointed toward.
Unlike media façades that augment a public
space in a conspicuous way that is the same for each
participating observer, the mobile-based augmented reality can be highly specific and customized for
the needs of an individual user. These technologies
are analogous to dynamic Web pages (Web2.0) that
respond with fresh information (content and/or layout) for each viewing. This approach is commonly
employed by websites such as Expedia or Amazon,
which track users’ activities and suggest products
that a viewer might be interested in by matching
similarities in past purchases and pages visited with
those of other customers. “Customers who bought
this item also bought…” is a subtle suggestion of a
purchase from the Amazon’s web site that utilizes
content-specific dynamic Web pages. The same approach can be extended to customize urban experience by providing on-demand assemblage of data
needed by a user at the particular moment.
Spatial navigation enhanced by the Layar app
shifts functionalities of media facades back to virtual
world of data overlays. While media facades are experiences jointly shared by all participants, augmented
reality of mobile computing allows for highly customizable and user specific (not only location specific) content. Even though, this highly customized direction
could take away from commonality of shared experiences that define public realm, it also may more effectively extend the freedom associated with World Wide
Web (WWW) into the urban environment. The freedom
that would not be limited by property rights or a common perception of appropriateness and expected use.

URBAN GAMES AND ARTS
A new potent mix of gaming, mobile devices, and urban environments transforms the public realm and
the way we operate within it by embedding digital
information in the physical world. According to the
website for Simon Games, a project of the Pervasive Media Studio, “Games are the new cinema, they
are breaking free from the console and hitting the
streets. These games are a new way of exploring
ideas, meeting people and having fun. Hugely social,
they are a new entertainment form.”[13]
While breaking free from the console and hitting the streets, we always make sure to bring a mobile device with us. Mobile devices become a necessary interface and facilitators for social interactions
by allowing us to read and embed a digital locationbased content. Multiplayer gaming environments,
electronic social networks, or mobile location-based
games allow for a diverse level of encounters without the need to personally engage with others faceto-face or reveal one’s identity. Digital media make
it easier for many to engage with strangers, particularly for those who feel apprehension in interacting
with strangers or just want to explore their inner self
in a social context that is not predefined.
A description of The Comfort of Strangers, a
Simon Group game that was played in 2008 at New
York’s Come Out and Play street festival, invites participants: “Create your team out of the anonymous
crowd; every chance encounter could be your last,
or an opportunity to live and survive—find comfort
in strangers.”[14] The Comfort of Strangers is a street
game utilizing mobile devices to create social encounters. There is no visual interface, just a voice in
the earphone telling you about the risks and common interests. The game creates ad hoc and anonymous relationships that usually last only as long as
the game itself.
The SMSlingshot installation by the VR/Urban
group aims to reclaim urban media facades from
corporate and commercial messages into an open
public participatory system. It continues a tradition
of artistic civil disobedience associated with graffiti
User Participation in Design - eCAADe 29

881

culture and the mid-twentieth century Situationist
International (SI) movement. While this intent remains still within a conceptual level rather than an
actual guerrilla-like action—VR/Urban installations
operate within the confines of museum galleries or
public festivals—the conceptual framework signals
a broader social aspiration to reclaim the public domain, or at least the voice within it.
The SMSlingshot installation effectively combines media displays—building projections—with
mobile communication. The installation participants
are able to use a custom-developed slingshot device
[fig.1] equipped with a mobile telephone interface
to send an SMS message. By aiming and “firing” a
slingshot onto the facade, users can project their
personalized message onto the building’s wall, expressed through the splash-like graphics. [fig.2]
(Fischer, Zöllner, & Hornecker, 2010)
While projecting political or artistic messages
onto public buildings is a well-established practice

evident in works by artists such as Krzysztof Wodiczko, the addition of mobile communication is an
important step into broader communal participation and ownership of public domain. The Interactive Power Station’s “Shooting Star” installation [15]
achieves it perhaps more fully by allowing contributing individuals to customize their holiday messages,
using the Electrobel Power Plant cooling tower as a
canvas for the animated LED light installation. However, the theme of holiday wishing imposes a significant limitation on this particular project. An opportunity for a political or social speech is limited to
socially predictable forms.
Along the same lines but breaking out of the socially correct framework, Graffiti Research Lab (GRL)
develops urban media interventions that challenge
the traditional demarcations of public and private,
appropriate and inappropriate. Their purpose stated
in their motto “dedicated to outfitting graffiti- and
street-artists with an open source technologies for
Figure 1
Electronic sling shot device.
(Image courtesy VR/Urban)
Figure 2
SMSlingshot installation in
Berlin, 2010
(Image courtesy VR/Urban)
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urban communication” is activated through the development of “tools of subversion and mass dissent.
Like a giant graffiti laser.” [16] A certain level of dissent represented in GRL’s work moves the center of
creative gravity outside the comfort of art galleries
into an authentic street art. However, GRL works still
do not achieve a guerrilla status like that of Banksy
public art. Anonymity is a common denominator of
Banksy’s art and traditional graffiti, and in this case, it
is a strong differentiator from prescribed and staged
digital installations that feel more like works ported
out of the gallery, not home-grown street happenings. This anonymity of street art, and the expressive
freedom associated with it, can be put back into digital media installations by developing systems that
integrate individual participation through the use of
mobile devices.
Laser tagging is a contemporary equivalent of
traditional graffiti implemented on an urban scale
without the negative associations graffiti tagging
brings. Additionally, the GRL Laser Tag Rotterdam
event [17] provides an opportunity for greater
public participation, since the marking device is
separate from the projector. The installation could
accommodate unrelated or competing users collaborating or competing for the screen authoring.
The GRL laser tag setup uses a high-performance
video camera to track a green laser point projecting over a building façade. [fig.3] The laser pointer
movement is reinterpreted as tag graphics and projected on the facade. A custom-written code (C++)
Figure 3
GRL Rotterdam tour ‘L.A.S.E.R TAG’, installation,
2008. (Image courtesy Graffiti
Research lab (GRL))

allows for the adjustment of multiple settings, including brush size and type (for example, shaped
like a chisel) as well as control of the drop mode
with frequency and fading options.
In this case, the mobile device is not a smartphone, but a simple laser pointer; on the smaller
scale of an art gallery, one could use a Wiimote
controller. In either case, mobile devices serve as
an interface between user intentions and mediaenhanced urban environments, bringing together
the power of creativity, public participation, and
digital technology.
Another form of reappropriation of media facades can be achieved through augmented reality (AR) apps. Media facades become augmented as
seen through mobile device cameras, with a change
to their intended content and meaning. While this
is not as present as real-world tagging or graffiti, it
can also remain undetected by unprivileged urban
dwellers. While apps like Layar facilitate the consumption of the AR environments, the full public
engagement is realized with apps such as ARTags,
[18] a self-described first AR application that allows
easy and on-location content authoring, a critical
addition to a situated technologies toolkit [fig.4].
According to the product description, “You can express your skills on your own mobile phone. Once
your ‘tag’ is completed, you can drop it in one of our
AR Browsers and leave your mark.”[19] [fig.5] And
later: “ARTag allows everyone to express themselves
anonymously and freely [in] the world of augmented
reality through a mobile app for Android.”[19]
This form of expression provides full and uncensored authorship of public domain, albeit limited to
its virtual form. It is similar to the Interactive Power
Station project discussed earlier, but empowered by
direct authorship without a middleman evaluating
the user’s content. Certainly, this approach would
quickly overproduce and most likely “pollute” the AR
environments with meaningless, mediocre, or vulgar
content. However, a future solution to this problem
should involve intelligent electronic agents that allow users to preselect their AR content and not to be
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Figure 4
Augmented Reality (AR) content superimposed over real
life photo capture. (Image
courtesy ARTags)
Figure 5
ARTag added into Augmented
Reality (AR) environment.
(Image courtesy ARTags)
Final Thoughts

subject to outside, socially or corporately imposed
censorship. Both installations illustrate social, emotional, or environmental data using an interface that
puts residents into the position of active content
creators, thus shifting their role from consumption
to authorship.
Some of the examples discussed here represent
art gallery installations ported onto a street or into a
landscape and are missing the guerilla-like character of street art. Also, it is not coincidental that much
of the discussed work happens in Europe, a cultural
environment open to alternative public expressions
and tolerant of private ownership transgressions.
While working within socially accepted confines provides comfort for explorations of new ideas, these
digital media tools need to be hijacked and passed
to the masses for full crowdsourcing experimentations. The next frontier would be to liberate the
well-crafted but often less fluid digital installations
into open and fully participatory media frameworks:
frameworks that allow for anonymity, spontaneity, and occasional iconoclastic expressions. At that
point, this digitally enabled art would fully integrate
with a city life, much the same way as Banksy’s graffiti
art has become one of London’s prime destinations.
While a street with building projections and media
facades provides the platform for public art expressions, mobile devices seem to be destined to become enabling agents of this broader participation.
As digital media, and especially AR mobile devices, assume a more prominent role in contemporary life, there is a growing need for experimentation
and for creative models that demonstrate enriching
884
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and meaningful integration of this technology into
the urban environment. As the ARTag group suggests: “Very soon augmented reality will invade our
life with a lot of marketing aiming to make us accept…mercantile products. But augmented reality
can be much more, we just need to know how to use
this tool.”[19]
A number of questions emerge for developers
of these new media real estates. How can the integration of new technologies with landscape create
spaces that evoke new experiences and touch us
emotionally? How can media-rich environments reinforce democratic values and facilitate individual
creative fulfillment?
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Abstract. The paper presents our efforts to establish a model for urban space interpretation
(IMUSC – Interpretation Model of Urban Spatial Coherence), intended as a pragmatic
instrument for recognizing elements and phenomena that affect actual use of urban spaces.
The initial premise proposes the mechanism for traceable linkage between the basic, mostly
visible elements and features in the urban space, and three qualities concerning actual
use: (a) access to the space, (b) movement within and through the space and (c) permitted/
tolerated and stimulated sojourning of the users in the space. The model aims to assist with
bridging the communicational gap between expert and lay public occurring in the formal or
informal process of spatial co-deciding, by increasing comprehension of spatial complexities
and hence developing common priorities concerning spatial values.
Keywords. Spatial qualities, interpretation model, public participation, urban design.

INTRODUCTION
Starting from a lack of suitable tools for exposing the
complexity and coherence of urban space (as being
understood from the theory of complex interacting
systems) to nonprofessional public – we framed a
model to demonstrate and interpret the distinctive
spatial features that generate and form commonly
preferred urban spaces. The model proposed is intended as an instrument to assist communication
between the expert and lay public that has increasingly been involved in the process of urban decision
making and search for a quality urban design.
A large body of literature and research in different spatial disciplines has evolved that attempts to
explain the principles of good quality urban design,
whilst reflecting the agenda set by Cullen, Lynch,
Krier, and Jacobs amongst many others. The broad
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research scope has been examined either from the
perspective of a user, different groups of users, public health, traffic, weather through the optics of the
sustainable development, or merely in regard to a
certain pillar (social, economical, environmental) of
this development. The criteria for estimating of urban space advantages/shortcomings are being derived from either physical to societal or even solely
perceptual spatial realities. Since the 1960s, researchers and others have developed a rich array of design
evaluation approaches (Forsyth, 2010); however, the
description and specification of these measures are
rarely entirely clear, cohesive or unified. A systematic
review of the literature and research engaged in estimating the quality of urban design (e.g: Rapoport,
1970; Frumkin, 2003; Franz et al., 2005, Ewing &

Handy, 2009; etc.) has proved the continuation of extensively recognized but abstractly defined merits,
such as visual order, enclosure, openness, balance,
continuity, identity, human scale, clarity, diversity
etc. Bringing such abstract, at times vague and indistinct terminology and meaning into the dialog of
urban decision-making raises relevant doubts concerning the reciprocal comprehension between the
expert and non-expert public, as well as among the
representatives of diverse spatial disciplines.
For this reason our attempt was to establish an
interpretative model for identifying and tracing the
vital spatial elements and arrangements that contribute substantially to the desired development of
concrete urban space.
In addition, to objectify and clarify the abstract
measures listed above we linked them to the observable visible aspects of space rather than the latent ones, and hence indirectly translate them to a
more tangible form. While spatial quality becomes a
meaningful concept only when related to an actual
definition of space use (Rapoport, 1970), the main
challenge was to create an insight into the space
structure from the perspective of users’ daily experiences – this is how a specific space accommodates
the user’s needs. We selected and highlighted three
definitions of space use – additionally designated as
operative qualities – that contribute significantly to
the experiential/perceptual value of urban space: a)
ease of access - different modes; b) ease of movement within and through the space and most importantly c) permitted/tolerated and stimulated sojourning of the users caused by the space functionality, amenities and appeal.
The model consists of two main parts: the first
part is based on the generalization of spatial complexity and coherence into key spatial elements and
simplified but systematic linkage to operational
qualities (which serve at this point as an output).
The second part of the model is a visual extension
of those outputs, proposing experiential visual presentation of the essential pre-defined elements in the
space/location that is observed.

The efforts were threefold: first, to form valid,
applicable and convincing measures to assess valuable features of space design, and second, to indicate the developmental trait that considerably affect
user’s spatial experience which – taken as a consequence – derives from either prudent or poor design
decisions; and third, to generically recreate urban
spaces for research and communicative purposes.
The model aims to assist with bridging the communicational gap between expert and lay public (occurring in the formal or informal process of spatial
co-deciding) by increasing comprehension of spatial
complexities and hence developing common priorities concerning spatial values. It is an instrument for
decoding professional language in terms of the approving urban design, and furthermore a method for
identifying/tracing the contributors that generate
the existing situation in a certain urban space.
The present paper unfolds the arguments in
two steps. We begin by recalling background information on space and its quality and the section that
reveals the initial suppositions and logic underlying
the model setup. It discusses relevant theoretical
grounds and describes key terms concerning urban
space and spatial quality as the object to be communicated through the model (IMUSC). We then turn to
the challenges associated with measuring characteristics of the built environment and determining
its qualities through the optics of professional and
non-professional public. The second part provides
an insight into the model reasoning, its structure,
essential elements, as well as its main advantages
and constraints. We conclude with the discussion
of the issues that must be addressed in extending
this research to a broader context of spatial fragility/
sensitiveness and yet deliberation on the modeling
output visualization.

DIMENSIONS OF URBAN SPACE AND ITS
QUALITY
Before we tackle the issue of identifying the spatial
qualities for calling public attention to common priorities, we pause for a moment yet to explore the
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crucial subject –the notion of the urban space. The
first problem to be faced with namely is the difficulty of defining space, or rather deciding the kind of
space which we are dealing with.
Space is, as quoted by (Tuan, 1975), “an abstract term for a complex set of ideas” that can be
divided up or categorized into various ways concerning different disciplines and purposes. According to
Rapoport (1970), spatial reality is not the relatively
simple physical space which designers have traditionally been taught to manipulate. Bell (2006 cited
by Hudson-Smith, 2008) for instance identifies three
different kinds of geographic space: visual, informational and perceptual, whereas Hudson-Smith
(2008) draws the distinction between the real and
the digital space with addition of social component.
Tuan (1975) exposes the importance of experiential
space, derived from the compound of one’s sensation, perception and pre-created conception of the
mere space, whereas the experience of space can
be direct (presence in the physical space) or indirect
(mediated depiction of space).
Despite the very different classifications of
space, nearly all give us the undisputable surmise
of the following rough outlines of space: 1) objective, real, physical, tangible, directly observable,
also quantifiably measurable; 2) subjective, perceptual, experiential, also qualitatively measurable; 3) conceptual, informational, digital, cartographical, mediated.
In the field of architecture and urban design,
spatial form is traditionally regarded as its most
prominent concern; in fact it has been called the
primary dimension of architecture (Franz et al.,
2005). On the other hand, despite leaning towards
the physical and visual appearance of space, mindful architects and urban designers are expected
to include and deal with all the other dimensions
that tightly interlace with the spatial form and its
role. The subject of our research is thus primarily
devoted to the physical, visually perceptible urban
environments as are defined by the viewer’s prospect of its units as well as its observable cultural
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dimension and experiential charge. Yet the methodological focus of the study inclines towards revealing the potentials of the third - interpretative
or informational category of urban space, which
we claim can contribute to a higher public consciousness concerning the role of basic spatial
features, their mutual interlacement and contribution to supposed urban quality. The characteristics
of urban space, poetically quoted by the Frumkin
(2003), affect us in many ways - we gain orientation from certain space cues, they can give us a
sense of balance, capture our attention; urban
space is a means of movement, it is a means of sojourning, it can evoke memories and arouse emotions, and can also connect people.
The crucial question at this point is how to
determine the very different comprehensions of
spatial qualities as well as the terminology used to
describe them; what is the evidence of a good place,
and how to unify numerous priorities in urban space
that different individuals, public groups and professional public aspire to. Especially deep seems to be
the discrepancy between the expert and general lay
public. Thus, with the model proposed, we confront
the two different vocabularies, attitudes and reasonings addressing spatial qualities, although both
derive from the same fundamental and concrete
spatial elements. With other words – plain spatial
elements in this role have the potential to bring the
distinguishing comprehensions of spatial quality to
a common denominator.
Before we leap forward to explain the model,
the following principles that form the core of the
model should be highlighted:
A) Expert optics – reasoning and language
The language for communicating the spatial qualities has been developed within different domains,
mostly architectural design, urban planning, and,
more recently, by scholars of cultural studies, and
social geography. Also theories from environmental psychology (e.g. Polic et al. 2005; Winkela et al.
2009), urban sociology (e.g. Molotch 2011), and

studies related to physical activity and health (e.g.;
Frumkin 2003; Ewing and Handy 2009; Pucher et
al. 2010, etc.) use the existent, rather abstract and
conceptual terminology and notions to describe
the characteristics of build environments. The latter prove to become a hindrance when introducing empirical approach into the research on spatial
quality that demands exact and traceable measuring. Frumkin (2003) claims that many recommendations for “good places” are available, but few are
based on empirical evidence of measurable criteria, and thus are often incompatible with current
research practice. Nevertheless, the preliminary
problem for the modeling also seems to become
the multiplication of notions, their often indistinct
meaning, vague interpretations and, especially, the
inconsistency regarding the use and dissimilar taxonomies. Here, the abstract definitions of spatial
quality seem to fail in providing the expert public
with a solid tool to assess the urban space or in offering an applicable instrument for communicating
it to general public.
According to the review of literature addressing the quality of urban design (investigating user
responses to different spatial features or presenting guidelines for urban designers), an extensive
list of the terms used was documented. Additionally systematic clustering was made in regard to
similarity of meanings and further comments of the
authors. The most overlapping or weakly definable
expressions were eliminated and further regrouping was made to extract the most frequent and applicable terms that have emerged in professional
language to express spatial qualities. As a result
the list of more recurrent and recognized merits
was proposed for further pursuance: 1) balance, 2)
visual legibility, 3) unity, 4) identity, 5) adaptability/
flexibility, 6) maintenance, 7) diversity, 8) functionality/ease of use. Although the listed qualities are
yet far from exact definitions that could enable direct measuring, they represent the starting point
for communicating/discussing the issue of spatial
quality within single and among different spatial

disciplines. The next step was to break down the
complex and structured spatial qualities into more
tangible definitions and afterwards link them to
visible elements and phenomena in urban space. In
other words, we force the conceptual merits of professional vocabulary to capture though simplified
but tangible form through relating it with concrete
spatial fragments.
B) User optics – reasoning and attitude
By contrast, an average user of the urban space
rarely or never wonders about the notions, such
as enclosure, linkage, visual order, or unity that
characterize a definite urban location. Rather, one
is concerned with the potential of this place suiting his needs and expectations on the level of his
experiences with it. It is therefore also the spontaneous reaction of the user (in regard to the stimuli
of given spatial features) to co-create the place
with his behavior as he uses it. Gehl (1981) states
that experiencing other people, interacting with
them or merely observing them or being among
them provides a particularly colorful and attractive opportunity for stimulation, gain of valuable
information and pleasing sojourning in the urban
space. The latter can considerably enrich the experience of a build environment and objects within
it; however the supporting conditions are to be
given first (through prudent design) that “life between buildings” occurs. This brings us back to the
basic elements and features of this very space, designed with strong or weak potential to facilitate
user’s needs.
As stressed above, users’ needs and responses
to the given urban space are the users’ scale for its
appraisal. Observing through the prism of vital operative qualities – with the emphasized value for the
user – we assume that well designed urban space
should enable and stimulate: 1) optimal and balanced physical access using different travel modes;
2) comfortable movement through the space; and
3) pleasing sojourning throughout the spatial functionality, its program, amenities and appeal.
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The presence of operative qualities in urban
space that signify its vital worth for users, we claim,
is of great importance for place prosperity. From the
aspect of our study the more important fact is that
such defined qualities are closer to general public
comprehension and reflect tight linkage to the observable, by far measurable, spatial elements and
features. On the other hand, yet a cursory glance
at the operative qualities reveals their indisputable
bond to the principles of professional measures
(formerly described) at the same time. The question
nevertheless is: to what extend can one (a user) associate own experiences to professionally defined
spatial qualities?
Combining these two aspects is the main idea
and objective of the model (figure 1).

THE ART OF SQUEEZING URBAN SPACE
INTO A MODEL
There is a variety of things that are commonly referred to as models: in architecture a model most
often refers to geometric computer aided models
that represent scaled-down urban space; in geography, likewise, a model is often pertained to a representation of topographic space in a reduced scale.
In social geography and social disciplines even more
often the same term corresponds to representation/
explanation of complex empirical objects, phenomena, relations and physical processes in a logical
and objective way, not necessarily directly related
to physical space. There are numerous categories
and sub-categories of such models introduced in
the literature that range in regard to abstractness
Figure 1
Initial premise underlying the
model (IMUSC).
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of representation, scopes of the subject matter that
they are taken to represent, means and techniques
used to create them (computational, statistical, mental, mathematical, data, etc.), also concerning the level of conceptualization of the subject and purpose of
the model use (e.g. education, professional collaboration, data synthesis etc.). However, the categories
of models as (Frigg and Hartman 2009) states are
not always mutually exclusive, even more - one frequently employs a combination of them to explain
the subject matter in an optimal way.

••

IMUSC DISPOSITION

For IMUSC conception different methods were applied and divided into three foremost work phases
that lead to the final result (software application).

The previous statement is close to what IMUSC
stands for: a model for interpretation of spatial structure, (which being of significance to operative qualities of urban space) implying a set of modeling techniques that support:
•• input of spatial data: preparation and generalization,
•• extraction of relevant urban elements (variables),
•• search for their mutual relation in influencing operative qualities (entity-relationship modeling),

••
••
••

assigning weight to those relationships (to
approximate a real situation in selected geographic entities – in our case public spaces in
Ljubljana),
mapping of interaction among elements and
the operative qualities (agent-based modeling),
parametric modeling as a means for extracting
the collection of probability distributions
output of data: primarily visual presentation
techniques.

METHODS

Phase one
Initially two fundamental segments were prepared:
We defined the crucial leverage forces
a.
by which a single operative quality is modified/
achieved. Accessibility for instance is conventionally defined by overcoming the spatial resistance
(distance) in time and space. In most fundamental
terms this implies certain intake of time and energy

Figure 2
Decisive factors in definition
and structure of accessibility.
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– perceived either as physical or financial stake – as
well as the continuation of prearranged infrastructure. While such demarcation might be applicable
in large-scale spaces with lump-flat estimations of
travel accessibility, it has limited importance in observed mid- and small-scale spaces. Tackling urban
spaces through experiential perspective additional
factors gain relevance in regard to accessibility assessment. Thus, four accompanying decisive factors
(along with the time and energy consumption) that
significantly affect the level of accessibility were appended: a) infrastructure support b) traffic regime –
by modes; c) level of comfort within the single travel
mode and d) level of traffic safety – by modes. The
latter two are reflected in the users’ sense of safety
and comfort that consequently influence/regulate
the users’ choice of route and travel mode (figure 2).
Similarly as demonstrated by accessibility, decisive factors for other operation qualities were searched
for. The preselected merit of “passing through” follows
roughly the same forces as accessibility; however, it
pertains exclusively to the characteristics within the
selected location while in the case of accessibility spatial context is also taken into account.
The factors that influence the intensity of users’
sojourning in a particular space seem to be more
structured. We define it throughout the activities facilitation, functionality (apart from movement which
is being dealt with separately), appeal, level of interest etc. While in some cases, the relevant forces that
drive the intensity of sojourning and human behavior are highly evident and can be quantifiably measured, in many other situations it is far from suchlike
detection and revelation and we had to lean merely
upon the scarce existent theories deriving from behavioral studies to determine them.
b. Once we defined the optics (accessibility,
passing, sojourning) through which the urban spaces
would be looked at, the next phase consisted of an attempt to capture the highly nuanced characteristics of
the build environment through direct and indirect (use
of data sources) observations of the open and publicly
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accessible spaces in the city of Ljubljana. We attained
that by analyzing the visible spatial reality into the
basic shapes and elements that hide beyond a wider
notions of: natural elements (tree, river bank, green
plot, flower decoration etc.), urban furniture (bench,
trash, bike rack etc.), program (daily services, shops,
snack&drink facilities, urban art performance, street
vendors, market stall), traffic infrastructure (cycling
path, roadway, street crossing, traffic lights, sidewalk,
etc.), elements of cultural, historical and symbolical enrichment (monuments, art installations, architectural
heritage etc.), basic geometry of the space, transition
between indoors and outdoors (restaurant terrace,
shop-window, balcony) etc. Moreover, relevant agents
of the spatial context (not tangibly manifested in the
selected locations) were added according to their presumed/suppositional influence on the operative qualities within the location.
Each element/feature was then set up as an entity, capturing a finite number (an interval) of possible states either in terms of quantitatively or qualitatively appointed attributes.
Phase two
The central part of the model systematically links
the elements and the tree operative qualities. Two
of which are being observed from the perspective of (four) different travel modes. For this reason a conceptual data scheme was generated and
embedded in the model. It first defines the input
variables and describes the semantics, taxonomy
and relationships of the entities proposed. To each
relevant correlation additionally weight was assigned (MS Excel and Grasshopper used), where
generalizations and pondering are based on the
data/knowledge deriving from a statistic database
[1] and interdisciplinary studies dealing with Slovenian cities (e.g. Dalla-Valle et al. 2003; Plevnik 2008;
Bole 2010; etc.). However, fundamental/theoretical
input from relevant fields is applied by means of a
wider literature, not necessarily related to the Slovenian environments.

As a result, a numerical estimation of operative
qualities (of selected/processed urban space) is defined according to the elements’ presence/absence
in the space (assigned states: 1, 0) and their characteristics (discrete intervals), as well as in regard
to the contextual spatial circumstances. Thus, each
element traceably indicates the impact on each operative quality of the space given. To model and illustrate this series of assertions apparently, principles of
parametric modeling were employed (Grasshopper).
Phase three
The subsequent and final part of the model is a visual extension of the outputs, proposing a visual
presentation of the interpreted patterns within the
space/location that is at issue. In this phase of our
work the visualization interface is attached to the
outputs indirectly – not employing a computationally programmed approach. However, a methodical
approach is adopted to depict the above mentioned
outlines in a comparable, systematic and generic
way, where decisive factors, such as graphic mode,
perspective manner, scale, level of abstractness,
complexity, level of detail, intuitiveness, are taken
into account. The visualization extension will additionally be linked automatically, generating a 3D
model of the location and its elements (according
to the pre-defined fuzzy rule set), which further presented as a series of experiential vistas that contain
generically depicted output parameters.

CONCLUSION
Although the models seem to become an increasing means for representing, learning, explaining and
simplifying urban space phenomena, there is, as
Frigg and Hartmann, (2009) claim, “no such thing as
a perfectly faithful model”. Faithfulness, they further
advocate, is always restricted to some respects and
so it is the case with IMUSC.
First, in geospatial terms IMUSC is valid within
the frames of Slovenian urban context, more accurately – it is intended for interpretation of public spaces comparable to Ljubljana (cultural, geographical,

socio-economic dimensions). Second, the proposed
relations between operative qualities and spatial
features derive from a diverse set of data, information and knowledge, of which some are to a lesser or
greater extent quantifiably explicit, computationally
compatible, convenient for model processing or adjusted to mid-scale spaces. Although it seems the research methods in contemporary spatial disciplines
incline towards highly quantifiable measuring, there
is a relevant hesitation due to the numerous limitations of such positivistic principles. Nevertheless, we
can claim without hesitation that holistic representation of space cannot be captured simply by composing the above mentioned knowledge (acquired
by either quantitative and qualitative methods) into
one structure or a model, while the methodologies,
techniques, output formats, optics and initial goals
of separate investigations are extremely diverse, often poorly comparable. Joining this heterogeneity of
knowledge in one system was a great challenge and
obliged us to form a flexible model structure, compliant enough to enable convergence of explicit and
implicit assumptions concerning urban spaces.
Moving back to the applicative aspect of the
model, our central concern tended to incline towards
the visualization of the outputs – as a means to meet
the general public comprehension of spatial qualities.
Addressing the issue of visualization as the answer to
effective communication between expert and general public (King et al. 1989) as well as a key to converge
their priorities concerning urban decision-making
is our ongoing interest of research. Contemporary
tools allow us to accurately capture the 3D reality with
textures, colours and other elements [2]; besides, the
public have been primed to expect immersive applications, also interactive and dynamic depictions. For
the model proposed, it is important not only how
close to the actual reality the visualisation is drawn,
but also how to effectively convey the messages that
lie hidden beyond the tangible elements depicted.
By visualisation we strive towards merging two
principles: first, rousing one’s experiential percipience that would then rule his decisions and attitude
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concerning fragile urban spaces; and second to
pledge a certain level of genericity in visual design
that has a potential for prompt and repeated application in different spatial circumstances. Although at
times nearly diametrically opposite principles, they
could, combined successfully, soften the sharp edges between particularly subjective, intuitive, unique
representation of urban spaces on one hand, and extremely objective, automated and computerised on
the other hand.
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Abstract. This paper focuses on the definition of a conceptual participatory design framework
for urban planning. Traditional planning methods can no longer satisfy the growing demands
on sustainable urban planning in regard to factors such as complexity, problem size, and level
of detail and these limitations make the development of new approaches necessary. Expert
knowledge as well as insights from stakeholders and community members needs to take part
equally in the decision-making process since they are responsible for a broad understanding
and acceptance of final planning decisions. Therefore, a participatory framework is presented
in the following, which integrates needs and requirements of stakeholders. In order to enable
diverse groups of stakeholders to act conjointly, we propose the application of interactive
decision support tools, which will leverage general conclusions especially to solve crucial
zplanning decisions.
Keywords. Decision-making process; stakeholder participation; shape grammars; procedural
model; urban planning.

INTRODUCTION
This article describes a conceptual participatory design framework for urban planning that integrates
various forms of available knowledge and provides
enhanced support for stakeholder participation
within urban planning. This framework has been

initially implemented and tested as a participatory
planning workshop in Porto Alegre, Brazil, called
World Cup 2014 ‘Urban Scenarios’, which took place
from 19. to 28.06.2010 at Universidade Federal do
Rio Grande do Sul (UFRGS). As a result, urban design
User Participation in Design - eCAADe 29

895

scenarios for the years 2014, 2025 and 2050 were developed with the support of participatory planning
techniques during a workshop. The main challenge
was to evolve, access and combine cross-disciplinary
planning knowledge within a team of stakeholders
with various personal and professional backgrounds,
such as architects, urban and traffic planners, representatives from the municipality, and public community. This paper provides insights and suggestions for
implementing similar workshops, aiming to increase
the success of participative planning processes.

of their interrelating and iterative nature. These
concepts structure the urban fabric into systems of
resources such as people, material, energy, water,
waste, space and information and are used to derive
models for the interrelated behaviour of urban systems. As an example of new, alternative approaches
for the development of a dynamic system, Angélil
and Hebel (2010) abandoned the classical understanding of urban system modeling and addressed a
“paradigm shift to a circular understanding of urban
metabolisms”.

MOTIVATION

Participatory Urban Planning
A brief look on modern cities reveals that rapid environmental, social and economical changes are
seriously affecting urban qualities. Thus, the goal
of such participatory planning processes is to raise
urban qualities through benefitting especially from
the participation of stakeholders for sustainable urban planning. The interactive distribution of insights
and intelligence can significantly increase the effectiveness of planning proposals and create new
perspectives that are usually not considered within
the formal planning process. Stakeholders represent
an important stock for decision-making. Sustainable
developments must make use of this and involve
participatory approaches for urban planning to organize and manage the continuous demand for efficient stocks and flows in order to regard the needs
of future generations (Laws et al., 2004).

Global Situation
A multitude of facets need to be considered when
it comes to sustainable urban planning besides the
planning of the pure urban fabric. In particular, new
more flexible and iterative planning approaches
need to be developed within the design process
(UN-Habitat, 2009), that overcome the limitations
of traditional master planning techniques. Further,
these new approaches need to include an orientation towards participatory actions and implementations, e.g., through links to budgets, projects and
citywide or regional infrastructure. There are several
concepts to understand a city as a dynamic system
consisting of stocks of resources and flows of interrelated networks. These stocks and flows need to be
tightly coupled to participatory approaches because

Figure 1
Final visualization of the
proposed scenario for 2050
in Porto Alegre, Brazil, Area
1 (Jan Halatsch, Matthias
Bühler)
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Decision Support Tools in Urban and Regional
Planning
The following three areas can be distinguished for
supporting a participatory design and planning process: describing design, providing tools to support design, and automating design generation. According
to Erhan (2003), design support research emphasizes
(a) how computers can assist designers, and in what
area, (b) how design problems can be represented
for computational support, (c) how computers can
generate solutions using these representations, and
(d) how computers can help to evaluate the quality
of the generated solutions. In architectural and urban
design several design decision support tools exist
(Achten, 2009; Kieferle, et. al., 2007; Turkienicz, et. al,
2008; Beirão, et. al, 2008). However, new requirements
exist for decision support tools to support community
design, e.g., in the field of participation, new urbanism
and sustainability (Toker, 2007). An example of a tool
for design diagnosis during early phases of architectural design is ‘Architectural programming (AP)’. Some
initial decision support tools have been developed
as urban simulation models and implemented in regional planning processes (Waddell, 2002; Borning
et. al, 2008). The visualizations generated from these
systems are then used to assist regional planning
agencies to evaluate alternative land use regulations,
transportation investments and environmental protection policies. A further development is an environment supporting the interactive design of urban
spaces that integrates behavioural and geometrical
city modelling (Vanegas, et. al, 2009). Urban design
variables can be more intuitively accessed and visualized within such an environment, resulting in urban
scenarios that consider proposals for highways, accessibility studies, population and projected employment distribution, among others.

A CONCEPTUAL PARTICIPATORY DESIGN
FRAMEWORK FOR URBAN PLANNING
New approaches for sustainable urban planning
need to consider stakeholder or community feedback besides expert knowledge – especially when

the goal is to achieve urban quality-related development such as environmental protection, social inclusion and local identity. However, one major problem in participatory urban planning is to provide a
common information base suitable for integrating
the comprehensive and interdisciplinary explicit
(expert) and tacit (local stakeholder, experience)
knowledge (Polanyi, 1966) on urban patterns and
processes. Therefore, design support tools are heavily challenged to provide an integrative solution for
participatory design workshops.
The ‘World Cup 2014 Urban Scenarios’ participatory design workshop applied a collaborative modelling platform that was first presented
within the Swiss National Research Project NRP
65 ‘Sustainable Urban Patterns’ [4]. This platform
is the base for the presented participatory design
framework. The workshop served as a first realworld test case with three interconnected steps:
collaboration, simulation and design. These steps
facilitated the iterative modification of an urban
model through a series of participatory meetings
and decision steps.
The process of the workshop included the following steps: (1) sustainable development guidelines
for Porto Alegre were conceived. (2) The views were
formulated in the form of design briefings in order
to deduce sustainable urban design patterns. (3) The
stakeholder group suggested key variables for the
identification of the focus areas in Porto Alegre using
their expertise and knowledge about local problems
and potentials. (4) Simulation and evaluation tools
were used to compare the performances of different
scenarios with each other. This enabled the stakeholders to validate and weight trade-offs of their
decisions. As a mutual conclusion the stakeholders
made the point that the participation of a cross-disciplinary group is of great importance to strengthen
the design process. Even more worth mentioning is
the observation that this approach seems to support
sustainable developments through the combination
of future planning techniques with local awareness
of the stakeholders.
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A participatory design framework was developed that integrates the needs and requirements
of stakeholders and supports a broad-based understanding and acceptance of final planning decisions. In order to support the participation of various
stakeholders, including planners, architects, policy
makers and concerned parties during participatory
workshops, we propose the use of a set of interactive decision support tools that facilitates achieving
a consensus on the planning decisions (Table 1).
Collaboration
The participatory method ‘Architectural Programming’ is a decision support tool used in the early
stage of architectural and urban design. It is used

and evaluated for the gathering of needs and requirements of stakeholders (Kunze and Schmitt,
2010; Pena, 1977). The concept of an architectural
programming workshop (Fig. 2 and 3) is to provide stakeholders with an integrated view on the
planning facts and concepts for potential planning solutions and to incorporate personal and
expert knowledge.
Each of these programming cards describes
one particular aspect represented by a simplified
sketch or diagram, which is accompanied by textual
and numerical attributes. The results are (a) a structured card matrix and (b) development task definitions (Fig. 4) which can weighted and jointly agreed
inside a stakeholder workshop.

Modules

Description

Tools

Collaboration

Definition of the requirements and development tasks

Architectural Programming

Simulation

Definition of street network and accessibility
Assignment of the super grid and highway network
Derivation of the internal grid¬¬¬¬¬

AxiMagic
PurdueSim
PurdueSim

Design

Definition of building types and urban patterns

Simulation

Evaluation
Optimization, quality metric needed, loop until criteria

AxiMagic
PurdueSim, AxiMagic

Design

Definition of the grid style
Plot subdivision, implementation of building types and urban patterns

CityEngine

Simulation

Assessment (solar radiation, shadings, e.g.)

CityZoom

Design

Development of different urban design scenarios (2014, 2025, 2050),
reporting, final renderings

CityEngine, CityZoom,
E.on software Vue

Collaboration

Evaluation, presentation and information about the entire process

Social Network Interface,
Exhibition

Table 1
Modules of the Participatory
Design Framework
In the following section the
interactive decision support tools will be associated
with the three modules of
the Participatory Design
Framework.

Figures 2 and 3
Architectural programming
workshop with experts, urban
planners, architectural students and public.
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A website establishes as a Social Network Interface like a channel of communication between
the workshop participants and the population of
the city and a network of national postgraduate
programs in architecture and urbanism. The website can used by workshop participants to post updates on the results from each workshop session,
and from the community to provide ideas and feedback to the workshop. Final results of the workshop
could be published in form of an exhibition for a
bigger audience.
Simulation
AxiMagic [1] is a spatial analysis tool utilizing the
Space Syntax model to represent the potential
pedestrian and vehicular mobility in the urban
street network (Fig. 6). Correlations in the utilized
Space Syntax model permit the identification of the
main thoroughfares and also the identification of
the districts most central streets and spaces. This

information is strategic for the location of commercial activities and to the identification of potentially
unsafe areas.
PurdueSim supports the interactive design of
urban spaces. Highways, accessibility, population
and planned employment are simulated at interactive rates and support the design process (Vanegas,
et al., 2009). Editing of urban design variables is
performed intuitively and visually using a graphical
user interface (Fig. 5). Any design variable can be
constrained or changed. The design process uses an
iterative dynamical system for reaching equilibrium.
This system includes an interactive agent-based behavioural modelling system and adaptive geometry
generation algorithms.
CityZoom [1] provides a computational environment where different performance models can
be interactively operated, seeking to optimize urban
planning regulations (Turkienicz, et. al, 2008). The
developed models include building construction

Figure 4:
Development tasks for the
urban design scenarios

Figure 5
Interactive visualization of
the scenario of Porto Alegre
in 2025 with the simulated
highways, accessibility, population and planned employment (Carlos Vanegas)
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potential, solar radiation impact, pollution dispersion, luminance and illuminance (Fig. 7). Each of these
models corresponded to a module that implements
them in the computational environment. The correlation between the results of different performance
models enables the designer to optimize urban regulations according to different attributes. Comparative
assessments are made possible between different urban configurations related to one or more attributes.
Design
The Architectural Programming matrix is finally used
to derive the internal grid and to define design rules
and design guidelines in form of conceptual sketches (Fig. 8). These guidelines are validated in a participatory process and translated and described as
building types and urban patterns (Fig. 9). The paradigm of an urban pattern is used as an interface for
the implementation of the procedural model (Kunze
and Schmitt, 2010).

Building types and urban patterns were implemented in a procedural urban model with the
CityEngine software [2]. Procedural urban modelling offers several advantages compared to 3D
analog models (Halatsch, et. al, 2008). Different
urban design scenarios for the years 2014, 2025
and 2050 could be communicated to participants
already during the workshop. Jointly identified
problems could be optimized and evaluated immediately. The CityEngine consists of several
procedural and interactive tools to layout street
networks, align and subdivide shapes, and procedurally generate architectural 3D content by using
CGA shape grammars. This set of tools supports
the generation and editing of very large and detailed 3D models while significantly reducing the
design time.
Final renderings were created with E.on software Vue [3] and were discussed with stakeholders
on the final exhibition of the workshop.
Figures 6 and 7
AxiMagic and CityZoom
(Pablo Colossi Grazziotin,
Vaneska Paiva Henrique,
Karen Paiva Henrique)

Figures 8 and 9
Sketches (Benamy Turkienicz)
and implemented urban pattern (Jan Halatsch)
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CASE STUDIES
We studied five areas in Porto Alegre, Brazil, which
are locations for the World Cup 2014 (Table 2). Twelve
cities in different states were chosen as World Cup
host cities. Manaus, Fortaleza, Natal, Recife, Salvador,
Cuiabá, Brasília, Belo Horizonte, Rio de Janeiro, São
Paulo, Curitiba and Porto Alegre.
In this paper we will present the results of the
three mainly researched areas in Porto Alegre (Fig.
10-12): (a) area 1 GreenTech, (b) area 2 Protásio-Norte
and (c) area 3 Integration District. With the application of the participatory design framework urban
design scenarios were developed and evaluated for
these areas in 2014, 2025 and 2050.
Area 1 GreenTech
The GreenTech area was originally devised for the city’s
industrial expansion and still exhibits characteristics
such as industrial plants, warehouses and large storages. The area presents serious problems regarding water
drainage and sewage infrastructure. Some of the most
important facilities located in this area include Salgado
Filho International Airport, metro stations, the Docks,
the Nautical Park and single family and collective housing. The Arena do Gremio will be built in this area.
Table 2
Case studies in Porto Alegre,
Brazil

Inside the stakeholder workshop it was figured out
that this area is a strategic urban plan for the development of the northern area of Porto Alegre, using the airport as a pole for development. The urban design scenarios for the GreenTech area showed that this area will
be the centre for high tech and environmentally friendly
industries, services and logistics (Fig. 1). The strategy to
attract industries to GreenTech is the convenient proximity to the airport, highways, industrial clusters in the
metropolitan region, and waterways leading to a major
seaport in the Atlantic Ocean. To compensate for the inherent air pollution produced by air and ground transportation, a large portion of the existing vacant land in
the district, will be established as a natural reservation
laying at both sides of BR290, the main highway connecting Porto Alegre to the north of Brazil.
Area 2 Protásio-Norte and Area 3 Integration
District
These two areas are mainly occupied by low density
single family housing. Protásio-Norte is located at
an intersection between one of the major radials of
the city. Important educational facilities are located
close these areas. Recently, new residential developments in the area are being promoted, in spite of its

Case Studies

Description

Size

Area 1

Entrada da Cidade - Tecnoverde/GreenTech

1.142 hectares

Area 2

Rua Tenente Ary Tarrago - Protásio-Norte

52 hectares

Area 3

Avenida Manoel Elias - Bairro Integração/Integration District

100 hectares

Area 4

Campus do Vale, Agronomia - Vale do Conhecimento/Knowledge Valley

51 hectares

Area 5

Estaleiro do Só - Passeio do Sol/Sunwalk

51 hectares

Figures 10, 11 and 12
Case studies: areas 1, 2 and 3
(Martina Jacobi)
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lack of commercial, health and leisure infrastructure.
The area Protásio-Norte is part of the strategy of
integration between the south and the north of Porto Alegre. The plan for this area consists of a sustainable residential development using a commercial
centre to stimulate the upgrading of the area. Special
attention will be given to green housing design and
to encouraging the use of public and private green
spaces (Fig. 13). Protásio-Norte is also devised as an
alternative transportation hub allowing the population of Porto Alegre and neighbouring towns to access the rest of the metropolitan region, eliminating
the need to pass by the city centre.
The Integration District is the main part of the
strategy of integration between the south and the
north of Porto Alegre. The district is intended to be
a subsequent development of Protásio-Norte area.
It consists of residential developments adequately
adapted to the terrain and local vegetation conditions, particularly to a creek surrounded by dense
vegetation that runs through the middle of the
district from south to north, and serves as a natural
green corridor in the development.

CONCLUSION AND
ACKNOWLEDGEMENTS
This paper presents a conceptual participatory design framework for urban planning. The

framework integrates various forms of available
knowledge and provides support for stakeholder
participation at crucial decision-making phases
in urban planning. Since urban revitalization and
enhanced urban qualities are likely to become
significantly challenging tasks for planners in the
coming decades, new methods need to be used
in order to leverage implicit and tacit knowledge
and to make both available to planning processes
in general and in a meaningful way. The presented
framework aims to give an initial vision of the possibilities that the combined use of planning and
simulation tools can bring, particularly when integrated and accelerated with human cross-disciplinary knowledge.
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Figure 13
Final rendering of the areas
2 and 3 shows the urban
design scenario in 2050 (Jan
Halatsch, Matthias Bühler)
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Abstract. This paper deals with visual digital collaborative tools for public participation in
urban design. First it addresses the problem of the diversity of skills and knowledge levels
of all the actors involved. The main focus is on exploring Urban Experimental Lab (Voigt,
Kieferle, Wössner, 2009), developed for public participation in urban design, shifting the
research focus towards the questions of educating both lay and different professional public
through this process. Public participation in urban design is seen as an opportunity for
lifelong urban design learning, offering a wide variety of different actions, problems and
educational elements. All the participants are expected to improve their knowledge levels
through participating in design process.
Keywords. Digital collaborative tool, urban experimental lab, public participation, education,
urban design.

INTRODUCTION
Public participation in urban design
Public participation is a collaborative activity; different participants (experts and lay public) should
come together, communicate, exchange their ideas,
and develop common urban visions. Traditional
participation has moved towards its virtual alternative, where participants do not need to share their
physical space together at the same time (no time
or place limitations). The main focus of this article
is to explore the ways of presenting the digital city
model, so it would be suitable for everyone, for lay
public on one side and experts on another.
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Schoenwandt (2008) defines “third generation” planning theory as next step to the rational
model of planning, where “agents” of planning
construct a “planning world” (experts/ professional
public), which exists in the context of an everyday
“life-world” (lay public). There a specific exchange
among both “worlds” always happens: “Comprehension of the Situation”, “Elaboration of Instructions”,
“Communication about Behavior”, “Interventions”,
“Settings”, and “Outcomes”. The collaboration could
be seen as an opportunity on the interface of “the

planning world” and “the life-world”. The “object” of
collaboration process could be real or virtual, different according to the space and time; i.e. real world or
digital representation of the real world vs. digital city
models to be used for simulating a potential future
or even the past.
There is a specific need for public participation
at the beginning of planning and design processes
(understanding the problem) and at various decision
stages (e.g. design-decision-support; deciding how
to further proceed) as these situations are specific
meeting points between “the planning world” and
“the everyday life-world” (Schoenwandt, 2008).
Urban design is a collective public activity;
through combining designers’ ideas, possibilities
and community choices and through making decisions the stakeholders are trying to achieve better
final solutions. Changes in the environment should
bring people towards better living and working conditions. Therefore participants should be invited into
the decision making process. As Yu Dazhong states,
“the participatory process in urban design should
be seen as a process of enabling participants to
participate in decision making through an effective
involvement” (Dazhong, 1999). As a consequence
to the rapid development of digital technology and
cyberspace we can also talk about using visual digital collaborative tools for the purpose of designing/
presenting urban design projects. Urban design
is actually also a virtually based activity, where the
main communication language is a visual and not
a written one. Moreover, nowadays digital tools for
urban design are more or less used only for communication between different participants and not for
an active collaboration; the final design seems more
important than the whole process.
This paper deals with visual digital collaborative
tools for public participation in urban design. First it
addresses the problem of the diversity of skills and
knowledge levels of all the actors involved. The article addresses the issues related to the exploration of
digital city models (Jutraž, Zupančič, 2010), and focuses on the specific offer of the Urban Experimental

Lab (Voigt, Kieferle, Wössner, 2009), developed for
public participation in urban design. It shifts the
research focus towards the questions of educating
both lay and different professional public through
this process. Public participation in urban design
is seen as an opportunity for lifelong urban design
learning, offering a wide variety of different actions,
problems and educational elements. All the participants are expected to improve their knowledge levels through participating in the design process.
3D city model and various views
Digital 3D city models are not always understandable to lay public as the point of view is usually not
the same as the one you are experiencing by walking
through the city. Some of these models are already
used for public participation; they enable shifting
between different views [1]; others are presented as
simulations, though trying to present the city with a
high level of realistic details [2]. Some 3D city models
are made too abstract, they are difficult to navigate,
making it difficult for lay public to connect them
with the real city, and consequently they are unsuitable for public participation [3]. Our idea is to have
a digital model easy to understand and navigate,
which can be used in different stages of the design
process, thus connecting those stages into a new
wholeness of critical, creative and realistic participatory discussions of all the actors involved.
Urban design is made for people, therefore their
perception of the space or the living environment
and experiencing the site are very important and
should be taken into account in the preparation and
the use of digital city models. Lay public is used to
the view of walking through the city; therefore they
should be enabled to experience new urban design,
new city development or any new changes as best
as they can by the same view (pedestrian view), to
compare it most effectively to the existing situations.
However, thanks to the rapid development of the
Google Map/ Earth and other 3D models people are
becoming more and more used to the bird view. The
aim of this research is to find the importance of each
User Participation in Design - eCAADe 29
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view and the difference between how people experience the space if they observe the location from
different points of view where only the elevation
from the ground is changed (from 1.6 m to 10 m or
to 30 m) and the position (x and y value of the view)
is kept the same. The appropriate use and combination of experiential and conceptual means of presentation in communicating accurate information
about spatial environments between the lay and the
professional public have already been defined (Mullins, Zupancic, Juvancic, 2002); our research will focus
on presentation of 3D city models so they are understandable to lay public.
Towards “distributed labs”
The research directs us towards a “distributed lab”
(combination of different labs, distributed across
numerous physical or even geographical locations).
The first one (“street lab”) is non-physically defined,
movable, the moderator of the participation process professional or lay public questions (interviews
made in London); the second lab is located in Vienna, users have to go to the Urban experimental
Lab (later: Lab); the next stage is a virtual one, located on internet, accessible to everyone (“virtual
lab”). The benefits of all labs should be combined in
order to enhance the “virtual urban lab” for public
participation.
“Virtual labs” should be used as urban co-design
interfaces for public participation in urban design,
they should offer a two-way communication and
collaboration between the lay public (”life-world”)
and the professional public (“planning people”) from
the first stage of the planning process through the
whole design - decision-making process.
Urban Experimental Lab (later: Lab) represents twenty years of researching digital cities to
support urban planning, dealing with real time interactive simulations, decision-making processes,
urban reconstruction and urban archeology, etc.
The Lab is located at Vienna University of Technology; it is consisted of two adjacent seminar rooms,
divided with flexible big projection screen. In the
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“projection room” there is an active stereo projector attached to the ceiling. VR-simulation environment enables visualization, simple walk-through,
direct interaction with the models, visualization
of semantic information, interactive simulations,
etc. Its desired research field is urban planning. It
enables the exchange of urban visions between lay
public and experts, their presentation and exploration supported by digital models (3D and 4D models) and simulations. So far mostly urban planning
researches have been carried out in the Lab, but
there is an opportunity of combining urban planning and urban design for public participation seen
in the project.
Lifelong learning through public participation
Lay public lacks both the knowledge and skills of
urban design. On the other hand, the professional
public lacks the knowledge of public participation.
Thus all the actors or stakeholders could and should
benefit from the lifelong learning of the participatory urban design. Lack of knowledge and understanding of presented digital models often leads to
resistance to any change, even when it could bring a
higher quality of the living environment.
We wanted to find out how we could simultaneously involve lay public and experts in designing
their urban space. We were thinking about involving them in exchanging or more likely creating urban visions, in walking through new urban designs,
in giving comments, etc. Experts can exchange
more alternatives with lay public and they can also
give them the possibility to create their own urban
vision with appropriate digital support tools. The
options of real time interactive simulation have
already been tried by using a touch table (MS surface) in the Lab: it was used as an interface - a physical urban model was made of building blocks that
were placed on a plan of the area and the positions
of these blocks were directly adjusted to the computational model on the screen. When you moved
a block physically, it was simultaneously moved in
the digital model on the screen.

RESEARCH
The main purpose of the presented research in
this article is to explore the possibilities of improving communication and collaboration between lay
public and experts in the urban design process as
an opportunity of lifelong learning. This is part of a
research of digital tools in the participation process;
the main aim is to find out what kind of digital city
model is the most suitable for this process, to define
which view is the most understandable for lay public and to define the role of the 3D city model in the
whole process of public participation. Furthermore,
we are exploring the possibilities of using a digital
city model within a real participatory process.
We assume that:
•• Specific information about the city can be
gained just from the specific view (pedestrian,
intermediate/mid-, bird), none of these views
is a replacement for the other in the process of
visual communication in public participation. It
is clear that the larger scale of the conceptual
urban changes can be detected from the bird
view and experienced from the pedestrian
view, but it is not absolutely clear what happens
with smaller scale urban interventions in terms
of their recognition from different views. That is
why special attention was drawn to the smallscale urban proposal. The scale of the proposal
can be defined in relation not only to the scale
of the urban wholeness, but for the purpose of
the present research also to the pedestrian view
reference - its experiential observer and his cognitive limitations.
•• From the pedestrian view and its experiential mode you can identify (and immerse
into) urban elements and their spatial
characteristics and you can explore the experiential effects of an urban proposals of
any scale.
•• The mid-view, which is neither experiential
nor fully conceptual, is the best opportunity to shift from the pedestrian view to
the bird view and vice versa; it is also use-

••

••

ful for identifying the conceptual information about an urban design proposal of a
smaller scale.
•• From the bird view and its conceptual
mode you can identify the presented city
structure (and larger scale concepts).
Presented 3D city model in the Urban Experimental Lab offers a higher level of experiential
mode immersion than the model presented on
the computer screen. This enhancement is most
effective from the pedestrian view.
The interaction between the actors of the process of public participation is an opportunity for
a lifelong learning.

This article presents an initial phase of the entire research of digital collaborative tools; in the first
phase 3D city models are explored and in the next
one their application to the participation process in
urban design will be made.
Methodological frame
The research was made in June 2011, and was divided into 3 phases: (1) designing a digital 3D city
model, (2) testing the digital 3D city model presented on the screen, (3) testing the digital model in the
Urban Experimental Lab. A city model combined by
a questionnaire was used as a base for interviews,
which were held in Ljubljana and London, with 20
people in each city.
As the main aim of research was to find out how
people understand digital city models, how readable they are, how they can understand the city by
looking at its 3D model and not from their previous
knowledge about the city, and how they can experience the changes proposed. We wanted to exclude
the influence of knowing the presented city, which
is why the interviews were made in London, where
none of the people involved knew Ljubljana and
had never been there before. The people were chosen randomly; they were residents of London and
tourists from Europe and US of different professions
(none of them was an urban designer, architect,
User Participation in Design - eCAADe 29
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landscape architect or any other profession used to
the visual presentations), different ages (from 25 to
60 years), women and men. By asking people who
are living in Ljubljana and abroad the same question
we wanted to exclude the possibility of getting answers based on their previous experiences and not
on the presented 3D city model.
Ljubljana was chosen for the process of testing
the digital city model, more exactly, the inner part of
the city around the hill. Each participant spent approximately 30 minutes on the survey – the digital model
was shown to them, they were questioned about
the model and their opinions on different views. We
shifted the presentation from the bird view through
the mid-view (defined at 10 meters elevation from the
ground) to the pedestrian view or vice versa (to the
half of the participants first the bird view was shown
and then the mid- and the pedestrian view, to the others first the pedestrian view was shown). We defined
and tested three views with different elevations from
the city level: 1.6 m (pedestrian view), 10 m (intermediate view, later mid-view) and 50 m> (bird view), where
we changed just elevation level from the ground and
kept the x and y values. The observation distance of
the first two cases was comparable in order to check
the actual real-life pedestrian experiential situation
and the situation often used in digital model observations, which can be defined as a “virtual experiential”
observation mode. However, the distance of the third
case was increased to enable a higher level of special
conceptualization, close to conceptual (axonometric,
for example) presentations.
We checked the meaning of each view to the
participants and how the information gained from

different view sequences could be complemented
and could form together the whole image of the
city. Through the discussions with the people involved we found out their level of understanding
of the digital city model through its presentations
and the level of their visual communication skills.
The research of the digital city model was combined of two parts:
•• the 3D city model was tested on the computer
screen and
•• the 3D city model was tested in the Urban Experimental Lab (later: Lab).
In both cases the experiential and conceptual
mode of the city was presented. By presenting the
3D city model on the computer screen it was shown
as video clips and in the Lab the moderator walked
participants through the model or even let them
navigate and explore the city on their own. The Lab
also offers the option of exploring the 3D city model with 3D glasses and we predict that this enables
a better experiential mode.
Through the interview based survey we wanted to answer the following questions in order to
find out which view is the most suitable for presenting a 3D city model to the lay public:
•• Are people able to identify the presented city
from the usage of the 3D city model? Which
elements or characteristics of space (natural
features, build structure, etc.) are most helpful
for the identification and which view is most
appropriate for the visual communication?
•• Are people able to identify the urban elements
and their spatial characteristics (e.g. height
Figure 1
Bird view, intermediate (mid-)
view, pedestrian view
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of the buildings, enclosure of the street, etc.)
from the 3D city model used and which view is
most appropriate for it?
Results
The interviewed people explore the 3D city model,
and compare the different views - which view is the
best for public participation, from which one you can
get most of the information and what is the nature of
the information acquired.
We compared different views on the basis of the
following categories: identification of the presented
city structure, identification of urban elements and
their spatial characteristics, and urban design proposal. Some of them were measurable (measuring
tool was scale level from 0 to 9, 0 as minimum and 9
as maximum) others were compared on the descriptive basis (interview, discussions).
a. Identification of the presented city structure
Two groups of people were tested; first one (interviewed in Ljubljana) identified the city easily because they were used to the city, they really knew
it. Most of them recognized the city from bird view
– the dominant elements such as the hill with the
castle and the river helped them. From the mid- and
pedestrian view only a few people recognized it (because of some dominants like higher buildings and
parks), others failed. The second group of people
(interviewed in London), were, of course, not able to
recognize the city (all interviewed people had never
been in Ljubljana before).
All the people from the first group (interviewed
in Ljubljana) recognized the city and its building structure easily also from the bigger distance from the 2D

Google Map view. The second group (interviewed in
London) had more problems: 90% of people recognized the natural features like the hill and river on the
2D Google Map and they linked the 3D city model with
the correct 2D Google Map (we show them the Google
Map of Zürich, Vienna and Ljubljana). The linkage was
not possible after the pedestrian and bird-view observation but after the bird-view observation only.
b. Identification of urban elements and their
spatial characteristics
Height of the dominant building (we asked them for
the specific building in the 3D city model, see Figure
2) was measured in meters. Only three people were
able to define the real height (+-2m) from bird view,
others defined the real height (+-2m) in pedestrian and
mid-view.
c. Urban experimental lab
The difference of the digital city model presentations on the computer screen and in the Lab can be
described in terms of experiencing the space - all
participants gained the same information about the
city (in both cases the conceptual and experiential
mode were presented) and were shown street and
new design, however the ones in the Lab were able
to walk as pedestrians on the shown street and were
really able to experience it. The participants walking
through the space in the Lab gained experiential information about the space faster and they were more
able to connect part of the city with the entirety.

DISCUSSION
The interviews were based on discussions with lay
public in face-to-face communication, where some
extra information was gained, e.g. by recognizing

Figure 2
Identification of the height
of specific building (dark
building) from different views
(bird, mid- and pedestrian
view)
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the building structure and its geometry helped a lot
the natural features like the hill and the river; there
were shown some details as cars, trees and people in
the model, which helped them by defining the real
height of asked building – they compared known dimensions with unknown ones.
Though used in many “immersive” virtual realities instead of the pedestrian view, the mid-view
is far from a replacement of the pedestrian view. It
offers the opportunity to shift from the pedestrian
view to the bird view and vice versa, and, in the cases
of observers’ better visual communication abilities,
it offers an insight to the connections between the
part observed and the wholeness of the urban structure. It can be used as a kind of an interface between
the pedestrian and the bird view. The observation
distance allows you to observe the urban details, but
the elevation helps you to shift into the conceptual
mode of the city structure observations.
•• The wholeness of the city structure and exploring of the city concept could be presented the
best from the bird view.
•• The pedestrian view is the best to explore the
experience of the chosen site as people are
most used to their daily view, when they walk
through the city.
•• The small-scale urban design proposal should
be presented from both the mid- and the pedestrian view, as one can see completely different spatial characteristics from each of them.
None of the views is the best or the worst in
terms of their overall communication effectiveness,
as they differ in the mode of communication and
thus the information communicated. It can be assumed that the highest level of understanding the
city and the interventions proposed can be achieved
by the combination of all three views, shifting from
one to another when needed. All three views are
needed and cannot be replaced with the other as
they are offering different information.
Since the mid-view is by no means a replacement to the pedestrian view, the results of the
910
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interviews confirmed the need to explore opportunities for establishing presentations in experimental
mode of large-scale urban interventions.
However, during the process of interviewing
people we detected an important difficulty in all
the cases where people were not directly engaged
in the problem discussed - that is the problem of
motivating people to come to the Lab; it was easier
to approach them with the model on the computer
screen.
The value of the Lab can be seen in the enhancement of the real time pedestrian view; there
is seen also the value for the shift from planning to
design issues and its importance for the participation process.
Moreover, general conclusions could not be
made from the presented results as the number of
interviewed people was too low. The future work will
present the research with a better statistical sample.

CONCLUSION
Shifting between different views
The most suitable way to present the city model is to
present the site from different views: the pedestrian
Figure 4
Shifting between different
views

view, the mid-view and the bird view. Things that are
observable from one view are not seen from another.
Shifting between different views can even improve
the final results of the participation process. It is really important to shift from the entirety to the detail in
both directions, and from the conceptual to the experiential mode of presentation. Mid-view can be seen
as an interface between pedestrian and bird view.
Lifelong learning
After interviewing people we can conclude that a
direct verbal communication with the lay public is
really effective and important for the public participation process. After long discussions with the interviewed lay public we found out that the level of
their knowledge increased rapidly. The communication process is seen as an important issue for both,
professional and lay public, as they can both learn
something new. Therefore the public participation
in urban design through using digital communication and collaborative tools can be seen as a lifelong
learning process. Moreover, we can define labs as urban design learning environments. Labs should be
seen as learning environments, where a shared urban
vision could be developed through communication
and collaboration. Both lay and professional public
will participate in this process. The basic characteristics of labs should be: cross-disciplinary based; both
for lay and professional public; knowledge transfer
in all directions (between all participants, between
different disciplines, from professional to lay public
and vice versa); collaborative and communicative
Figure 5
Lifelong learning process
through public participation
in urban design

tools for public participation in urban design; easy to
navigate in 3D city models; with easy to use tools for
participants with different knowledge background.
There are some potential for future work observed:
combine different labs; combine real and virtual
worlds to enable public participation and learning
with no time and place limits; enable tools for designing and exchanging opinions in 3D worlds and
not just in written words. Through such a concept
the knowledge transfer could be viewed in both directions - form professional to lay public (from “planning world” to “life-world”) and from lay to professional public (from “life-world” to “planning world”).
To conclude, the integration of urban planning
with urban design is seen as one of the opportunities how to enhance lifelong learning. Through combining both uses, designing and planning, lay public
and experts will increase their knowledge on specific
topics and will finally be more satisfied with the end
product. With development of digital tools we can
also help to facilitate the identification of fragility in
the urban environment and to develop the sensitivity
of the people involved in this process.

FUTURE WORK
Our future work intentions include the engagement
of different representatives of lay public and experts
in the participation process, as each participant offers particular knowledge and/or expertise/visual
communication ability that can be shared with others and each could learn something new from other
participants. Our focus is actually lay people such as
politicians, citizens, users and investors. Experts such
as architects or landscape architects are more or less
interpreted as their support (they have to propose
some architectural/urban solutions); they all take
part in this process to different extents, which are defined depending on the chosen problem. The interdisciplinary team should also involve environmental
psychologists, urban sociologists, urban anthropologists, economists, etc. However lay public could
learn a lot through the urban design participation,
just by being there, sharing comments, opinions
User Participation in Design - eCAADe 29
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– collaboration is actually a more important process
than only communication and can lead towards a
lifelong learning of urban design.
Potentials of the Urban Experimental Lab are
seen as an opportunity to move towards a “distributed lab” in public participation. Urban Experimental
Lab offers by using 3D glasses real experiential mode,
and by using it for the public participation process
we can help stakeholders with the tool for decisionmaking process. Urban planning, which has already
been explored in the Urban Experimental Lab, could
be combined with urban design, as planning is always
connected with designing and vice versa. Shifting
between urban planning and urban design will be
explored in the next stage of the research. Moreover,
presenting just one view at the same time sometimes
lead to the difficulties of navigation through the space
and losing connection between entirety and details if you walk as a pedestrian through an area you are
slowly losing orientation and the opinions or critics of
an urban design proposal may not be relevant at all
(e.g. urban design proposal can be perceived well if
it is seen from the pedestrian view and not well from
the bird view, so one has to check both views, shifting between them). The level of detail and complexity
of the presented model will be explored in the next
phase (how different levels of detail influence the experience of the space of lay people or “planning-people” and how it is related to switch between bird and
pedestrian view). More views (pedestrian, mid- and
bird view) should be presented at the same time to offer a real-life experience, so you can synchronically see
the urban design proposal from different views (pedestrian, mid- and bird view). The views should be defined in advance, on the location where changes were
made and which are relevant for the public. Next step
could include the working-by-doing concept where
professionals give to the lay public the opportunity of
designing on their own.
Future work is also seen in the changing of the
scale level and extent of urban intervention at the
same time, increasing a small-scale urban intervention to a large-scale intervention gradually or step
912
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by step. Moreover future development of “virtual
labs” should support modelling and simulation-techniques, modelling and simulation on various scales,
simulation different scenarios and variants, etc.
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Abstract. The creation of virtual models of Plans-Reliefs (sometimes called relief maps) is
a project to preserve and to make known masterpieces of European Cultural Heritage. In
this paper, we present the first experiments carried out in the automatic reconstruction of the
fortifications modelled in every plan-relief. Their scale, size and state mean that digitising
data alone is not usable. The study of historical documents like the many treatises of
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INTRODUCTION
In recent years, 3D reconstruction through parametric approach has been an important research topic in
the field of virtual heritage to address the gaps that
may exist in digitised data. One of these lacks is their
inability to deal with both a detailed and a large object like scale models (Guidi, et al., 2005) without recourse to numerous and costly devices (Remondino
and al., 2009) [3].
The 3D modelling of plans-reliefs are among
these projects. They are scale models of fortified
places and were first ordered by Louis XIV’s minister of war. Built over two hundred years from the
late 17th to the late 19th century, the collection includes a hundred models whose sizes and shapes

are very different. The only shared feature is that
they exemplify the state of bastioned fortifications
at different periods.
Our first test was carried out on the scale model of Toul in France (figure 1). Built in the middle of
the 19th century, this plan-relief is one of the last
to be made. Like the others, it is made of pieces or
tables (the biggest is 2.31m x 2.23m).The scale is 1
to 600 but its size is quite large, nearly 40 m² (the
average surface of the collection is around 20 m²
whereas the biggest model is more than 150 m²).
The model is in a bad state due to its fragile materials (silk, paper, lime-wood, etc.) and the lack of
protection measures.
Digital Aids to Design Creativity - eCAADe 29
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One of the intentions expressed by The Museum of Plans-Reliefs at Les Invalides [1] and the SRI
(historical research centre) of Lorraine is to exhibit
these delicate scale models thanks to 3D duplicates
because most of the plans-reliefs are boxed in storerooms where nobody can see them. Moreover, by
creating a virtual model, we preserve a witness to
the architectural, urbanism and fortification evolution which is intended to be widely diffused both to
the general public and to researchers (Humbert, et
al., 2011). It is therefore more than a simple digitising project since this project aims also at providing
a medium able to offer links to online knowledge
databases like the Base Mérimée [2].
The paper is organized as follows. Firstly, we
present the issues in the making of virtual plansreliefs and especially those concerning their digitising. Then, we introduce fortification science thanks
to treatises. Their strengths and limitations are
then synthesised before we focus on the principles

governing fortification design. This knowledge allows us to experiment and modify several methods
in our selected scale models. Finally, some results are
presented and analysed in order to propose ways to
improve the reconstruction process.

VIRTUAL PLANS-RELIEFS ISSUES
The method developed initially by Chevrier (2010)
tried to include mostly automatic steps. Therefore, the
reconstruction of nearly 4000 buildings was accomplished automatically with a minimal user help but
the rest of the scale model, notably the fortifications
was done manually. This is due to the fact that virtual
reconstruction of scale models is complex because the
acquisition and reconstruction steps lead to a plethora
of drawbacks. Given the fact that there are more than
a hundred scale models, we have to dispense as far as
possible with interactive steps towards automatic processes to reduce the time, energy and any resources
required to deliver all the 3D reconstructions.
Figure 1
The assembled plan-relief of
Toul and the table of the town
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But, it is unthinkable to use 3D scanned data
alone as resulting point clouds are too large and
present many holes and eroded edges. In addition, the points clouds cannot be easily segmented
whereas in the 3D model, specific buildings like
churches, cloisters, etc. should be selectable. At best,
we can use laser and/or image-based data for mapping parametric components onto them to help in
the adjustment of an object (Bae 2002; Murphy, et
al., 2011; Luca, et al., 2011). Besides, we do not deal
directly with reality but with a representation at the
scale of 1:600. On this scale, details are plentiful,
varied and unfortunately out of range of traditional
acquisition technologies because some of them
may be around a quarter of a millimetre, such as the
carpentry. Furthermore, these models may be three
hundred years old (the delicate materials suffer from
bad preservation) and, as a result the restitution of
damaged parts still requires man-made solutions
through interactive interventions.
It should also be noted that most of the work
done in 3D modelling of fortifications is usually carried out on single and full size models with the assistance of scanned or photogrammetric data and
historical documents like old maps; it is the case for
Brest [4], Iseubourg (Besselièvre & Art graphique et
patrimoine. 2007) and Besançon [5]. There are also
several 3D modelling projects of scale models but,
as said in our last work (Chevrier 2010), they are not
prone to having all the previous characteristics at the
same time (scale models quantity, small scale, deterioration and semantic enrichment of the virtual model).
Finally, the previous points raise a question
about the accuracy and the nature of the reconstruction. Uncertainties about the plans-reliefs remain, be
it about their present or past states. Because of their
current disrepair and the lack of documents about
their initial state, any 3D model of plans-reliefs can
only be an interpretation of what were the scale
models at the time of their construction (Stefani, et
al., 2011). Obviously, part of the uncertainties can be
removed thanks to a better understanding of how
fortifications work.

PRINCIPLES OF BASTIONED FORTIFICATION
Assets and limitations of treatises
“All Fortifications consist of Lines and Angles, which
have various Names, according to their various Offices”. As implied by Chambers (Chambers 1728),
bastioned fortifications are a science driven by
strong geometrical properties which share complex
hierarchical relationships. It is not surprising that engineers wanted to theorize their practices in architectural treatises. Their roles in 3D parametric reconstructions in the field of Cultural Heritage, and especially for ancient and classical architecture are undeniable, as evidenced by previous works (Chevrier, et
al., 2009; Luca, et al., 2007). These treatises are quite
similar to their civil or sacred counterparts with the
only difference that they have not left their marks on
architectural history (Orgeix 2009).
However, the amount of such historical documents is substantial in particular in France in the early 18th century. Their content is precious regarding
engineers’ methods, construction steps, proportion
rules and vocabulary (Lendy 1857). We do not only
use these treatises for the semantic description, but
above all for their proportion rules in order to create
a library of parametric components based on historical data. Among the 350 ancient or recent works referenced by Balliet [6], we found no trace of a treaty
by Vauban who never wrote such a document even
though he intervened in most of the fortified places
of France that have been made in plans-reliefs. To his
mind, a treaty of fortification would have frozen the
lines at the expense of the terrain.
Fortification construction process
Treatises teach us that each engineer has his own
system (or method) for the creation of fortifications
mainly because of artillery advances. Initially, we
focused on twenty of the most cited engineers and
at least as many systems. It is a standard practice in
these treatises for an author to explain his system
alongside the brightest engineers’ methods. Besides
providing a good picture of the most widespread
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contained imperfections. Engineers have worked
out an immense range of systems to draw all the
parts of bastioned fortifications according to these
maximes. Unlike the methods, they are dictated by
the range of the musket or the arquebus. For this reason, their values are immutable (table 1).

systems, it also gives us access to Vauban’s methods
since they are reported by others.
In a first selection of systems, it appears that
the hierarchical structure of fortifications is inherent
given that the whole fortification depends on a line
called magistral. This regulating line corresponds
to the delineation of the outer limits of all the bastioned fronts which include every flank and face of
the bastions but also the curtains. Once the magistral is created, the rampart and the rest of the fortification (namely components like bastion, curtain
wall, ravelin, bartizan, etc.) can be calculated from it
(figure 2).

The systems
In each system, the magistral is drawn thanks to lines
or angles like the line of defense, the flank, the face,
the gorge, the exterior flanking angle, the angle of
the circumference, etc. which have specific values according to the system. Note that it is not always the
same lines that are involved in the different systems
thus resulting in totally different geometrical constructions from one engineer to another. Indeed, we
identified twenty-five construction lines and twenty
kinds of angles that may be used among the ten or
so systems we have already examined (figure 3).

The maximes
The design of the magistral meets maximes (or
principles). Engineers claimed that they must be
regarded as the most important and essential rules
of fortification. Ignore them and the fortification will

Figure 2
Some of the angles, lines, innerworks and outworks of a
fortification.
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Table 1
The maximes of five engineers
we were able to find

Figure 3
Examples of systems for the
magistrals of Pagan (A),
Vauban (B) and Errard (C)
and their theoretical parameters and values

FIRST EXPERIMENTS
For our experiments, we use Grasshopper, the well
known generative modelling plug-in [7] as a prototyping tool because we are looking for fast drafts
which do not require programming skills.

Selection of plans-reliefs
Our first tests are carried out on four scale models
(Toul, Metz, Marsal and Verdun) summarising different degrees of regularity (figures 1 & 4). For the scale
models of Toul and Marsal (32 m²), the fortifications

Figure 4
The fortifications of Marsal
(A), Verdun (B) and Metz (C)
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are almost a regular polygon given the facts that
there are no reliefs, rivers or previous fortifications
to interfere with the magistrals. In contrast, for Metz
(70 m²) and Verdun (50 m²) the surroundings are
complex which lead to sprawling fortifications made
of citadels and outworks. Thus, we have a contrasting sample group of models for which the dates of
construction are close, restricting the number of the
engineers that could have participated in the design
of the fortifications.
Selection and adaptation of the systems
The systems of Pagan, Errard and Vauban are the first
to be experimented. They are indeed the systems
most commonly reported in prominent treatises
such as those of Allain Manesson Malet (1691) and
Louis de Cormontaigne (1741), considered to be
Vauban’s favorite and heir respectively. In the early
17th century, Errard was the first to lay down the
rules of fortification in France. He is the one who

make it a science. Studying his magistral allows us
to lay the foundations of this discipline. As for Pagan,
he is considered as the main source of inspiration of
Vauban. Testing very similar and theoretical methods on practical cases will help us to determine how
fairly close methods behave on irregular patterns.
The systems and their construction rules are established on regular polygons and, most of the time
we only have to realise minor adaptations when we
use them on the irregular patterns of plans-reliefs.
However, when we have to deal with larger modifications, it is necessary to point out again the general functioning of bastioned fortification. Thus, if
the magistral is the backbone of a bastioned fortification, then bastioned fronts are like its vertebrae.
Flanking issues, which consists of suppressing all
the blind spots of a fortified place are managed at
the scale of the bastioned front (Lepage 2010). That
is why magistrals have to be considered as nothing
more than a succession of such fronts.
Figure 5
Adaptation of the Errard’s
system on irregular polygons:
a) Centroids or the vertices of
bisectors are unconvincing. b)
Splitting the regular polygon
(left) results in correct fronts
(grey).
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Errard used the centre of the external polygon
for the creation of his magistral. Centroids are the
closest point to the centres in irregular polygons but
their use in the design of the magistral is not pertinent as the resulting line is in contradiction with the
engineer’s maximes. In other tests, we use special
lines like bisectors to determine the centres On , but
the results are also unsatisfactory because they do
not respect the maximes (e.g., the flank length has to
be eighteen toises) (figure 5a).
Errard’s polygon must therefore be split into
as many triangles as there are sides in its figure.
In the case of a nonagon (figure 5b), nine isosceles triangles are created. From its previous status
of regular polygon, we take the value of the central angle to make each angle formed by the lines

of the same length in the new isosceles triangles.
These triangles then allow the creation of each of
the nine bastioned fronts. It is likely that we can use
the same reasoning for all the other methods using
the centre of regular polygons.

RESULTS
We then managed to have perfect bastioned fronts
be it for regular or irregular n-gons and for polygonal chains with minimal user intervention. Thus,
only the vertices of the external polygon have to
be placed interactively to do the reconstruction of
the magistrals.
First, the three possible lines (Pagan, Errard and
Vauban) have constraints defined by canonical values.
To compare these magistrals to their counterparts

Figure 6
Reconstruction according to
canonical values for the planrelief of Toul

Figure 7
The magistral (A) is adjusted
according to the theoretical
parameters (B)
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used in the four plans-reliefs, we calculate the average
distance between all the respective points of both
lines (original and reconstructed). While it was already
visually obvious, this first comparative index shows
that Vauban’s method was likely to have been chosen
for the bastioned fronts of Toul. (figure 6).
However, some adjustments are still necessary
to match the original magistral. The values of the
theoretical parameters of this line must be adjusted
to get closer to the fortifications of the plan-relief.
These values are limited according to a range defined by the engineer’s system. In Vauban’s method,
the three hierarchical parameters do not deal directly with the entities of the magistral (flanks, faces and
curtains) or their properties (angles and lengths);
that is why adjustments to the magistral are difficult
to realise (figure 7).
This first set of adjustment parameters is often
not enough to get an accurate 3D replica. We still
have to move some of the magistral’s vertices. But
it is done at the expense of the theory and, what is
worse, it can conflict with the engineer’s maximes.
Besides these parameter difficulties, adjustments cannot be perfect because they are actually

done thanks to the 2D plans that have been used by
the original model makers to create the scale model.
Even if we noticed that these plans may differ from
the plans-reliefs, their use is essential since they allow us to change the values of the adjustment parameters to get closer to the original scale-model.
They remain among the closest documents to the
original scale model, the rest being treatises and
surveys of the damaged scale model (image-based
and scan).

CONCLUSION AND FUTURE WORKS
In this paper, we have presented an automatic reconstruction of the bastioned fortifications present
on the surface of a large collection of centuries-old
scale models. Our method is intended to fill in the
gap in the digitising data by the creation of parametric components established on the basis of historical
documents. These components are then adjusted
thanks to several referenced data sources in order to
match the fortifications of the plans-reliefs.
Improving the reconstruction process can be
done along several lines. First of all, it appears that
more than one system can exist side by side in a
Figure 8
Representation of our
sources (in grey) and their
relationships (A ← B means A
is drawn from B)
Figure 9
The full rampart is modelled
with only the nine vertices of
the external polygon
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single plan-relief or, be layered over a part of a preceding system, which seems to be the case in the
scale models of Metz and Verdun. The study of the
history of the fortified places, which was already
underway, has to be pursued in order to reduce the
amount of possible methods.
Then, it is necessary to question the relevance
of the current adjustment parameters when they
are neither convenient nor satisfactory. Only an indepth knowledge of the engineer’s techniques will
allow us to be consistent with their maximes and to
be able to transcribe them into parameters. Moreover, this question cannot be answered without addressing the related issue of the nature of the data
upon which the adjustments are realised.
As is summarised in figure 8, we have different sources which have made possible the creation
of the scale model and one source which is drawn
from it. The treatises are the main vehicles for transmitting theoretical knowledge required for the construction of fortified places. In turn, they have been
widely studied in order to realise the plans used by
the makers of plans-reliefs. From the 19th century
scale models, only damaged plans-reliefs have survived. Thus, at each step, information is lost due to
the inherent limitations of each medium. The further
our reference data sources are from the original scale
model the less accurate the reconstructed model will
be. Although we have to deal with the data sources
own imperfections (Bae 2002), relevant and systematic points cloud from photogrammetry and laser
scanning acquired from the damaged scale model
can reduce the amount of uncertainties, especially
if they are cross-checked with other references like
the 2D plans.
Finally, confronting survey data with the theoretical and parametrical models can be a beneficial
because it allows us to chart the evolution of fortifications and the change between representations
(Schinko, et al., 2010). Given the purpose of the 3D
model of the plans-reliefs, this information can be a
useful addition to a semantic model in term of urbanism and fortification evolution .

Even if we are at the beginning of the fortification modelling experiment, the results of the tests
conducted are already numerous. We have already
tried to pursue the fortification construction inside
and outside the magistral outline with satisfactory
results (figure 9).
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Abstract. Since the dawn of philosophical thought man has questioned the validity of his
experience of the world around him: Is the world just as we perceive it to be, or does its
true essence lie beyond our reach? In our own time, technological, social, and economic
developments have made such philosophical concerns more relevant to our everyday lives
than ever before. However, the available terminology for discussing such matters is often too
limited to fully capture their nature. This paper proposes a consistent terminology for the
discussion of such matters and suggests a model of the different aspects from which they are
comprised. This terminology will be applied to, as well as presented through, issues that are
pertinent to architectural theory, to the experience of places, and to the intangible sense of
place which digital phenomena can sometimes provide.
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INTRODUCTION
Since the dawn of philosophical thought man
has questioned the validity of his experience of
the world around him: Is the world just as we perceive it to be, or does its true essence lie beyond
our reach? Plato (1992) addressed this question in
his allegory of the cave, in which he equated our
perception of the world to that of projected shadows on a wall as opposed to the objects that cast
these shadows but which we cannot see directly.
Some two thousand years later, René Descartes
(1985) introduced his distinction between res externa and res interna: the world ‘out there’ as opposed to the way it is experienced ‘in here’. Over
a century later, Immanuel Kant (1914) pondered
the limitations of our ‘forces of consciousness’ as
they construct these experiences out of the mere

fragments we collect from what might truly be
happening in the world ‘out there’.
In our own time, technological, social, and economic developments have made such philosophical
concerns more relevant to our everyday lives than
ever before. As examples, let us consider the transitions in the nature of wealth, work, and places.
If wealth was once measured in land and animal
property, later represented by precious metals as
a means of exchange and then pieces of paper to
represent the metals, it is now just numbers stored
on magnetic disks and shown on screens. If work
once meant only the physical production of physical objects, gradually including also the services
that support such production, now an increasing
part of it is about the generation and processing of
Virtual Architecture - eCAADe 29
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ideas (Toffler, 2006). And if social interactions once
required physical places for people to meet in, later
followed by the exchange of letters and then also the
transmission of voice and image, now online social
networks provide a form of interaction in altogether
new kinds of ‘places’. In other words, across a wide
range of phenomena, the gap between our perception of them and what their essence might actually
be seems to be widening ever further.
The available terminology for discussing
such matters, however, is often too limited to fully
capture their nature. More often than not, a few
loosely defined terms are then used interchangeably to cover a much wider range of distinct phenomena, resulting in inaccurate communication
in a field of discussion that is complex enough as
it is. As mentioned above, this issue has been addressed by many thinkers, and this paper’s aim is
not to engage in a comparative overview of their
various findings. Instead, the purpose of this paper is to propose a consistent terminology for the
discussion of such matters and to suggest a model
of the different aspects from which they are comprised. This terminology will be applied to, as well
as presented through, issues that are pertinent to
architectural theory, to the experience of places,
and to the intangible sense of place which digital
phenomena can sometimes provide.

THE PROPOSED TERMINOLOGY
Perception vs. Essence
There are several existing terminologies for discussing the difference between our experience of the
world as opposed to the truth of what it might actually be. One such terminology is ‘in here’ vs. ‘out
there’, which might be reasonably understandable
but perhaps not very accurate. Another one is ‘illusion’ vs. ‘real’, which may be more precise but implies
a certain value judgment on the different validities
of the two. Yet another term that is sometimes used
in this context is ‘virtual’, but its loose meaning and
multiple unrelated uses make it unsuitable for this
926
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purpose (Ettlinger, 2008). Other terminologies exist as well, yet most of them require lengthier word
structures to successfully express their meaning.
The terminology proposed here – and which
has been used from the beginning of this paper in
order to clearly introduce its topic of discussion – is
the distinction between ‘perception’ and ‘essence’.
By ‘perception’ I am referring to our experience of
the perceivable world at whatever level our senses
and brains make us capable of comprehending.
Correspondingly, by ‘essence’ I am referring to the
true nature of the perceived object, to the way it
really is beyond what the limitations of our perceptive abilities make it only seem to be. The difficulty
in fully clarifying the difference between the two is
that large parts of society consider the world as we
perceive it to actually be reality, or in other words,
that perception and essence are one and the same
(Hawkins, 2008). The terminology of ‘perception’ vs.
‘essence’, then, is consistent, easy to follow, and takes
no stance as to which of the two sides of this duality
is more valid than the other.
For example, the terminology of ‘perception’ vs.
‘essence’ can assist the discussion of the Eiffel Tower
and its various copies built around the world. Theoretically, a copy of the Eiffel tower might be built so accurately that it would make our perception incapable
of distinguishing it from the original tower located in
the Champs de Mars in Paris. However, what will always mark the difference is the essence of the copy
– which is forever doomed to remain different from
the essence of the original. Furthermore, this essence
is not even bound to the tower’s physical parts: Since
its original construction in 1889, so many of its parts
have been replaced for maintenance purposes that,
in the narrow technical sense, it could be said to not
even be the same tower anymore. Yet something of
the Eiffel Tower is still there, intact and undiminished
– that ‘something’ is the Eiffel Tower’s essence.
The Perceivable World
Once the terminology of ‘perception’ vs. ‘essence’ is
clearly in place, the next step is to distinguish what

exactly the types of objects that our perception is
attempting to grasp might be. In other words, what
kinds of things are waiting for us ‘out there’, ready to
be perceived, and having an essence that lies beyond our perception?
I propose that two main elements of the perceivable world are tangible objects and abstract
notions. Tangible objects are the kind of objects
that are accessible to our senses: An apple, a table,
a chair, and so on. In this paper I will limit the discussion to visible objects, but in principle also sounds,
for example, could be considered tangible in the
sense that they consist of air vibrations that can be
detected by our ears. Abstract notions, on the other
hand, are mental constructs that are rather accessible to the mind: thoughts, feelings, ideas, and so on.
They too may have an essence ‘out there’ from which
we can derive our own perception of them ‘in here’,
but they are very much unlike tangible objects.
Tangible Objects: Physical and Virtual
In the next step, we need to distinguish between
two main types of tangible objects: physical and
virtual. This distinction stems from my research on
virtuality in which I analyzed the multiple inconsistent uses of the term ‘virtual’ and proposed a
particular definition of it (Ettlinger, 2008). As such,
I am not using the term ‘virtual’ to mean either ‘digital’, ‘metaphysical’, ‘mental’, or ‘fictitious’ (meanings
which have these respective existing terms for discussing them anyhow). Rather, I am using the term
‘virtual’ to mean ‘what we perceive through pictorial images’. In that sense, whenever we look at, say,
a painting, a photograph, a film, or a video game,
the visual content which we perceive beyond their
physical surface can be considered to be located in
a different kind of space than the physical space in
which our bodies are. This space is what I call ‘virtual space’, and any object that is located inside of it
is then defined as ‘virtual’.
Using this terminology, if we take the case of an
apple and consider one apple in our hand and another apple seen through a picture, we can realize

that the main difference between the two is that they
simply occupy two fundamentally different types of
space. Both are part of the perceivable world, and
both are tangible objects, yet one of them is a physical apple located in physical space, while the other
is located in the space that lies beyond the surface
of a pictorial image – or in other words, it is a virtual
apple located inside of virtual space.
Tangible objects, therefore, can be divided into
two categories according to the two kinds of space in
which they can be found: in physical space, or in virtual space. And as such, both kinds may have an independent essence, as well as provide us with cues from
which we can create our own perception of them.
Abstract Notions: Conceptual and Perceptual
For the discussion of the abstract aspect of the perceivable world I propose the distinction between
two major types of abstract notions: conceptual and
perceptual. To emphasize the point, I am not speaking here of conceptual and perceptual as two different modes of comprehending the world, but rather
as two different types of elements that exist in the
world for us to perceive them. Conceptual notions
include abstract ideas such as ‘freedom’ or ‘beauty’,
as well as conceptualizations of tangible objects
such as the generic ideas of ‘apple’ or ‘kingdom’. Perceptual notions, on the other hand, are quite different. They are much more specific than concepts are,
and they are even closely related to tangible objects,
yet they still exist only as mental constructs – such as
the case of ‘the Kingdom of France’.
To take this example further, though ‘the Kingdom
of France’ is an abstract notion, it is not merely a neutral
concept as the general idea of ‘a kingdom’ is since it is
directly related to a particular set of tangible objects in
the physical world: geographical land, buildings, people, and so on. Yet on the other hand, ‘the Kingdom
of France’ is not just the sum of these tangible objects
either. After all, with only slight variation, the same set
of tangible objects could even be related to another
abstract notion altogether, such as, for example, ‘the
Republic of France’. The point, then, is that the abstract
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notion of ‘the Kingdom of France’ has an existence in its
own right – as a perceptual notion.
My proposed definition, then, is that a ‘perceptual’ is an abstract notion that is constructed by or
associated with the perception of tangible objects
(sometimes also conceptual notions can be added to
the construction). In other words, the perceptual is
directly linked to our perceptions of the world, but is
the result of their merging into something separate
from them, and which then assumes an existence as
part of the perceivable world ‘out there’ – as a particular kind of abstract notion. In order to further
clarify this definition and the meaning of this proposed term, let us first discuss several key aspects in
the process of constructing perception.

NEUROLOGICAL NOTES ON PERCEPTION
Perceptual Images
The work of neurologist Antonio Damasio (2010) offers some observations on the nature of perception
which will assist us in this discussion. Research on
the structure and function of the brain reveals that a
substantial part of it consists of neurons that produce
maps of bodily states. For example, each particular
body posture, each particular chemical state of the digestive system, and each particular stimulus on any of
our sense organs is represented in the brain as a particular combination of activated neurons that form a
particular ‘neural map’ or ‘neural image’. For the purpose of this discussion, this means two main things:
First, as observed by philosophers of old, our
brain’s perception of the world ‘out there’ is indeed
not directly that of the perceived objects, but that of
the bodily state of our perceiving organs: Our experience of eating an apple is the juxtaposition of the
separate neural maps of the state of our retinas, the
state of our taste buds, the state of our inner ears,
and the state of the palm of our hand as we grasp the
apple and take a bite out of it.
Second, since the brain is part of the body as
well, it too is subjected to mapping. That is, as the
brain holds the various neural maps of our bodily
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states when we are eating the apple, another part of
the brain simultaneously constructs a neural map of
the state of the brain at that same moment. This kind
of mapping is what accounts for our ability to make
conceptual abstractions, but it also accounts for that
aspect of perception that lies beyond any particular
sensorial mode. As we know from personal experience, we can perceive various sounds as associated
with different colors or textures; we can perceive a certain visual stimulus as somehow being tasty; we can
perceive some smells as being light or dark; and we
can even experience certain concepts as being related to particular body postures. We may initially think
of such comparisons as mere metaphors (and sometimes they are) but they are nevertheless grounded
in the very structure of our brains, which form what
Damasio calls ‘perceptual images’ – neural maps that
are independent of any particular sensorial mode, yet
can potentially be translated into any of them.
Memories and Expectations
Another observation of relevance is the brain
structure’s effect on our experience of memories
and expectations (Damasio, 2010; Hawkins, 2004).
Damasio proposes that the brain does not store the
complete data of our past experiences, but only a
system of links between the various neural maps
of bodily states that are associated with a particular experience. Thus, the perception of a certain
sound retrieves the neural maps of the particular
sights, smells, as well as internal bodily states that
were experienced along with it – as we can attest
to from personal experience. The point, however,
is that the full experience was never stored but is
rather re-experienced at the moment when its particular constellation of neural maps is being reactivated in the brain.
Similarly, when we form an expectation of a future experience, our brains construct neural maps of
the various bodily states that would be involved in
it. Here too, once this constellation of neural maps is
constructed, the brain perceives it as an experience
that is happening at that moment.

The importance of this nature of experiencing memories and expectations becomes apparent
when we understand the dual role of brain maps.
The continuous production of body maps in the
brain does not only represent the overall state of the
body at any given moment, but it is also the brain’s
means of instructing the body what state it should
be in. This is why just the thought of freshly baked
bread makes us literally smell it. The brain’s perceptual image of the bread activates the neural maps of
the bodily states that are associated with it, which
the body then dutifully follows as operative instructions. And for this purpose, the brain’s body mapping
does not distinguish between the memory of an experience, an actual experience, or the expectation of
an experience: In a closed loop of representation and
instruction, to our brains, our smell receptors seem
to actually smell fresh bread.

THE PERCEPTUAL
The above observations on the neurology of perception reinforce the principles underlying this paper’s
proposed idea of the ‘perceptual’. What they show is
that the experience of perception can exist independently of any particular object being perceived, and
furthermore, it can even exist beyond any particular
sensorial mode of perception. Rather, it is a neural
map in the brain which – even though it is highly abstract – provides a very vivid and present experience
whenever it is active. The perceptual, then, I propose,
is a specific type of mental construct that is the result
of linking multiple perceptions of various kinds into
a single overall perception that is then separate from
any of them.
Evoking and Linking Perception
In order for a perceptual to be constructed, its associated perceptions need to first of all be evoked,
and then be linked to each other. This can be done
in several ways:
Words – As I write this paper, I am sitting at a
café where I was just served tea in a mug designed
with embossed words such as ‘hot’, ‘taste’, ‘mmm…’,

‘relax’, and ‘enjoy’. Successfully or not, it is an attempt to influence my perception of the actual tea
that I am drinking out of this mug. The same principle is used in building developments that are given
evocative names which are supposed to influence
our perception of the places that they create. A
cynical demonstration of this is given in Terry Gilliam’s film Brazil (1985), where a nightmarish rundown housing project is known by the idyllic name
of ‘Shangri-la Towers’.
Graphics – Another means of evoking perception is the use of graphics, such as the design of logos
and choice of typeface, which can provide their subject matter the perception of being anything from
dynamic and friendly to authoritative and austere.
Images – Our perception of an object can be
influenced by placing an image of another object
next to it. An extreme example is again from the film
Brazil (1985), where diners in a fancy restaurant are
served with a green unappetizing pile along with
the picture of a juicy steak – supposedly enough to
evoke their perception to make them feel as if they
were actually eating a steak.
Comparisons – A common means of evoking
the perception of an object is the choice of other
objects it is presented alongside with. For example,
a car commercial might present its advertised car
driving past a building by Santiago Calatrava so as
to convey a sense of state-of-the-art technology
and elegance.
Simulacrums – Perhaps the most extreme way
of evoking perception is to produce objects that
simulate other objects for which we might already
have an established perception. Also known as
‘simulacrums’, this is the case of souvenir miniatures
of the Eiffel Tower as well as large-size versions of it
such as the one in Las Vegas: They attempt to evoke
our perception of the Eiffel Tower from Paris through
an object that is not the Eiffel Tower. Similarly, a toy
that looks like a spaceship from ‘Star Wars’ and is sold
at a toy store is a physical object designed to evoke
our perception of the spaceship from the film – even
though the two are clearly not the same object.
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Constructing the Perceptual
Perhaps the most obvious demonstration of constructing a perceptual is the case of branding. For
example, the brand name that the computer company Apple succeeded in creating goes way beyond its factories, employees, products, patents, or
stores. Most of them are tangible objects, they are
all closely related to it, and yet ‘Apple’ is a perceptual
notion that exists separately from any of them. This
allows us to distinguish three types of relationships
between a tangible object and a perceptual notion:
constructors, members, and symbols.
Constructor – A constructor is a tangible object
whose perception is part of the construction of a
perceptual notion. Apple’s factories, workers, etc. are
then constructors of the perceptual notion of ‘Apple’.
Similarly, in the previously mentioned example of
‘the Kingdom of France’, its physical land, buildings,
and people are therefore constructors of the perceptual notion of that kingdom. In that sense, even a
physical city, more than being a tangible object, is to
a large degree rather a constructor of our perceptual
notion of that city. New York City, for example, is far
more than our perceptions of its physical buildings,
activities, and people. It is a perceptual notion constructed by all of them, and reinforced even further
by its representations in films, books, comic strips,
and even the graphic form of the ‘I<heart>NY’ logo.
Symbol – A symbol is a tangible object that is
perceived as representing a perceptual notion. In
the example of ‘Apple’, Steve Jobs is clearly a symbol, and perhaps its flagship products are too. In
the case of ‘the Kingdom of France’, the king was
its symbol, and also the palace in Versailles could
be considered as a symbol of the kingdom. Accordingly, with respect to the alternative perceptual ‘the
Republic of France’, the same physical palace might
not serve as its symbol but can still be considered
to be one of its constructors.
Member – A member is a tangible object that
is perceived as associated with a perceptual notion.
Unlike a constructor or a symbol, a member does not
take part in the construction of that perceptual notion
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or represents it, but it is nevertheless clearly linked to
it. In the example of Apple, if you buy yourself a Mac
computer, you are associating yourself with the perceptual of ‘Apple’, thus turning yourself into a member
of this perceptual notion. Such associations between
a tangible object and a perceptual notion can be
made using the various ways of evoking perception
mentioned above. For example, the city of Memphis,
Tennessee was established as an educational center
modeled after the perceptual notion of rational enlightenment in the image of Ancient Greece. As such,
it was nicknamed ‘The Athens of the South’, as a way
of using words to associate Memphis with the city
that symbolizes this perceptual notion. Accordingly,
a full-size simulacrum of the Athens Parthenon was
physically built in Memphis to enhance this association even further and emphasize Memphis’s status as
a member of this perceptual notion.

PERCEPTUALS OF THE DIGITAL AGE
The terminology presented in this paper is particularly useful to elucidate some of the main phenomena introduced by digital technology, such as the Internet, the idea of cyberspace, or the nature of social
networks such as Facebook. These are each different
from each other, of course, but they are often all inaccurately referred to as ‘virtual’. Given the observations discussed here, it becomes clear that a much
more precise description of the nature of these phenomena is that they are rather perceptual.
The Internet may be physically made of countless computers, routers, and cables, along with the
programs that operate them and the data that is
stored in and transferred through them, but the
end result is a perceptual notion that is constructed
from the combined perceptions of all of them. The
same applies to cyberspace and social networks as
well, with applicable changes due to their different
respective constructors, symbols, and members.
Thus, to refer to any of them as ‘a place’ is valid only
in the sense that it is a perceptual place. They do not
exist in physical space, and they do not exist in virtual space, yet they have enough tangible objects

related to them to construct a perceptual notion of
their own.
Understanding these phenomena as perceptual also sheds light on some of the major events
and trends in the development of the hi-tech industry. For example, the legal case against Microsoft in
the 1990s had to do with its attempt at manipulating the public’s perception of its Windows operating
system so as to equate it with the perceptual notion
of the Internet as a whole. This is the same struggle going on today between promoters of an open
and free Internet, as opposed to the ‘walled garden’
policy attributed to mega-companies such as Apple,
Google, and Facebook: By providing a wide range of
Internet-based services while limiting others, such
companies are competing in trying to appropriate
their users’ perceptual notion of the Internet as a
whole to the limited perceptual notion of their own
respective brands. Perceptual notions, therefore, can
be worth billions.
The exact process of construction and function
of these respective perceptuals is a matter which will
be left to a separate paper, yet the terminology proposed here provides key tools required for the task.

WHAT IS REAL (AND WHAT IS NOT)?
A discussion of the virtual and the proposed idea of
the perceptual cannot avoid the question of what
real is, if only for the reason that the assumption that
they must be non-real is so central to the popular
understanding of them. The question of the real is
a philosophical matter whose full depth is beyond
the scope of this paper, but given the terminology
presented here I would like to nevertheless attempt
to provide a few possible answers. The popular notion of real associates it primarily with ‘physical’, and
as we saw above, the perceivable world has several
other kinds of contents that can be very real even if
they are not physical: It has tangible objects in both
physical space and virtual space, and it has abstract
notions in both conceptual and perceptual form, all
of which can potentially be real. So when are they
real, and when are they not real?

To begin with, our human limitations may prohibit our perception from ever capturing the full
essence of things, but I propose that we can often
at least sense whether the gap between the two is
wide or narrow. When referring to tangible objects,
then, we might call something ‘real’ when we can
sense that its perception is close to its true essence
and ‘not real’ when its perception seems far from its
essence. We could thus tentatively define ‘real’ as
that whose perception is true to its essence. The aspect of essence which I propose we can detect and
which makes us sense whether it is being respected
or not is that of context. Thus, the Eiffel Tower in Las
Vegas is not real because it is out of context, and so
are the Parthenon in Memphis and the Hogwarts
School in the Harry Potter theme park.
Additionally, when referring to perceptual notions, we do have the ability to detect whether their
construction is consistent or not. Thus, a perceptual
which is poorly constructed would be intuitively considered to be non-real. Analyzing and defining such
cases will therefore assist us in arriving at a definition
of what real might be. For example, a contemporary
villa which is designed in the form of a Baroque castle evokes the perceptual notion of a kingdom that
does not exist. If its owner insists that the kingdom
does exist, we might say that it is his private delusion, but on a wider cultural level we could describe
the nature of this kingdom using Jean Baudrillard’s
(2003) term hyperreal. In this paper’s terminology,
we could thus define ‘hyperreal’ as a perceptual notion that has little or no tangible constructors. Accordingly, such as in the case of the villa, a tangible
object that functions as a symbol of a hyperreal perceptual might be defined as a ‘farce’, and the aspiring members of a hyperreal perceptual (such as the
villa’s owners) might be considered as ‘phony’. Here
too, the key to something being real is that its context is consistent, which is often detectable.
Another case of inconsistent constructions
takes place when associated tangible objects and
perceptual notions actually belong to two different
types of space: physical and virtual. For example,
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the Harry Potter theme park is a physically-built collection of simulacrums made to evoke the perceptual notion of the virtual world of Harry Potter as
constructed by its film series – and in that sense, it
is rather consistent. Disney theme parks, however,
create a series of simulacrums of tangible objects
from many films that have no relation to each other
in virtual space, yet are physically put together to
evoke the perceptual notion of Disney as a brand in
the physical world, but which has no such equivalent existence in virtual space. Thus, the Harry Potter
theme park is closer to being real because it faithfully reflects a perceptual notion from virtual space,
whereas the Disney parks only simulate elements
from virtual space to construct a perceptual notion
whose sole existence is in physical space, and thus
does not seem quite as real – that is, it is not as consistent with its context.
Along the same lines, product placement in
films is the case where objects presented in virtual
space attempt to evoke perceptual notions from the
physical world in which the viewer lives. This may be
a business necessity of financing film production,
but it often comes off as ‘not real’ because it harms
the consistency of the context of the film: Instead of
providing an experience of places and events that
are fully in virtual space, it keeps making irrelevant
references to the physical world.
Following all of the above, we could then define
‘real’ as that which is consistent with its context. This
definition, of course, is bound to our ability to perceive context in the first place, as well as determine
which context is the one that truly matters when
multiple contexts are involved. As such, this definition of real – though functional – is only relative and
still dependent on personal perception. Could there
be also a more decisive definition of what real is? I do
not know whether or not such a thing as an absolute
real might exist, but the above definition provides
us with the ability to speculate on that. With only a
slight expansion, we could define ‘real’ as that which
is so according to the most inclusive context. How
capable we are of perceiving which context is the
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most inclusive is another question altogether, but I
propose that the closer we might come to this, the
closer we are to knowing what is actually real.
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Abstract. Ambient displays allow physical space to be transformed into a dynamic and
ever-changing environment in which boundaries are dissolved. However, it is likely that the
incorporation of such digital elements affects people’s perception and understanding of space.
In this particular study, a series of experiments were conducted to examine how a skewed
perspective projection via an ambient display influences people’s navigation in public spaces.
The findings are then presented showing how the participants’ responded to the presence
of the skewed projection and the effects on the movement patterns. This study discusses the
ability of an ambient display to influence navigation paths and suggests that a projection with
skewed perspective can determine the creation of new movement patterns.
Keywords. Ambient displays; human navigation; built environment; visual perception; isovist.

INTRODUCTION
Space can no longer be seen as a simple composition of static elements. The introduction of ambient displays that simply augment walls causes the
boundaries to unfold and reveal hybrid spaces.
These interfaces can be considered as digital openings in a form of virtual windows that extend architectural space and widen the vision of users in a given space. Like a window that connects two physical
spaces and transfers information between them, an
ambient display can be seen as a link between physical and virtual worlds, where the virtual world can be
for example the projection of another physical world
or a computer generated space. Drawing on this approach, ambient displays can maintain a subtle but

highly informative connection with humans and create dynamic and ever-changing environments.
When a virtual space is introduced into the
physical environment, the spatial properties are
redefined. For instance, an ambient display can
transform a static wall to a more transparent and
fluid element that dissolves the boundaries between
virtual and physical space. During ‘out of bounds’
interactive installation, Chris O’ Shea [1] effectively
challenged the relation between physical and virtual space. By projecting previously captured spaces
onto the wall, he enabled people to ‘see’ through
the physical boundaries of space. As he stated, this
interaction allowed people to enter the ‘prohibited’
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areas of the museum while encouraging their childlike curiosity [1]. But how can ambient displays affect
people’s movement in space? The ability of ambient
displays to project views of one space from another
and create hybrid information space might alter our
perception of space. If so, can the use of hybrid space
create behavioural changes related to people’s navigation in space?
The aim of this research was to analyse how
digital information projected with skewed perspective through ambient displays affects people’s movement in the interior of public spaces. The research’s
interest is in how the manipulation of the projection
angle of an ambient display at a given position can
alter people’s navigation. In order to answer this, a
series of experiments were designed to explore the
effects of ambient displays on people’s movement
inside public spaces.

BACKGROUND
Research from two fields is relevant to the work. First,
this research examines work investigating the use of
ambient technology in architectural spaces. Second,
there is a brief outline of research studying perception and movement in architectural spaces, where
ambient displays are not considered as elements
that augment vision.
Ambient Displays: Transforming Architectural
Spaces
Ambient displays have received considerable attention by architects who try to construct buildings with
embedded digital technologies. For example, the
Porsche Museum by Delugan Meissl [2] (see Figure
1) and the BMW Museum in Munich, Germany by
ART+COM [3] include large ambient displays that
have augmented the interior surfaces of walls. In addition to this, when they designed Digital Pavilion,
Kas Oosterhuis and Ilona Lénárd [4] transformed
concrete interior walls into interfaces able to display readable information or create atmospheric
lighting effects. Taking the idea of placing ambient displays instead of walls further, Ataman et al.
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(2006) proposed the use of large display ‘materials’
as construction surfaces in architectural design. They
envisioned movement through space in the future
to be more dynamic, incorporating different levels of
transparency and space that could be described by
the fluidity of the walls that surround people.
As indicated by previous studies (Wisneski et
al, 1998; Mathew et al, 2008; Tomitsch et al, 2008),
the presence of an ambient display in architectural
space can ensure more pleasant environments; while
at the same time can be informative and socially engaging. For example, Mathew and Taylor (2008) with
their project AuralScapes try, with the use of sound
and sky projections, to create a virtual connection
from the outside to the inside, where information
is abstracted and delivered at the periphery of human attention. By developing this link, they create a
pleasant indoor environment and partially dissolved
the static notion of the surrounding walls.
In fact, the use of digital technologies in architecture goes beyond the simple modification and
transformation of space into a pleasant and informative environment, influencing people’s behaviour in
it. With his work Röcker et al. (2004) states that ambient display installations that promote awareness and
presence produce positive effects and behavioural
changes on office teams.
It has been observed that changes to the digital environment have led to behavioural changes
such as the movement of people through that
space. Indeed, Schieck et al. (2007) in an attempt to
Figure 1
Porsche Museum, Stuttgart,
Germany

analyse the influence of an interactive floor installation in people’s social engagement in urban environments, reports that she recorded unexpected
and diverse changes in movement patterns around
the installation. But what are the changes in movement patterns resulting from the presence of ambient technology?
For architects wanting to incorporate ambient
interfaces it is essential to acknowledge the effects
of their design proposals on people’s navigation in
space. With analysis and visualization of these effects, ambient display components will be incorporated in designs efficiently and activate or transform
existing spaces. Relevant studies (Ishii and Ulmer,
1997; Ishii et al, 1998; Prante et al, 2003; Jafarinaimi
et al, 2005) on ambient technology place the centre
of attention on human-computer interaction without considering the visual and spatial perception
that link people and technology.
Perception and Movement in Architectural Spaces
It is generally accepted in architecture that the structure and configuration of space affect people’s navigation and movement. Gibson’s research, which was
primarily developed for visual perception, suggests
that our senses provide us with direct awareness of
the external world and its properties (Gibson, 1979).
People perceive space through their senses and act
accordingly, thus there is a tight relation between
perception and movement.
Based on this theory, architect and virtual reality pioneer Benedikt (1979) proposed that space
is perceived as a collection of visible surfaces that
are not obstructed by physical boundaries and he
defined ‘isovists’ to describe the area in the environment that is directly visible from a location within
space. A single isovist is the area of space directly visible from a given location in space, together with the
location of that point. For example, in a convex space
or a rectangular space with partitions the isovist area
of a given point may not include the full area of that
space and some parts of the space will not be directly visible from other points in space.

Another urban and architectural theory that
is relevant to this study is ‘Space Syntax’. Hillier and
Hanson (1984) proposed ‘Space Syntax’ to describe
and analyse the character of a space and its effects
on human behaviour. ‘Space Syntax’ research shows
that the majority of human movement occurs along
the longest lines of sight, and that the more open
visible space we have in front of us the more we tend
to move towards that direction (Hillier et al, 1993).
However, the complexity of the spatial elements that
are taken into consideration is limited. ‘Space Syntax’
sees space as a set of solid walls and empty openings
and does not examine transparent elements. In addition to the lack of consideration of transparent materials, there is also a lack in understanding the effects
of ambient technologies and ‘digital’ transparencies.
Both physical and ‘digital’ transparencies extend and
sometimes distort the depth of field or the perspective angle and thus may have important effects on
people’s perception of space and movement.
Existing spatial analysis theories do not take
into consideration complex architectural components such as ambient displays. Despite the fact
that there are some studies that deal with pervasive systems in urban environments, they focus on
social behaviour and do not consider the influence
of ambient displays on human movement (Schieck
et al, 2007; Schieck et al, 2005). Additionally, such
research is limited in considering ambient technology as a layer that is placed over existing urban infrastructures or simply replaces building facades. As
we move into a world where a fusion of virtual and
physical is going to be prevalent (Spiller, 2002), studying and analysing people’s behaviour in relation to
the use of embedded ambient displays can offer important knowledge.

AIMS AND OBJECTIVES
The study starts with the assumption that the topological and visual relations between physical
spaces are two important factors that determine
the distribution of people’s movement in space
(Hillier , 2004).
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This research intends to analyse the changes in
movement patterns when ambient displays are used
as a virtual extension of the visual boundaries inside
public spaces. The hypothesis of this study is that
an ambient display able to extend the visual field
through a skewed perspective projection towards
another space (see Figure 2), which is near but not
directly accessible, will influence the topological and
visual relations between spaces. As a result it is expected that the distribution of people’s movement
will be affected.
In contrast to current stable physical spaces, the
introduction of new responsive and ever-changing
materials will impose new fully adaptive architecture. Therefore, extending current knowledge and
theories to involve digital transparencies as a crucial
element of spatial configurations is inevitable.

METHODOLOGY
To achieve the aims of this research, a series of experiments were developed in order to observe and
analyse how the presence of an ambient display
and the perspective angle of its projection affect
people’s movement (see Figure 2). The experiments
are focused on the use of ambient displays in the
interior of public spaces by placing them near an
area of common interest. Public spaces offer great
opportunities for experimenting with ambient technology and the analysis of movement. From a methodological perspective, such places allow observing
the movement behaviour of a significant amount of
people providing a larger sample for experimentation and analysis.
A fundamental form of space, in which it is
simple to examine the flow and direction of people
between discrete routes, is corridor-like settings.
Based in this setting, two distinguished routes are
needed, from which the users can choose in order
to access the target space. ‘Target space’ is considered as a space with common interest for the participants of the experiment such as a coffee area
or a common room that they can prepare and eat
their lunch.
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This type of experiment gives the opportunity
to examine a single ‘decision making’ point providing clear and unbiased experimental conditions. It is
essential that the routes need to be symmetrical in
order not to influence the users’ choice by producing different visual triggers. Moreover, having the ‘T’
shaped corridors as the setting, where people can
go left or right, gives symmetrical visual characteristics. Therefore, the addition of an ambient display
that distort the visual perspective at the wall in front
of the end of the corridor as depicted in Figure 3
is expected to act as a visual trigger. The display’s
presence and the different skewed projections will
potentially introduce a digital opening in the visual
field and will influence people’s movement.
Intuition and a simplistic interpretation of
‘Space Syntax’ suggest that the presence of an ambient display in a corridor should not influence the
route decision-making choices of occupants going down this corridor. In the condition when both
routes are equidistant from the objective, one might
well expect a 50/50 left-right split of occupants. Alternatively, the hybrid space hypothesis suggests
that a digital ambient display that functions like
a virtual window, when distorting the visual field
with a skewed projection, will alter spatial morphology and so will result in an observable behavioural
change in movement patterns (see Figure 3). To test
this, a set of corridors as a ‘T-shaped’ arrangement
was constructed with the upper part of the ‘T’ near
the target space. As the ‘target space’, a room for coffee providence was used. The research’s interest is
Figure 2
Example of an experiment setting (‘left’ skewed projection).

to examine how the addition of a skewed perspective view would affect this distribution, a case that
currently is not predictable by relevant theories like
‘Space Syntax’.
Deriving from the background research and the
hypothesis, the display’s main function was to act as
a live video link providing a one-way video from the
‘target space’ and introducing an augmented opening that digitally distorts the visual perspective. In
addition, a series of ‘null-tests’ were introduced as
part of the experiment using the ambient display
with: no content, random static images and random
animated content. The ‘null-tests’ were critical for
establishing the content of the display as the only
source of influence.
Experimental Set-Up
The space used was the Ambient Technology Lab, an
approximately 144 m2 area free of internal walls, at
the Open University UK. For the construction of the
corridor-like setting, full-height lightweight solid
partitions were used producing a symmetrical space.
The remaining space at the end of the corridor-like
setting was designed as a small coffee area, where
free coffee, tea and biscuits were available to everyone during the course of the experiment.
For the data gathering, a multi-camera set-up
was used for synchronized recording of every corner
of the lab. The cameras were positioned in the ceiling and configured to track multiple angles of the
decision-point area as well as the full length of the
corridor and coffee area.
Figure 3
Influencing direction of movement. Experiment setup.

The experiment ran over a period of several
weeks during working hours and employees and
visitors were able to use this setting for taking their
morning or afternoon coffee. None of the participants were aware of the research’s nature but were
informed that they were taking part in an experiment and were being recorded. The experiment area
was clearly marked to the effect that they were entering a video monitored zone and emails were sent
out to ask for participants. The emails explained that
the purpose of the experiment will be revealed after its compilations and the whole process was ethically approved. While participants were asked to use
a specific entrance and exit door in order to avoid
passing through the corridor in both directions, it
was felt that this did not bias participants’ response
of direction choice.
As discussed before, the measurements had to
be compared with a ‘base model’ of this space with
no ambient displays installed. On that account, the
experiment started by collecting data about people’s
movement within the T-shape configuration with no
ambient display present. After having sufficient data
to serve as the basis of the experiment, the second
phase started, in which a large display was carefully
embedded into the wall in front of the end (see Figure 3) of the constructed corridor (decision point).
The display, a large anti-glare display with a 15 mm
black casing, was linked with a high-definition professional camera and depicted the coffee area as
seen from a centred ‘perspective’ in relation to the
depicted area. This ‘perspective’ view was used in
order to emulate the actual perspective of the coffee area that an opening at this position would have
revealed. In the third phase the display’s placement
did not change and a skewed perspective projection was used (off-centre vanishing point) in order
to emulate the same effect of a virtual window but
as seen from the right side (Figures 2, 3). Similarly,
in the forth phase the skewed projection change a
symmetrical effect to ‘phase 3’ but towards the left
side. Everything else in the experimental setting remained unchanged for the course of the experiment.
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At the end of the study all video streams were examined regarding the movement, choice of direction
and the reactions of the people. All data were treated
with confidentiality and not shared with anyone outside the limits of this research.
In total, more than 900 individuals took part in
the experiment, which gives us a clear evaluation of
the hypothesis. The number of participants doesn’t
include people passing multiple times but the observations are kept in order to later check their potential contribution on the overall hypothesis.

RESULTS
To analyse the movement patterns in the experimental setting the number of individuals and
groups walking through the corridor were counted in relation to their decision to follow the right
or left direction in the particular setting. The data
were categorized according to the experimental
phase (without display, with the display depicting
a centred perspective, with the display depicting a
‘right perspective’ and with the display depicting
a ‘left perspective’) and whether it was individuals or groups. The analysis conducted by grouping
the data into two categories in order to eliminate
any signs of internal influence within the groups of
people (‘groups’ have more than one person and all
subjects follow the first person in the group): 1) for
‘all groups and individuals’ without taking into account if a person was alone or a part of the group
and 2) ‘only individuals’ counting all ‘individuals’
and each of the ‘groups’ as one subject unaffected
by the number of people in the group. These categories were analysed using a chi-squared test and
logistic regression analysis (modelling of binomial
proportions).
In the first phase (no display), which took
place over a period of four weeks, the findings
revealed that combining groups and individuals,
55% of the people turned left in the specific setting and 45% turned right, while counting only
the individuals the distribution was 54.8% left and
45.2% right (see Figure 4).
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In the second phase where the display produced a centred projection of the ‘target area’, the
distribution was 55.1% turning left and 44.9% turning right for the combined test subjects and 53.7%
left and 46.3% right for only the individuals (see
Figure 4). Those results showed no significant ‘shift’,
as expected, in people’s distribution along the two
alternative directions in view of the fact that there
was no distortion of the visual field or the ‘virtual’
spatial topology.
In the third phase where the display produced
an off-centred projection with a skewed perspective to the right, the distribution was 37.1% turning
left and 62.9% turning right for the combined test
subjects and 38.5% left and 61.5% right for only
the individuals (see Figure 4). Those results showed
a significant ‘shift’ in people’s distribution along the
two alternative directions. The shift towards the right
side was 17.9% combining all test subjects together
and 16.3% counting only the individuals.
Finally, in the forth phase where the display
produced an off-centred projection with a skewed
perspective to the left, the distribution was 65.3%
turning left and 34.6% turning right for the combined test subjects and 65.6% left and 34.4% right
for only the individuals. Those results also showed a
significant ‘shift’ in people’s distribution (see Figure
4). The shift towards the left side was 10.3% combining all test subjects together and 10.8% when counting only the individuals.
Furthermore, for validation of the significance
of the results from the three unmatched groups a
chi-square statistical test was used. The p-value of
this test was 0.0018.
Figure 4
Distribution (%) between
routes.

Following the tests about the general significance of the measured data and the influence of the
skewed projections, a logistic regression analysis was
conducted (‘modelling of binomial proportions’).
For this test a value denoting the direction of the
skewed projection of the ambient display was introduced (direction of influence): ‘-1’ when the perspective’s vanishing point is at the opposite side than the
one testing, ‘0’ when there is centred and ‘1’ when the
vanishing point is on the same side, as well as a value
denoting the presence of an ambient display regardless of projection (encoded as ‘0’ for not present and
‘1’ for present). The ‘direction of influence’ matches
the direction of the significant change in movement
as measured in the experiment, with a p-value (t pr.)
less than 0.001. The result of this analysis further
confirms the hypothesis that the ambient display
produces a significant change in the direction of
movement, when using skewed projection, towards
the side at which the vanishing point of the perspective is located. Additionally, combining the ‘direction
of influence’ and the ‘presence’ variables evinces that
the resulted distortion is not based on the location
of the vanishing point (skewed perspective towards
right or left), and thus for both ‘right’ and ‘left’ cases
the change was equally significant.
Null-Tests Results
In relation to the above, there was a need for extracting whether the ambient display itself (the device)
or its content were responsible for the findings. For
that reason, using the same equipment and spatial
setting a follow-up experiment was conducted positioning the display in the same place as the first experiments but without the video link. Instead of the
video feed, several scenarios were tested: no image
is used in order to test the ambient display as a device while static images, animated images and short
video clips used to explore the effects of diverse content that could affect the users.
The results were treated in the same way as
the first experiment and showed that the shift in direction between the phase without a display (base

model) and each of the null-test phases is less than
2% in all cases and not statistically significant.
In detail, from more than 350 individuals who
took part in the null-test experiments, the majority
of people continue to use the left route more (the
same way as before the application of the ambient
display), with the percentage varying from 56.5%
to 53.8% in favour of the left route. What is clearly
visible from the results is that the ambient display
blends in the environment and becomes an unobtrusive object that without the added visual perspective it does not influence people’s behaviour
and movement in space.

CONCLUSION
The results of this study reveal that, an ambient
display that shows typical information has, as one
might expect, no change on pedestrian route choice
behaviour. On the contrary, a non-centred perspective projection of a space influences route choice behaviour towards the side of the projected vanishing
point. This has a number of ramifications in terms of
both the design of ambient displays in architectural
settings and the use of augmented/hybrid spaces in
research conditions.
This study also demonstrates that a skewed
projection has the effect of increasing awareness
about the “target” space giving a subliminal direction towards the side where the vanishing point of
the projection is situated. In some cases the ambient display unconsciously nudged people to pass
through the corridor setting and go to the coffee
area. As the video revealed, most of the users took
decisions quickly. However, there were cases of individuals changing their initial decision and adapting their route towards the side of the ‘influence’. It
is speculated that raising awareness of this decision
may have increased the likelihood that these individuals recalculated the new augmented layout of
space against the old and moved accordingly.
Accepting that people’s visual perception of
space becomes influenced by the virtual augmentation and extension of space that ambient displays
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produce, this research can contribute in two main
areas. One area deals with the architectural space design featuring ambient displays, as well as navigation
in space. The second area is the content and interface design for ambient media. In the fast-growing
field of digital augmentation in architecture, understanding and acknowledging people’s movement,
proximity and navigation in space can give new ways
of managing and directing movement towards desired places or interfaces. Examples within this area
include subliminal nudges for accessibility of remote
or ‘hidden’ spaces as well as alternative and more
efficient methods to assist way-finding. In addition,
ambient information systems can be made and positioned in a way able to enhance interactivity and
social engagement.
The findings of this research enable the need
for further analysis and understanding of the fusion
between physical and virtual spaces. Exploring in
depth the hybrid spaces that emerge through the
use of ambient displays will provide more generic
insights and allow the effective use of digital augmentation in architecture. Currently, a research that
explores the spatial properties of such hybrid spaces
is under development in order to bridge this gap.
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Abstract. The paper explores how digital techniques can be applied to lost or unbuilt works
of architecture in order to enhance our understanding of a particular architect or building
they designed. For example, if current knowledge of a historic design is based on surviving
literature or fragmented images, the new arrangement introduced using digitally augmented
techniques allows a clearer reading of these original sources. Case study examples are used
to demonstrate how this is achieved.
Keywords. Virtual construction; forensic analysis; digital modelling

INTRODUCTION
In the architectural profession mediating devices are
essential for describing a design, enabling ideas to
be translated into finished buildings. Unlike other
disciplines in the arts, the use of devices such as scale
drawings, models and perspective images are crucial
as in most cases it is unfeasible to make full scale
physical prototypes of works of architecture. Such
mediating devices have developed into the digital
realm with the widespread introduction of computer
aided drafting and design into the profession from
the 1980s onwards. These have become increasingly
complex, offering the potential to be exploited as
analysis tools in a research context (Richens, 1992;
Brown and Knight, 1995).
The use of digital techniques in architecture has
primarily been to aid design and representation of
schemes that are yet to be built. However, this paper explores how such techniques can be used to
augment and enhance our understanding of lost
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or unbuilt works of architecture. Investigation into
the lost or unbuilt has become increasingly prominent in the last thirty years for their importance in
architectural history and heritage (Sky and Stone,
1983; Stamp, 2007). Digital techniques are utilised
to re-analyse and re-interpret surviving mediating
documents such as paper and photographic records
of lost or unbuilt architecture. Previous research has
shown that this process can uncover new information and enhanced understanding in relation to particular architects and buildings that they designed
(Novitski, 1997; Burry, 2008).
The documentation available to construct the
required digital representations is almost always
incomplete; therefore interpretation of material
requires parallel study into the architect, their influences and the contemporary context they operated within in order to extrapolate and fill gaps
in an informed way. The construction of digital

representations enables specific questions to be investigated and in this sense it can be seen as a forensic analysis of a design similar to methods used
in crime forensics; the reconstruction of events produces an investigation into what may have occurred
(Harfmann and Akins, 2000; Brown, 2001). This methodology is demonstrated in figure 1.

DEVELOPMENT OF MEDIATING DEVICES
Mediating devices were used at least as early as the
classical Greeks, where the role of the architect developed from being the literal ‘maker’ of a building to the
person responsible for creating media enabling other
parties to construct a design (Pérez-Goméz and Pelletier, 2000). This was achieved by techniques such
as carving a design into stonework or using full scale
drawings and models (Ackerman, 2002). Technological advances accelerated the output of design ideas
with the widespread introduction of paper from the
East and the printing press from Germany during the

Renaissance (Chapman and Faietti, 2010). From this
point onwards, it meant that records of lost or unbuilt
architecture became extensive.
A search for objective truth in representing the
world became prominent in the sixteenth century
and can be seen in devices such as Dürer’s ‘draftsmen’s net’; a design featuring a gridded glass panel
between the subject and painter which literally cuts
a section through the cone of vision enabling the
painter to draw an image as accurately as possible
(Pérez-Goméz and Pelletier, 2000). Later advancements such as the camera obscura and camera lucida objectified reality further, ultimately leading to
the invention of the photographic image. This resulted in scientific experiments such as Eadweard Muybridge proving that a horse raises all four hooves off
the ground when galloping by taking a series of photographs of a horse in motion.
A further example of mediating techniques augmenting knowledge is Choisy’s use of axonometric

Figure 1
Flow diagram explaining the
research methodology when
augmenting critique using
digital techniques.
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drawings in the 1870s. He adopted them as a way
of visually describing the history of ancient and medieval architecture and believed they could ‘demonstrate what he assumed to be the deterministic
principles according to which the great buildings of
history were achieved’ (Pérez-Goméz and Pelletier,
2000). His work is a key example in demonstrating
how representation techniques can be used to augment our understanding of historic architecture; revealing truths that were previously unseen.

DIGITALLY AUGMENTED CRITIQUE
Mitchell (1977) stated that the use of computeraided design techniques would radically change the
architectural profession. This proved to be true, and
over the last thirty years the role of the computer
has rapidly increased, becoming part of our daily
lives. As a mediating technique, the use of computer
aided design is a direct continuation of devices in
history. The use of digital modelling to reconstruct
lost or unbuilt architecture has proved a successful
process in augmenting our spatial understanding of
such designs (Novitski, 1998; Forte and Siliotti, 1999).
Rather than focusing on creating a digital reconstruction in its entirety, forensic analysis is used to pinpoint specific lines of enquiry. Therefore, the resulting
digital model could be anything from a two dimensional line drawing to a virtual reality walkthrough. The
key is to use the most appropriate technique to answer
a question posed when researching the evidence available; hence the term ‘digital forensics’ due to similarities
with the methodology used in crime forensics.

CASE STUDIES ILLUSTRATING POTENTIAL
LINES OF ENQUIRY
In order generate lines of enquiry to test the process of augmenting critique using digitally mediated techniques, documentary evidence needs to be
sourced relating to the unbuilt or lost designs which
form case studies. This is achieved by reviewing primary archival sources such as letters, newspaper and
magazine articles, meeting records, drawings, models and photographs as well as secondary sources
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such as monographs and biographies. Once all of
the documentary evidence is collected, decisions
can be made into which techniques are most appropriate to answer specific questions. Three specific
case studies are reported here.
Stirling’s 1950 community centre thesis project
Sir James Stirling (1926-1992) graduated from the
Liverpool School of Architecture in 1950 and his work
formed part of a book and exhibition investigating
the history and influence of the school (Dunne and
Richmond, 2008). In Stirling’s final year thesis project
he designed a community centre in Newton Aycliffe.
A physical model was built but has since been lost; all
that remained locally was a set of fragmented drawings and images. The model was reconstructed physically and digitally in order to enhance understanding
of the architect in his formative years.
Lines of enquiry were generated by looking at
specific elements of the design. For instance, collecting the archive information indicated that one of the
external elevations and several courtyard elevations
were missing; therefore a question posed was how
to interpolate to fill in the missing elements in order
to gain a clearer indication of the architect’s original
intentions. This resulted in an investigation into circumstances surrounding the community centre design in order to gather sufficient information to fill in
the missing elements, such as the precedent studies
Stirling researched, the views of his tutors and the
work of fellow students.
The missing external elevation proved a challenge to resolve as the design is based on a structural grid that is expressed externally on the façade.
Somewhere along the missing elevation the grid
changes from being two storeys in height to three;
which was revealed by looking at the original sections. Copies of the original drawings were traced
digitally as a precursor to creating the three dimensional model; this enabled the drawings to be lined
up and ascertain exactly where the change in storey
height occurred. This process revealed to a relative
degree of certainty that the level change happened

in the library area of the design (figure 2). Although
this issue may have been resolved without the use
of digital techniques, it is unlikely that someone inspecting the original drawings would have realised
that a change of level occurred along the missing
elevation without such a line of enquiry to follow. In
this sense the research can be seen as digital augmentation techniques; a process that aims to enhance current knowledge of a design rather than
creating something totally new. The issue of where
the change in floor level occurred had to be resolved
in order to successfully create a three dimensional
digital representation of the scheme; hence the use
of digital forensic investigation.
Perret’s ideal museum
Auguste Perret (1874-1954) is known for his pioneering work designing rationalist concrete structures
that are highly influenced by French Classicism. Two
of Perret’s unbuilt museum projects were chosen

as case studies as they share a common typology
allowing investigation to be carried out into the
similarities between the two designs; a fact that is of
particular significance as one of the schemes was a
theoretical design describing his ideal museum; the
Musée Moderne. Perret describes his ideal museum
design primarily using text with the addition of two
sketch isometrics and a diagrammatic floor plan. This
was published in 1929 and two years later he put forward proposals for a museum to hold the works of
the late Antoine Bourdelle; his friend and collaborator. This was Perret’s first opportunity to put his
theoretical ideal into practice; therefore digital representations have been created to directly compare
the two designs. This line of enquiry is significantly
augmented using digital techniques as it offered
an opportunity to visualise Perret’s theoretical ideal
museum that has not been investigated beyond the
text description and basic sketches. From this, further lines of enquiry could be generated as Perret

Figure 2
The interpolated short section
was constructed by studying
the original plan (above) to
ascertain where the library
was situated and hence discover where the change in
grid pattern occurred.
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sets out very specific requirements for his museum
designs, for instance they should be planned across
one floor as much as possible to allow natural lighting from above (Perret, 1929).
The models were constructed in reverse chronological order as there was more archival information
available for the Musée Bourdelle than the Musée
Moderne, therefore the information gathered to construct the Musée Bourdelle could subsequently be
used for extrapolation purposes in unknowns of the
Musée Moderne model. This is particularly appropriate for the work of Perret, who had very precise design
ideals, such as expressing the structural grid and concrete materiality both externally and internally.
A direct comparative between the digital constructions made explicit how vast in scale the Musée
Moderne design was in comparison to the Musée
Bourdelle. This was further demonstrated using rapid prototypes of the two designs to accompany the
findings during presentations (figure 3).

The digital constructions also showed that although the Musée Bourdelle occupies two storeys
due to the reduced site area, Perret ensures that all
of the gallery spaces occupy the first floor level to
ensure access to natural light as proposed in his ideal
museum. The digital construction of the Musée Bourdelle demonstrates that the layout reads as one single space rather than two separate storeys (figure 4).
Other results were found during the process of construction that occurred serendipitously; an aspect of
the research that will be discussed in the next section.
Lutyens’ Liverpool Metropolitan Cathedral
Sir Edwin Lutyens’ (1869-1944) design for the Metropolitan Cathedral at Liverpool will form a future case
study; however, lines of enquiry have already been
generated and are reported here. The cathedral design was vast in scale, second only to St Peter’s Basilica in Rome (figure 5). Construction began in 1933
but was abandoned in 1941 as wartime restrictions
Figure 3
Rapid prototyping was used
to produce physical scale
models highlighting the vast
difference in size between
Perret’s theoretical Musée
Moderne (centre) and the
Musée Bourdelle (bottom
right); his first opportunity to
put this theories into practice.
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Figure 4
Rendering taken from the
digital reconstruction of
the Musée Bourdelle interior demonstrating how the
ground floor vestibule opens
up into the first floor gallery
space.

resulted in a lack of labour and materials. After both
the architect and Archbishop who commissioned
the build died, the decision was taken to complete
the crypt only and in 1959 an architectural competition was announced to provide a new design incorporating the crypt; this forms the current built
design by Sir Frederick Gibberd. A wealth of archival
information relating to Lutyens’ design remains including drawings, a physical model, perspective images, newspaper articles, correspondence between
various parties as well as several biographies. These
sources offer lines of enquiry for digital augmentation of research into the cathedral design.
The first of these will be to investigate the
parallel relationship described between the cathedral design and the Thipeval Memorial to
the Missing of the Somme both of which were

designed by Lutyens in the late 1920s. Critics
have commented on their similarities in geometry, materiality and form (Hussey, 1950). Digital
techniques such as two dimensional overlays of
the digitised original drawings and ‘x-ray’ views
of overlaid 3d reconstructions offer enhanced critique into this line of enquiry.
Another opportunity for forensic investigation
lies in correspondence between the architect and
cathedral authorities; Lutyens wanted the entire
building to be lit by candles whereas the authorities
preferred electric lighting (Hussey, 1950). Ray tracing
of a three dimensional interior model will be used to
test both scenarios and ascertain whether Lutyens’
proposal would have produced the ‘glorious and
mysterious’ effects he desired. The effects of natural
lighting in the interior will also be analysed.
Research, Education and Practice - eCAADe 29
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Figure 5
The Lutyens’ design for the
Liverpool Metropolitan
Cathedral (background) superimposed against the built
Gibberd design (foreground).

The same model will also be used to model the
acoustics within the cathedral; Lutyens designed the
organ to be located in the crypt with the sound rising up into the main space. This could be investigated using sound ray tracing which works in the same
way as light ray tracing except the effect of sound
rather than light is modelled.

SERENDIPITY
In the case of an analysis of the work of Connel, Ward
and Lucas, Brown (2001) showed that the creation of
digital artefacts can sometimes seredipitously reveal
unexpected information and understanding. One of
the results found relating to the Perret case study occurred seredipitously; it was not established as a result
of generating lines of enquiry rather it was found during
the process of constructing the Musée Bourdelle model
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itself. The unexpected finding brought into question
preconceptions held by some architectural historians
who state that Perret’s construction technique involved
expressing the structural column and beams which left
non load bearing elements that needed to be filled in
order to protect the building from the elements. Perret
designed a system of precast blocks which were unique
to each scheme he worked on and seemingly fit perfectly into the infill areas required (Collins, 2004). In this
sense he was working in the opposite way to masonry
construction today, where it is seen as good practice to
design using standard brick dimensions. Instead Perret
worked out the appropriate size of the structural frame
regardless of standard block dimensions and then
made his own custom concrete blocks cast on site to
fit the frame. However, the process of constructing the
digital model revealed this technique is not as effective

as previously suggested as it does not take into account
that the column dimensions change depending on the
load they are supporting. For example, in the Musée
Bourdelle a dimension of 5070mm for the infill area
between two 650mm wide columns forms the basis of
the infill blocks, however, when constructing the model
it highlighted different scenarios such as a 450mm column next to a 650mm column, leaving an infill area
100mm wider than the standard dimension. To deal
with this issue in the digital reconstruction an investigation into Perret’s other works, in particular the Church of
Saint Joseph at Le Havre, was carried out. This revealed
that Perret resolved the matter by increasing the mortar
joint between the infill blocks to compensate for the extra width (figure 6).
Without the process of constructing a three dimensional digital model, it would have been highly unlikely that anyone would have spotted this; the original
drawings are two dimensional therefore such elements
are easily overlooked, whereas producing a three dimensional digital model ensures that all aspects of the
design have to be thoroughly understood to produce
satisfactory results.

SUMMARY
The research reported here demonstrates how
digital techniques can be used to enhance our understanding of lost or unbuilt architecture; it offers

an opportunity to augment knowledge about particular aspects of a design that are commonplace
in contemporary architecture but would have been
unfeasible historically. For example Lutyens would
not have been able to accurately predict the effects of lighting a cathedral entirely by candlelight
in the 1930s whereas today digital technologies
make this increasingly possible. The process also
enables us to challenge previous research into an
architect and their work, for instance Perret’s approach to constructing non load bearing blocks
is easily overlooked when inspecting the original
drawings alone.
Elements of the research could be achieved
without the use of digital techniques; however,
their use makes lines of enquiry straightforward in
answering questions objectively. This can be compared to Muybridge’s experiment to prove that a
horse raises all four hooves off the floor when galloping; one could argue this could be proved simply by observing a horse galloping with the naked
eye, however, photographic evidence made Muybridge’s research irrefutable.
The forensic investigation process reveals how
systematic enquiry into a specific architect and
buildings they designed enhances discourse into
historic architecture, whether built and destroyed or
not built at all.

Figure 6
Diagrammatic models demonstrating the construction
of Perret’s non load bearing
blocks. Their classical proportions fit within Perret’s
structural grid perfectly (left),
however, once the column
width changes shape (centre)
a gap is left. Therefore the
solution seen in Perret’s other
built works was to increase
the mortar joint to compensate (right).
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Abstract. Today’s spatial formations are based on tectonics and forms of physical
environments in terms of dealing with the envisioned and finished configurations. However, as
a result of media and information technologies, digital space brings out a new interpretation
and aspect to the architectural space within the new concepts of space, time and reality. By
digital space, users can imagine, produce, share, and store their perception and experiences
in a new kind of territory which is based on data and information. The incremental and
ever-changing needs of user and inclusively improving environments are the most common
impacts of this information age that give rise to the importance of information rather than
material. Stratified space is a combination of the physical space and digital space. Within
this combination, we suggest a new concept of architectural space which will respond the
dynamic, unpredictable and ever-changing needs of its users and environmental conditions.
Keywords. Space-time; reality; surface; physical space; digital space.

INTRODUCTION
In this paper, it is aimed to discuss the impacts of
digital media and information technologies in terms
of our conception of architectural space to suggest a
design proposal for further architectural space investigations. Today’s architectural space is a formation
of material constituents, structure and their relation
with the program which is comprised according to
the current needs of user, social and physical environments. These spatial formations are based on tectonics and forms of physical environments in terms
of dealing with the envisioned and finished configurations. However, as a result of media and information technologies, digital space brings out a new

interpretation and aspect to the architectural space
within the new concepts of space, time and reality.
By digital space, users can imagine, produce, share,
and store their perception and experiences in a new
kind of territory which is based on data and information. The incremental and ever-changing needs
of user and inclusively improving environments are
the most common impacts of this information age
that give rise to the importance of information rather
than material.
Taking its departure point from the physical
space, this paper will explore the new concept of
architectural space within the scope of digital space
Virtual Architecture - eCAADe 29
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which causes a shift to our understanding of the
concept of space. We combine digital space and
physical space to form a new architectural space
which we called as stratified space. This stratified
space is a mix-space which responds the dynamic,
unpredictable and ever-changing needs of its users and environmental conditions instead of dealing with the principles as finished or concrete facts.
It maintains the importance of user participation to
decide the program and it adapts itself due to the
changing needs and conditions in both physical and
digital environments. Therefore, our design proposal
is a multi-dimensional space formation that adjusts
to its environment according to the current needs
and has the ability to change in the process of time.
As an introduction, physical space is introduced within the scope of the new interpretations
of space, time and reality. While doing this, we focus
on the differentiations on the conception of the new
geometries and design techniques to give a general understanding about the other dimensions of
space and their effects to the architectural design.
Then, digital space is discussed to guide the reader
through the consequences of it and to express the
basis of our aspect for the architectural space.

PHYSICAL SPACE
Physical space is a system which has a specific geometric boundary that is formed by physical and
mathematical rules and material constituents. The
geometric boundary is constituted by geometric
relations that are defined by distances, dimensions
and directions between spaces. The discovery of
new geometries and the relative understanding
of space-time gave rise to a new interpretation for
the definition of physical space. These new aspects
have led the invention of higher dimensions of space
which has caused a shift towards an ideal space with
different physical relations and principles.
Euclidean geometry, which is the oldest mathematical system discovered by Euclid around 300
B.C., has been first used to interpret these relations
and properties of physical space. Point, line and
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plane are the early basic resources of Euclid to define
geometric properties. According to Euclid’s common
definition, plane is formed by line as line is formed
by point. It proposes a planer kind of geometry to
represent three-dimensional space. It is asserted
that each part of geometrical definition is based on
the other parts. Euclid’s five postulates have been
accepted as the most acceptable geometrical definitions for defining the physical space. The first two
postulates argue that a straight line segment can be
drawn to join any two points and any straight line
segment can be extended to any finite length. The
second two postulates propose that a circle can be
drawn with any point as its center point and all right
angles are congruent. Among Euclid’s five postulates, the fifth postulate called parallel postulate has
led to a lot of discussion. Parallel postulate argues
that given a line, only one parallel line can be drawn
through the point which is not on the line.
A lot of mathematicians tried to prove the parallel postulate by using the other four postulates
but they did not achieve a valid statement. At the
end, mathematicians like Carl Friedrich Gauss, Janos
Bolyai, Nikolai Ivanovich Lobachevsky, and Bernhard
Riemann started to questionize other possible geometries by the first half of the 19th century. So the
aim of proving parallel postulate gave rise to new
geometries that are known as non-Euclidean geometries. They mainly tried to prove an assertion of
the contrary to what parallel postulate affirmed. They
assumed that the fifth postulate is false and brought
out two important statements. The first statement
argued that given a line, there are no parallel lines
through the point that is not on the line and the
second argues that there will be infinitely many parallel lines. The first statement gave rise to elliptical
geometries while the second led to the discovery of
hyperbolic geometries. Spherical geometry, which is
the simplest form of elliptical geometry, is based on
the positively curved surface of a sphere instead of a
plane and hyperbolic geometry is based on a negatively curved infinite surface. These new mathematical ideas induced the possibility of understanding

and representing the other dimensions of space
beyond three dimensions. Based on this situation,
the fourth dimension of space has been an impressive debate for proving higher dimensions of space.
Albert Einstein’s theory of relativity added a time
notion as a new fourth dimension to space that
changed the interpretation of physical space. Possibility of higher dimensions has altered the geometrical conceptions that led the term of n-dimensional
and then hyper dimensional geometries. At the end,
physical space has turned into an idealization space
which was called hyperspace.
The discovery of hyperspace has caused a shift
to the perception of the physical space and architectural representation techniques. Visualizing these
dimensions has been an important attempt over the
years and with the beginning of the computer age,
it has become possible. Computers have led designers to perceive and represent the architectural space
with the interaction of the users, temporal and environmental factors. Designers have used computers
not only to design and manufacture special forms,
but also to control the design process until reaching
a satisfied design solution.
However, although the possibility of visualizing
higher dimensions have played an important role
for extending the possibilities of designing and representing the physical space, architecture still gets
more benefit from the Euclidean geometry to constitute a physical space for people who experience and
use the space pursuant to their needs. Like Euclid’s
planer geometry, the substantial space formations
are composed by planes that are detailed within material and structural features. The space formations
are mainly based on tectonics and forms of physical
in terms of dealing with the envisioned and finished
configurations. In a physical space, the planes are
designed and constructed as surfaces like walls and
floors, which can be chosen as the most common
boundaries for architectural space. The position and
features of the surfaces are determined by the usage of space as usage determines the dimensions of
space. So the scale and characteristics of the physical

space are the results of the usage and the composition of different surfaces. Since the usage is the basic
determiner of space formations, physical space with
finished and concrete material constituents and permanent dimensions brings out a limitation to deal
with the changing needs. Moreover, media and information technologies have increased this rate of
change and a new way of architecture is crucially required to satisfy the unexpected and unpredictable
needs of user.

DIGITAL SPACE
Today, architecture can be considered as a crosssection of different disciplines. Some of those can
be assumed as architecture, engineering, information technology managing, digital painting and designing. Architecture in this new age is much more
interactive and it allows users to cooperate during
the design process. The new contemporary architectural discourse is introducing a new understanding
of space, reality and experience. This is mostly noticeable in digital space which still waits for further
explorations. This new territory’s possibilities are
not fully understood or explored. Developments in
computer technologies caused to come out new
approaches with new frontiers in the architectural
process and in discourse. The term interactivity is
the main idea behind the digital age of architecture.
The new contemporary architectural discourse celebrates this new term while introducing a new understanding of space, reality and experience.
Digital space can be defined as a total interconnectedness of human beings through computers
and telecommunication without regard to physical geography. While we create identities in digital
space, we must get aware that these identities exist.
We are creating not only a virtual reality in digital
space, but a reality separate and distinct from our
own reality which can be called as an alternate dimension and this alternate dimension allows us to
explore new forms of art, entertainment, performance and culture. According to Milgram (1994),
there has been a growing interest in techniques
Virtual Architecture - eCAADe 29
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for combining real and virtual environments to create mixed realities and spatial environments where
participants can interact with physical and digital
information in an integrated way. As a result, mixed
reality is generally concerned with integrating of virtual spaces into real, physical space. By doing this, it
aims to create an environment that enables the users
in shared and remote physical spaces to interact and
communicate through their natural senses. The computers and digital space are not only electronic tools
anymore but spaces that are to be entered in. They
become a physical space filled with data where we
can navigate through the furniture of data. The visitor’s navigation and exploration of this digital space
is connected to real space and to other participants.
Therefore, data is organized spatially and revealed as
the user navigates the space (Milgram, 1994).
Digital space looks for answers to some questions. It is questioning the info-communication
space and suppressing the mediating role of the
computer into background awareness. Digital space
refers to environments that are able to combine real
and virtual objects with visual representation of real
and virtual space. This can be imagined as the interconnection of the real and the virtual that produces
a new framework for communication and interaction possibilities. The components of digital and
physical information are merged in different degrees
in digital space. This creates a situation that connects
the users with each other.
Digital space can be seen as a threshold. It
changed our understanding of spatial perception. It
is the next step of evolution. Via it, we evert virtuality,
we conceive algorithmically (morphogenesis); we
model numerically, we build robotically, we inhabit
interactively, we telecommunicate instantly, we are
informed immersively, we socialize without locally.
Through the use of the computer and its ability to
completely ignore the laws of physics, new forms
can be created (Spiller, 2000). This new type of architecture does not hold to the rules of Euclidean
geometries, and from the expectations of logic,
perspective, and the laws of gravity. Novak views
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this as an expression of the “4th dimension” that
incorporates time alongside space among its primary elements. Novak’s digital architecture bends,
rotates, and mutates in interaction with its visitors.
In digital architecture, “science and art, the worldly
and the spiritual, the contingent and the permanent”
converge in a poetics of space (Novak, 1991). Digital
space is not static. It always changes. As MaudeLaure Ryan mentioned, the multidimensional exploration of a virtual text can never be complete because its fluid architecture rebuilds itself continually
(Ryan, 1999). It is the same for digital space as well.
Its dynamic state allows growing itself continually.
As a result we can emphasize 3 elements of digital space. These elements are (1) to be inclusive, (2)
to be interactive and (3) to interact in real time. Digital space is a combination of emerging computer mediated communications and virtual reality communications. In some way digital space changes our traditional ideas on mass communication, transforms the
way we produce and exchange knowledge.

STRATIFIED SPACE
Stratified space is a combination of the physical
space and digital space. Since digital space has been
accepted as an important extension of architectural
space, a new debate has occurred to find a relation
and combination between physical and digital. Although a lot of disciplines have tried to constitute
the possible communications, transitions and interactions for these different spaces, a strong relation
still needs to be inquired and investigated. From this
argue, we suggest a new concept of architectural
space which will respond the dynamic, unpredictable and ever-changing needs of its users and environmental conditions instead of dealing with the
principles as finished or concrete facts.
Within the information age, communication,
availability, processing, accessing and representing
information have become the most fundamental
needs of users. These unpredicted, incremental and
ever-changing needs have called for a new way of
architecture that has to extend its scope into an

interactive and dynamic character to cope with the
new material information. In this new age, digital
space has been a significant extension of physical
space in terms of leading the users to experience different realities. By digital space, users can imagine,
produce, share, and store their perception and experiences in a new kind of territory which is based on
data and information.
Digital media and information technologies
have altered not only the aspects of everyday life,
but also architectural design, fabrication and manufacturing process. Since the information is more important than the materiality of the things, relations
between real-virtual and form-function have been
the most important discussions of today’s architectural space. The digital space has been offering a different reality due to the possibility of representing
multi-dimensional spaces and temporal variable.
Baudrillard brought out a new approach to this new
reality by coming up with the notion of hyper-reality.
According to Baudrillard the reality has collapsed
today and emerged a new kind of reality. He argues
that reality is an image, illusion and simulation in
today’s world and hyper reality is a regeneration of
this reality (Baudrillard, 2006). From this statement,
we can assert that if there are separated realities and
hyper-real is a stratified real of different realities, the
new space should be a stratified reality space.
In recent years, the new technologies and discoveries like computers, geometrical evolutions,
higher dimension, and space-time intersection have
led the transformation of a new paradigm for architecture. Today, architects are confronted with interactive, generative and performative processes and
systems in terms of dealing with the new tools of
media and information technologies. The discovery
of multidimensional space and the possibility of visualizing these dimensions have led designers to perceive and represent the architectural space with the
interaction of the users, algorithmic and parametric
design tools. Relation of form and function gained
a different meaning by algorithmic and parametric design techniques which are the integral parts

of computer aided design technologies. In recent
years, these techniques have come into prominence
by undertaking unpredictable and emergent notion
to the architectural space. Rather than designing a
finished and concrete object, architectural endeavor
has turned into dealing with the parameters and
variables of social and physical environmental conditions. Marcos Novak describes this new way of
architecture as “liquid architecture”. According to
Novak, in a liquid architecture the form is contingent
on the interests of the beholder. It is an architecture
that opens to welcome you and closes to defend
you, it is an architecture without doors and hallways,
where the next room is always where it needs to be
and what it needs to be (Novak, 1991). Marcos Novak
informs a flexible and adaptive space formation that
adjusts itself to the changing needs over time. By using algorithmic techniques, he tries to achieve liquid
space formations by breaking up the physical starkness. However, it is still a question that how physical
space will have this adaptive formation and changes
in terms of dealing with the manufacturing process.
Although in design process, designers get much
benefit from algorithmic and parametric design
techniques, at the manufacturing process, they have
to choose a final form among all other possibilities.
Therefore, multi-dimensional space, which has the
temporal and other parameters by the advantage of
algorithmic design techniques, will be lost with the
decision of physical final form. Also this final form
will not satisfy the changing needs of users in a long
term. This is the most critical argument that we want
to focus with our design proposal for trying to bring
out a new aspect for further studies.
In our proposal, we aimed to reach a mix-space
that we called as stratified space which uses the advantages of digital space by altering the physical to
provide a multidimensional space. Today’s physical
environment is static in terms of dealing with the envisioned and finished configurations. However, due
to the information technologies and digital media, it
is accepted that architecture should give importance
to the information rather than material. At this point,
Virtual Architecture - eCAADe 29
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we suggest a stratified space for gathering, transforming, evaluating and transmitting information.
Therefore, our proposal is a dynamic urban memory
(dum) that will position to a location and take on a
local character according to environmental information and adaptation process.
Dum creates dynamic spaces which constantly
improve and change depending on time and meet
the unpredictable and incremental needs of its users
(figure 1). It maintains the importance of user participation to decide the program that will need a space
afterwards. So, instead of a stable space that is waiting for its users, a space that will be organized by the
need of users is suggested.
Dum stores the memory of physical and social
environment according to its location, and uses this
memory for creating new hybrid memories. So it
improves in two phases. The first phase starts with
gathering information from current environmental conditions. Then, this information is stored and
transformed for later use. It is the learning phase

to become localized as a result of the adaptation to
the environment while the second phase is about
responsive behaviors due to the acquired information. Since environmental data and interpretation
are nonlinear, the outcome of the process is openended and unpredictable.
As an introduction, the first phase is explained
to understand the localization process and its direct
relation with the dynamic urban memory. Then, the
second phase is detailed within the scope of spatial
constituents, structure and program.

PHASE 1:LOCALIZATION
The substantial urban formations are the result of the
usage according to a given program, material constituents and their integration to the local environment
with geometrical relations like dimensions, distances
and directions. Space occupancy proportion is the
consequence of the form, function and their integration with the temporal dimension (Figure 2). The
map of the urban compound changes in the course
of time and the memory is regenerated according to
these changes. However, the finished and concrete
architectural components become contradictory and
bring out a limitation to this dynamic process.
Dum suggests a dynamic mapping system that
is formed by stratified maps of the different programs
and functions which are changeable according to
user’s decision and physical environment. Figure 3
shows the formation of the multidimensional mapping system of dynamic urban memory. The first map
(3a) represents the functional storage that includes
the storable areas and spaces for the movement

Figure 1
Dynamic urban memory

Figure 2
Maps of different urban
formations
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that are called activation areas. The middle map (3b)
shows the relation with the local site and functional
lines. This is the starting point for localization process
of the urban memory. The right map (3c) is the superposition of two maps and it is tentative depending on
changeable and expanding physical and social information. The stratified mapping system is first studied
as two dimensional but it will have more dimensions
while adapting itself according to the different levels
of the local environment. By temporal changes and
the adaptation process, it becomes a multi-dimensional space formation (figure 4).
The storage map brings out the first limitation
to the programmable organization by its systematic
rules. Since dum adapts itself to the changing needs

over time, a coding system is required to avoid confusion and to control the programmable spaces
due to the unpredictable and changing programs.
Coding system controls the constitution of the new
spaces and provides spaces for the other possible
programs. While the local data changes constantly,
the overlapped map adapts to these changes at different levels. Therefore, every function is separated
into different categories and designated by different subjects. The colors are used to indicate these
programmable differentiations to guide the reader.
Figure 5 shows the memory-storage working process. Dum records the information by coding, then
stores to use it by transforming according to the
needs at that time.

Figure 3
Map formation of dynamic
urban memory.3a.3b.3c.

Figure 4
Multidimensional space
formations
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To reach a dynamic organization and programmable functions, a planer system, which consists of
surfaces, is suggested. The position and features of the
surfaces are determined by the program as program
determines the dimensions of the spaces. So the scale
and characteristics of the spaces are the result of the usage and the composition of different surfaces. Surfaces
are stored as units for the future organizations in terms
of dealing with the current program (figure 6).

PHASE 2:PROGRAMMING
Dum behaves like a living organism that captures
and interprets the current information and creates

new information. The coding system becomes
more detailed as a result of the incremental functions. Figure 7 shows the variable density of the
program and behavioral structuring due to the different spatial and temporal changes. The structure
and changing quantity of the programmable units
bring out other limitations to the system. The behavioral structure has a growth limitation as well as
the quantity of the different programmable units.
After reaching a certain level of program density,
the structure rises up to a certain level. The velocity of change depends on the unstable needs and
environmental conditions while the system tries to
equilibrate its space occupancy proportion by the
systematic rules.

Figure 5
Working process

Figure 6
Dynamic space organizations

Figure 7
Variable program density and
behavioral structure.
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CONCLUSION
As a conclusion, the new concept of architectural
space is suggested as a stratified space according
to the combination of physical and digital under
the influence of the new requirements of the new
information age. It is an intention to rearticulate a
possible way for architecture rather than proving an
architectural assertion. Dynamic urban memory suggests a new framework for the integration of spatial
constituents, structure and their direct relation with
the program. It behaves like a living organism that
captures and interprets the current information and
creates new information. It has a dynamic mapping
and structural system with programmable units that
are formed by systematic rules. The rule system can
be altered and redefined according to the different
physical and social environments and time.
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Abstract. The research that is presented here was developed to understand the impact of
a new building in a very delicate context, such as the venetian one. The case study was a
very important project for the history of architecture, because it is the only design by Frank
L. Wright for an Italian customer. The Masieri Memorial was projected by the author on
Canal Grande and near the Rialto bridge. The very detailed drawings and notes helped
us to reconstruct in digital form the architecture, to study the representation of it in Venice
and to verify the effect with the other ancient venetian palaces, such as Palazzo Balbi. The
simulation was taken to the photorealistic perception, applying all the textures and materials
as found in the sketches and reserved notes of the architect. The final step was the realization
of a video to simulate the perception from a boat and the materialization of a maquette using
the Rapid Prototyping techniques, in nylon powder.
Keywords. Digital reconstruction; simulation; rendering; video animation; Rapid Prototyping.

INTRODUCTION
The aim of this research is to study a contemporary
architecture as a single case study, insert in a context
of historical buildings, to verify what kind of difficulties could generate it on the area. The site is Venice,
and the area is placed in the middle of the town, on
a side of the Canal Grande, near to Palazzo Balbi and
Cà Foscari, after Rialto Bridge and exactly where the
canal turn to go in the direction of Accademia Bridge
and Piazza San Marco.
The research was developed partially at the
Faculty of Architecture of the IUAV University of
Venice, then at the Faculty of Architecture of the
University of Trieste, and at Protoservice Laboratories for the final creation of the Rapid Prototyping model. Some parts were developed by Fabio
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Cuzzuol during his graduation thesis at the IUAV
University of Venice.
The case study is a very important architecture
of the XX Century, not only because of the prestige
of the author, Frank Lloyd Wright, who is without any
doubt one of the relevant architects of the 1900. But
also because this project was the only he made for
an Italian customer, and also because of the characteristics of the design, very detailed by him, although
it was never built.
The objectives were to analyze the project,
starting from all the original information on that architecture, to understand the geometry of it, to reconstruct the digital model and to render it in the venetian context as if it was built, in order to compare

the impact of this morphology on the area. The realization of a short video animation could help to comprehend the relevant aspects of the single elements,
but also of the whole form and structure of it. A final
verification was planned in the field of physical realization using the Rapid Prototyping techniques for
generating a scale model of the façade.
The procedures we used were based on CAD
software and photorealistic algorithm to simulate
the real visualization of the model. Extrusion patches
and Boolean geometries were integrated to define
every single part of this architecture; the model was
post-processed with texture mapping technology,
environmental and illumination simulation, to generate single frames of interior and exterior views for
comparing with the traditional watercolors by the
architect. Then all the frames were mounted to realize a video animation to present the work.
The expected results were essentially in the field
of graphic representation and communication, not
only to show the images and the animation during
presentations and public exhibitions, but above all to
offer to historians and specialists some further information to add to the traditional ones taken from the
Wright’s archive, to understand better the real impact
of it on this fragile context.
In particular the method we used in this case
is based on some experiences developed before for
some architectures, but it serves as a test for some
others that could be designed in the difficult area of
Venice. The monographic approach of the problem
is intended to describe the complexity of the single

case, due to the richness of this design, as the whole
elements were considered during the phase of study.

VENICE, THE CONTEMPORARY ARCHITECTURES AND FRANK L. WRIGHT
The town of Venice has a bad relation with contemporary architecture. A lot of works, designed in XX
Century by relevant architects were never built due,
mainly, to the very problematic aspects of the context. We would like to remember only some of them,
that it is possible to find in a catalogue of an exhibition which took place in Venice in 1985, called “Le
Venezie Possibili” (Puppi, Romanelli, 1985). We can
remember the Hospital designed by Le Corbusier
in 1964, the Congress Building for the Giardini and
Arsenale areas by Louis I. Kahn, designed between
1968 and 1974, and recently the competition winner
project for Piazzale Roma by Jeremy Dixon and Edward Jones, in 1992, or the Frank Gehry solution for
the Marco Polo Airport, proposed in 1998.
Among these, the project thought by Frank L.
Wright was the most careful to the environment.
Not only because it was the smallest one, but also
because - in the beginning - it should have been a
private house for a young couple, and not a public
building for institutions, such as those listed before.
Then there are some other differences among the
preceding ones and the Wright one: for example, it
was designed before them - in 1953-54 - on a small
triangular area, between two historical palaces.
Moreover Wright himself was conscious of the particular opportunity it was offered to him and decided

Figure 1
The waterfront of the area
for the Masieri Memorial in
Venice.
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to propose a design that consider the environment,
with all the natural and artificial effects (from the
water of the canal, to the multi-windows system of
the venetian façades). In fact the project had some
different levels of study, with small changes, especially in the configuration of the front elevation on
the water canal.

THE EVOLUTION OF THE IDEA OF THE
PROJECT
The history of the project was known. In 1951 Angelo Masieri asked Frank L. Wright to project his house
on the Canal Grande, instead of an unfinished house,
during a meeting in Venice in which the University
of Venice gave the Honoris Causa Degree to the famous architect. Wright accepted the proposal and
they were in agreement to see again for defining the
details of the program. But when Angelo and his wife
Savina went to the United States to speak directly to
Wright in his studio, a road-accident modified the
plan of the trip. Angelo died and Savina decided to
change the program of the project. His wife decided
to transform the initial idea for a private house in a
hostel for students of the Faculty of Architecture.
Wright agreed with the new proposal and started
working to define different hypothesis, starting from
1953. In fact in a letter to Savina the architect wrote
some general ideas of the project: “…the building
affords views up and down the canal where no one
in Venice ever looked out before - two corners of

the room. This is modern; so are all the techniques.
Alongside these corner features, a glass lighting
feature rises - lighting outside and inside by way of
neon tubes (low candlepower) when appropriate.
[…] The material I’ve selected for your approval is a
thin marple slab with edges each way. […] The floors
are concrete suspended from the roof beams by iron
rods concealed in the partitions. The roof is a garden”
(AAVV 1988). In these words are concentrated all the
main thoughts of the author, to interpret the site of
Venice with this house. It is interesting to note that
these considerations remained the same in all the
variations he did. We have identified three particular solutions to develop the research on the digital
representation. In detail these are: the one produced
in January 1953, the second one in February 1953
and the third one in March 1954. Some elements
changed - such as the position of a small tower or
the quantity of windows in the front elevation. But,
as we said before, the most important concept remained. As he wrote in a letter of presentation of
the project “in the small building that I designed thin
marble sticks firmly fixed on concrete pillars from the
canal rise from the water such as canes, or stems of
rice, or water plants. These marble pilasters rise to
support the floor and the slabs of the balcony floor
overhanging the water. How much more Venetian!
Not imitation, but interpretation of Venice.” (AAVV
1988). These parts are shown very well in the first
perspective, in which some details are expressed
Figure 2
The triangular area for the
project in Venice.
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Figure 3 (left)
Front elevation and perspective of the first solution
(January 1953).
Figure 4 (right)
Plan of the main floor and the
mezzanine, and elevation of
the second solution (February
1953).

with notes and sketches near the drawing. Although
it is not clearly defined in all the particular components of the block, the scheme of the final project is
well configured, with some plants and flowers that
enrich the balconies.
The second solution has some differences from
the preceding one, such as the the position of the
tower that is moved from left to right in the façade.
The structure of the plan was not changed a lot,
having both of them a squared grid of 1.9 m for side.
The drawings are well defined and a very beautiful
perspective was drawn to show the impact of the
building in the area. But this perspective presents
a mistake in the composition. In fact, as you can
see from the comparison between it and the digital reconstruction (see figure 8), the height of the
building is figured as the same of Palazzo Balbi. On
the contrary, thanks to the digital simulation, we
could verify that they are very different in height,
and the Masieri Memorial is much lower than the
Venetian Palace. This representation mistake was
fatal for the lucky of the project, because when it
Figure 5
Plan of the main floor and
perspective of the third solution (March 1954).

was presented publicly it generated a refusal by the
Venetian people, who thought that Wright wanted
to build a skyscraper in Venice.
In the third solution the tower remains in the
same position as the preceding one, but the grid is
smaller. İn fact the plans are divided in a series of
squares of 1.2 m of side. So it is possible to have a
much bigger space for the structural elements. We
can notice that Wright, as in other projects, works
with regular geometries based on simple figures. In
this case the area is triangular and the grid is squared.

THE DIGITAL RECONSTRUCTION
Starting from the sketches, drawings, notes and
above all the geometrical analysis of the three solutions, we decided to generate three digital models of
them in order to verify the different hypothesis and
compare them. We use a CAD system with extrude
primitives and Boolean modeling. Every part of the
architectures are constructed in detail at the scale
of 1:1, to define in the best way the singularity of all
the elements. At the same time we started from the
plan and the elevation, trying to combine the two
sections (horizontal and vertical one) in a 3D form.
Some problems were found in the construction
of the staircase, because we didn’t have all the information we need. The logic of the construction itself
helped us to resolve some questions as if we were at
Wright Studio, thinking about the possible solutions
he would have preferred. Every detail was taken from
the archive of architect’s drawings of this project, and,
if it was not possible to find one, we tried to take it
from the general Wright Archive, considering that he
Virtual Architecture - eCAADe 29
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used a lot of typical elements in some of his designs.
The result was a three-dimensional model for every
solutions, rich of the architectural details required.
The further step was to model the main buildings of the area, to verify the visualization impact
on the Canal Grande. In this case we used a double
strategy: in the case of Palazzo Balbi we reconstruct in
3D the palace because of its proximity to the Masieri
Memorial. Then it was possible to verify the natural
illumination in a photographic manner, thanks to
rendering techniques offered by the simulation algorithm of sun exposition.
For other buildings we decide to generate only
a simple stereometric volume and apply the texture
of the picture taken from a camera on it. This method
has two benefits: to simplify the construction of the
building itself, and to speed the operations of rendering and above all of generating the single frame
for the final video.
The comparison between models allow us to
understand better the evolution of the idea of the
project, where the high tower to the left is moved to
the right for having a better contact with the Palazzo
Balbi. A rendering without color help us to comprehend better the articulation of the volume of the
project, so we decided to concentrate to the most
interesting solution, that is the second one, to generate the video animation.
After the construction phase we passed to the materials simulation. Thanks to the information from the
Wright Foundations and from some other institutions
we had a very specific information about the materials

Wright intended to use. For the façade the main one
is the white marble with black streaks. So we applied
the texture to the whole façade, while for the windows
frames we used a brown color to simulate the wood.
Then we decided to exclude from the rendering all the
vegetation, to reduce time computing.
The final rendering could be compared to the
watercolor by Frank L. Wright, and, as we said before, the differences between them are very impressive. The mistake we talked about comes with great
relevance.
As there aren’t a lot of information about interior
furnitures, we let the space empty. Only the white marble was used for the floor and for pilasters. The other
part of the walls are in Venetian white marble plaster.
Figure 6
Digital reconstruction of the
model (elab. F. Cuzzuol).

Figure 7
Comparison between the
three solutions (elab. F.
Cuzzuol).
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The final step of the visual reconstruction was
the realization of a video animation. In this case we
used the second solution of the project (February
1953) because of the richness of the details. The idea
was to view this architecture staying on a boat on
the Canal Grande, approaching slowly to the building in order to perceive the impact of it.
Using the technology of post-processing software, we utilized sequences fading to see it from
different points of view, from the Accademia Bridge,
from the Rio Novo, from the street.
Then we entered the foyer to see Venice from
the windows, where we made also the verification of
the sun illumination inside this space.

THE RAPID PROTOTYPING MODEL
After the visual communication phase, we wanted
to verify the physical aspect of the project. But,

instead of having the whole repetition of it, we decided to analyze only the most interesting part, that
is the façade. The technology used was based on
the solidification of nylon powder, thanks to a laser
radiation, called SLS (Selective Laser Sintering), that
works taking information from a 3D digital model,
section by section. The accuracy of the machine is
one tenth of a millimeter, and the scale of the model
was 1:100. So we obtained a very exhaustive reproduction that could help us to understand better the
configuration of the architecture itself.

CONCLUSION
This research shows the advantages in using digital
technology to verify the impact of a building on a
problematic area such as the town of Venice. Although the project will never built, the procedure
could be used also in some other cases, such as

Figure 8
Comparison between watercolor by F.L. Wright and digital simulation (F. Cuzzuol).
Figure 9
Rendering of the entrance
hall (elab. F. Cuzzuol).

Figure 10 (left)
Frames from the video (elab.
F. Cuzzuol).
Figure 11 (right)
Rapid Prototyping model
in scale 1:100 (elab.
Protoservice).
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during the verification of a design before its construction. Then it is possible to use some procedures
to realize some communication projects, such as
video presentations, models for exhibitions, etc.
We want to underline that it is very important
to concentrate different levels of information in a
single program of research, starting from the consultation of archives and catalogues, to the analysis of
drawings, from the geometrical studies to the digital
modeling construction, from the photorealistic simulation, to the direction of a video.

REFERENCES
AAVV 1988, Frank Lloyd Wright Monograph 19511959, A.D.A. EDITA, Tokyo.
Calderon, C Worley, N and Nyman, K 2005, ‘Architectural Cinematographer: An Initial Approach to
Experiential Design in Virtual Worlds’ in B Marten, A Brown (eds), Computer Aided Architectural
Design Futures 2005, Springer, Dordrecht, pp.
135-144.
Puppi, L and Romanelli, G 1985, Le Venezie Possibili.
Da Palladio a Le Corbusier, Electa, Milano.
Ramirez, J and Russell, P 2007, ‘A Three-dimensional
City Model as Interdisciplinary Platform for Research’, in JB Kieferle and K Ehlers (eds), Predicting
the Futures. eCAADe 25, Kanne Graphischer Betrieb
GmbH, Ginsheim-Gustavsburg, pp. 359-365.
Sdegno A 2002, Architettura e rappresentazione digitale, Cafoscarina, Venezia.
Sdegno A 2007, ‘Promenades architecturales virtuelles: rappresentare architetture non realizzate
con le nuove tecnologie’, Proceedings e-Arcom
07 Conference, Alinea, Firenze, pp. 541-546.
Sdegno A 2006, ‘Between Design and Survey: Interpretative Problems in the Study of Drawings for
Digital Modeling’, MIA Journal, Vol. 0, no. 1, pp.
39-50.

966

eCAADe 29 - Virtual Architecture

New perception of virtual environments, Enhancement of
creativity
Increasing dimension of design starting point
Alireza M. Hakak1, Nimish Biloria2
TU Delft University of technology, Faculty of Architecture, Department of Building
technology, Chair of Hyperbody
1, 2
www.Hyperbody.nl
1
a.mahdizadehhakak@tudelft.nl
2
n.m.biloria@tudelft.nl

1, 2

Abstract. The digital era allows for a new domain of architectural experience. Within a
virtual environment designs can be created that go beyond the mere accommodation of
literal functions, and that affect and contribute to the human experience by dynamically
interacting with and affecting the inhabitants’ life. A key point in “creativity”, considering
different disciplines, is the role of previously gained experiences, which cause the emerging of
intuition. Accentuating the role of new experiences in enhancing the intuition, by designing in
an imaginary world, stands to be an interesting move. Detached from the real one in sense of
time and matter, the imaginary world enables the designer to cross the borderline of reality.
The hypothesis underlying this ongoing research, from a cognitive point of view, is that
the extensiveness of experiences gained by exploring unconventional virtual environments
relates positively to both creative performance (enhancing interactivity, lateral thinking, idea
generation, etc) and creativity-supporting cognitive processes (retrieval of unconventional
knowledge, recruitment of ideas from unconfined virtual environments for creative idea
expansion). Practically, the authors propose starting the design from a point cloud in a virtual
environment that can be manipulated by the designer immersing in this environment.
Keywords. Virtual Environment, Experience, Enhancing creativity, Point cloud

INTRODUCTION
Many architects confess that, very gradually and unconsciously they stock in some conventional design
approaches, because slowly confinements in construction and conventional stereotypes are imposed
on them, dominate them and prevent them to think
innovatively. Now, it is seemingly logical that if you
have a chance to see and explore some innovative

notions in virtual environments, totally free of any limitation, this causes a conceptual expansion, since irrelevant pictures are added to old design approaches.
This can reverse the process. The confinement, mediocrity, stereotypes … may diminish gradually; helping
designers to expand their conceptual boundaries and
thus eventually help them to enhance their creativity.
Virtual Architecture - eCAADe 29
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Picture 1
Courtesy of Marcos
Novak-V4D_Visio4D

Creativity, however, is a vague term, and its definition totally pertains to the context of study and the
discipline. As far back as 1959, Taylor surveyed about
100 definitions in his attempt to clarify the creative
process (Taylor 1959). The definitions vary significantly by their content and complexity. Nevertheless, there are two commonly “universal” attributes
of creativity: novelty and appropriateness. For the
purpose of this paper, we will consider creativity as
a cognitive process that generates new concepts,
which are novel and unconventional.
This study accentuates the experience. Identifying its way of operation and pointing out its
existence and relevance. Experiences indirectly affect creativity. The larger the inventory of experiences, the more and better combinations of ideas
are possible.
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Being in varied or diverse environments can
train individuals to encode information in multiple
ways, building a myriad of associations between
concepts. For example, bilinguals, who have been
exposed to two languages, are more creative than
monolinguals (Nemeth & Kwan, 1987; Simonton,
1999). Creativity is found at relatively high rates for
individuals who are first or second generation immigrants and for individuals who are ethnically diverse or ethnically marginalized (Lambert, Tucker,
& d’Anglejan, 1973; Simonton, 1997, 1999). At the
group level, creativity is facilitated within collaborative groups that contain diverse members (Guimerà,
et al., 2005; Levine & Moreland, 2004) and in groups
in which heterogeneous opinions are expressed
(Nemeth & Wachtler, 1983; Simonton, 2003). Even
at the societal level, creativity increases after civilizations open themselves to outside influences and
when geographic areas are politically fragmented
and relatively diverse (Simonton, 1997).
In this article, we define the Virtual Environment as a real-time interactive and fully immersive
virtual 3d environment. This stands in contrast
to the definition of Virtual Reality, which is somehow an imitation of the physical world (e.g., flight
simulation). Also emphasizing the unconventional
virtual environments within which an emergent
spatial pattern can dynamically evolve in time with
respect to user interactions, are a variety of spatially
intriguing concepts such as: Multiple dimensions,

Picture 2
Courtesy of Marcos NovakV4D_Visio4D 1

Dematerialization, Infinite depth, Continuous
change, Multiple scales, etc., which can be experimented with (picture 1 & 2).
The research presented in this paper focuses on
the relationship between experiencing virtual environments and creativity and is expected to answer
the following questions:
a. What types of virtual environments are needed
for enhancing creative performance?
b. How does exploring a virtual environment benefit creativity?
c. How does the brain perceive such immersive
environments? (Does it use a reductionist point
of view or is it an emergent phenomenon?)
d. Can the mathematical term of topology be applicable in the visual perception of an environment? (Can the brain define certain characteristics of space even when the space deforms?)
As an overview of the major speculations in this
paper, we are seeking to prove that:
a. Exploring a virtual environment enhances creative performance and creativity-supporting
cognitive processes (e.g., recruitment of different ideas and retrieval of unconventional
knowledge);
b. The connection between experiencing virtual
environments and creativity is most apparent
when individuals have had the experience of
deeply “immersing” themselves in the virtual
environment and “interacting” with the environment;
c. Adapting and opening themselves to new experiences and actively interacting with and
comparing the differences they encounter between unconventional environments and the
physical world can boost the benefits of these
experiences;
d. A weaker relationship between experiencing
virtual environments and creativity emerges in
contexts where one is confined to limitations of
the physical world, such as: construction limitations, material limitations, etc.

WHAT IS CREATIVITY?
Creativity is typically defined as the process of
bringing into being something that is both novel
and useful (Sawyer, 2006; Sternberg & O’Hara, 1999;
see also Amabile, 1996). The creative process is
often a mysterious phenomenon, with sudden insights seeming to work at an unconscious and inaccessible level (Schooler & Melcher, 1994). The magical “aha” moment of discovery, the point at which
an idea leaps into consciousness, is part of what
makes creativity seem sudden, without logic, and
elusive (Leung et al., 2008).
Because of its apparent unpredictability
and elusiveness, creativity may seem difficult to
study scientifically and systematically. However,
psychology based literature now can provide a
wealth of evidence depicting the psychological
factors that facilitate creativity; elements of personality, affect, cognition, and motivation can
either facilitate or impair creativity (see Amabile,
1996; Csikszentmihalyi, 1996; Sawyer, 2006). For
example, personality studies have demonstrated
that creative people tend to be nonconforming,
independent, intrinsically motivated, open to
new experiences, and risk seeking (for reviews,
see Simonton, 2000, 2003). Large-scale studies
and meta-analyses have found that intelligence,
tolerance of ambiguity, self-confidence, and cognitive flexibility also tend to be found in creative people (Feist, 1998; MacKinnon, 1978). Now,
it seems logical that if we consider an approach
from the other side of the spectrum - we push
designers to encounter new experiences - we can
enhance their thresholds of ambiguity, self-confidence, cognitive flexibility, etc. It has been proven
that a number of contextual factors related to motivation, cognition, and affect facilitate creativity.
Individuals who pursue tasks for intrinsic rather
than extrinsic purposes show enhanced creativity (Amabile, 1985, 1996; Amabile, Hennessey, &
Grossman, 1986; Eisenberger & Cameron, 1996;
Hennessey & Amabile, 1998). Especially in design we consider it largely intrinsic rather than
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extrinsic. A distant future focus, compared to a
near future focus, has been shown to lead to more
creative negotiation outcomes (Okhuysen, Galinsky & Uptigrove, 2003) and to enhanced creative
insight (Förster, Friedman & Liberman, 2004). Focusing on potential gains rather than losses increases the accessibility of unconventional ideas
and thus enhances fluency in generating creative ideas (Friedman & Förster, 2001; Lam & Chiu,
2002). Finally, creativity seems to flourish when
people are in positive or neutral affective states
rather than negative affective states (Amabile et
al., 2005; Fredrickson, 2001; Fong, 2006).

TYPES OF CREATIVITY
There are two main types of creativity (Boden,
1990): 1) improbabilist that assumes that nothing
has to be created de novo but existing elements are
brought into a distinctive relation to each other by
establishing new connections among them. This is
the current definition of creativity in architecture,
indeed this is not a defined accepted definition of
creativity, however informally this is the way creative architects follow. 2) impossibilist – a deeper
type that is based on transformation of conceptual
spaces. The difference between these types is determined by the mode of creative thinking. Improbabilist creativity stipulates thinking in the associative
mode, adherence to rules, logic, and boundaries of
the current conceptual (mental) space that is a conceptual packet or network built up for purposes of
local understanding and action (Fauconnier, 1985).
If we extrapolate this definition to architecture,
obeying conventional rules and the role of confinements in architecture in terms of material, technology, even perception of new spaces become clear.
Impossibilist creativity is subject to the bisociative
mode, in which the conceptual space is transformed, frequently regardless of existing rules and
disciplinary boundaries (Koestler, 1967). As Boden
puts it in “Creativity and unpredictability,” a theory
of creativity is to be a theory about the exploration,
mapping, and transformation of conceptual spaces
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(Boden, 1995). It is presumed that a product of impossibilist creativity cannot be generated without
transformation of the corresponding conceptual
space. The first step here for creativity in design is
enhancing the perception of space. Since we are
used to the environment around us in term of scale,
depth, dimension, etc., changing the characteristics
of the conventional environment around us would
be the right choice for transformation of the corresponding conceptual space.

THE CREATIVE COGNITION APPROACH
Recently, a scientific approach to studying creativity—the creative cognition approach—was proposed for understanding and specifying the cognitive processes that produce creative ideas (Amabile,
1996; Bink & Marsh, 2000; Finke, Ward, & Smith, 1992;
Runco & Chand, 1995; Wan & Chiu, 2002). The central
argument of this approach is that creative processes
are not much different from those cognitive processes that produce our everyday mundane activities.
Every person has the potential to become
creative as long as he or she effectively utilizes
ordinary cognitive processes to produce extraordinary creative outcomes (Finke et al., 1992; Ward,
Smith & Vaid, 1997; Weisberg, 1993). Specifically,
the creative cognition approach identifies two
kinds of cognitive processes implicated in creative
thinking—generative processes and exploratory
processes (Finke et al., 1992). First, people actively
retrieve or seek out relevant information to generate candidate ideas with differing creative potential
(the generative processes). Next, they survey these
candidate ideas to determine which ones should
receive further processing, such as modification,
elaboration, and transformation (the explorative
processes), (Leung et al., 2008). One strategy that
makes effective use of generative processes is
conceptual expansion, which takes place when attributes of seemingly irrelevant concepts are added
to an existing concept to extend its conceptual
boundary (Hampton, 1987; Wan & Chiu, 2002; Ward
et al., 2002, Ward, et al., 1997).

EXPERIENCING UNCONVENTIONAL VIRTUAL ENVIRONMENTS AND THE ROLE OF
CREATIVITY
As mentioned before, defining the term creativity
is a hard task. Every designer has the bias that he/
she is creative. There is no objective measurement
or measurement tool to evaluate creativity. However, it seems obvious that the learned routines
and conventional knowledge of the discipline may
limit his or her creative conceptual expansion. Prior
knowledge and highly accessible exemplars are a
major constraint on imagination and creative conceptual expansion (Ward, 1994). For instance, when
people generate exemplars in a novel conceptual
domain (e.g., animals on the planet Mars), even the
most creative examples resemble highly accessible
exemplars (e.g., animals on Earth with eyes and legs
or known science fiction exemplars) (see Kray, Galinsky & Wong, 2006; Rubin & Kontis, 1983; Ward, 1994;
Ward et al., 2002). It happens exactly within the design process as well. Thinking out of the box could
become an impossible task. To overcome these
constraints, experiencing virtual environments can
be a solution. When individuals encounter an unconventional virtual environment, they may experience shock, anxious feelings and disorientation
in the absence of spatial perception, scale, depth,
material, etc., which are generally all conventional
norms. People typically take these familiar things for
granted and, thus, can suddenly become lost and inaccessible when immersed in a virtual environment
(Picture 3 & 4).
Although this shock has its dark side, once the
initial, difficult adaptation stages have passed, it can

also provide a great opportunity for acquiring new
perspectives to approaching various tasks and learning new ways of thinking. Whereas old, conventional
design approaches may constrain creativity, the
experience of virtual environments may foster the
creative expansion of ideas. Thus, we hypothesize
that virtual environment experiences can contribute
to creative expansion in at least four ways:
First, architects learn new ideas and concepts
from exploring and designing in these environments. Through these experiences, people are also
exposed to a range of behavioral and cognitive
scripts for situations and problems. These new ideas,
concepts, and scripts can be the inputs for the creative expansion processes because the more new
ideas people have, the more likely they are to come
up with novel combinations (Weisberg, 1999).
Second, although architecture pedagogy established conceptions and conventions provide the
architect with structured and routine responses to
the design, these cognitive structures may be destabilized as people acquire alternative conceptions
through their experiences in another environment,
in terms of new perception and cognition and interaction with it, particularly as people adapt their own
thoughts and behaviors to the new environment. Immersing in multiple virtual environments may even
lead individuals to access unconventional knowledge
when back in the physical world (Picture 5,6).
Third, having acquired and successfully applied
incongruent ideas from these new experiences, designers may show an increase in psychological readiness to recruit and seek out ideas from diverse sources and use them as inputs in the creative process,

Picture 3
Unconventional virtual environment, courtesy of Marco
De Gregorio
Picture 4
Unconventional virtual environment, courtesy of Marco
De Gregorio
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allowing for continued exposure to a wide range of
new ideas, norms, and practices.
Fourth, it is obvious that implementing formal
shapes, characteristics, etc., directly in the physical world is not the purpose, however, incongruent
concepts provoke exploration into their interrelations, the process of implementing incongruent
ideas may lead to greater cognitive complexity,
this challenge finally help them to think out of the
box. Higher creativity is most likely when the two
concepts involved in conceptual expansion are not
normally seen as overlapping with each other, where
seemingly non-overlapping concepts sometimes
are associated with two distinct worlds (Hampton,
1987; Wan & Chiu, 2002). In short, the experience
of virtual environments may foster creativity by (a)
providing direct access to novel ideas and concepts
in (unconventional) virtual environments, (b) creating the ability to see multiple underlying functions
behind the same form, (c) destabilizing conventional
knowledge structures (design approach), thereby
increasing the accessibility of normally inaccessible
knowledge, (d) creating a psychological readiness to
recruit ideas from unfamiliar sources and places, and
(e) supporting synthesis of seemingly incompatible
ideas from another environment.

REAL IMPLEMENTATION IN PRACTICE:
Thinking “out of the box” from out of the box:
Kas Oosterhuis (2011) denotes it in his book “Toward
a new kind of building” as: inclusion and exclusion.
To start a design process with plan and section in
an exclusive approach is so poor. It excludes thousands of possibilities, and so the designer will never
be able to consider these possibilities. The Flatlandbased designer will never touch upon the rich world
of complexity. Space-landers can observe the flatlanders without any problem and flat-landers can
see line-landers and line-landers can easily internalize the life of point-landers (Oosterhuis, 2011). Starting with a point cloud is a first solution to get rid of
old conventional methods and aiming for inclusion.
Kas Oosterhuis (2011) defines his approach and
definition of the point cloud in this way:
My personal design universe consists of an interacting population of groups of points in space,
wirelessly connected by force fields that are
aware of themselves, communicating with their
immediate neighbors… My design universe includes interacting point clouds, in which each
point behaves as if it is in the center of the world,
even though it is just ‘somewhere’, as our Earth is
Picture 5
by authors: Screenshot – new
cognitive perception of virtual
environments
Picture 5
by authors: Screenshot – new
cognitive perception of virtual
environments
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just somewhere in the Milky way… Each point is
an actor, always busy measuring and adjusting
its position in relation to its peers. Each point is
an actuator, triggering the execution of its internal program. Each point is a receiver, processor
and a sender in one. Each point of my personal
design point cloud displays behavior, it has character and style. Each point of the point cloud is
a microscopic instrument to be played, a game
to be unfolded.

Museum Munich 2008). Implementing a point cloud
in a 2d interface helps a lot, even though it is still
confined. Starting to manipulate a point cloud in an
immersive 3d virtual environment is starting from a
progressive point, since it is already out of the box.
Now thinking out of the box from out of the box becomes possible. Experiments in this scope of action
have already been started and, as mentioned before,
this is an ongoing project.

CONCLUSION
Adding extra dimension to the “starting point”
is the point. Starting with a cloud of points floating
in endless space and establishing a behavioral relation between those points as birds in the swarm is a
proper method (pictures 5: Kinetic Sculpture, BMW

The speculations reviewed in this paper demonstrate that virtual environment experiences predict both creative outcomes and creative processes. Virtual environment experiences are positively
related to the conceptual boundary in design that

Picture 5
Kinetic Sculpture, BMW
Museum Munich 2008
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requires insight into producing creative ideas
without being confined to the widely known.
It also predicts creativity supporting processes
such as the tendency to access unconventional
knowledge from memory and to recruit ideas
from new experiences for creative idea expansion.
Moreover, it is conspicuous that the relationship
between virtual environment experience and
creativity is stronger when people adapt and are
open to these new experiences. Also, the authors
argue that implementing a virtual environment as
a starting point for design is a solution that adds
an extra dimension to the design process and
make it inclusive instead of exclusive.
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