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Theme
Digital Physicality
Digital Physicality is the first volume of the conference proceedings of the 30th eCAADe conference, held from 12-14 september 2012 in Prague at the Faculty of Architecture of Czech
Technical University in Prague. The companion volume is called Physical Digitality. Together,
both volumes contain 154 papers that were submitted to this conference.
Physicality means that digital models increasingly incorporate information and knowledge
of the world. This extends beyond material and component databases of building materials,
but involves time, construction knowledge, material properties, space logic, people behaviour, and so on. Digital models therefore, are as much about our understanding of the world
as they are about design support. Physical is no longer the opposite part of digital models.
Models and reality are partly digital and partly physical. The implication of this condition is
not clear however, and it is necessary to investigate its potential. New strategies are necessary that acknowledge the synergetic qualities of the physical and the digital. This is not limited to our designs but it also influences the process, methods, and what or how we teach.
The subdivision of papers in these volumes follow the distinction made in the conference
theme. The papers in Digital Physicality have their orientation mainly in the digital realm,
and reach towards the physical part. It has to be granted that this distinction is rather crude,
because working from two extremes (digital versus physical) tends to ignore the arguably
most interesting middle ground.
Henri Achten, Jiří Pavliček, Jaroslav Hulín, Dana Matějovská
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Impact of Digital Design Methods on Physical
Performance
Anetta Kępczyńska-Walczak
Institute of Architecture and Urban Planning, Lodz University of Technology, Poland.
http://www.p.lodz.pl/
anetta.kepczynska-walczak@p.lodz.pl
Abstract. This paper deals with relationship between the digital and the physical on
the basis of retrospective of previous eCAADe conferences and the author’s didactic
experience. In order to show a scope of issues, different methods and tools are described
and analyzed. Author believes that described approach may contribute to the ongoing
discussion on recommendations for CAAD teaching. Reflecting the conference theme,
author poses the question whether digitality can be identified as intangible physicality.
Keywords. Digital design theory and methods; digital architecture; integrated design;
teaching strategies.

INTRODUCTION

A BRIEF RETROSPECTIVE OF CAAD

This year we are celebrating the 30th eCAADe Conference. The conference title Digital Physicality/
Physical Digitality clearly defines the current stage
achieved in the information and communication
technology and CAAD. It might be considered as a
significant milestone on a “long and winding road”
we have been passing over these years. What is
more, the themes of last four conferences: from the
architecture in ‘computro’ in Antwerp (2008), through
Computation: The New Realm of Architectural Design
(2009 Istanbul) and Future Cities in 2010 in Zurich to
Respecting Fragile Places (2011 Ljubljana) seem to
support this statement. Digitality is not a tool anymore, on the contrary, it has fluctuated towards “intangible physicality”.

Celebrating the 30th anniversary is a good opportunity for a retrospective overview of ideas development, concepts evolution, and technological
progress. Through these years some schools have
become leaders followed by the others. Some
schools have specialised in particular domains while
other offered general introduction to the vast variety of CAAD aspects. Despite these developments,
“the field has changed little in the course: ambitions,
goals and means remain largely unchanged since the
early years. What has been changing is the position of
the area relative to architecture and building in general, both in academia and in practice. This has led to
changes in the internal priorities of CAAD, especially in
teaching. A critical examination of the strengths and
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weaknesses of the area leads back to the fundamentals
of computational design. These are more important
than ever, despite, even because, of the broad adoption of computer-aided tools because they determine
not only the true character of the area but also possible
scenarios for new directions for CAAD research and development” (Martens, Koutamanis, Brown, 2007).
This brief retrospective recollects the time when
introducing CAAD started with teaching how to use
a mouse and click left or right button intuitively. The
digital aids to architectural design process seemed
to be more an obstacle than facilitation. There is a famous cartoon by Roger Penwill, illustrating early use
of computers in architectural practice: it presents a
designer working at a large drawing table using a
pencil and a drawing rule, and the computer is used
as a chair... [1]
In this context it seems crucial to look back at
some of the previous conferences themes which,
starting from 1982 in Delft, have been reflecting
advancements in digital technology and, what is
more, its stronger and stronger influence on education, research and practice. Moreover, the technology has been forcing us to lifelong learning in order
to keep up with brand new discoveries, research
and applications. In the 1990s CAD curriculum and
computer craftsmanship in architectural education
were settled. The conference in 1994, entitled The
Virtual Studio, introduced the concept of “virtual”
for the first time in a way that the main lecture hall
hosted the “real” presentations while an identical
lecture hall located directly below, hosted the “virtual” presentations relayed simultaneously in sound
and video from “above”. Then, in Palermo (1995)
multimedia potential power was broadly explored
and discussed. In 1997 (eCAADe conference in Vienna) another shift was observed through focusing
on Challenges of the Future. In consequence, topics
such as a digital design process, spatial modelling
and collaborative teamwork evoked in the context
of new directions for computation in design profession. Two years later, during the eCAADe conference Architectural Computing: From Turing to 2000
hosted by the University of Liverpool, the evidence

24 | eCAADe 30 - Volume 1 - CAAD Curriculum

of a radical change in the nature and goals of CAAD
education and research was emphasized. At the beginning of 21st century the terms Building Information Modelling (BIM) and Architectural Information
Management were already adopted and applied in
practice (eCAADe conference in Helsinki in 2001). It
has passed exactly ten years since the conference in
Warsaw took place. Its main theme Connecting the
Real and the Virtual underlined duality of physical
and digital design worlds. The question provoked
a discussion how these worlds could be effectively
and creatively inter-related. Only a year later, the
eCAADe conference in Graz, became a forum focusing on virtual and augmented reality as well as
spatially immersive real-time environment as a tool
for designing, communicating and collaboration. A
further search for the place and role of digital technology in a design process became a focus of the
eCAADe conference Digital Design: the quest for new
paradigms which took place in Lisbon in 2005. Two
years later, editors of the Predicting the Future conference proceedings stressed that the virtual environments had become quite enough close to reality that it was possible to predict the performance
of a project prior to its execution. At the same time,
authors emphasized that it was difficult to predict
which direction the technology would develop in
the future. Principally, because “the future does not
»just happen«. It needs shaping by people with ideas,
people with visions and people working hard in research” (Kieferle, Ehlers, 2007).
So, through these years we have come up to
the stage where distinction between real and digital has become pointless since information and
communication technology has embedded in the
physical world and sunk into it deeply (Brown, Winchester and Knight, 2008). It is observed in everyday
life since development of multimedia influenced
the perception methods of contemporary generations, who absorb knowledge in a different way
than their predecessors. Linking various media and
digital imaging forms a modern source of information broadcasted to people, whose imagination is
being shaped by mass media, including television,

Internet, computer games and mobile applications.
There is no doubt the impact of technology also
affects the performance of professional practice.
Nowadays architects and designers are challenged
by constantly evolving technology and, in consequence, are provoked to explore undiscovered
domains. Moreover, the best known masterpieces
of contemporary architects would not be possible
without advanced digital technology. As a result, on
the one hand, it stimulates constant challenges and,
on the other hand, it evokes requirements of the
education process.

“DIGITALITY” - A SCOPE, METHODS AND
TEACHING PROCESS
The eCAADe conferences have become not only an
established forum for exchanging the leaders’ experiences in the cutting edge research but also a place
of inspiration for the followers. They have enabled
discussions of primary ideas and supported methodological thinking. What is more, teaching or educating has always been a predominant factor. The
history of CAAD teaching at the Institute of Architecture and Urban Planning at Lodz University of Technology goes back to 1993 - next year we will celebrate 20th anniversary of establishing the CAAD Unit.
Over the period education and research in the field
pursued, similarly to other schools of architecture,
the “long and winding road” from the basic CAAD,
through BIM, advanced 3D modelling and GIS, towards integrated design methods. It is, however, not
only a question of deploying a particular software,
but also of teaching strategies. The latter issue will
be revealed in the following sections.
At present, we teach undergraduate students of
four different course studies, namely: Architecture
and Urban Planning, Interior Design, Architecture
Engineering and Spatial Economy. First and second
year students are given fundamental courses in
CAD, BIM and basic GIS applications while third and
fourth year students learn advanced 3D modelling,
visualisation techniques and multimedia presentations. What is more, they are introduced to more
complex topics such as computer aided spatial plan-

ning and management tools, parametric design,
generative architecture and algorithmic methods of
design among many others. Some of those courses
are elective, so students can choose a subject to
study. The overall didactic goals have been defined
as follow:
1. to provide an introduction to CAD and BIM
applications;
2. to develop practical skills by creating information models of architectural objects and
project documentation based on the models;
3. to develop practical skills of advanced three
dimensional modelling, visualisation and
animation;
4. to introduce latest tendencies and technologies of computer aided design (e.g.: parametric
design, generative architecture, algorithmic
methods of design, 3D scanning, point clouds,
photogrammetric, rapid prototyping, reverse
engineering, VR, GIS);
5. to amplify knowledge of computer aided
spatial planning and management;
6. to provide methods and techniques of postproduction in architecture, and multimedia
presentations;
7. to extend computing skills in terms of creation
of parametric and generative objects.
To sum up, the general mission is to open students’
minds to the new technology and develop skills of
appropriate software selection in terms of acquiring projected objectives and satisfying final results.
In order to show a scope of issues to be dealt with
a variety of tasks, different methods and tools are
described and analyzed in the following paragraphs.

Individual work
The aim of the project was to provide a realistic
three-dimensional visualization of buildings along
the main street of the historic city centre of Lodz.
Therefore, it was necessary to acquire archival materials, then to digitise them and to verify through the
comparison with photographic documentation of
the current stage of buildings. On this basis, threedimensional modelling of buildings was done with
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the use of the CAD and 3D modelling software. The
accuracy of modelling often required the elaboration of architectural details. Then the visuals were
done deploying dedicated software for photo-presentation. The accomplished virtual reconstructions
were visualised and presented to the public during
an open-air exhibition arranged along modelled
street, so everybody could compare the results
achieved by students with the real appearance of
heritage buildings. This is an example of the traditional, instructive teaching method, supplemented
by individual task summarising achieved skills.

Teamwork
The aim of the project was to create three-dimensional models of roof structures based on measured
drawings of old wooden churches, done earlier by
students during a summer training. There were four
principal goals of the project. First, to recognise
historical timber roof structures, secondly, to attain
three-dimensional models of trusses comprised of
elements suitable for virtual assembling and disassembling as well as for animation, thirdly, to accomplish models capable to store and visualise various
types of information such as nature and level of
damages, structural characteristics and force distribution analysis, and finally, to increase knowledge
and skills in the three-dimensional modelling.
The organisation of work required that the group of
fourteen students had to create the list of individual
tasks, to determine the order of their implementation and to select a coordinator to supervise the
proper conduct of the subsequent stages of action.
The coordinator was responsible for the division of
work and submission of the entire model, while the
preparation of the components was the responsibility of other participants.

Problem Based Learning
Ksiezy Mlyn is an important part of the former paternalistic industrial complex, built in Lodz in the
late nineteenth century. The site is one of the best
examples of this kind in Europe. A good state of
preservation and authenticity of most buildings
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mean that the complex has outstanding historic
and heritage value and is of great importance for
the local community. This latter issue was the fundamental assumption of the project, which objective was to find the best method of commemoration
this city area. The result was a comprehensive study
devoted to Ksiezy Mlyn in a form of a website. First,
three-dimensional models of the whole complex
and its most important components (including a director’s villa, a factory hospital, a school for workers’
children) were done with the use of the CAD and 3D
modelling software. On this basis, cardboard mockups for self-assembly were prepared. Furthermore,
an interactive map of Ksiezy Mlyn was created providing historical description of each object and photographic documentation illustrating its past and
present condition. Particularly interesting results
were achieved through a series of views, recreating
daily life in Ksiezy Mlyn, in the style of old postcards
from the late nineteenth and early twentieth century.
What is interesting, the PBL method facilitated a
broader exploration of the possibilities prior to deciding on problem-solution, and moreover, it gave
opportunities to learn a variety of digital tools within one project. Work started with the “brainstorming” allowing active involvement of participants and
their commitment to the subject.
Then, students jointly defined a problem, its
solution, and created an implementation plan.
The progress of the project was being evaluated
throughout the semester, which helped to overcome the greatest difficulties instantly. The final outcome reflected the workload of various participants.

Workshop
The main task of two workshops for the fourth and
fifth year students of architecture and urban planning was to introduce students to algorithmic design techniques. It is necessary to stress that students did not have any experience in programming
before (Kepczynska-Walczak, 2008).
During the first workshop students were familiarised with the possibilities of Maya software and

algorithmic design and programming skills.
During the second workshop, the participants
had an opportunity to experience a real designing
process – from an initial concept, through its development, to the realisation of designed structure. The
main task of the workshop was to create a component, as a starting point for a complex structure by
experimenting with various transformations of this
basic element. Students explored and tested different tools and functions of the software, such as:
duplicate, grid, field force, deformers, blend shapes
and lattice.
The results of the above-described workshops
depended primarily on the skills in using a new tool
and to a lesser extent on spatial imagination as well
as a designer’s concept.

Figure 1
Digital physicality - an example of student’s design.

SUMMARY AND CONCLUSIONS

MEL script language. They experimented with simple programming and checking effects in the virtual
space. Later, they tried to write a script in order to
achieve a spatial form in a controlled way. The involvement of students was impressive, although the
visual solutions depended mainly on cognition of
Figure 2
Matrix illustrating the problem
of designer’s imagination
limits. The arrows indicate
transformation of figures.
With appropriate software
it is possible to obtain the
shape which ought to be in
the square with the question
mark. But is it possible to
imagine it before the results
appear on the screen?

Various modes of teaching applied in the projects
have been presented. Author believes in aided value
of the approach described above so that it may contribute to the ongoing discussion on recommendations for CAAD teaching (Kolarevic, 2008; Matejovska and Achten, 2008).
What is more, some of presented projects acknowledge the synergetic qualities of the physical
and the digital. This issue might be also illustrated
with a diploma design of a building, flexible by
changing its appearance due to digitally simulated
modes of performance. As a result an observer receives digital responses in a physical way. The building communicates with an observer through the
changeable performance. In other words, digital
physicality, though intangible, can be perceived or
experienced with physical senses (fig. 1).
The Interactive Panorama of Liverpool is another interesting case of relationship between the
real and the virtual. The loop of technology which
occurred during the panorama creation might be
also considered as a symbol of transition process
blurring boundaries between the digital and the
physical - “merging real and virtual worlds somewhere
along the virtuality continuum which connects completely real environments to completely virtual ones”
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(Brown, A., Winchester, M. and Knight, M.: 2008).
There is, however, another important lesson,
which might be drawn from the described projects:
the impact of digital tools and methods on a final
design performance is immense. Though, it strongly
depends not only on students’ creativity but, what is
observed as predominant, on scripting skills (fig. 2).
We are now witnessing unprecedented transformation of work of an architect. This implies a smooth
transition from design to implementation, carried
out entirely within a digital platform. According to
Mitchell (2005) “buildings were once materialized
drawings, but now, increasingly, they are materialized digital information - designed and documented
on computer-aided design systems, fabricated with
digitally controlled machinery, and assembled on
site with the assistance of digital positioning and
placement equipment”.
In consequence, algorithmic and procedural
thinking as well as programming skills are becoming a commonplace for contemporary designers.
This poses new challenges for architects to acquire
skills that until now were the domain of IT engineers (Kepczynska-Walczak, 2008). With generative
methods architects no longer model forms directly.
Instead, the form is generated by the computer, and
the architect controls it with a code or script. The designer’s work starts to resemble that of a programmer. What is more, such a design process requires a
high level of mathematical knowledge, rather unusual for graduates of schools of architecture.
Similar situation was experienced in the early
years of CAAD, when imagination was constrained
by variable tools and computer literacy. In other
words, if there is no direct link between a designer’s
mind and designing tool, a designer becomes rather
a reviewer than a creator (fig. 3.). This conclusion
resembles the thought of Aart Bijl (1983), who considered the ease of use as a single most important
criterion of judging the importance of new developments in digital technology.
This may be considered as a main obstacle challenging architects on the “long and winding road”
towards the synergy of the physical and the digital.
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Figure 3
Relationship between a designer and a digital tool (after
Bijl, 1983).
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Abstract. The paper describes a new implementation of an existing course on digital
design and its contribution to the curriculum of the undergraduate pre-professional
architecture program at Ball State University. The strategic thinking behind the
re-design of this course reflects not only the need to update its content to reflect
the state-of-the art in the domain but also responds to a diversified context that
exhibitschanging trends due to digital culture, use of digital media in learning and
practice, and educational policy. The paper elaborates on these larger contextual
elements and describes the new instructional methods implemented through a
modular framework of assignments and a multi-layered delivery system. The
paper concludes with a series of recommendations for the future improvement,
constant assessment, and further development of the digital design course.
Keywords. Digital Design; Instructional Methods; Parametric Thinking; CAAD;
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BACKGROUND
The paper describes the new implementation of an
existing course on digital design (ARCH263) and its
contribution to the curriculum of the undergraduate pre-professional architecture program at the
Department of Architecture in Ball State University. This course was and continues to be the only
required regular course directly related to digital
design in the curriculum. The ARCH263 is offered
every fall semester to sophomore students and also
to career-change students aspiring to continue into
the master of architecture program. The new implementation of the ARCH263 was deployed during the
last academic semester (2011) for a population of 80
students distributed in three sections in the sopho-

more level and one section in the career change
level. Each section had an instructor who was also
supported by a teaching assistant. The classes met
two times a week for one hour and 45 minutes in
each class.
The main reason that triggered the initial impulse to re-design the course resided in the need
to update its content to reflect the state-of-the-art
in the domain. We are aware that digital design is a
domain that closely relies on information technology and that dependency drives constant change
in the content and the format through which the
teaching and learning of digital design conventionally happens. Accordingly we have revised the as-
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signments on a yearly basis and have introduced
major modifications every three years. In the last
revision of the course during the summer of 2011,
we realized that the changes in information technology were only part of a larger context that was
also changing and required a strategic response. The
larger context is diversified and exhibits changing
trends due to digital culture, use of digital media in
academia and practice, and educational policy. The
contextual elements that were taken into account to
determine the instructional methods implemented
in the course are described below.

Digital culture: who do we teach?
Manovich (2001) stated that “today we are in the middle of a new media revolution -the shift of all culture to
computer-mediated forms of production, distribution,
and communication.” Our students are the so called
college millennials (Strauss and Howe, 1991) who
have grown up with digital technologies integrated
as an everyday feature of their lives: for school, work
and entertainment (Pew Research, 2010). Our college
millennials are natives (Prensky, 2006) in the digital
world. They are used to receiving information very
fast, do parallel processing and multitasking, they
prefer graphics over text, they prefer random access
to information instead of a set order, and they are
used to networking and working in groups. They are
usually more eager to try out a new software program before reading the manual. They are users of
all the different types of social media (i.e. Facebook,
Twitter, etc.); they are experts at distinguishing the
relevant facts from information pollution and usually take a critical stance towards their sources. Our
college millennials exhibit basic digital literacy that
involves more than the mere ability to use software
or operate a digital device; it includes a large variety
of complex cognitive, motor, sociological, and emotional skills, which users need in order to function
effectively in digital environments. Accordingly, the
ARCH263 reflects the student’s ability to speedily
and successfully achieve computer aided architectural design (CAAD) literacy and dedicate more time
and effort to exploring digital methods to undertake
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project-specific designs. The ultimate goal of this
course is to install in the students the ability of learning how to learn to use the ever-evolving digital resources and to understand its significance in their
design projects.

Use of digital media in academia and
practice: what should be taught?
Historically a CAAD course had as primary goal
to instruct on how to produce drawings. Through
time we saw that by producing 3-dimensional digital models it became easy to generate not only the
visualization documents but also the construction
and analysis information. Nowadays, most progressive practice and academia would agree that the
goal is not only learning software to produce building information; it is about learning to design with
the digital media in every stage of the project. In
learning to design with digital media the emphasis
mainly gravitates on exploration and validity of design principles and design processes (representing
alternative solutions and diagrams of interdependency) and less in the attainment of a design product
(producing final building documents).
The area of concentration in our foundational
course is the “digital expression of the building
form” (Szalapaj, 2005) designed during conceptual
stages of a project. By borrowing this concept from
Szalapajon the three core aspects of the application
of information technologies to design practice, we
are interested in the ways in which computer modelling systems can be used to manipulate shape
during the design process. We specifically teach
how to create geometries that resemble the form of
architectural objects and we instruct about the parameters, variables, constraints and basic aesthetic
and performance-oriented objectives that concern
the creation of form. To fulfil these teaching objectives we have selected 9 commercially available applications (including plug-ins). This group includes
the categories of 3D computer graphic software,
vector graphic editors, video-editing software, raster graphic editors, computer aided design editors,
and html editors, mainly from McNeel, Autodesk,

and Adobe software houses (Rhino, Grasshopper,
Panelling Tools, 3DS Max, Architectural Review, Photoshop, Illustrator, Dreamweaver and Premiere). We
have chosen these applications because they cover
a broad spectrum of skills, they are compatible with
our peripherals (printers, plotters, etc.), have easy inter operability, and because we have seen them successfully used in conceptual stages of design.
On operability terms, we see that in academia
and practice there is a gradual shift towards implementing collaborative, open environments where
screens, printers and other peripherals stand ubiquitous and are available to accessing the information and communicate with design partners via
digital networks. Since our department has a strong
emphasis on digital fabrication, we also strengthen
the relationships between digital design and digital fabrication. We instruct students on how to use
laser cutters and 3D printers. We give only 11 main
lectures for the whole student body and implement
working sessions in smaller groups per section.
The students have cold desks elsewhere to work
with their personal laptops through wireless networks that connect them to peripherals distributed
throughout the building.

Educational policy: how it is delivered?
Educational institutions in general and public institutions in particular are pressed to articulate maximum
effectiveness in the objective of providing high value.
That objective combined with the social and political
framework in which state-funded institutions must
operate results in a quest to generate a large number of graduates, in the shortest time possible, and
at low cost. As a result our mandate is to reduce our
undergraduate programs to a maximum of 120 credit
hours (Associated Press, 2012). Currently operating at
126 credit hours with courses that exceed the relation
of credit hour and instructional content, it is not possible to assume that our curricula will support more
credited content. This implies that ARCH263, our required course in digital design will remain unique in
the curriculum; becoming the cornerstone for further
individual student-led learning in the subject.

The educational policy framework of our institutions
has therefore a substantial impact on our instructional strategy. Because we are aware that we will
not be able to teach everything our students may
need to learn, it becomes imperative that we support the process of learning to learn in a proactive
way. We also know that this particular domain is in
constant evolution and that periodical formal retraining processes would not be practical in contrast
with the more sustainable approach of continuing
professional development. In that context, it is important to develop a learning environment that is
similar to the environment in which our graduates
will continue to learn. The implementation of student owned computing policy and the eradication
of commodity-level computer laboratories are important steps in that direction. In such an environment the students are largely autonomous in their
choice of hardware, system configuration, and networking attitude. At the same time, our institution is
freed from the fiscal responsibility to implement and
maintain traditional computer labs and can concentrate in supporting higher-end infrastructure that
in terms allows our students to have access today
to resources that will be mainstream technologies
when they graduate.
Beyond the process of learning to learn and how
our instructional strategy may support that process,
we must also keep in mind that the course on digital design stands within the curricula that supports
other learning threads and that those threads can
and should also support learning in digital design.
For instance, in lower-division undergraduate studios we concentrate on fundamental design issues
such as form-giving, and it is in part because of that
reason that our course is in particularly robust on
software that supports management of geometrical modelling;facilitates crossing back and forth
between the digital and analog domain through
scanning and prototyping; and provides exposure
to state-of-the-art knowledge that will be predominant when the students graduate a few years down
the line(namely parametric modelling). In similar
way, as the student makes his/her way into upper-
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division undergraduate studios and acquires knowledge on building materials and systems, workshops
in the application of building information modelling
and database management becomes supported
and the students are exposed to software usage
(i.e. Revit, Ecotect, etc.) in accordance with progressive practices understanding once more that such
knowledge will be predominant when they soon
graduate. Additionally, other advanced simulation
and parametric modelling techniques (i.e. Grasshopper, Digital Components, etc.) are also taught
in specialized courses within the certificate of Digital Fabrication of the graduate program. Finally, as
the student moves into graduate school and it is
required to perform a period of professional internship, we expect that the student will be exposed to
a current digital productivity environment that combined with his/her constantly updated knowledge
of digital design will allow them to be competent in
the customary professional environment.

THE NEW DIGITAL DESIGN COURSE
In the re-design of the course there were two questions to be answered: how to teach digital media
and how to teach to design with digital tools. In our
CAAD course the students are made aware that a
computer can be used as a productivity tool, but we
rather use it as a tool for learning and design. First
of all, we believe that digital media should “provide
a good conceptual model and make things visible”
(Norman, 1988). Four operational principles explain how to achieve modelling and recognition of
the digital tool affects: visibility, affordance, natural
mapping, and feedback. Whenever the students use
digital media, students will function best if they can
understand how these tools work, which actions
may actually be carried out, and the effect of their
actions on these tools on the resolution of the overall design task. As a consequence, all our instructional resources, including tutorials and guidelines, were
explicit and non-ambiguous; all suggested digital
processes and expected results were overt and subjects of demonstration. We showcased parametric
modelling tools, and demonstrated through exam-
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ples not only the results of the process, but also tried
to render the computational black box transparent
explaining the inputs, outputs, relationships, propagation, modification, and variation of parameters.
Moreover we believe that the most effective way
to teach digital media is in the context of their application in a design task. The design tasks are embedded within a modular framework of assignments. In
the recent past our students have implemented design processes that are iterative in nature and rely on
the production of vast amounts of representations
that inform about explorations, evaluations, and
adjustments. The design ends when the alternative
at hand somehow satisfies the briefing in the time
allocated by the project; but there is no warranty
that the final result is the most efficient or the most
creative. Due to lack of prior knowledge and experience, our students -who are novice designers- usually spend vast amounts of time understanding the
context and constraints, and searching for a viable
solution; they spend less time evaluating and adjusting and therefore generate few or no alternative
solutions. Conventional CAAD offers many tools for
modelling, rendering, and animation in support for
the creation of representations that these conventional design processes require.
The new ARCH263 introduces the concept of
parametric thinking (Moussavi, 2011) into the conventional design processes hoping to push the
boundaries of conventional design reasoning to
make explicit the relationships of the design aspects
and parts. Parametric thinking entails that designers explain how things relate and how by modifying
the variables and/or the relationships between the
variables we can generate alternate solutions that
respond to the same context. In this way parametric
thinking supports the processes of evaluation and
adjustment that are mostly disregarded by the students. Our ultimate pedagogical aim in this regard
is to create a cognitive shift in our students’ design
thinking -from generating form as a purely aesthetic
concern- to understanding and valuing the connections and dependencies between form, materials,
and performance.

We believe that the constructivist approach can support the learning and instruction of digital design
as it follows a parametric thinking design process.
A constructivist approach to education implies that
learning is the active process of constructing rather
than passively acquiring knowledge, and instruction is the process of supporting the knowledge
constructed by the learners rather than the mere
communication of knowledge by the instructors
(Jonassen, 1997). In this approach, the role of the instructor is regarded as of a facilitator. In our course
the instructors give general guidelines as to how the
design problem may be approached. It is important
to highlight that the instructors of the different sections have the expertise to teach design studio classes. The constructivist instructional methods that we
have implemented can be described as follows:
•
The assignments describe a significant design
task for the generation of creative geometrical
solutions in the context of a well-defined problem. The instructors provide resources “scholarly scaffolds”, that inform about methods on
how to solve the problem. In a process of assimilation (Piaget, 1950), the students should
recall prior design knowledge (i.e. relevant
cases)and integrate new knowledge with old.
By recognizing the suitability of the digital resources, students should learn on demand the
tools and the processes needed for each particular task.
•
Students are expected to follow an iterative
trial and error process until reaching the desired result. It is a dynamic process through
oscillations between prototyping, testing, and
accommodation. Prototyping is implemented
by undertaking constant switches between
representations in physical and digital media. The students are able to consider the design alternatives from different points of view.
Modelling methods include the creation of
2-dimensional and 3-dimensional geometries
using vector, surface and solid techniques. A

select taxonomy of digital fabrication tools,
strategies and methods (Schodek et al., 2005)
are used by the students for physical prototyping. Visualization is instrumental through stateof-the-art global illumination techniques for
rendering and animations. Testing the design
results against meaningful criteria encourages
the students to establish and discern about design values, and undertake strategic decisionmaking between optimization and satisfaction of design concerns. Parametric modelling
is implemented through simple scripting and
graphic algorithm editors and offered to the
students as snippets they can use to test the
performance of their designs. This testing triggers reflection on students who become aware
of the role of variables and parameters and the
relationships between the parts of the design.
The understanding of the parametric relationships helps them to formulate a new solution
through accommodation (Piaget, 1950). Accommodation leads into the creation of new
prototypes or adjustment of old ones. Only
if the parametric relationships exposed during testing are well assimilated, the students
can be introduced to geometry generation
through parametric modelling or to follow a
conventional linear process of modification.
•
Final reflection about the experience is implemented with online design journals for metacognitive reflection. Self-evaluation of the different design processes and results are made
explicit by each student through brief writing
assignments at the end of each assignment.
Each assignment had a questionnaire for the
students to respond and record their own understandings of their process and result.
Using these instructional objectives and adjusting
to the constraints imposed by the context, we have
implemented the new course through a modular
framework of assignments and a multi-layered delivery system.
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Figure 1
Excerpt of skill set matrix,
overlaid with specific design
assignment.

Modular framework
The new ARCH263 aims to provide awareness of
a wide range of design-oriented programs, techniques, and skills. But beyond that general objective,
we have sought to promote the understanding of
five distinctive skill sets, namely: drafting, modelling,
rendering, fabrication, and communication. Each
assignment required the student to incrementally
learn about each kind of skill.
The instructors proposed four separate assignments over the semester as shown in Figure 1. The
web page journal was a graphic design oriented assignment for posting student work and explaining
process. The three other assignments used patterning and repetition as generative design motif. The
projects are described as follows:
•
In the second assignment students were asked
to design two flat “Patterned Screens” for filtering sunlight through an existing building façade.
•
The third assignment dealt with the design
of an “Urban Tower” form with a patterned
structural envelope system. Fabrication of this
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assignment focused on prototyping a threedimensional assembly from two-dimensional
components.
•
In the fourth assignment students designed
three-dimensional solid components that were
aggregated into an “Undulating Wall” system.
In each project emphasis was given to external and
internal parameters for the generation of patterns
and forms. Testing these against specific criteria allowed students to interrogate the many connections between geometry and performance. Parametric thinking was framed to the students as a way
to manage the complexity of each project, while
improving design schemes to meet performance
goals in an iterative fashion. For each project, the
students were required to create an array of literal
(pictorial) and analytical (diagrammatic) representations (selective examples shown in Figures 2, 3, and
4), revealing different stages of the design process,
as they were used as elements of testing and reflection.

Figure 2
Example “Patterned Screen”
assignment including a
graphic pattern composition
(left), exterior rendering of the
screens in context (centre),
and a laser cut scaled panel
prototype (right).

Figure 3
Example “Urban Tower” assignment including (from left
to right) a occlusion testing,
structural system development, exterior rendering, and
scaled laser cut model.

Figure 4
Example “Undulating Wall”
assignment including component development in clay
(physical) and Rhino (digital)
along with occlusion testing
in Grasshopper (left), interior
rendering (centre), and 3D
printed scaled model (right).

Multi-layered system
The characteristics of the multi-layered system of
delivery are described as follows:
Redundancy of information: The lecture
classes that are mandatory for all the sections of
the course are recorded for voice-over explanations
and viewing of the interactions on the screen. These
recordings are edited and made available online immediately after the actual class. The guidelines and
procedures explained in the lectures are available
also as tutorials; these are used by the teaching assistants to help the students as needed.

Sharing of resources: All the class resources
which include PPT presentations, tutorials in text
and animated formats, scripts, image libraries, and
some executable applications were prepared by the
instructors. These resources are shared inside common archives with access online.
Multimodal channels: Although we teach the
millennial generation, not all students have the
same proficiency in the use of digital tools for design. We offer several multimedia formats to adjust
to their different learning styles.

CAAD curriculum - Volume 1 - eCAADe 30 | 35

Student-centred instruction: The most important skill that we can convey is to “learn how to learn”
the relevant skills for digital design. Many tools will
become obsolete and many others will emerge, thus
the students are encouraged to step into the process
of being aware, acquire understanding, and practice
using suggested methods but to reflect and choose
the most satisfactory and time-effective strategy.
Scalable effort: The students may vary considerably in their capabilities and aptitude to search for
innovative solutions. We encourage them to explore
solutions beyond the standard expectation and support individual advanced exploration.
Practice-based learning: The students are
required to practice extensively and therefore develop strategies that yield the most effective results.
Students need to learn what they can reasonably
accomplish in a set amount of time and maintain a
well-articulated workload for a practical expectation
of success.
The blog of the course [1] gives evidence on
how we have implemented the delivery system; it is
a hub for many links to students, instructors, teaching assistants, access to course information, and access to resources dealing with the solution of assignments: tutorials, lectures, scripts, and others.

FINDINGS AND FUTURE ENHANCEMENT
After the deployment of the course we have obtained relevant data sets from class observations
and learning outcomes of 4 sections. This information has provided us with positive indicators of the
effectiveness of the implemented instructional
methods. Additionally, we have also obtained feedback from the students as data taken from their online journals. The feedback has shown positive indicators of students’ level of satisfaction regarding the
instructional methods and their perceived learning.
Some of our findings after this implementation are
elaborated separetly.
Even though the digital culture is pervasive in
our actual society we have not yet reached a “plastic range” in the training of digital media in design.
High-impact tools would demand new digital skills
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(i.e. algorithmic and analytical skills) and a new attitude towards design (i.e. parametric thinking). We
have taken a step forward to cultivate parametric
thinking among our novice design students, but
sustained effort is needed.
Educational policies applied to universities seek
a balance between skills, credentials and cost; our
digital design course must adapt itself to the current policies and with a pragmatic attitude it must
progressively demand strict pre-requisite skills
(i.e. image editing, 2-dimensional vector drawing,
WYSWYG web editing, and document editing) and
discriminate what can be left to self-teaching when
domain-knowledge is available (i.e. building information modelling and database management, performance simulations).
Our organization of assignments within a modular framework that encourages the learning of the
same diversified set of skills on an incremental basis
had a positive outcome and high level of acceptance among students. One semester after the entire sophomore class has been exposed to the new
ARCH263 we see them extensively applying these
newly acquired skills in other courses, especially in
design studios.
The results of the instructional objective in regards to instilling the skills of parametric thinking
were difficult to quantify. We have observed that
all of the students have used the available small,
custom-written end-user scripts and Grasshopper
plug-in definitions to test the design performance of
their best options. We have also observed that most
of the students understood the logic behind the
causal relationships among the parameters in their
projects’ outcomes. Most students have discovered
the inner workings of parametric thinking. Only a
few of them considered it practical (due to time constraints) to learn parametric modelling and explore
a large array of alternatives; conversely, to finish the
assignment on time they identified the direction of
improvement/modification using the conventional
digital means they had utilized and reached a satisfying solution. The design results of the class were
more believable; they showed a mature aesthetic

concern validated by selected performance issues.
We need to unify the efforts of studio instructors
to promote the practice of parametric thinking we
have introduced through this course.
The content and objectives of the course are
vast and ambitious but they have been encapsulated into a system that delivers high-impact results
through the use of redundant, decentralized, and
multimodal resources. We have reached a balance
between cost and expected outcomes. This is a
three credit course offering that implies nine hours
of study and three teacher-student contact hours
per week. However, the instructors and teaching
assistants are available on-demand to guide the
students. Beyond that we assume that the students
are in control of their learning and are responsible to
self-regulate the time and effort to be invested. The
following are few recommendations for the immediate enhancement of the course:
•
Provide specific tutorials about parametric
scripting and representations. Additionally,
complement the discovery method on parametric structures based on class assignments
with in-depth explanations of how to formalize
design intent, design constraints, and design
variables. The use of case studies will be promoted.
•
Create more opportunities to handle physical
media (1) through traditional models prior to
the use of digital processes and representations, and (2) through digital prototyping for
the sake of testing concepts.
•
The online journal can be improved to re-direct
the attention of the student to find the usefulness of the skills to resolve an expanded set
of design problems; and to learn to adapt and
combine methods of digital design for similar
problems.
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Abstract. BIM is an IT-enabled approach that supports enhanced design integrity,
efficiency and quality through the distributed access, exchange and maintenance of
building data (Haymaker and Suter, 2007; Fischer and Kunz, 2004). More recently,
many universities have responded to the adoption of BIM in the profession, by gradually
introducing the practice into the curricula (i.e. Cory and Schmelter-Morret, 2012;
Ibrahim, 2007; Plume and Mitchell, 2007). Focusing on collaboration – one of the most
important aspects of BIM, this paper presents two approaches to implementing BIM in
architectural curricula with a focus on collaboration but from two different collaboration
scales. Through observation and reflection of these two approaches to teaching BIM, the
paper concludes by discussing BIM curriculum design.
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INTRODUCTION
Traditionally, the collaboration in the Architecture,
Engineering and Construction (AEC) industry has
been based on the exchange of 2D documents. Although each discipline uses 3D models in practice,
the collaboration among disciplines remains largely
2D-based until recently. The large-scale of projects,
the increased demand on efficiency, and the proliferation of object-oriented CAD tools have enabled
the direct exchange of 3D building data in AEC collaboration. Building Information Modelling (BIM) is
envisaged to play a significant role in leading this
transformation. Going beyond 3D model, BIM advances object-oriented CAD by defining and applying intelligent relationships between elements in a
building model (Lee, Sacks and Eastman, 2006; Ibrahim, Krawczyk and Schipporiet, 2003). BIM models
can include both 3D geometric and non-geometric

data. The built-in intelligence allows the automated
input, exchange and extraction of design and construction documents, as well as other building information, for different disciplines at different stages.
This level of intelligence can also reduce errors in design and construction, based on the encoded rules.
Therefore, BIM is considered as an IT-enabled
approach that supports enhanced design integrity,
efficiency and quality through the distributed access, exchange and maintenance of building data
(Haymaker and Suter, 2007; Fischer and Kunz, 2004).
Recent commercial CAD tools such as Revit (http://
usa.autodesk.com/revit/) and ArchiCAD (http://www.
graphisoft.com) are object-oriented supporting certain BIM capabilities. Various supporting tools have
also emerged that can exploit information embedded in a BIM model for different tasks (Khemlani,
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2007). Server technologies such as EDMmodelServer
(http://www.epmtech.jotne.com/built-environment.79297.en.html) on the other hand have been
developed as a platform for direct storage, integration and exchange of building data from multiple
disciplines based on certain standard data language
such as Industry Foundation Classes (IFC), without
being limited to specific commercial applications.
More recently, many universities have responded to the adoption of BIM in the profession, by
gradually introducing the practice into the curricula
(i.e. Cory and Schmelter-Morret, 2012; Ibrahim, 2007;
Plume and Mitchell, 2007). There is not a uniformed
understanding and practice for implementing BIM
education because different academic programs
can have varying learning objectives of BIM and
very different student cohorts and organisational
context. Our research focuses on exploring collaboration – one of the most important aspects of BIM.
This paper presents two approaches to implementing BIM in architectural curricula with the focus on
collaboration but from two different collaboration
scales.
Approach I focuses on intra-disciplinary collaboration within the architecture discipline only, while
approach II extends to inter-disciplines towards
teaching the more fully integrated BIM practice to a
mixed cohort of students. Through observation and
reflection of these two approaches to teaching BIM,
the paper concludes by discussing BIM curriculum
design in terms of the following aspects:
1. The readiness and requirements of the students, the teaching staff and the institute.
2. Principles and strategies that underpin BIM
curriculum design.
The paper argues that in BIM education there can
be different stages towards teaching the fully integrated BIM practice which is multi-disciplinary at
core. Different institutes should critically assess their
needs and readiness and understand the implications of those factors, in order to develop a curriculum that is most suitable.
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BACKGROUND: BIM ADOPTION AND
EDUCATION
BIM adoption
One of the most critically research issues in BIM is
its adoption. BIM adoption research explores the industry’s readiness for BIM in relation to the aspects
of product, process and people, in order to position
and facilitate BIM adoption by understanding the
current status and expectation across disciplines.
It has been identified that there were both technical and non-technical issues that require considerations. The evidence also suggests varying levels
of adoption across the industry. There were studies
indicating that where even the industry leaders who
are early technology adopters in many cases have
varying degrees of practical knowledge of BIM and
hence at times different understandings and different levels of confidence regarding the future diffusion of BIM technology will co-exist among BIM
participants (Gu, Singh, Taylor and London, 2010).
Internationally, there are also varying levels of adoption and understanding from country to country,
from discipline to discipline and from client to client. Although many researchers and practitioners
espouse collaborative working environments in the
common practice there are still challenges to be met
in many parts of the world, particularly, in relation to
a fully integrated collaborative mode of operation
by multiple disciplines. These challenges are not
only technological but more often cultural and operational.
Therefore to foster and enhance BIM adoption
in the AEC industry lie not only in providing technical solutions, in fact it has been identified that implementation and human related issues were the
key drawback to wide-scale adoption (Aranda-Mena
and Wakefield, 2006). BIM adoption requires changes in organisational culture and calls for new roles
and skills of BIM participants (Gu and London, 2010).
BIM education can play a very important role in facilitating such changes (Gu, Singh, Taylor and London,
2010). BIM enabling technologies should be integrated into the university curricula, not only as just

another set of design modelling and management
tools, but as a way to investigate and reflect on the
changing nature of the building profession in order
to prepare students for these changes.

BIM education
To prepare the BIM-readiness for future AEC professionals and to further the adoption of BIM in
the industry, different BIM curricula (i.e. Cory and
Schmelter-Morret, 2012; Ibrahim, 2007; Plume and
Mitchell, 2007) have been developed and integrated
into various AEC-related academic programs. As an
emerging educational topic in the AEC domain, BIM
education is complex. Firstly, BIM is a multidisciplinary topic. Therefore BIM-related contents are vast
and can be sourced at least from the following three
areas. Depending on the purposes of the curriculum
and the needs of the students and the institutions,
the content can vary quite significantly.
•
Technology related contents: i.e. tool capabities, building data interoperability, and so on.
•
Application related contents: i.e. visualisation,
building performance analysis, and other domain specific uses with architecture, engineering or construction focus.
•
Collaboration related contents: i.e. communication protocols, teamwork skills, project management, interdisciplinary knowledge, and so
on.
Secondly, there is not a standard formula for designing and implementing BIM curricula because each
academic program is different with its unique approach to BIM interpretations and practices.
For example, Cory and Schmelter-Morret (2012)
implemented a BIM course specifically for the construction discipline. The development of the course
was directed by the results of a series of studies
that surveyed the professionals about the needs of
the industry. Using Revit as the base platform, the
course focused on the technical implementation
and data flows between the architectural, structural
and MEP models in a real-world building project.
On the other hand, Plume and Mitchell’s approach
(2007) focused on the architecture discipline. Stu-

dents role-played in implementing an interdisciplinary building project using BIM server technologies.
Through BIM the course introduced interdisciplinary
collaboration to architecture students. The use of
the BIM server technology directed the emphasis of
the course to building data interoperability. Further,
Kensek (2012) surveyed various approaches to BIM
education in terms of the broader integration, using
the School of Architecture, University of Southern
California as a case study. While the study was not
exclusive, nevertheless it presented a wide range of
objectives and different implementation levels in
BIM pedagogy:
•
General integration of BIM technologies: The
introductory level of BIM courses can be integrated in courses that either focus on technologies (i.e. in an architectural computing course)
or focus on design (i.e. in a design studio).
•
Advanced BIM-related topics: More advanced
and specialised subjects that are enabled by
BIM such as performanced-based design, parametric design and modelling, building data
interoperability and coordination, and etc. can
be embeded and delivered as electives (i.e. in a
series of advanced seminars).
•
Professional engagement: It was argued that
the tertiary education should reach out beyond the student body to the profession, and
to be critically informed and evolved through
the interactions with the profession. Therefore the third level of BIM education is about
professional engagement, which can be facilited through conferences and industry-focused
workshops.

IMPLEMENTING BIM IN ARCHITECTURAL
CURRICULA
Amongst various technological, cultural and operational foci of BIM, collaboration is one of the most
recognised characteristics of BIM, and therefore it
became our main focus in developing BIM curricula
for the architecture discipline. The rationales of such
a focus is also supported by the on-going interest of
collaborative work in the field (Kvan, 2000; Achten
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and Beetz, 2009) and its enabling tools, while in
practice failures and losses were observed and often
because of inadequate collaboration and communication. The interest by scientists was much driven
by the new possibilities that internet provided for
distributed work. At architectural schools Virtual Design Studios became immensely popular, because
they allowed students from different continents to
share ideas (Kvan, 2001) without being physically together. At the same time project websites became
mature, and these were quite fastly adopted by the
building practice. Project websites support companies very effectively in document management and
document sharing (Otter, 2007). Nowadays, with the
maturality of the technology, BIM seems to encasulate the above aspects and provides an integrated
platform for supporting collaborative work in the
AEC industry. This section describes two approaches
to implementing BIM in architectural curricula with
the focus on collaboration but from two different
collaboration scales – intra-disciplinary and interdisciplinary.

Approach I: intra-disciplinary
Approach I applies BIM in simulating and teaching
intra-disciplinary collaboration within the architecture discipline. A case that adopts this approach is
the ‘Communication in the Built Environments 4’
course implemented in the School of Architecture
and Built Environment at the University of Newcastle, Australia. Architecture is one of the three
disciplines within the School, alongside with Construction Management and Industrial Design. The
Australian model of an accredited architectural program consists of two degrees, a three-year Bachelor
of Design (Architecture) degree and a two-year Master of Architecture degree. The course is a core subject for the first degree. Among the three disciplines
within the School, students are possible to enrol in
courses from a different discipline as electives. However, the collaborative teaching and learning is only
faciliated at the basic level and more often between
the two disciplines of Architecture and Construction
Management. They are genenal subjects related to
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the whole building industry such as design communication (with both traditional tools and digital
tools), construction ecology, construction technology and so on. While the concept and the practice
of BIM are introduced in various modules across the
two disciplines. ‘Communication in the Built Environments 4’ is the only course that focuses on BIM
and faciliates the learning of theoretical understandings and technical skills in implementing BIM collaboration. The course is attended by architectrual
students only who has successfully completed a basic digital communication course.
‘Communication in the Built Environments 4’
was set up initially for the architecture discipline as
an advanced digital design and modeling course.
With the rapid emergence of new digital design
technologies and skill sets, additional digital design
courses have been developed to address advanced
and more specialised digital design topics such as
digital sketching and sculpting, parametric design,
and fabrication. These new courses have enabled
the re-structure of ‘Communication in the Built Environments 4’ to remove a part of the digital design
and modeling content. As the core digital communication unit, the course was enhanced and integrated with the content of architectural collaboration in
2008. The theory and practice of design collaboration were introduced and exercised through group
projects with international partner institutes in the
form of a Virtual Design Studio (Gu, Gul, Williams
and Nakapan, 2009), powered by commercial 3D
virtual world platforms such as Second Life (http://
www.secondlife.com). Since 2010, it has been transitioned into the current BIM focus. The shift enables
the course to more closely match the needs of the
industry regarding collaborative work and BIM. The
commercial software adopted, i.e. ArchiCAD Teamwork server (http://www.graphisoft.com/products/archicad/ac15/teamwork.html) is architecture-specific
and widely known to the local industry. This enables
the course to provide students with references to
real-world local projects, which contextualises their
learning and helps them to better understand the
rationale and importance of collaborative work, as

many students were found quite resistant against
collaborative work especially at the beginning of the
course. The current objectives of the course are:
•
To introduce the use of BIM in contemporary
architectural design practice.
•
To introduce the key principles of designing
and collaborating in a BIM environment.
•
To apply the above knowledge in using ArchiCAD Teamwork server and Web 2.0 technologies for web-based architectural design and
collaboration of BIM.
The assessment of the BIM component in the course
is a collaborative architectural project. In groups of
four to five members, students are required to collaboratively complete a small residential re-design
project over seven weeks, using ArchiCAD Teamwork server as the BIM platform supplemented by
Web 2.0 technologies for communication and collaboration. One of the main challenges of carrying
out the BIM project is the large class size (between
80 to 100 students enrolled each year). With the assistance of the tutors, students are introduced to
each other at the beginning and groups are formed
voluntarily by the students themselves. In our experiences, students have been attracted to each other
and agree to come together as a group for various
reasons, i.e. matching skills, existing friendships,
previous collaborative experiences and so on, which
has enabled the formation of groups with a range of
dynamics that can lead to some different and interesting collaborative processes and outcomes. Each
group is required to appoint a project manager who
coordinates the project collaboration and serves as
a regular contact point between the group and the
teaching staff. Based on design collaboration theories and practices as introduced in the lectures, each
group is then given the flexibility to establish roles
and to determine the collaboration processes and
protocols that suit its own team dynamics. For example, there are groups being formed based on design roles such as architects, interior designers, landscape designers and so on. Non-design tasks that
are related to the BIM model, communication and
documentation are then shared by all group mem-

bers. There are other groups being formed based
on task distribution, which can include, i.e. project
architects who are in charge of design tasks in general, BIM officers whose key responsibilities are to
support and maintain the BIM model hosted on the
ArchiCAD Teamwork server, communication officers
who lead the design and presentation document
production and publish and update the group web
site or blog, and so on. Group formation together
with the project completion plan form the first formal assessment (10%). Each group is required to
present and justify its decisions at an in-class presentation and is critiqued by the teaching staff and
other groups. Three weeks prior to the final submission, each group presents the project progress in
the studio as the second course assessment (10%).
As a group, they are required to critically review the
overall progress against the original plan and realistically estimate the completion plan and adjust the
plan and collaboration strategies if necessary. As
individuals, they are required to critically reflect on
their own progress and contributions against the
original assigned roles and tasks. The final submission (80%) for each group includes both the group
assessment items (50%) and individual assessment
items (30%):
•
Group assessment items: An original BIM model and various documentations produced from
the model; a web-based collaboration portal
that captures the development and completion of the BIM project and the group communication during the project.
•
Individual assessment items: A self-reflection
on the student’s own contributions to the BIM
project and to the group, and documentations
of evidence.
The teaching and learning is structured into two
parts. The first three weeks comprise of lectures and
technical tutorials. The lectures briefly introduce BIM
theories and practices, which also includes a guest
lecture by a major local architectural firm that has
adopted BIM in supporting its collaborative work.
The tutorials on the other hand aim to provide a
‘crash course’ for developing the students’ technical
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skills in working with ArchiCAD Teamwork server.
The remaining four weeks comprise of largely design studios, where the groups are supported and
critiqued to develop their projects either on-campus
or online.
The score of student overall satisfaction has
been consistent (between 4 and 4.2 out of 5), indicating that the students are generally very satisfactory with their experience in the BIM project. Although most students are aware of the increasing
importance of BIM in the AEC industry, many are
still found resistant against design collaboration and
group work at the start of the project. In our case, it
is very important to engage students from the start
of the project and to provide practical examples to
make them understand the rationale and relevance
of the project. In this regard, a guest lecture with
one of the main local BIM adopters has been successful in contextualising the significance of the
issues. In the coming year, we aim to increase the
involvement of practitioners to serve as BIM consultants during student project development and during various critique sessions. In group formation, our
students are introduced to main conceptual models
and core skill sets of design collaboration. They are
then given the flexibility to form their own groups
based on their understandings of the knowledge.
In this case, we believe that such flexibility has
motivated the students to be more engaging and
to take ownerships of their project, and as a result
they are more willing to work with and to overcome
difficulties arise during BIM collaboration. In addition, different team dynamics also lead to diverse
collaborative processes and outcomes in the whole
class. These “alternatives” have enabled the students
to see different solutions other than their own and
to understand the differences, more importantly
to appreciate the complexity and possibility of
BIM collaboration. It has been very rewarding to
see that during project plan and progress presentations some students can actively participate in
discussions on issues beyond their own group. The
reflective journals published weekly using Web 2.0
technologies have been another effective tool in
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the course. Firstly, they are monitoring tools for the
teaching staff to gain an overview of the progress of
individual students and their group, so that potential issues can be identified and addressed as early
as possible. Secondly, they enable the students to
self-evaluate their project and collaboration. Finally,
they also form the base of each student’s individual
submission items. In our case, accessing individual
students in a group project has been most effective
in fostering student engagement and participation.

Approach II: inter-disciplinary
The Faculty for the Built Environment at the Eindhoven University of Technology, the Netherlands is
not a typical school of architecture, but has a strong
focus on technology. Students can do a Masters in
Architecture, Building and Planning (ABP), or in Construction Management and Engineering (CME). The
ABP Masters consists of the following graduation
tracks: Architecture, building physics and services,
building technology and construction, real estate
management and development, structural design,
urban design and planning. A specialisation on
BIM is possible in all graduation tracks, which has
enabled the establishment of BIM education across
architecture, enginnering and construction. The
CME Masters is run by the Faculty of the Built Environment and the Faculty of Industrial Engineering
and Innovation Sciences. CME does not differentiate
into graduation tracks. For the ABP and CME Master
programs, a BIM course is run under the name ‘Collaborative Design and Engineering’. The course is
attended by students from both Masters programs,
hence it consists of a groups of students with a very
mixed background and interest. In this section, we
examplify the second approach to BIM education
through the introduction of ‘Collaborative Design
and Engineering’. This approach extends the first
approach to teaching the more fully integrated BIM
practice across disciplines.
The course started in 2006. At the start of the
course the main aim was to teach and to practice
collaborative design using file sharing and communications tools. Collaborative design was considered

more than just cooperating on the same task. We
were convinced that a building project can only be
successful if all disciplines truly understand and respect each other. The challenge was to investigate
how the internet technologies can support this state
of mind and how it can manage the process.
In parallel to the teaching the Collaborative
Design and Engineering (CDE) course, the Design
Systems group of the Eindhoven University of Technology has been involved in BIM research and development since the mid 1990s. At that time this
research was named product modelling and process
modelling and it took many years before standards
and tools became mature. Since approximately 2008
a wealth of software has become available that supports the BIM process. It seemed obvious to integrate BIM knowledge and technologies into the CDE
course. Today the course has a strong focus on BIM
as a supporting technique for successful collaboration in a building project. The learning objectives
are:
•
Architectural design and engineering: To gain
insight in what architectural design and engineering processes are and what paradigmata
exist for these processes.
•
Multi-disciplinary design: To gain insight in the
specific aspects of multi-disciplinary design. To
know what social processes are important in
team-design.
•
Designing design processes: To gain insight in
designing design processes, facilitating design
processes. To learn to work in autonomous design teams.
•
Building Information Modelling (BIM): To gain
insight in the application of Building Information Modelling methods and techniques to
support multi-disciplinary design.
•
Computer support: To get acquainted with and
to evaluate means for computer support for
multi-disciplinary design. To be able to apply
these means for one’s own design processes
and to experience the possibilities and limitations of these means.

•

Systems Engineering: To gain insight in Systems Engineering theories and putting these
theories into practice in a concrete project.
In this paper we focus on the implementation of BIM
in architectural curricula. Hence we only highlight
here the BIM aspects and leave out the other learning objectives. The course assessment consists of a
design assignment, namely a new shopping mall
annex offices in the Eindhoven city centre. For the
assignment the group of enrolled students (approx.
40) are split into two consortia that will compete
with each other on the best project plan. A consortium consists of four companies, with three to five
students each: Architects, Engineers, Urban Designers, Project Developers. Project Developers have
two responsibilities: Real estate management and
project management. At the start of the course a
CEO is appointed for each company. The remaining
students can apply for a job in a company through a
job application letter with a short CV. The job application letter is sent to the teacher and the students
need to indicate a first and second choice. Students
are distributed over the companies according to
their first choice as much as possible. The course
lasts 10 weeks and is rewarded with 7.5 ECTS, which
means that students spend 2.5 days per week on this
course. In the first three weeks lectures are given on
specific Collaborative Design and Engineering topics. In parallel workshops are organised for practicing BIM methods and techniques. After three weeks
each consortium presents its project management
which includes: Information plan, communication
plan, time plan, organisation breakdown structures,
work breakdown structure, functional breakdown
structure, functional and general requirements, system breakdown structure, function-system matrix,
process model and exchange requirements. From
the fourth week on, the consortia work on the design assignment. In this period the teachers only
give guidance on the process and help to solve technical issues. After eight weeks the consortia present
their final plan. The target audience is the mayor of
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the city. Two weeks later the following reports are
submitted:
•
Individual: Literature study, reflection report.
•
Company: Product report, process report.
•
Consortium: Project management plan, project
design.
In the CDE course BIM lectures give an overview of
the BIM history and the state-of-the-art in today
research and development. In the workshops we
practice the following BIM methods: Systems Engineering using COINS Navigator, Building Process
Model Notation (BPMN) using Microsoft-Visio, and
IFC model sharing using the BIM server. Systems Engineering is already common practice in civil engineering, but now it has also gained attention from
the architectural field. COINS-navigator (http://www.
coinsweb.nl/wiki/index.php/COINS_Navigator) is a
free-ware tool that supports specification of functions, requirements, systems and performances
in a systematic way. It helps students to elicit and
specify the objectives of their design. BPMN is advocated by the BuildingSmart community as the
preferred method for creating process models and
exchange requirements. The process model helps
the students to explicitly describe who are exchanging information, in which order and in what format.
The BIMserver is an open-source server (http://www.
bimserver.org) that supports management and sharing of IFC models and CityGML models. Students
configure the platform and it leads them to collaborate through sharing models instead of transferring
document files.
In general students are quite positive about the
course. For most students it is the first time they truly collaborate on a common assignment. Students
with a background in design and engineering are
used to work on their own project. In this course the
design process is a true collaborative effort and with
the right mind set it is more than just an aggregation of work parts. For students with management
background it is the introduction into the complexity of designing and engineering a building. A delicate issue is the balance between the rewarding for
the process and the product. Unlike typical design
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projects, in this course the process is equally important. Focussing only on the process would result in
a very theoretical course that misses the pressure to
work on a good design and hence lack the collaboration experience. Because the total course duration
is relatively short but yet very intense, the number
of design cycles is limited. The process models including the exchange requirements are created one
design cycle ahead. Moreover, since students spend
much time together, the need for digital model sharing and telecommunication is lower than in real
practice.
Students are very well aware of the BIM urgency,
thus they are very interested in the topic. Experience
with BIM tools is very diverse, but students manage
quite well to divide the learning work load within
the companies. Technically current BIM tools show
many shortcomings and failures. A major learning
objective of this course is to find work-around for
these problems. We train the student to document
and test the collaboration process up front in order
to prevent trouble and frustration during the design
and engineering process. Although challenging and
frustrating sometimes, students appreciate that
they can work and experiment with state-of-the-art
technologies.
Next year we will add an exam to the Collaborative Design and Engineering course. In recent years
we concentrated on the organisation of the course.
Today many scientific BIM publications are available
that are a good basis for course materials. Additional
to the technical and collaboration skills that are now
examined through the reports we will also test their
knowledge on BIM theory. Another wish is to involve
practitioners from the building industry as consultants during the design and engineering process and
for the final evaluation.

DISCUSSION AND CONCLUSION
This paper has presented two cases of implementing
BIM in architectural curricula. The courses focus on
collaboration, one of the main characteristics of BIM.
These two courses adopt two different approaches
as discussed above and have very different scales in

collaboration. Approach I applies BIM for intra-disciplinary collaboration within the architecture discipline only. Approach II explores the full benefits of
BIM through a more integrated collaboration across
multiple disciplines for a mixed cohort of students.
The different set-ups of the courses closely reflect on
their differences in terms of the backgrounds of the
enrolled students, the needs of the programs, the
context of the institutes and the resources available.
The evidence from the industry shows that although
the potentials of the fully integrated BIM across all
AEC disciplines have been widely recognised, however there are still varying levels of adoption across
the industry. This is because for each practice, the
transition to the fully integrated BIM is highly individualised and will need to match its readiness and
be tailored for its specific needs. Similarly in BIM education, there can be different stages towards teaching the fully integrated BIM practice that has its core
in multi-disciplinary collaboration. As shown in the
two case studies above, different institutes should
critically assess their needs and readiness and understand the implications of these factors, in order
to develop a curriculum that is most suitable.
To conclude the paper, the following discusses
the readiness and requirements of the students, the
teaching staff and the institute. We then highlight
some corresponding principles and strategies for
BIM curriculum design, especially for facilitating and
assessing collaboration. There is not a standard formula for designing and implementing BIM curricula,
it is important to acknowledge the different contexts and needs of each academic program when
introducing and facilitating BIM in their students’
learning.
In terms of the readiness of the students, there
can be varying levels of perceptions on and skills of
new technologies as well as collaboration. In interdisciplinary scenarios, the issue can be even more
complex. In our second case, students with a background in design and engineering are more used to
working on their own. For BIM the design process is
a true collaborative effort and the right mind set for
collaboration has never been more important. For
students with management background the techni-

cal and cross-disciplinary knowledge and practice
such as the complexity of designing and engineering a building can be a challenging learning experience. Therefore it is very important to engage students from the start of the project and to motivate
their learning by clearly communicating and contextualising the rationale and relevance of the project
to their professions through practical examples and
the involvement of BIM adopters from the industry.
A balance of both theoretical, practical and technical course contents, an engaging project brief with
industrial relevance, a well-formed collaborative
team can each play a part in enriching the student’s
BIM experience. Once the students take ownerships
of the projects, they are more willing to work with
and to overcome difficulties arise during BIM collaboration. Besides these factors, it is arguable that the
most important and motivating factor for many students is in fact a suitable and fair assessment design.
Unlike typical design projects, for BIM the process is
equally important. Therefore, a delicate issue is the
balance between assessing and rewarding the process and assessing and rewarding the final product.
Depending on the context, it is also important to assess both the group performance and the individual
performance. In our first case, accessing individual
students in a group project has been most effective
in fostering student engagement and participation.
To facilitate BIM collaboration is also very challenging for the teaching staff. BIM is a multidisciplinary topic and BIM-related contents are vast and
can include but not limited to technology related
contents, application related contents, and collaboration related contents. It is important to allow the
students to understand this level of complexity but
without overwhelming the students. To achieve this,
it often requires the careful set-up of the course as
well as the project and the collaborative team, so
that different disciplinary knowledge can be shared
and executed by different team members. It is also
required for the academics to find the balance between being a facilitator/collaborator and a monitor/assessor and act accordingly during the course
to support the students more effectively.
While moving towards teaching a more inCAAD Curriculum - Volume 1 - eCAADe 30 | 47

tegrated BIM collaboration across multiple disciplines for a mixed cohort of students, the complexity of the course increases significantly. To facilitate
such courses often requires effective collaboration
among staff members across disciplines and across
schools/departments.
Finally for the institute, to effectively integrate BIM
curricula requires a strong commitment to recognising, resourcing and realising collaboration and
communication as an important graduate attribute
in the program design. BIM enabling technologies
should be integrated into the university curricula,
not only as just another set of design modelling and
management tools, but as a way to investigate and
reflect on the changing nature of the architecture
and building profession in order to prepare students
for these changes. The implementation can take different stages to suit the needs of the institute and
to better prepare for its transition, however it will
require strong efforts in innovating the course, program and degree structures to enable collaboration
and encourage interaction among disciplines within
the institute.
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Abstract. Building Information Modelling (BIM) has been widely accepted as an
integration tool that enables modelling of form, function, and behaviour of building
systems and components. Using BIM, building design can be approached in a more
logical way by integrating spatial, structural and mechanical systems as well as cost
and energy performance in the early design stage. In this paper, we develop a design
framework using BIM in varied design processes, including architectural programming,
conceptual design, parametric design, digital fabrication, and interaction design. We
conducted an experiment to reform design studios using BIM throughout the design
process. A classroom of the future called iSTUDIO is constructed by applying BIM,
parametric design, interactive technology, and digital fabrication. 		
Keywords. Building information model (BIM); Parametric Design; Digital Fabrication,
Interaction Design

INTRODUCTION
In the past decades, much effort has been done in
developing a centralized digital representation of
the building that is used to facilitate the exchange
and interoperability of information in the building
life cycle (Eastman, et.al. 2011). Few research works
explored the use of BIM in conceptual design (Clayton, 2006). Some designers argued that adapting
BIM activities in the design studio may pose a threat
to design thinking (Denzer, 2008). Another educator argued that BIM is useful in understanding of
building tectonics and can easily support the craft
of building, systems integration, and documenting design work much faster (Eirik, 2010). A strong
argument is that architects could not draw a building design without knowing building tectonics

and components. To select evidence to support
the argument, we conducted an experiment to reform design studios using BIM throughout the design process. We develop a classroom of the future
called iSTUDIO by applying BIM, parametric design,
interactive technology, and digital fabrication. This
paper reports the result of the iSTUDIO project,
and describes how to apply a BIM-centered design
framework to designing a classroom of the future.
The iSTUDIO is a two-years project for developing
an adaptable, interactive, and smart classroom. The
iSTUDIO classroom has been designed using several
design software and involved with cross-disciplinary
collaboration with designers and engineers.
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This paper describes the future classroom design
process of integrating professional teams by using
BIM and parametric design. In the design process,
BIM plays a crucial role to control the design parameters and information exchange between software,
machines, and applications. For example, CAD/CAM
tools can compile 3D models to machine codes for
CNC laser cutters. BIM not only can help designers
to efficiently communicate with teammates, but
also prevent construction problems. The method
used in the process of spatial design, the troubles
of Implementation, and the integration of software
applications require us to develop a BIM-centered
framework.

We develop a design framework using BIM to integrate varied design process. The BIM-centerted
design framework includes five parts: architectural
programming, conceptual design, parametric design, digital fabrication, and interaction design.

ARCHITECTURAL PROGRAMMING
With the rapid development of sensing and interactive technologies, opportunities for developing
an interactive classroom by integrating authentic
learning environments and the resources of the
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digital world have attracted much attention from
designers and researchers in both the fields of architecture, human-computer interaction, and computing (OWP/P Cannon Design, 2010). To develop the
classroom of the future, we initiated a research project called iSTUDIO. The iSTUDIO project started with
the architectural programming phase in many of the
higher education classes by observing, brainstorming, studying in the field, and interviewing teachers
and students. Based on our observations, traditional
classrooms have the following drawbacks: 1) lack
of multi-way interaction and immediate sharing of
knowledge among students, and 2) limitations and
inflexibility of physical boundaries in classroom.
Two important criteria for future classrooms are
interaction and engagement. To enhance interaction and engagement, we decided to design and
construct an integrated digital-physical classroom
of the future. The significant functions corresponding to the features are tree-shape digital fabrication,
transformable furniture, smart floor, real-time broadcasting, and an instant feedback virtual platform.
To facilitate communication and documentation between project participants, we decided to
use BIM as a single, parametric, 3D model to generate plans, sections, perspective, details, and schedules. Elements in BIM are managed and manipulated
through a hierarchy of parameters. We used AutoCAD Revit Architecture as a BIM tool to construct 3D
models. The 3D models support visualization of the
design and allow us to improve communication and
collaboration between participants. In the preliminary design phase, a 3D view of iSTUDIO was modeled, showing accurate physical conditions for the
project, as shown in Figure 1.

CONCEPTUAL DESIGN
Inspired by Architect Louis I. Kahn’s notion of first
school that “schools began with a man under a tree,
and around him the listeners to the words of his mind”,
we proposed an adaptive and interactive classroom
with a natural atmosphere. The concept was implemented by making a tree shape inside the space.
The tree shape was derived from an old banyan tree

Figure 1
A framework of BIM-centric
integrated design process.

Figure 2
The classroom before
construction (Left); A 3D view
of iSTUDIO showing accurate
physical conditions for the
project (Right).

of NCKU campus, which has long been considered
as the symbol of NCKU. The tree shape was designed
and turned out to be the section of the classroom, as
shown in Figure 3.

Figure 3
The concept comes from the
banyan tree of NCKU.

The design project involved with a variety of professionals. Their background included architectural
design, interior design, industrial design, interaction design, user interface design, computing, and
mechanical engineering. Before implementation,
our project team decided to use BIM as a tool to facilitate collaboration process and construction management of the classroom. The schedule included
routine weekly meetings for five months.

PARAMETRIC DESIGN
Figure 4
Sketches of the iSTUDIO
classroom.

Figure 5
The final design drawing for
digital fabrication.

The next step is to translate the sketch of tree shape
into a real-world physical space. In order to implement the organic shape of trees, we used parameters to define a tree form and played its relations.
The tree form turned out to be the section of the
classroom.
The iSTUDIO prototype is implemented in a
40-square-metres classroom and can house up to 20
students. The classsroom prototype was equipped
with transformable furniture that can be dynamically reconfigured into both a large whiteboard and
desks for group discussions. A section view of the
classroom is shown in Figure 5.
CNC machine helped us to mock up the prototype of the classroom. We mocked up physical
models by using CNC machines and laser cutters.
Then we used the prototypes to examine some limitations of joints and conducted assemble tests, as
shown in Figure 6.
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Figure 6
A tree-shape prototype produced by CNC machines.

BIM architectural software helped us to understand
the process of design, controll the detail of 3D models, connect different parts of design, and adjust parameters. BIM provided an efficient method to translate 3D models into several digital fabrication files.
For example, FBX, gbXML, SAT, DWF files for different
design software.

DIGITAL FABRICATION
The next step is to construct a full-scale classroom
with digital fabrication. Before construction, we use
BIM software to help us to find design problems, to
reduce design loops, and to improve the quality of
models.

There was a problem that we did not find in experimental construction. For example, the joint of
each wood panel required intensive coordination
between designers, engineers, and contractors. The
workers had abundant construction experiences in
different fields: wood, painting, glass, mechanics,
electronics, and CNC machines. It was challenging to
negotiate with professional workers. The construction process required discussions and negotiated
with workers, such as the specific color of paint, special joint of each wood panel, or the camera angels...
etc.

INTERACTION DESIGN
In addition to spatial design, the classroom is equipped with ubiquitous computing technologies for
interactive and collaborative learning. For example,
light controls are integrated into the floor. Teachers
can control the intensity of the light or turn it on and
off by stepping on sensors on the floor. A web-based
platform called “SynTag” was implemented for knowledge sharing. Lectures will be recorded and archived online for e-learning purposes. These recordings
will also be annotated with the real-time comments
and tags so students can see which parts of the lecture received the most responses ( Hsu et.al, 2011).
A “Live” interactive tagging interface was implemented for collaborative learning (Chang et.al, 2011).
The interface contains a real-time broadcasting system and a real-time interactive tagging system. The
result of the construction is an innovative classroom

52 | eCAADe 30 - Volume 1 - CAAD curriculum

Figure 7
The joint of the tree-shape
prototypes.

Figure 8
An overview of the iSTUDIO
classroom.

Figure 9

CONCLUSION

Sensors are installed under the

Our experiment reveals that BIM can be used as an
integrated tool for logical design thinking. Another
finding is that BIM supports a collaborative design
environment. It helps us to have efficient discussions by sharing information and data exchange. We
can synchronously drawings, select materials and
tectonics in detail by using BIM. Effective change
management is another improvement. BIM not only
becomes a platform for integration, but also a communication tool between team workers. Building
an innovative classroom requires interdisciplinary
researches using combined skills of specialists in
design, interactive technology, networking, mechanical electronics. The iSTUDIO project is an experimental outcome of integrated cooperation. This
experiment shows that BIM helps us to manage the
design and construction processes. It also helps our
interdisciplinary cooperation efficiently. Structuring
building information has the potential to speed up
collaboration process, control the building cost, and
also improve logical design thinking.

smart floor in iSTUDIO.

Figure 10
The “Tree” perspective of
iSTUDIO after construction.

called iSTUDIO. The iSTUDIO classroom has been
used for lectures, design critiques, and group discussion. Students enjoyed the iSTUDIO’s atmospheres.
The new configuration of the iSTUDIO classroom creats more interactivity, flexibility, and engagement in
learning.
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Abstract. Learning in architecture has shifted from an individual focused approach to a
larger system of interacting individuals in a situated, tool-mediated and socio-technical
context. In addition to developing essential skills to work with diverse design software
and taking part in collaborative design activities, learners also need to be equipped
with competencies that will allow them to operate intelligently outside of situations
of distributed cognitions. The challenge in present educational climate is to develop
pedagogical approaches where situations of distributed cognition are not the ends
themselves but are the means for improving mastery of solo competencies. The paper
contributes to the current discussion about the need to re-orient architectural education
and proposes a pedagogical framework for the development of a new web-based teaching/
learning environment (socio-cognitive eco-system) as an integrated platform to support
both autonomous and distributed learning. 					
Keywords. Technology-mediated learning; distributed cognition; design pedagogy;
digital design education.

INTRODUCTION
The context of this paper lies within the subject areas of “innovative teaching/learning” and “technology mediated learning” in Architectural education.
The proposed paper aims to report on an ongoing
research project which has recently been developed by the Mediated Intelligence in Design (MInD)
research group, at the School of the Built Environment, in the University of Salford.
Our work has its origins in the recognition of the
limitations of existing technology-mediated learning environments used in project-based (or designbased) courses. The ongoing research emphasizes
the need to identify both context and content spe-

cific changes in architectural practice and education - which needs to be addressed in the design of
technologies to support design learning. The proposed research makes an intellectual contribution
to the growing body of literature on “constructivist learning” by taking the “distributed intelligence”
perspective. Such perspective emphasizes the distributed nature of knowledge across individuals,
social groups, and media, and therefore proposes
the need to integrate individual, socio-cognitive and
tool-dependent dimensions of learning and meaning making in Architectural education.
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In the specific context of Architectural education
“technology mediated learning” has two distinct
dimensions. One is the didactic use of web-based
technologies to aid the learning process of the individual learner. The second dimension relates to the
highly technology mediated disciplinary content of
the architectural design process itself, due to the
new emphasis on integration of technology into all
phases of design from conception through to production. In this research, new themes and additional knowledge content introduced by the disciplinary
dimension are considered to be closely linked to the
utilization of the didactic dimension. This paper aims
to discuss the extent to which these two dimensions
can be embedded, stabilized and sustained within
the educational context.
Therefore we aim to contribute to the discussion
about the need to re-orient architectural education
and propose a pedagogical framework for the development of a new web-based environment (sociocognitive eco-system) with a special emphasis on
providing support for personalized, self-directed
and distributed learning in Architecture. This emphasis is grounded on the recognition of emerging
modes of informal learning through socio-technical
networks, which have started to become an integral
part of student experience in higher education. The
potentials of diverse media and informal web-based
knowledge acquisition have already been acknowledged to facilitate diverse and innovative kinds of
communication. Although the highly fragmented
informal web-based knowledge acquisition and
sharing (through blogs, facebook, online tutorials,
webinars, twitter, youTube, wikis, etc.) provides powerful inputs to knowledge/skill building, the process
is highly learner centric, bottom-up and usually
motivated by the needs and aspirations of the individual learners. This contradicts with the existing
top-down and controlled course structures and delivery methods with pre-defined learning outcomes
that currently exist. The main challenge the students
face today is making sense of the highly complex, at
times contradictory and very contextual knowledge
they encounter without relevant frames of refer-
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ence, and for the educator to balance the freedom/
autonomy of individual learner with the critical interpretation of the captured information (Siemens,
2010). We are currently in the process of developing
an innovative “curatorial approach” to technology
mediated learning and aim to develop a framework
for a web-based environment (socio-cognitive ecosystem) based on this approach which supports innovative teaching/learning experience and course
delivery. In this paper, we will first present a discussion to ground the motivation and the rationale
for the development of such an environment. This
includes the identification of the combined sociotechnical, cultural and knowledge-based change in
architectural practice and education as well as the
global factors that are driving this change. We will
then reflect on the utilization of virtual learning environments and e-learning in current architectural
education. Both discussions will help identify the
relevant elements of our pedagogical framework
to be implemented in the development of the proposed socio-cognitive eco-system. While doing so,
we will draw from multiple disciplines, including;
design-education, cognitive science, developmental
psychology, learning sciences and intelligent/adaptive learning technologies.

THE NEED FOR A NEW PEDAGOGICAL
AGENDA IN ARCHITECTURAL
EDUCATION
Architectural profession is going through an enormous transformation. The commercial availability of complex software technologies have led to a
new and diverse design culture. Additionally, the
new emphasis on integration of technology into all
phases of design and the growing importance of
climate change, energy and sustainability placed an
emphasis on new roles/skills for all parties, and new
methods of collaboration. The professional market
today demands a reorientation in theoretical, conceptual understanding and skills in the architectural
profession (Oxman, 2008; Kalay, 2006). Practices are
increasingly demanding the need for educating the
“new digital architect”. In order to meet current de-

Figure 1
The Emerging markets and the
potentials for the Construction
Industry by 2020 (Jamieson,
2010).

mands for new methods of professional specializations, leading architectural schools in the world are
currently exploring and experimenting with new
ideas, theories, methods and techniques of educating the new generation of digital designers. Various conferences and publications stress the need
to develop new curriculum and new pedagogical
approaches to remain relevant to changing global
demands and the changing profession (Kvan, 2004;
Oxman, 2008; Allen, 2012). There is an urgent need
to accommodate this combined socio-technical,
cultural and knowledge-based change with a re-orientation of the curriculum, new methods of delivery
and pedagogical agenda.

Global trends and profiling the architect of
the future
According to a recent study into the Future of Architectural Profession, conducted by the Building
Futures group of RIBA there is a reduction/decline
in demand for traditional architectural services in
UK since 2008 by 40% (Jamieson, 2010). However,
according to the same study, there is still a considerable increase in demand to study architecture in
the UK. This means more qualified architects are
graduating every year than the profession can accommodate in traditional roles. In order for the UK
architects to take leading roles in global markets it
is crucial that architectural education responds to
the new challenges and demands in the industry.

According to the same study, the global population
growth is predicted at 46%, and 70% of the population is expected to live in Urban Areas by 2050. This
means more emphasis on urbanism, more construction, and a bigger demand for construction professionals, including architects. Although the growth of
construction is reported as 18% in developed markets, this rate is 128% in emerging/developing markets (Jamieson, 2010). Considering that the share
of global construction for the developed markets is
45%, if this trends continues, architects educated in
developed countries will opt more for the challenges and opportunities in the global markets, implying
a growing tendency for architects to work in a more
networked manner (Figure 1).
The same report also addresses a growing shift
towards those trained in architecture moving into
other parts of the construction industry. The number of trained architects holding senior positions
across the industry seems to be gathering pace,
while there is a decreasing emphasis on the “star
architect”, but an increasing trend on “multi-disciplinary design practices”. Previously, personal success
and fame in architecture was impossible to attain
before e relatively older age; nowadays it is quite
common to come across relatively young and successful architectural firms. These firms are designdriven, technology adept and agile, capable of making rapid adjustments as the project or the market
requires it (Allen, 2012). They use new technologies
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and strategic collaborations to leverage their expertise to respond to larger and more complex projects.
In other words, “the habits of mind and ways of
working once associated with experimental practice
or the academy have been re-contextualized in this
new climate of practice” (Allen, 2012, p.226). Creativity and innovation are no longer on the product nor
is design solely judged by it. The new emphasis is on
the means and methods of creating, manufacturing,
communicating and taking tadvantage of global interconnectivity.
The emerging technology-mediated design and
management processes such as Building Information Modelling, and Parametric Design as well as
the emerging visions for an “Integrated Practice” in
building industry also carry potentials to fundamentally transform the way in which architectural education engages with issues of design, technology,
representations; questioning the roles and rules of
traditional architectural conventions. (Ambrose et
al., 2008). There is a growing interest in a new profile
of architect, who can work globally, interdisciplinary,
technically capable, who not only can design but can
also adapt to different cultural and social contexts, can
network and respond to the global themes and challenges creatively.
We are also experiencing the emergence of additional profiles, new specializations and consultancy services high in demand in building industry.
For example specialist consultants who provide coordination mechanism between design and production processes, in-house specialist modelling groups
within the architectural offices who provide customized tools, techniques and workflows per project, or
BIM specialists. In such expanded modes of practice,
one size doesn’t fit all. Is it sustainable or even possible to reproduce “architects” with exactly the same
profile? How do we address the emerging roles and
profiles for architects through effective provisions of
the curriculum and delivery methods? Architectural
expertise is being re-aligned. More importantly, the
question that is of paramount importance for the
profession is how architectural education is responding to these emerging modes of practices and global
developments.
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HOW IS ARCHITECTURAL EDUCATION
RESPONDING SO FAR IN TERMS OF
CONTENT/PEDAGOGY AND DELIVERY
When we look back over the past two decades of
architectural education, we distinguish three distinct and interconnected tendencies and their
consequent repercussions in educational agendas, especially in the developed and developing
countries. The first is a new approach of learning
through social and technological networks due to
the emergence of new intellectual consortiums
developed among (design)tool builders, practices
and academy. Through various workshops real design scenarios are collectively developed, modelled,
computed, simulated and fabricated, opening paths
to new agendas as well as experimenting with new
ideas, theories, methods and techniques of educating the new digital designer. An increasing emphasis is placed on architecture’s instrumentality and
ability to confront actual problems and integration
of technology and multi-disciplinary values into the
design education.
The second is the expansion of the profession’s
knowledge-base and skill sets. Integration of technology into all phases of design and the growing
importance of climate change, energy issues and
ethics and environmental sustainability placed an
emphasis on new roles/skills for all parties, ability
to integrate cross-disciplinary value systems, and
new methods of collaboration. Such an expansion
has also led to a diversity of skill sets and pluralist
tendencies. There is not a single dominating design
direction or agenda, but a series of diverse intellectual agendas multiplying the possibilities and points
of views. This can be confusing to a student in the
process of cultivating his/her intellectual independence which has become a major challenge to attain
in such plural climate. This pluralism is contributed
by the intrinsic methodologies implicitly embedded
in the commercially available “digital design tools”.
A student working with Rhinoceros, Grasshopper,
Generative Components, Autodesk Revit or Digital
Project develop both complimentary and at times
contradictory approaches to “design tasks”, and de-

velop context and technology-bound and situated
perceptions of the problem at hand. These ubiquitous mediating structures that both organize and
constrain activity include not only tools, and new
forms of representations, but also other learners,
teachers and other users distributed in social relations. The influence of tools on the way we think and
design has never been of this magnitude and variety.
The third is the effect of socio-technical networks on knowledge acquisition and blurring the
distinction between local and global dimensions
of design knowledge. Architects today work in distant locations, students are highly mobile and are
exposed to varying approaches. The student enrolling in an architectural school in Tokyo, Los Angeles,
or London is drawn to that city less for its local design culture than by a desire to join into the global
network (Allen, 2012). Many tool builders/vendors
provide skill building activities and travelling workshops (on a global scale) in collaboration with architectural schools, giving access to learners (both experienced and novice) from academy and practice.
Similarly, many online websites and blogs provide
online training and open-source design scripts, 3D
models and other forms of information accessible
by a global network of designers. In order to support the development of students’ competences
and skills for the emergent architectural knowledge
content, the role of the teacher is shifting from “delivering knowledge” to organizing, guiding and assessing student’s learning experience (Lakkala et al.
2008).

INDIVIDUAL COGNITION VERSUS
DISTRIBUTED COGNITION
These recent trends in education today point out to a
common tendency across many schools of architecture in the developed countries: aiding the learner
development through both social and technological
scaffolds to achieve more than the learner and the
instructor could do alone. In this respect, we identify the emergence of a dominant ‘tool-aided’, ‘socially shared’, contextual and highly situated forms

of cognition commonly referred to in literature by
developmental psychologists and learning theorists
as “distributed cognition” (Hutchins et al., 1986) and
“distributed intelligence” (Pea, 1993). The central
idea in both theories is that the resources that shape
and enable activity are distributed in configuration
across people, environments, situations and artefacts (tools). In pointing out the mind-environment
interface, Simon (1996), in his seminal work, The
Sciences of the Artificial, questions whether what
we often consider the complexity of some act of
thought may have more to do with the complexity
of the environment in which action takes place than
the intrinsic mental complexity of the activity. He
then suggests looking at problem solving as distributed between mind and the meditational structures
that the world offers. This is a very distinct departure
from earlier models and approaches in design education and definitions of “design cognition” which
has traditionally been perceived as residing in the
head of the designers and traditional architectural
education had commonly geared towards the development of such “individual cognition”. Therefore
one of the main pedagogical dilemmas today can be
grounded on the gap between the distributed and
the individual levels of intelligence that students are
building through diverse methods of knowledge
acquisition and methods of delivery without any explicit recipes of how to build the link between the
two.
Salomon (1993) introduces two kinds of cognitive effects of technologies on intelligence:
•
Effects with technology is obtained during intellectual partnership with it, and
•
Effects of it in terms of the transferable cognitive residue that this partnership leaves behind in the form of better mastery of skills and
strategies.
While effects with refers to the development of Distributed Cognition, effects of is attributed to the development of Individual Cognition and solo intelligence which are essential for the learner to develop
an autonomous response as a residue to interaction
with the social and technological scaffolds. Today,
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the special emphasis on the use of a variety of digital design software in architectural studios and skill
building workshops offered by many tool builders
provide the necessary social and technical scaffold
to the learner. However, a disproportionate emphasis placed on the “tools” present a risk of promoting
design as solely a tool-driven activity, especially for
the novice learner, displacing the innermost values
of architecture, and as a consequence, weakening
and changing the role of designer in the society.
In addition to developing essential skills to work
with diverse design software and take part in collaborative design activities, learners also need to be
equipped with competencies that will allow them
to operate intelligently outside of situations of distributed cognitions. The challenge in present educational climate is to develop pedagogical approaches
where situations of distributed cognition are not
the ends themselves but are the means for improving mastery of solo competencies. This has been referred to as “the higher order knowledge” by Perkins
(1993) which not only informs the construction of
an understanding of content-level knowledge (of
the domain), but also provides a base for executive
function. In sum, two extremes – the psychology
of individual competencies and that of distributed
cognitions – ought to be accommodated within the
same theoretical framework. “No theory of distributed cognition can do justice to the understanding
of human activity and the informed design of education without taking into consideration individuals’ cognitions. The same applies to the flip-side of
this argument: No theory of individuals’ cognitions
would be satisfactory without taking into consideration their reciprocal interplay with situations of distributed cognitions” (Salomon, 1993, pp.135) (Figure
2).
Hence, a central goal is to facilitate students not
only be a part of “distributed intelligence” presented
to them, but also contribute to the creation of such
intelligence in different contexts.
Technology enables new kind of practices; can it
also be integrated to serve advanced ways of learning as well?
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STATE OF THE ART IN TECHNOLOGY
MEDIATED LEARNING IN
ARCHITECTURAL EDUCATION
Teaching Architecture is not primarily an instructional process but rather a process of interaction
and experience (Kipcak, 2007) and, as described in
the previous sections, should comprise of elements
to support both distributed and individual cognition. This approach is in sharp contrast with the
“instructionist” approaches to learning where content is overvalued and the learner is made the main
target of instruction. Many online distance learning
environments are developed based on “instructionist” principles. Portals, instructional management
systems, computer assisted instruction and most
online courses are artifacts of instructionism (Cannings and Stager, 2003). It is no wonder why “distance learning” is not a popular approach in design
studio education in architecture, as the current commercially available virtual learning environments
(VLEs) do not have the necessary features to address
the necessary cognitive demands. However, distance learning and e-learning is rapidly becoming
a key element in higher education to produce new
educational systems that support a flexible access
to the educational programs and broadening the
geographical boundaries of universities, supporting life-long learning and continuous professional
development (Littlejohn and Higgison, 2003). Commonly, architectural schools support e-learning
through virtual learning environments (VLEs) which
provide students with access to single and multimedia course materials, online collaboration and
computer-aided assessment of the taught modules
(Mizban and Roberts, 2008). The implementations
so far do not go much further than the replication
of conventional course content and delivery techniques within the web-based environment (Oliver
and Herrington, 2003).
When learning shifts from the individual to a
larger system of the individual’s participation in a
community of practice, it is more relevant to consider e-learning as a situative context of interaction
in which individuals participate and coordinate their

Figure 2
The reciprocal interplay
between individual and
distributed cognition.

activities to achieve meaningful objectives (Greeno,
1998). There have been some bespoke implementations in the design studio context to achieve this.
Majority of the reviewed cases, in the context of
Architectural education, have related to the development of possible new ways to design using new
technology, with the design studio being used as
a “test bed” for new practices (Mizban and Roberts
2008). Other reasons for implementing e-learning
have been to develop students’ skills, facilitate crosscultural exchange, and support students’ design
thinking through the provision of digital repositories and design support system. Mizban and Roberts
(2008) identified two key approaches: 1) to augment
existing teaching and learning activities and/or 2)
to generate new design environments. The benefits
have varied, such as allowing schools to develop
new teaching methods, promote different types of
collaboration, enhance students’ skills and facilitate
a flexible access to multimedia data and educational
resources. However, these web-based applications
have proved to be too generic to support the reflective and dynamic knowledge building process of the
learner(s) which are among the core issues in design
learning. Similarly, the inclusion of the “industry” in
these applications as an active participant in the social scaffolding of the learning is either non-existent
or very limited, and the extensive potential of webbased learning is left under-explored. There is very
little evidence to suggest that e-learning has been
introduced to support any particular pedagogic

or cognitive need or agenda (Mizban and Roberts,
2008).

INTRODUCING A DISTRIBUTED
INTELLIGENCE FRAMEWORK –
THE SOCIO-COGNITIVE ECO-SYSTEM
Our proposed approach will be manifested through
an online learning environment (socio-cognitive
eco-system). An eco-system is described as a community of users together viewed as a system of interacting and in(ter)dependent relationships. What we
are proposing is not a substitute to the new modes
of architectural education (effects with), but an essential support and a complementary activity for
building an integrated autonomous and distributed
learning experience for the learner, by combining effects with and effects of technology within the same
environment (Figure 3).
The online learning environment is envisaged as
a dynamic and interactive logbook, where different
learned elements can be compiled, organized (structured), represented and shared selectively. The structure and organization will be guided (not enforced)
by the instructors, but steered by the learners. It will
allow personalization of its content and its interface
by each individual user and will have an embedded
intelligent system to guide such personalization that
would best suit its user’s learning style and personal
preference. The system will have a flexible interface
and infrastructure that could be re-modified to expand and allow new interconnections between its
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Figure 3
Integrating Autonomous
and Distributed learning, by
combining “effects with” and
“effects of” technology.

modules/elements. Therefore the emphasis will not
be solely on “compiling” but also on the active contribution to knowledge construction and delivery.
The system will be composed of modules/features where individual, collaborative and guided
learning will be distinguished yet interlinked. The
guidance will be provided by the instructors who
will be acting as “curators”. Instead of dispensing
knowledge, the curatorial teacher is expected to
create spaces where knowledge can be created, explored and connected. Thus, the curatorial teacher
acknowledges the autonomy of the learners (and
users of the system) and provide interpretation,
direction, provocation and guidance. At the same
time, he/she is not the dominant expert and relies
(and also learns from) the talent and knowledge
of his/her students (Siemens, 2010). This implies
instructors with a flexible approach and an adaptable methodology, capable to provide tasks that
are “checkpoints” rather than full paths. On the distributed side, creative, technical and intellectual
expertise will be distributed among the community
of its users and will provide support and inspiration
for peers engaged in a common learning adventure.
On the individual side, students will steer their own
learning process and become self-aware of their
own learning experiences. They will exercise and
build a metacognition through constant monitoring and reflection on their learning process. If the
individual learning adventure takes an unexpected
turn into a new goal/agenda, there must be adequate flexibility to allow students to take the time
they need to learn, build, grow and reflect. This requires getting personalized feedback and support
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to develop their specialization not according to “prespecified learning outcomes” of the modules, but
according to their individually chosen field of focus.
Lakkala et al. (2008) provide an outline of 4 essential infrastructures to support collaborative online learning (social infrastructure, epistemological
infrastructure, cognitive infrastructure, and technical infrastructure). We interpret and specify the specific characteristics of these infrastructures within
the proposed integrated environment as described
below:
•
Social infrastructure: to facilitate new and alternative modes of online collaboration to
maximize contact with different types of users
(peers, instructors and other users such as academic/industry partners).
•
Epistemological infrastructure: directing students to diverse sources for knowledge acquisition, creation and categorization. Different
learned elements can be compiled, organized
(structured) and shared selectively with other
users.
•
Cognitive infrastructure: ensuring that students
(learners) get a conscious understanding of
ends and means, underlying foundations of design methods/strategies and gradually learn to
work in an expert-like way, by supporting the
development of both individual and distributed cognitions simultaneously.
•
Technical infrastructure: to support the above
listed infrastructures technically and to facilitate intelligent tutoring as well as personalization of its interface and content according to
user needs, learning styles and preference.

The implementation of these principles and its success also rely on the creation of a robust technical
infrastructure in order to support the achievement
of the intended outcomes of the epistemological,
cognitive and social infrastructures. We are currently
investigating the area of “Adaptive and Intelligent
Web-based systems” and their implementations in
the context of online collaborative learning. The main
point of departure of Intelligent Tutoring System than
traditional CSCL (computer supported collaborative
learning) systems is addressing the issues such as
analysing and understanding of learners’ activity and
production, problem solving and interaction control,
which have not been adequately addressed by classical CSCL systems. These systems attempt to be more
adaptive than other systems as they are able to build
a model of the goals, preferences, and knowledge of
each individual user and use this model throughout
the interaction with the student and “adapt accordingly to the technological means they are presented
with (Tchounikine et al., 2010). In such a scenario, the
dialogue and interaction between the user and the
system usually facilitates an enhanced display of the
subject matter to the learner (presentation adaptation) and links to be followed from the presented information (navigation adaptation).
The proposed socio-cognitive ecosystem is still
under development, but aims to distinguish itself
from the existing online learning environments on
the following principles:
•
Integrates top-down and bottom-up teaching/
learning.
•
Students not as passive recipients but active
builders of knowledge.
•
The system implements AI and intelligent tutoring approaches.
•
Interaction between learner and teachers is extended to include other learners and industry.
•
Supporting different learning styles with adaptive personalization of interface and content.
•
Encourages path-finding, specialization towards
a specific niche of learners’ choice (and interest)
where they can devote a certain time of their education identifying that niche and developing
additional skills and competences in that area.

•

Supports curatorial teaching and encourages
self-directed learning.

SUMMARY AND CONCLUSION
In this paper, we have introduced an innovative approach and discussed the rationale and motivation
for the development of a new web-based learning
environment to be used in the context of architectural education. The proposed environment is defined as a “socio-cognitive ecosystem” and is still a
work-in-progress. The paper identified two distinct
dimensions of “technology mediation” affecting
learning in the context of architectural education: didactic and disciplinary uses of technology. The paper
claims that new themes and additional knowledge
content introduced by the disciplinary dimension –
due to the extensive use of digital tools as cognitive
instruments - are considered to be closely linked to
the utilization of the didactic dimension. In other
words, extensive use of technology is impacting not
only what we know and how we design, but is also
opening new directions regarding how we learn on/
about/through design. At the intersection of the disciplinary and didactic dimensions, three distinct and
interconnected tendencies have been identified at
the intersection of education and practice, namely:
the emergence of new socio-technical networks,
expansion of the profession’s knowledge-base and
skill sets, and blurring of the distinction between
global and local dimensions of learning which gives
way to new knowledge acquisition methods.
Learning in architecture has shifted from an
individual focused approach to a larger system of
interacting individuals in a situated, tool-mediated
and socio-technical context. In addition to developing essential skills to work with diverse design software and take part in collaborative design activities,
learners also need to be equipped with competencies that will allow them to operate intelligently
outside of situations of distributed cognitions. The
challenge in present educational climate is to develop pedagogical approaches where situations of
distributed cognition are not the ends themselves
but are the means for improving mastery of solo
competencies.
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We propose a new pedagogical framework for
the integration of both autonomous and distributed learning in architectural design. The proposed
framework will be used to develop a web-based
learning environment (the socio-cognitive eco-system) and for the development of its social, epistemological, cognitive and technical infrastructure. A
prototype will be developed and tested iteratively
within the context of a masters-level course. The
context of implementation and impact study will be
in two separate studio modules of this course (Hybrid Architecture and Virtual City studios), focusing
on building and urban scales, respectively, and entailing both individual and group working elements.
We anticipate that the proposed output of the
research, the web-based socio-cognitive ecosystem,
will provide an innovative technology-mediated
framework for learning that supports autonomy
and relatedness, self-regulated learning, encourage awareness and ownership in knowledge building/sharing, and at the same time reflects the key
learning outcomes of a course through the curatorial actions of the instructor(s) involved. The main
beneficiaries of this research will be educational
researchers, educators and technology developers
to support learning in Built Environment education
and other relevant disciplines. As a long-term impact, we anticipate that these findings will also have
significant impact on the development of new strategies for project-based (design-based) teaching/
learning and revised educational curricula to support the ever changing and emerging demands of
ICT integrated higher education.
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Abstract. The promising directions in current design practice and teaching relate to
creativity with digital tools in the context of building information modelling (BIM),
performance analysis, and simulations as well as digital materiality (computational
simulations of materials) and dynamics-based behaviour. This line of research combines
spatial design with building and material technology in search of effective and efficient
architecture. It reconstitutes questions of what to design by interrelating them with
questions of how and why to design. This paper focuses on the appropriation of BIM
tools for architectural curriculum teaching, from the design studio to building technology
courses. It specifically focuses on BIM-based parametric modeling in discussing
construction details, assemblies, and design explorations in the design studio context.
Keywords. BIM; building information modeling; parametric construction details;
construction assemblies.

INTRODUCTION
The renewed interest in creating-making in architecture, as evident in works of many contemporary
designers, brings a new attention to materiality
and process in design. While the interest in the design process is the legacy of last couple of decades
of practice and teaching, the current version of this
idea moves away from the conceptual and visual toward the actual and performative. It is closely connected with the physicality of architecture through
understanding the performance and impact of constructions on user behaviour.
The component-based design approach for architecture, advocated in this paper, stands in contrast to past concept-centred design process as well
as recent trends in which the weight of conceptual
thinking, either in architecture or in the visual (fine)
arts, has often taken precedence over tactile or material considerations. This has been evident both
with traditional (analog) and with digital-based

creativity. However, recent developments in fabrication, particularly in conjunction with the parametric
BIM platform, create opportunities for balancing this
emphasis on conceptual thinking by bringing material and assembly considerations to the forefront of
architectural discourse. Architecture returns to the
realm of making, rather than conceptualizing. Traditional or digital form making not only considers
the structural behaviours of particular geometries,
as was the case with Antonio Gaudi’s or Frei Otto’s
works, but also starts considering material properties that could only be partially accounted for in
Otto’s soap-bubble models. Computational environments not only allow for readdressing materiality
that is often missing from the design process, but
also allow for asking speculative “What if…” questions. Material properties can be parametrically investigated in similar ways to tectonics or building
performance characteristics such as lighting or an
envelope thermal behaviour.
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Deployment of performance-based design, with
its quantitative and qualitative considerations, in
the early design stages is particularly critical in the
context of sustainable design. If, indeed, we want
our buildings to be defined by their performance
and respond to current environmental expectations
such as zero-energy architecture, we need to include these parameters as design- and form-makers
during initial design stages.
Due partially to their CAD legacy, BIM-based
tools lack significant generative design modules
with fully operational bidirectional data connectivity and thus become peripheral within the creative
process. BIM also lacks specificity in programming
and planning areas that could be effectively used
in the predesign phases of a project. The user interface does not adapt to various design tasks or
software competency levels that would require an
intuitive interface. It often feels too technical for
senior (seasoned) designers who are occasional and
casual users. At the same time, general-use, generative design software lacks the database dimension
and material-based knowledge associated with its
digital models. It often provides an ease of use and
quick tool adoption, but it does not grow with the
user’s increased capabilities. Even though architects
may be able to develop visually interesting designs,
it is impossible to verify whether these designs correspond to anything physically constructible, nor
can they be associated with a particular scale or with
particular material characteristics. These designs often exist purely as visual or conceptual propositions
with no ability to advance into physical realization.
This discontinuity between generative and implementive design stages exemplifies a significant limitation of digital tools. (Wallick and Zaretsky, 2009)

ANOTHER APPROACH
To bridge this gap between “design” and “production” tools, this paper investigates generative qualities of the BIM platform through a relatively narrow
but potent set of examples of parametrically controlled constructional details and physically accurate
material simulations. It looks at the overall design as
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the sum of its well-functioning component parts. It
proposes extending BIM interoperability and parametric qualities into early, generative design phases,
thus introducing two-directionality to a traditional
process that follows a general-to-specific way of
conceptualizing.
To connect generative creativity with professional practice and building technology education,
courses used BIM software. However, working with
BIM software has proven difficult for many designers
because of the narrow range of designs that are possible with the applications. To overcome BIM’s limitations as generative software, the course approach
was to focus on selected software capabilities that
allow for unrestricted creativity in the context of
suitable design language.
To guide students in their applications of digital
tools, it was necessary to define appropriate architectural precedent. As precedent, students investigated contemporary designs representing high
quality accomplished practices, which naturally
translated into parametric thinking and could be
effectively deployed within BIM platforms. Projects
by Nicholas Grimshaw, Norman Foster, Renzo Piano, and Santiago Calatrava were just a few of the
designs that fit well into the class methodology and
were relatively easy to handle using digital tools.
In each case, structural system and expression
were clearly delineated with visually interesting
and structurally accurate logic. Waterloo Station, by
Nicholas Grimshaw, was given as such an example,
with trusses naturally morphing their shapes and
thus responding to the overall design of the station
. Such designed trusses, while each of them has a
slightly different confiuration, all of them follow the
same parametric logic. This shared parametric logic
allows for design efficiencies associated with modular or adaptive components. Another discussed with
students example was the Centre Pompidou Metz
designed by Japaneese architect Shigeru Ban. In this
case the wooden laminated timer roof structure was
seen as a dynamic deformable surface that creates
diverse localized conditions of a single tileable element.

Figure 1
Parametric variations of the
roof/skylight assembly (BIM
model).

All chosen buildings had well-integrated and architecturally expressive structural components. The
components performed clearly defined functions
with multiple variations present in a building that allowed for relating them parametrically with one another. After selecting projects and particular assembly components or construction details, students
were asked to study these precedents, model partial
assemblies, and test them as a three-dimensional
BIM models.

CLASS METHODOLOGY
In selecting projects and construction details, students were asked to study these precedents, model
partial assemblies, and test them as a three-dimensional BIM models. Projects discussed here follow a
design methodology that starts with a construction
component or material properties and pursues designs that naturally emerge out of the assembly of
initial components.
While this is not an established approach , this
study broadens this method by considering a broader set of design solutions resulting from parametric
alterations and alternations of original components.
It discusses the use of simulations as self-normalizing design validators that in some instances allow
these components to exemplify their inner constructional logic, as is the case with physically behaving materials and assembled components. The
final design projects emerge through a series of ex-

plorations with fragments informing the entirety of
the architectural design solution.

CONSTRUCTION DETAIL CASE STUDIES
The first part of the assignment—knowledge building—focused on research and modeling of a precedent. Through the modeling students became
familiar with construction detail, assembly, and the
interface between architectural and structural systems.
In this phase of the assignment, students
learned about the spatial organization of various
members and system components, their interconnectivity and interdependencies. Studetns were
able to relate separate structural members into a
single assembly and define construction details as
a series of imbedded parametric relationships that
interoperate on numeric values. These imbedded
parametric relationships allowed for scaling up designs from smaller and simpler assemblies to larger
and more complex ones. These parametric hierarchies, discussed earlier, facilitate inductive design
thinking with individual components informing an
overall design. Students also focused on identifying flexibilities associated with particular designs
and attempted to define them. They were able to
manipulate parametric components and to explore
interactively design variations [fig.1].
The second part—design formation—used the
intrinsic ability of parametric objects (details) to de-
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Figure 2
Parametric details allow for
alternative design explorations and creating larger
assemblies.

velop variations--design scenarios that allowed for
new design formation. When choosing examples for
their explorations, students were asked to consider
the open-endedness of their particular designs and
their ability to develop meaningful variations. In
this design modeling/design phase, students explored the generative possibilities of parametric BIM
models [fig.2]. Three-dimensional, parametrically
resolved architectural details served as speculative,
idea-generating devices for design. Students were
expected to demonstrate the creative possibilities of
their BIM models and to document their parametric
explorations through images, digital models, and a
text narrative (final report).
Another design strategy for the realization of
flexible structural systems used an idea of a surface-based patterns as design generators for space
frame design. This approach looked at the adaptability of individual space frame modules as defined
by underlying surface geometry. In this particular
exercise, students did not test the structural perfor-
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mance of a system but rather focused on ways to
define a design system that could allow for maximum flexibility and ultimately would lead to generating qualitatively new designs. A primary visual
reference for this group of projects was the Centre
Pompidou Metz, designed by Shigeru Ban and Jean
de Gastines, where a roof surface, a wooden lattice,
naturally adapts from being a roof into elements
such as columns. Such a system uses construction
components in a similar way as the parametric definitions discussed earlier. However, the focus is not
on a parametric change but on the adaptation of an
assembly to a new function it plays while preserving
its integral character.
The aim of this exercise was to help students to
develop the technical knowledge necessary for the
pre-comprehensive and comprehensive studios.
Specifically, it addressed the integration of building systems and their appropriateness to the design
intent. Additionally, this assignment facilitated material, dimensional, and construction detail inves-

Figure 3
Digital construction detail
with parametric relationships
achieved with visual scripting
(Grasshopper).

tigations in the context of contemporary architectural practice. The level of the applied constructional
knowledge for this assignment matched that of the
comprehensive studio work and of professional architectural practice. Furthermore, students were exposed to an alternative way of designing, with technical knowledge and a constructability-based idea,
not an abstract concept, as the design generator.

SOFTWARE ALTERNATIVES
A number of students used other, non-BIM, parametric software, such as Grasshopper, to work on
the construction detail projects [fig.3]. Initially
they were able to develop geometries with greater
sculptural definition and with a broader range of
shapes as compared to conventional BIM software,
Figure 4
Partial Grasshopper script.
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such as Revit or Vectorworks. However, their scripts
became increasingly complex, which often led to
reduced flexibility in design explorations as well as
increasingly time demanding to maintain an everexpanding definition. [fig.4] They often traded the
design flexibility existing on the subcomponent
level for the clarity and navigational ability of the
overall design. While this approach gave students
direct access to all the components with the ability
to fully customize all interopperabiliites, these projects quickly became complex and difficult to scale
up. Furthermore, the increased complexity of Grasshopper scripts made it difficult to pass the project to
other collaborating students or revisit projects after
a long period of not working on them.
However, in the long run, visual parametric environments such as those used in Grasshopper for
Rhino allow more for the development of customer/
user-driven features as compared with conventional, out-of-the-box BIM software. A number of thirdparty plug-ins and components are presently available. One of them, Kangaroo, is a physics engine with

components that account for the simulation of a
number of forces and material properties. This open
SDK-like (software development kit) environment allows for dynamic development of the BIM platform.

ADAPTIVE STRUCTURE CASE STUDIES
While parametric variations of construction components, discussed in the previous section, can facilitate development of the meta-details able to define
many, or all possible, design conditions relating to a
particular assembly, they can also be used to study
kinetic and adaptive designs. In this case a parameter represents a constraint or degree of freedom allowing for the movement, rotation, and scale of the
assembly components. By changing a single parameter, such as the angle between two structural mem-

Figure 5 (left)
Adaptive structure—kinetic
model.
Figure 6 (right)
Adaptive structure—parametric model.
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bers or their spacing, the parametric model adopts
to new parametric configuration. The overall design
change is driven by numeric vales and can be easily tied to parametric feeds coming from other components or assemblies. When faced with unsolvable
numeric input, software responds with an “overconstrained” message indicating the problem in the assembly. This becomes a hint for students to better
understand mechanical and spatial relationships of
their adaptive design.
Since the construction detail examples discussed earlier [figs.1-3] can also be seen as adaptive
designs, many students pursued this line of experimentation with BIM and parametric tools.
A student-developed example of such an adaptive assembly is a façade screen system that builds
on the precedents of Chuck Hubberman’s work and
the façade screens of the Institut du Monde Arabe
in Paris designed by Jean Nouvel together with Architecture-Studio. Students developed a number of
physical and computational models to test design
variations and ultimately proposed three-dimensional alternatives to the conventional scissor-like
hinge assembly. Their design not only brought a
certain level innovation into their investigations, but
also prepared them for the tedious, yet successful,
resolution of a relatively complex mathematical and
mechanical problem. [fig.5]
Inspired by Theo Jansen‘s kinetic sculptures,
students investigated the design possibilities of
parametrically defined adaptive systems that mimic

rigged or skeletal systems used in character animation software tools. Unlike the constraint-based
systems used in VFX software, BIM and parametric
packages allow for more direct and precise numeric
operations, including operations that can both input
and output numeric values.
Using a similar approach to that of Jansen, students
focused on developing individual design components and testing them with parametric tools. They
focused on resolving individual assemblies and on
the ways these simple assemblies could be scaled
up to form larger interoperable structural systems.
BIM parametric capabilities were again an effective
software tool to study and evaluate adaptive designs.
One student team started by creating an exact
replica, both physical and digital, of Theo Jansen’s
Strandbeest kinetic sculpture mechanism. They investigated the parametric possibilities of this constrained-based kinetic system. In this particular case,
students looked at how specific dimensions and radii impact the kinetic behavior of the system. The final deliverable was an adaptable vertically climbing
mechanism. [fig.6]
The presently available architectural BIM and
parametric software were not optimal tools for this
kind of investigation as compared to engineering
tools such as Inventor. A combination of both as a
single fully integrated tool would provide a better
design environment.

Figure 7 (left)
Testing cloth-tensile behavior
with a Kangaroo component
in Grasshopper.
Figure 8 (right)
Final installation.

Digital Aids to Design Creativity - Volume 1 - eCAADe 30 | 73

Explorations focused on parametric constraint systems without the ability to understand acting forces.
However, it was still a meaningful and knowledgebuilding experience for students involved in the
project.
Depending on the team size and individual student abilities, some teams also developed a physical
mock-up to interrelate between digital and physical
designs. This was the case with the digital-versusphysical mock-up project.

PHYSICAL MOCK-UPS
While parametric design is a potent and creative approach, it reaches its full potential when combined
with physically based behavior. When parametric
definitions address not only expressions of inert
geometries but also, or perhaps primarily, material
properties and physical behavior, architecture responds to actual design drives and acquires broader
relevance. In a number of projects, students experimented with computational form-emergence derived through performance simulations [fig.7]. They
explored material behavior with computer analysis—designing—and later fabricated their designs
using CNC machines—making. This combination of
simulating-designing-making mirrors the traditional
“learning by doing” approach.
Students investigated a number of designs by
parametrically manipulating their geometry. This is
the point where many design studio projects end.
However, in this case, considering the requirements
of a building technology course, students continued
their investigations by bringing a model geometry
into Kangaroo, a dynamics-based component in
Grasshopper. Students used a Kangaroo component
for form-finding and developing a form that considers material properties and physical forces. Since this
approach combines parametric functionalities with
physical behavior, it allowed students to practice the
interactive form-making that mimics and extends
that done in a traditional context. Students could
parametrically fine-tune their designs and instantaneously observe how their designs are reshaped by
the impact of physical forces [fig.8].
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With parametric analysis, designers can immediately trace design changes and see how they impact
other components in the assembly. Combining or
nesting parametric components not only allows for
an ease of modeling and a greater flexibility, but also
allows understanding of how individual changes
impact an overall design. Once a single parameter
was changed in an overall, often complex, assembly of individual components, students were able
to trace the propagation of changes throughout
the database model and immediately evaluate the
consequences of this particular change. Also, they
could propose new designs through interactive manipulations of parameters and see changes propagated through the entire assembly. This dual use
of parametric digital models—for understanding of
a significant architectural precedent (construction
knowledge building) and for speculative explorations of design propositions—allows for greater integration between building science courses and the
design studio. This is particularly applicable in the
upper-level comprehensive studios where generative and implemental aspects of design need to be
reconciled. In parametrically defined BIM environments, students can explore designs that are native
to the world of construction—that do not have to
be translated or reinvented as a result of the progression from a conceptual idea to a real product.
As a result of new digital tools and developments in professional practices, students increasingly develop designs that exceed their technological
knowledge. This has the potential to further fragment expertise and weaken design practice by driving it toward paper-based architecture. It also has
immediate implications for the education process
and specifically for changes in technology teaching
methods.
Parametric design follows an interesting paradox. A common argument for BIM, and for digital
design in general, is that it allows for early decision
making. Thus, BIM facilitates effective design progression from the conceptual to more concrete development and implementation stages. The other
argument that is often put forward is that BIM allows

for deferral of design decisions exactly because of its
parametric properties. This paradox can be solved
with real bidirectional interoperability of BIM software. However, the real answer may lie in the way
designers use software, not in its capabilities. Are we
able to commit to early decision making, or would
we rather procrastinate and delay thinking about
details?
While both arguments are reasonable in their
particular rationales, they also seem to exemplify
both blessings and impediments to the design process. Depending on circumstances, early decision
making may limit the procrastination and idle versioning common in architectural production, where
a lack of direction or infinitesimal small variations in
design alternatives effectively loop a designer into a
closed design circle. Early decision making allows an
experienced designer to validate his or her scenarios
by introducing the constructability component into
design.
At the same time, it is evident that the parametric capabilities of digital models allow for deferring
specific design decisions while still considering a
parametric component as an interdependent element of an overall system. In this application, parametric objects serve as intelligent placeholders for
design. These placeholders can be changed if necessary, but, independent of the accuracy of their numeric values, they still function effectively as active
elements of a larger interdependent system.
This property of parametric objects becomes a
critical characteristic of BIM construction models,
not only in understanding the models’ assembly but
also in applying them as explorative and generative
tools for architectural design. This dual ability of BIM
models—allowing designers to introduce constructional considerations in the early design stages, and
later, due to the components’ parametric definition,
to develop variations and generate alternatives at
the very end of the design process—reunites the
act of conceptualizing with the act of making. It also
renegotiates the boundary between design generation and design implementation. This renegotiated
boundary will impact architectural practice and de-

sign team dynamics by increasing the requirement
for each team member to contribute equally to the
design and constructability of the project. Since
design and implementation in BIM become more
tightly intertwined, the separation into designer and
detailers becomes meaningless. The next level of
the design production integration removes architectural drafters from a design team structure.

SUMMARY
Digital tools provide a unique capability to speculate creatively and simulate physically within a single design framework. Creativity is seen as both an
abstract proposition and an actual implementation with a problem-solving value. Simulation and
analysis tools allow for contextualizing design with
real-life physical and construction considerations.
While often criticized for its overemphasis on formal
expressions and its pursuit of the spectacular, digital creativity begins to account for a multiplicity of
design factors that define architecture. These factors
relate to performance simulation and analysis, fabrication, and BIM. Usually associated with the back
end of the design process (implementation), BIM
could also redefine the way design ideas are generated by bridging formal creativity with design and
technological innovation. This is achieved through a
close integration of generative tools with parametric
capabilities, through the introduction of digital materiality with physical behavior, and through intelligent database-enriched digital objects.
The introduction of parametric thinking into
building technology and design courses promotes
qualitative and analytic thinking in lieu of the descriptive or metaphorical. Transcoding conceptual
design into highly interdependent and parametric
sets of relationships confronts us with the need to
understand design in a comprehensive way. While
there is still a space for the imaginary, unknown,
and unspoken, these are often predetermined by
initial design assumptions in discrete ways defined
by performance expectations. This not only allows
for understanding the interdependencies between
various elements of a building assembly, but also
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opens doors for “What if...?” speculative exploration.
This second aspect of parametric thinking encourages students to bridge technical knowledge with
creativity. These new creative factors reflect technical, functional, programmatic, or code knowledge
as necessary competencies feeding into the design
process.
With bidirectionally interacting parameters and
dependencies, the cause-and-effect sequences can
be reversed and tested for new possibilities. The initial design criteria (ideas) can be defined in the context of the ultimate design goals and performance
values. Design becomes a logical, cause-and-effect
sequence that can be executed in both didactic
(general to specific) and inductive (specific to general) ways.
Parametric definitions of architectural components become fluid modifiers that facilitate exploring designs and testing design assumptions against
established validation criteria. BIM in conjunction
with physically based parametric design allows for
the alternative design process that parallels traditional creating/making processes.
These new tools create opportunities to expand
the conventional design process characterized by
the hierarchical (didactic) thinking that starts with
the general and gradually progresses towards the
specific. With the parametrically defined BIM, broadened by physically behaving components and materials, there is an opportunity to establish the interoperability of data, or a bidirectional design process
with designers simultaneously working on the general and the specific, within all phases and scales of
the project.
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Abstract. Recently the developments in and the extensive use of digital design
technologies have brought about fundamental changes in the way architects design
and represent. As a result of the changing architectural design practise, there have
been significant changes in architectural curricula to accommodate new demands,
opportunities, processes and potentials provided by advance digital design tools and
fabrication-based design techniques. Based on this new demand in design education, a
number of additional subjects have been introduced in architectural curricula facilitating
the experimentation of free-form /complex design artefact, building components and
material attributes. Reported in this paper is the experience of the students as well as
a commentary on the quality of the outcomes they achieved whilst confronting this new
learning experience. Based on the analysis of collected questionnaire answers, this paper
will document the issues that the students experienced during digital design development,
the modelling and assembling level as well as in the process of fabrication.
Keywords. Digital architecture; fabrication; design teaching and learning.

INTRODUCTION
Emergent modes of computer aided design and
manufacturing technologies have transformed the
current processes of architectural design practise
into a new understanding of the design realm by facilitating the creation of complex geometries, with
greater accuracy, faster finishing and increased automation. The potentials of algorithmic programming, generative design and parametric design
for architecture have been demonstrated through
the works of some of the well known designers of
our time. A unique and innovative approach to the
process of delivering complex building projects
(Shelden, 2002) and design artefacts have been developed such as in Gehry Partners, Greg Lynn and
Herzog de Meuron. CAD/CAM (Computer Aided
Design / Computer Aided Manufacturing) tools and
CNC (Computer Numerically Controlled) technologies which started to be used in design profession,

provide many new possibilities for the development
of industrial manufacturing, creating free-form /
complex design artefact and building components.
In particular, CNC technologies have the capacity to
significantly alter and enhance the relationship between architect and material through the means of
digital fabrication (Booth, 2009).
As a result of the current scene of architectural
design practise, there have been significant changes in architectural curricula to accommodate new
demands, opportunities, processes and potentials
provided by the advance CAD technologies (Kvan
et al. 2004) and the fabrication-based design techniques. Based on this new demand in design education, number of additional subjects have been
introduced in architectural curricula facilitating the
experimentation of free-form / complex design artefact, building components and material attributes,
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as well as experiencing the digital design processes
and production. We offered students a new subject
to facilitate the understanding of digital design processes including experimenting on parametric, algorithm, morphology, form and the material attributes of designing. We advocate the digital design
studio which includes both components of solving a
design problem such as in a design studio and software learning focusing on the implementation of
the skills on a design task.
Reported in this paper is the experiences of
the students as well as a commentary on the quality of the outcomes they achieved whilst confronting this new learning experience. A comprehensive
questionnaire were developed and used at the end
of the course for students to reflect and evaluate
their design and production experiences. Based on
the analysis of collected questionnaire answers, this
paper documents the issues that the students experienced during digital design concept development
and 3D modelling as well as in the process of fabrication. Our observations and the outcomes of the
studio show that the students managed to learn the
modelling software, to design the artefact and construct the models during the course in a satisfactory
level. The paper also considers how this initiative will
prepare the new generation of architectural design
students to learn digital design processes and to
develop skills of using CAD/CAM technologies and
fabrication techniques as the new kind of design
medium.

THE DIGITAL ARCHITECTURE AND
FABRICATION STUDIO
Following the concerns above, an elective course
is offered as an undergraduate subject in a newly
established Architecture Program in International
University of Sarajevo (IUS), Bosnia and Herzegovina in 2010 and 2011. The weekly studio included
one-hour theoretical, 3 hours computer-based and 3
hours fabrication-based studios in the Architectural
FabLab at IUS for 14 weeks. The course served as an
introductory subject in teaching digital architecture,
CAD/CAM tools, rapid prototyping and fabrication-
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based design techniques. The course attracted 25
architectural design students who are in their final
year of the graduation.

Course aim and setup
The aim of this course was for students (1) to understand and develop the essential skills and knowledge of digital design and fabrication; and (2) to
develop the understanding and hands-on experience of fabrication technologies. The course content has two major components: (1) understanding
of the principles of digital fabrication in relation to
material’s properties, and (2) understanding of the
digital design processes. In order for students to develop the understanding of processes and production, firstly, relevant techniques and concepts such
as sectioning, contouring, tessellating, folding and
forming based on (Iwamoto,2009) were introduced
and discussed. Secondly, students are provided
intensive tutorials and home works in terms of understanding of form generation in Rhinoceros 4
and scripting in Grasshopper (learning operation of
commands, 3D surface making commands, NURBS,
solids, surface manipulation and analysis, scripting
etc.) in the computer-based studio. In the computerbased studio, the students acquire the necessary
skills and knowledge to create and manipulate the
models. Since the students do not have the previous
scripting experience, they started to learn the basic
knowledge of scripting and they altered / edited
several existing scripts in Grasshopper. Finally, the
students are given the opportunity to experience
CNC milling and laser cutter in the Architectural
FabLab of IUS with the supervision of a technician.
In the fabrication-based studio, a design project was
used as the major assessment item.
In order for the students to develop and practise
the digital design skills in Rhinoceros and Grasshopper, they experimented several fabrication techniques and materials through several assignments.

Skate park design project
With weekly supervision in design development
supplemented by tutorials for technical skill devel-

opment, the digital design project titled “Skate Park
Design” provided opportunities for students to (1)
experience and practice design in Rhinoceros 4.0
and Grasshopper, and (2) develop and apply assembling principles and technical skills for production.
The design brief requires students to use a ‘rib’ structure [1] to model the park and then to finish it with
covering the surface materials with the following
restrictions: (1) the park will be in a diameter of 30m
or should fit in 35m x 35m square; (2) the maximum
height is 3m; (3) the park should be a combination
of curved surfaces; and (4) the park should be in a
closed loop.

Matrix of modules
The major assignment, named as ‘matrix of modules’ provided opportunities for students to (1) create a design object using tessellating techniques,
and (2) experience chosen material’s attributes, and
(3) hands-on experience of fabrication in the Architecture FabLab. ‘Matrix of modules’ assignment includes designing and fabricating a Lattice in the giving specifications that should fit in a prism: 40cm x
40cm x 10cm. The size of the lattice module in a cell
should be 10cm x 10cm x 10cm. To produce the matrix, the lattice module should repeat itself for four
times in each direction. A pattern could be linear,
quadric, sinusoidal, gestural etc.

QUESTIONNAIRE RESULTS
To understand the effectiveness of digital design
learning, this study collects and analyses the evidences from students’ perception, and reflects on
our own experiences in planning, conducting and
evaluating the digital architecture and fabrication
studio. We adopt a quantitative research approach
to study students’ perception using a comprehensive questionnaire. At the end of the studio, students who successfully completed the fourteen
weeks studio were asked to answer the questionnaire. The questionnaire consists of two parts of 45
questions in total.
Technical features (answered on a five-point
Likert scale): the questions of part one aim to evalu-

ate the performance of various technical features of
digital design tools and production.
Open questions: the second part of the questionnaire continues with a set of open questions
in order to develop more in-depth understanding
of students’ perception and expectation of digital
design and fabrication tools in design learning. Students reported and discussed issues ranging from
the design representation and documentation, creativity, process, to the production and the materialisation of the design ideas.
The sample size of the study is quite ideal with
25 from a class of 24 students responding. 36% of
the participated students are female. 45% of the
students have four years CAD experience. However,
100% of the students experienced digital design
and fabrication tools such as Rhinoceros and Grasshopper for the first time. 100% of the students have
a personal computer and only 13% of them do not
have internet connection at home, which implies
that the students are quite well computer literate.
The students can be therefore considered as both
expert designers and CAD users.
We summarise the questionnaire results indicating the students’ evaluation of the digital architecture and fabrication studio for design learning in the
following sections.

Design support
Students thought, overall the subject is worthwhile: 27% of the students rated their experiences
as strongly agreed, and 45% of the students were
agreed. 73% of the students satisfied/very satisfied
with the design decisions and solutions that came
out of the digital design session in Rhinoceros. Students divided about comparing digital design tool
(Rhinoceros) to parametric design tool (Grasshopper). 36% of the students rated their experiences
with the digital design tool as superb, 45% of them
as neutral. 63% of the students rated their experiences with the parametric design tool as neutral,
36% of them as not very effective.
Although, 54% of the students rated their performance of thinking in 3D increased, they largely
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divided regarding the usefulness of the digital
design tools. As indicated in the following direct
quotes from the students, their opinions are often
conflicting, reflecting on both the strength and
weakness of digital design and fabrication tools and
in relation to features of general CAD applications
that are familiar to them.
“...Rhinoceros is easy to use, but I am not sure about
its efficiency. Do we really need to know this program
in our future career? It is for so abstract forms. ...maybe
good for industrial design but, not architectural design. I am happy to know it. I hope it will be useful. But
Grasshopper is hard to understand. General idea of it is
understandable. But I do not understand how to know
what I need next to achieve my task”.

“I like to design with curves in Rhino, because it is not
possible in Sketch-up. Computer programs is perfect
when I do not need to model –psychical model which
I draw. Sketch-up is very useful to understand the volumes at the beginning of design process. And it is easy
to use, and quick. AutoCAD is also good to draw, because of its simplicity, and let you decide everything
about your design by yourself”.
“We learned ArchiCAD but I do not prefer to use ArchiCAD because of its failure, especially when we take
section and it is not a fast way to design, it is not simple
program. In ArchiCAD we need to consider everything
in the beginning of the design process. ...with Rhinoceros, I was able to design very complex forms, I like that”.

Figure 1
Used medium for the design
development.
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Modelling support
63% of the students considered the model making with the CNC machines as “effective/very effective”, as a tool to realise design ideas. The comments
agreed on the comparison of the effectiveness of
the CNC machines with the conventional model
making tools. 45% of the students rated “not effective/not very effective”, 45% of them rated as neutral
regarding the effectiveness of the model making
with hand-tools such as knife- blade. 68% of the
students rated as very satisfied/ satisfied with the
outcome that came out of the fabrication process in
Lab.
As indicated in the following direct quotes from
the students, their opinions are on the strength and
weakness of CNC cutter and Laser cutter in relation
to features of conventional model making tools:
“...I found it amazing how the laser cutter operates,
as it cut the timber. I also like very much the colour of
the burnt timber, you cannot achieve that look using
knife and blade”.
“I think the assembling is a little hard and time
consuming”.
“I improved my digital model using several scripts
which I borrowed from different resources...the possibilities of the process seems endless...but I have to construct it a point using sectioning technique”.

Summary
The above results of the questionnaire indicate
consistency in the user perception and tool preference during the digital architecture and fabrication
studio. The results together with our observation on
and discussion with the students reveal some challenging characteristics, especially the issues related
to the affordance of new design and production
technologies. The fabrication and design process
have directly impacted on the overall satisfaction
of students. The outcomes of the digital design and
fabrication studio as illustrated in the next session
clearly indicate that the students are able to design,
develop, assembled and fabricated the design idea
to a satisfactory level. However, the questionnaire
result and our observations show that students have

been frustrated with various issues emerging during
the digital architecture and fabrication studio including: lack of programming and scripting knowledge, lack of understanding the assembling procedure, lack of understanding the material’s properties
and difficulty of transferring an abstract design idea
into a concrete form.

OUTCOMES OF THE DIGITAL
ARCHITECTURE AND FABRICATION
STUDIO
The following section includes snapshots of the outcomes of the studio.

Skate park design
Students are encouraged to use variety of media for
the design of the skate park, as illustrated in Figure 1.
Most of the students started to design by sketching
using pen-paper. With the completion of the sketches and deciding the layout of the skate park they
modelled it in Rhinoceros. The key element of the
task is to fabricate the park using the cardboard, so
making the curve surfaces stands as a challenging
task. The sectioning technique is applied for making the model, as illustrated in Figure 1. Rather than
construct the surface itself, sectioning uses a series
of profiles, the edges of which follow lines of surface
geometry.
Since students do not have programming background, they tend to employ existing scripts in their
design. We also encouraged them to find an existing
script, modify / alter and use it in their design process. The students investigated Rhinoceros’ wiki, and
forum pages to find out the possible ways of modelling, assembling and fabricating the curved surfaces. Some students applied the RhinoScript as provided on the rib structure tutorial to form the base
surface of the skate park, as illustrated in Figure 1.
Some students also used the graphical algorithm
editor, Grasshopper, tightly integrated with Rhinoceros’s 3-D modelling tools, to form and create the assembling layout of the skate park.
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Matrix of modules
Using a matrix of modules to create a lattice wall is
the major assignment item, as illustrated in Figure
2 and 3. The task requires students to think in 3D
space elaborating the spatial adjacency of the elements, the connection of each module, assembling
and fabricating.
The tessellating technique is used for making
the lattice wall which is a common architectural design element to provide sun shade and visual separation of spaces. The tessellating which exists since
the ancient Roma and Gothic architecture is a collection of pieces that fits together without gaps to form
a plane or surface. In architecture, the term refers
to both tiled patterns on buildings and digitally defined mesh patterns. The task requires elaborating
on the joints and the relationships of each module.
This design task does not only include the form
generation based on a module which will come together and form the lattice wall, but also it requires
the understanding of types of materials and their attributes. Students are given opportunity to explore
several materials such as PVC, timber and cardboard,
as illustrated in Figure 2 and 3. Each studied material
has its own values in terms of the hardness, softness
and the combustion degree etc. and behaves differently during the cutting process.

CONCLUDING REMARKS
Many design schools around the world have been
adapting digital design concepts in their curricula.
In relation to design education and pedagogy, the
theoretical, computational and cognitive approaches of design computation and digital design have
been studied by researchers (Knight, 1999, Oxman
2006, Cuff 2001). Oxman (2008) stated that “in design theory, the decline and transformation of root
concepts such as representation, precedent-based
design, typologies, and other principles of the past
generation are in the process of being replaced today
by a new body of design concepts related to models of
generation, animation, performance-based design
and materialization. These are design concepts deriving from the synergy between emergent technologies,
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design and architectural theories”. In relation to those
new design concepts, the design pedagogy requires
further investigations.
In general, there are two views of teaching digital design; a course adjunct to a design studio (Oxman, 2008), or a course offered independently of a
design studio (Marx, 1999). Our approach of digital
design teaching is based on an approach which
combines those two views. In the digital architecture and fabrication studio, students are offered new
learning experiences including learning new skills of
using software - prototyping tools and implementing this knowledge and skills on a design task at the
same time.
Based on the above results and our observations, advance digital design and prototyping tools
as the emerging design teaching platform for the
new generation of architects remain to be challenging. As indicated in the questionnaire results,
students are overall satisfied with the digital design
and fabrication experience. In addition, the students
commented on the quality of the design outcomes.
Besides the above findings regarding students’ perception on the digital architecture and fabrication
course, the paper concludes with the following remarks.

Framework of the course
In terms of the structure of the digital architecture
and fabrication studio, the content of the course
comprised (1) teaching the digital design concepts
(generative design, computing, parametric design
etc.), (2) operation skills of the modeling software
and prototyping tools, and (3) implementing those
skills and knowledge on the design tasks. Our previous teaching experience showed that a course offered independently of a design studio would only
benefit on the development of the technical knowledge of using particular software. Thus the lectures
in which students would be exposed to several fabrication and digital design concept related issues
should be used as the grounding for integrating the
knowledge. Following the building up of digital design concepts, the development of various skills is

Figure 2
Lattice design examples, the
material is soft timber.

necessary. Thus, a set of tutorials in which students
would gain knowledge of and practice in using the
CNC technologies should be formed. These technical
tutorials should provide the basic knowledge about
how to operate a particular piece of software. Finally,
students should be given opportunities to apply the
knowledge and skills that they have developed during the course, so different sets of design and fabrication tasks should be given.

Digital design process
Working with the digital medium requires a different kind of thinking. Different from the basic principles of design teaching such as typologies, graphical
representation, contextual and conceptual design
explorations, digital design requires algorithms,
computing, morphogenesis, form explorations, materialization and production techniques. Students
should be exposed to those concepts and techniques by giving a chance to explore design artifacts
in digital and in physical form.
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Figure 3
Lattice design examples, the
material is card board.

Required skills
Interdisciplinary working becomes essential. Thus
the generation of architects should develop a variety of skills that include architecture-related skills
(place design, formation, generation and performance), digital design skills (modelling, imaging,
fabrication, scripting and programming), and generic design skills (problem-solving, decision making).

Model making
Models have a fundamental role in the practice of
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architecture. Within the process of architectural design, models are suggested as an essential tool in
the realisation of habitable built form. Making the
model represents the concretization of ideas, by
getting as close as possible to the actual construction of a design idea. By using 3D scanning and rapid prototyping techniques, the designers are able
to go back and forth between digital and manual
mode, thus taking advantage of each one during
the design process. The design task should have the
component of model making including the explo-

ration of fabrication techniques such as sectioning,
forming, folding, tessellating and contouring.
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Abstract. 4D CAD is more and more used in construction education curricula. The main
interest of this technology is its ability to simulate real sequencing of construction tasks in
order to confront the student with real-life construction management issues. This article
presents a course for architects and construction engineers. It describes the teaching
of the structural principles of high-rise buildings, using 4D simulations as a support to
the analysis of the characteristics of existing projects. The pedagogical interest of 4D
CAD is described in the article through assessments of students and the teaching team.
Particular feedback is given about modeling and visualization guidelines for the purpose
of the pedagogical use of 4D CAD.						
Keywords. 4D CAD; 4D modeling and visualization; High-Rise Building; Structural
Principles; Pedagogy.

INTRODUCTION
The University of Liège in Belgium offers curriculums
for the initial training of engineer-architects and
construction engineers. Specific Master courses are
developed for the teaching of organizational issues
in large construction projects and the management
of teams in charge of complex projects. Some issues
could be noticed regarding particular types of construction projects or management techniques:
•
The design principles of high-rise construction
projects are not really tackled in the current
curriculum. Moreover, the necessary multi-expertise of project management methods during the design and construction phases is not
part of usual architects/engineers trainings.

•

When it comes to the teaching of planning
methods, traditional planning courses sometimes appear to students as disconnected from
reality. Indeed, they are not really aware of the
“in-situ” conditions of construction projects.
From these statements we proposed an original
pedagogical scenario inspired by the recent advances related to 4D technologies in the Construction IT research community (Hartmann et al. 2008)
and their application in pedagogy, e.g. (Russell et al.
2005; Sampaio et al. 2006).
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PEDAGOGICAL APPROACH TO 4D
MODELLING AND SIMULATION
One can recognize that it is usually difficult to address 1) the issue of high-rise design, 2) the technical aspects of tall buildings structures and 3) the
characteristics of high-rise construction processes,
within a single and short-duration course. Then, 4D
CAD appears as an interesting technology to help
students better analyze the design and construction
of high-rise buildings, and especially their structural
principles.

State of the Art
Construction projects management courses are
very diversified in architecture, engineering or construction curricula (Dietz et al. 1976). In architecture
curriculums, it is usually stated that architecture
students do not gain much practical knowledge of
construction management and methods (Clayton
2002). With the emergence of computer-supported
3D building modeling, innovative methods are being more and more explored in order to improve the
construction education experience. (Clayton 2002)
described a virtual construction exercise experience
with students using 3D CAD and simulations. He
concluded that virtual construction is very interesting to teach construction management to students
more easily through many learning situations or
projects examples. (Perdomo et al. 2005) presented
a study in collaboration with the Virginia Tech architecture and building construction department that
was investigating the educational advantage of 3D
representations over 2D drawings in terms of understanding construction assemblies and details. The
results were very positive.
But, in curricula addressing complex “construction environments”, like bridges, towers or the construction of high-rise buildings, it is important to address technical issues while taking into account the
various topics to be included in short-term courses.
Indeed, such projects require treating a vast scale
of parameters, working at multiple levels of detail,
dealing with design variability, and realistic representation of the work (Russell et al. 2009). Students
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have to understand the difficulties related to the
steering of such projects, as well as the nature of design decisions that have to be taken. Therefore, it is
important to include the temporal dimension related to the scheduling, in order to explore and analyze
the constructability of working methods. 4D simulations appear to be an innovative solution and some
teachers already have implemented them in their
courses. (Kang et al. 2004) presented a web-based
interactive 4D block tower model for construction
planning and scheduling education and showed
4D visualization interests for education. (Sampaio
et al. 2006) demonstrated through many examples
that virtual reality, including 4D CAD, can be useful
in teaching material elaboration. (Wang et al. 2007)
described a study to assess the value of using 4D
modeling in construction engineering courses and
compared results from two different 4D processes
that are traditional 4D and virtual construction simulators. Both processes were found valuable to improve the learning experience of students.
Moreover, the usefulness of 4D models to support collaboration in the construction industry has
been demonstrated in some research works. Indeed, using 4D simulations can increase collaborative scheduling (Mahalingam et al. 2010; Zhou et al.
2009), site coordination (Dawood and Sikka 2007)
and communication (Heesom and Mahdjoubi 2004).

Course description
The pedagogical scenario retained for the course
consists in both theoretical courses and practical
works. Practical works are themselves divided into
two stages: single-student work and teamwork.
•
Theoretical courses aim at providing students a
basic knowledge in the fields of high-rise buildings and project management. Structural constraints and common solutions are the main
topics of the courses. A typology of construction principles is presented. Vertical transportation systems, as well as façade techniques, are
also dealt with. The second part of the course
introduces project management, especially in
terms of organizations of actors, coordination

•

mechanisms and finally IT-supported collaboration. BIM and 4D modeling/simulation is the
final theoretical input.
Practical works consist in analyzing high-rise
building projects. In a first stage (4-5 working
weeks), each student is expected to analyze
various aspects of a project. Then in a second
stage, students are grouped in teams of 3 to 4
students. Each team chooses an existing building and has to realize a complete analysis of
the structural principle and construction process. Then, they have to propose a 4D simulation “scenario” which aims to provide a “didactic
understanding” of building structures and construction. 4D modeling and simulation themselves are the final part of the teamwork.

FEEDBACK ON THE COURSE
This course has been taught three times, during the
fall semesters of the following academic years: 20092010, 2010-2011 and 2011-2012. 14 students were
involved in 2010, 12 students participated in 2011
and they were 15 in 2012. In 2010, 3 teams worked
on New-York Times Building (New-York), Sears Tower
(Chicago) and Debis Tower (Berlin). In 2011, 4 teams
worked on Caja Madrid, Opernturn (Frankfurt),
Shard London Tower and the World Financial Center
(Shanghai) towers. And in 2012, 6 teams analyzed
Puerta del Europa (Madrid), Bligh Tower (Sydney),
John Hancock (Chicago), Tower 0-14 (Dubaï), Triangle Tower (Köln) and Heron Tower (London).
3D modeling is realized with Google SketchUp™,
and 4D modeling and simulation is enabled thanks
to the courtesy of the D-Studio company, providing
its 4D Virtual Builder© for Google SketchUp™ plug-in.

Teaching team’s feedback
The course presented above is experimental in the
engineer-architect and construction-engineer curriculums of the University of Liège. It was designed
in the continuity of the previous course of project
management, which was dedicated to the understanding of particular constraints related to the
planning and design of large-scale projects. The

main hypothesis is to benefit from 4D modeling and
simulation technologies. The feedback of the teaching team is the following:
•
Firstly, the use of 3D modeling tools like Google
SketchUp™ is possible and valuable, also when
students are not familiar with 3D modeling (it
is the case of the construction-engineers students). SketchUp™ is rapidly understood and usable by all of the students.
•
4D modeling of high-rise buildings (although
the aim is not to provide a very fine-grained
planning) requires a deep understanding of
structural principles, because it impacts the
skeleton of the construction planning (i.e. the
Work Breakdown Structure). The pedagogical
team can better appreciate the completeness of
students’ analyses. This is due to the need of
clearness when modeling the buildings’ main
structural 3D elements as well as the schedule’s
WBS.
•
Finally, as documentation on high-rise construction is usually difficult to obtain (planning
as-realized, detailed plans, etc.), students have
to infer both structural principles and construction planning. It requires that they make
hypotheses on the design and that they find
evidence of construction procedures (photos,
webcam, or TV documentary). The exercise then
becomes original compared to classical “planning” or “structure” courses and students get
more easily involved and motivated.

Students’ feedback
The feedback of students is related to their use and
appropriation of 3D/4D technologies and is supported by the results of a survey carried out on 2012
students.
Students appear to be very interested in the opportunity offered by 4D technologies for the simulation of construction projects. They particularly
understand the interest of construction planning
analyses supported by 3D visualization. Compared
to other courses, 4D models help them to better
understand what really lies behind the planning of
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a task. They also appreciate learning about high-rise
design and construction, which is not a usual topic
in their curriculums.
However, we underline the limits of their understanding of the utility of 4D modeling in professional practice. The structured surveys described in the
next section highlight this issue.

CHALLENGES FOR THE PEDAGOGICAL
USE OF 4D-CAD
Survey carried out at the end of the 2011
course session
In the last session (2011), we decided to carry out
a survey analysis in order to evaluate the students’
feedback on the use of 4D tools, as well as to assess their understanding of the utility of 4D CAD in
the professional life. Indeed, this particular exercise
helps students understand the principle of 4D CAD,
and lets them experience it on the analysis of structural principle and construction process of a single
project. Therefore, the application is quite different
than most of the usages of 4D CAD in real construction projects, for constructability analysis in the design phase or construction progress monitoring in
the construction stage.
The first part of the survey consisted in an evaluation of the satisfaction of users, based on the SUS
scale (Brooke 1996). Although the SUS score is quite
low (39,82/100), the principal aim of the survey is
then to finely assess how students understand the
utility and applicability of this technology for their
future professional activity. A more detailed questionnaire is based on a set of questions targeting the
assessment of utility and usability of 4D CAD.

Results
Table 1 summarizes the results obtained through
the survey. 14 students answered the questionnaire.
The analysis of the students’ feedback demonstrates
that they have difficulty imagining that the 4D simulation can contribute to improve their future professional work, to make it easier and globally allow
them to gain time (see part “productivity” on Figure
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1). We think that we can mainly explain this nature
of feedback (fundamentally different from professionals that make use of 4D simulation) by the fact
that they have a partial view of the mission that will
be theirs in the professional environment. Moreover, during this experiment the students have to
manipulate three tools: 1) Microsoft Project for the
scheduling of the construction tasks, 2) SketchUp
to model the building, and 3) xD Virtual Builder for
4D simulations. At the beginning of the course, they
have already studied Microsoft Project but have no
experience in modelling softwares. Therefore, they
have to assimilate SketchUp as well as xD Virtual
Builder. The exercise appears complex for the students who are less skilled with this type of software.
Consequently, their vision about the time required
for the 4D modelling is relatively biased. We can
consider that it is one of the limits of the proposed
pedagogical device.
About the 4D model functionalities, the students’ feedback is more positive (see part “4D model
functionalities” on Figure 1). It appears they feel that
4D simulation contributes to the communication
between actors and improves collaboration.
Beyond introducing 4D simulation, this feedback from the students justifies our aim to improve
visualization in the applications of 4D-CAD. Moreover, as students do not really have to convince clients, we consider that the role of visualization in the
particular case of our exercise is to communicate the
analysis of high-rise structural principles. Then, each
group of students has to develop its own “visualization framework” to carry out the messages of their
structural analyses.

4D MODELING AND VISUALIZATION
FOR HIGH-RISE BUILDINGS: SOME
STATEMENTS
Communication and collaboration-support are wellknown benefits of using 4D-CAD in construction
projects. As demonstrated by the survey results,
described in the previous section, it is essential to
sensitize the students to the visualization while they
are using 4D modeling software tools. Moreover,

Figure 1
Survey results.

visualization choices can help them in expressing
their theoretical analysis of a building project. The
research that we develop in the field of 4D visualization leads us to propose a matrix for the analysis
of visualization and some results about particular 4D
visualization for high-rise buildings.

Modeling of the construction of high-rise
buildings.
The projects of four students’ groups were analyzed
in a previous paper (Kubicki et al. 2011), both in
terms of modeling and visualization. Concerning the
modeling, our analyses showed that:
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•

•

The modeling of architectural projects is generally simplified for the aim of simulating the
construction process. Indeed, with the aim of
establishing the links between 3D objects and
schedule’s entities, the level of detail is usually
lower than for architectural modeling and visualization (rendering).
The principal variables in modeling, in the
case of high-rise buildings, are the type of floor,
standard or non-standard, as well as the elements shown in the model, and highly dependent of the construction material (steel, mixed
steel-concrete or armed concrete).

4D visualization of the construction of
high-rise buildings
The concept of multi-visualization is generally used
for visualizations where data are represented by
using multiple windows. Such views can be independent and isolated, or tightly coordinated. Coordinated multiple views (CMV) describe two or more
distinct views tightly coordinated and used to support the investigation of a single conceptual entity
(Roberts 2007). In construction, 4D simulations can
be considered as CMV systems since they suit these
rules. Indeed, 4D visualization usually makes use of
different views (i.e. 3D view and temporal view) and
data sets displayed in the views are logically linked.

Figure 2
4D multivisualization
composed of two coordinated
views for each date.
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In a parallel research effort (Boton et al. 2011), we developed a classification of attributes of 4D visualization enabling to describe both the content, structure
or graphical characteristics of the 4D views and the
coordination mechanisms that logically link the various sub-views.
In the students’ works, one can distinguish the
characteristics related to the visualization properties
of the 4D model, and the final presentation of the
4D simulation. The visualization properties of the 4D
models are:
•
The semantic of colors. Usually 4D-CAD software tools propose standard sets of colors
to visualize 4D models: red=task in progress,
transparent=task not started, etc. In this course,
we encourage the students to give significance
to the colors they used. Beyond the state of
tasks, the students use colors sets to distinguish
the structural status of 3D objects, i.e. variations
of colors depending on the load-bearing role of
objects, transparency for non-structural objects
(e.g. facades) enabling to visualize the primary
structure inside the building, etc.
•
The representation of schedule information.
Schedule is an important component of 4D
models. It is usually mentioned as a date, milestone, or step in the planning of tasks. Then, the
representation of time can take various forms in
the models of students, but it usually is a simple
display of the ongoing date, highlighted above
the 3D model. In some cases, a dedicated Gantt
View is used. But it should be mentioned that
the exact date is not capital information in the
framework of our 4D models. Indeed, the sequence of construction tasks is more important
to understand the construction process, and
can be represented with colors associated to
the 3D objects.
•
The camera principles. The visualization of
large-scale buildings is a remaining question in
the CAAD community. Moreover, in the case of
construction simulations, tasks can happen at a
given date, in many locations. Then the use of
camera principles is different in each particular

case. We can notice the following approaches.
Zoom is used to show a particular object or
group of objects, and can present particular
works in a given space. Extended zoom shows
the entire building and can be used to give
an overview of the construction principle (e.g.
core/primary structure/secondary structure/
facades). Sections or interior perspectives were
also used by the students, e.g. to show construction details inside the building. Finally
orbit enables the widest view on the building
construction progress.

4D multi-visualization of high-rise
buildings construction.
The SketchUp plug-in that was used allows to define
colors/transparency properties of the 4D objects, directly in SketchUp. It also allows the user to export
the 4D simulation in the form of a Powerpoint presentation, enabling to personalize the multi-visualization layout. Two interesting layouts are described
below.
In the first example, the aim is to represent parallel tasks that are performed in different areas of the
3D models. While analyzing the construction of the
“0-14 Tower” (in Dubai), the students were confronted to the parallel sequencing of “facade construction” (double skin concrete façade, with holes) and
a “podium construction” which is connected to the
main building. The use of a two-window multi-view
representation (Figure 1) enables, for each date, to
focus on both global construction of the skin (left
part) and the detailed steps of the podium edification and its connection to the skin (right part).
In the second example, the Heron Tower (in London) has been analyzed. The main findings of the
students’ analysis showed that the particularity of
this building was the multiple structural systems of
the façades. Indeed there are three types of façade
systems in this project: 1) “small windows” façade, 2)
glass wall façade, and 3) bracing system over glass
wall. Moreover, their work addressed the question of
visualizing multiple areas of a large-scale construction project (i.e. high-rise). As same-time scheduled
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tasks can be executed in distant locations, there is a
real issue for the visualization of these locations.
The proposed multi-visualization firstly distinguishes the areas represented in the simulation: for
a single date, the students proposed to visualize two
sides of the building (two representative façades) as
well as one extended view and two detailed views.
Moreover, they divided the vertical representation
of the façades using four camera principles (four different zoom settings) to better represent the targeted areas. Figure 2 illustrates this 12-view representation (note that the 12th view was not active at the
date displayed) for a single date.

CONCLUSION
The article describes a course dedicated to project
management in construction. The particular subjects of teaching are the structural principles and
construction processes related to high-rise build-

ings. 4D CAD assists the work of students, who have
to analyze a particular existing building during the
session.
The article highlights the feedback of both
teaching team and students, based on a survey
carried out at the end of the course. The main result is that 4D CAD seems to be useful to the work
of students but that it remains difficult for them to
understand its added value in real professional life.
An important challenge is the visualization of the 4D
simulations. A relationship is then established with
research work about the design of multi-visualization interfaces. Some conclusions are provided on
the basis of simulations involving two students, and
they allow to envisage prospects towards the elaboration of guidelines for 4D CAD visualization, which
could be useful for other curriculums.

Figure 3
Multi-visualization of the
construction sequence of the
Heron Tower (London).
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Abstract. The building technology class “Parametric Design” simultaneously teaches
thermal and daylight performance simulation to novice users, usually Master of
Architecture students. Own buildings are created, analysed and geometrically modified
during the design process, resulting in structures that are energetically pre-optimized. It
is shown that energy demand and daylight utilization can be significantly improved while
taking into account formal considerations. Departing from a design process model that
gives preference to either engineering or design thinking, multi-modal decision-making is
diagnosed to be mediated by hybrid or multivalent representations, necessitating a shift
in how inter-domain design knowledge flows might be understood. Opposed to purely
linear or iterative process assumptions, a fluent state model of interconnected domains of
analytic inquiry is proposed.						
Keywords. Sustainable design; daylight simulation; thermal simulation; architectural
education; design epistemology.

INTRODUCTION
Digital, parametric model-based design workflows
offer many opportunities to integrate performance
simulation into the architectural design process, but
as a relatively novel practice, no proven set of design methods or cognitive framework has yet been
established. Many traditional simulation classes
consider simplified design parameters and produce
results that stream towards clear performance indicators. While entirely appropriate, and possibly even
reflects a large aspect of the built environment’s formal reality, an increasing tendency exists to strive
towards forms that are not intended as mere aesthetic experiments but to enrich the lives of inhabitants through enhanced comfort. In this context, our

ongoing seminar “Parametric Design” investigates
the integration of multiple building performance
simulation techniques into the early stages of architectural design. Master of Architecture students with
minimal or no knowledge of building performance
simulation are tasked with expressing a functionally diverse spatial programme, using daylighting
and thermal assessment tools as continuous design
decision benchmarks. One of three sites (Berlin: Germany, Hashtgerd: Iran, Ft. Lauderdale: Florida, USA)
has to be chosen, yielding designs specific to the local climate but related through their shared design
brief. Basic lectures on sustainable building and
simulation principles are given, while workshops
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introduce students to the interlinked usage of DIVA
(Jakubiec and Reinhart, 2011), a daylight simulation
plugin for Rhinoceros3d, DesignBuilder, an interface
for the simulation engine EnergyPlus, Rhinoceros3d,
a NURBS modeler, and Grasshopper3d, a parametric
geometry tool.

PRECEDENTS IN DESIGN-SIMULATION
INTEGRATION
Various different models of building performance
simulation classes are described in the literature, as
are approaches that deal with integrating simulation into the architectural design process in general.
The following selection is not intended as a comprehensive classification of previous studies, but
instead serves to position our own endeavor within
this developing field.
Many simulation classes cater to architecture
students and contain a design component, the
analysis of which can then also be related to tool use
considerations (Palme, 2011). Alternatively, unconstrained architectural design activity is frequently
not part of a class (Strand, Liesen and Witte, 2004;
Madsen and Osterhaus, 2005). Epistemological
workflow considerations are discussed from various
angles, usually contrasting engineering and design
working methods, or attempt to establish intermediate ground (Batty and Swann, 1997; Hetherington
et al., 2011; Venancio et al., 2011). Most case studies
acknowledge the importance of early-stage architectural energy optimization through design, yet
our review indicates that it is the norm for only one
simulation domain to be detailedly taught per class,
unlike in our own, which introduces both daylight
and thermal simulations in an integrated manner.
In this paper, we touch on tool use implications, but
assume the chosen software applications to be reliably useable in the design process due to advanced
interfaces, precise results display and their use of the
validated simulation engines EnergyPlus and Radiance. In essence, we attempt to understand possible
modes of simulation-assisted cross-domain decision-making by architectural designers performed
from the very first creation steps to the end of the
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schematic design phase, since in this time frame
fundamental, difficult to reverse choices affecting
form and energy use are made (Brown and DeKay,
2001). No normative workflow recommendations
will be stated; instead, analyzing various process
representations in conjunction with describing decision chains will lead us to an alternative integrated
design process model.

RESEARCH QUESTIONS
The following sections introduce the curriculum employed by us, present two class results from summer
2011 and relate them to the challenge of integrating
building simulation into early-stage architectural
design. The guiding research questions are:
1. Are simulation activities easily effective in decreasing a design’s primary energy demand if
they are to be positively correlated with making desired formal decisions, in a process that
acknowledges functional and geometric complexity?
2. How are design decisions made in a multi-representational domain that includes parametric
performance models?
3. What consequences might the results and the
modes of their making have for architectural
education and design theory?

CLASS ORGANIZATION
The seminar investigates design-simulation process
interaction by posing a “real-world” problem. There
are no rules concerning the building shape, albeit
we ask students to consider the task realistic in the
sense of a limited budget and apparent constructa2
bility of the 804 m community center. Spaces are
a mix of offices, seminar rooms and a small auditorium. By having students design in different climate
zones, they experience how buildings that share the
same design brief are morphologically influenced
by adapting to the local climate.

CURRICULUM, ASSIGNMENTS AND
DESIGN OBSERVATIONS
The course assignments are modeled after the hier-

archy traditionally found in design studios, with energy optimization primarily to be achieved through
architectural instead of technological means. Hence,
formal and performance decisions are closely related (Nasrollahi, 2009). Our following process narrative is a temporally linear approximation of groups’
design thinking at various advancing stages, as interpreted by the authors based on tutoring, results
data evaluation and representation analysis.

Heuristic and initial simulation phase

Figure 1
Natural Ventilation and Massing Sketch, Florida Design.

Figure 2
Design Development Sketches
(Plans roughly oriented north),
USA.

Figure 3
Summer / Winter Irradiation Images (South to left of
frame), USA.

Assignment 01 asked students to start design work
and to especially consider early stage performance
rules of thumb, requiring them to document key design concepts relating to the intended environmental performance in principle sketches that should
relate to the local climate. Group 01 chose Ft. Lauderdale as the project site; group 02, chose Hashtgerd, Iran. The climates of both sites are very different:
Florida’s low latitude, low elevation and proximity to
the Gulf of Mexico lend it year-long high temperatures, mostly uncomfortable in summer due to high
relative humidity, while Hashtgerd’s more northern
latitude, higher elevation and greater distance from
the ocean yield a continental climate with both
summer and winter discomfort extremes. The goal
of performance design strategies was to minimize
the primary energy demand of heating, cooling and
lighting equipment required to achieve thermal and
visual comfort.
In the initial phase, a massing approach (figure
1) and response to site conditions was defined, with
most groups departing from and modifying the basic principles thus discovered throughout the class.
Design rules of thumb were recommended to be
followed from various publications (e.g. Brown and
DeKay, 2001) and Climate Consultant, a climate analysis package. The very earliest design stage, articulated by sketches (figure 2) and arrays of incomplete
models, featured too little information to enable
simulations that require defined geometries. Only at
its end was a base layout established, on which first
analyses were performed. This marked the transition
from purely heuristic to partially evidence-based
modes of thinking.

Assignment 02a dealt with running climate-based
daylight simulations (Reinhart, Mardaljevic and Rogers, 2006) and a seasonal cumulative solar irradiation
analysis, achieved with DIVA. The reason for considering insolation images and daylighting first was our
intention to have students visually experience solar
gains, with the hope that they would tweak their
assumptions on solar geometry and arrive at an improved building layout before constructing thermal
simulation models.
Group 01 correctly identified horizontal as well
as east and west facing surfaces as major receivers
of insolation (figure 3). This was in part caused by

the massing strategy chosen due to wind patterns
and spatial organization considerations, which were
also related to assumed daylighting benefits tested
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through simulations and found to be promising
(figure 4). The design process in all coming phases
then evolved towards a systematic evaluation of different facade structures, many of which were not
iteratively related but formal experiments and performance assessments in unison. Aesthetic requirements of retaining vertical fins to visually balance
the horizontal massing scheme were expressed by
the group throughout the class, setting a formal parameter space within which most explorations were
achieved. The authors found that this happened
in the case of most groups; the final solutions frequently showed an expression of ideas developed
during the heuristic design development phase.
The Iran team ran site-level irradiation simulations via Ecotect and chose a site patch with maximum insolation to receive their design, intended as
a compact volume tilted towards lower sun angles
(figure 5). Despite at first glance promising, it later
became apparent that this systematic initial approach yields no guarantees that building performance will actually be superior to rule of thumb
only approaches, since when site-level analyses
are performed without preconceived ideas on the
structure to be designed, no relationship between
measured site phenomena and building geometry
yet exists.
Interior spaces were arranged into a dense layout situated under a slanted roof perforated by skylights. The handling of these apertures was the key
geometric element affecting design performance;
they developed from simple horizontal openings
to complex solar scoops, their behavior parametrically defined by flexible Grasshopper3d-definitions.
Insolation analysis performed on various scoop tilts
resulted in the group choosing an angle that caused
greater gains in winter and relative prevention of
direct sunlight penetration in summer (figure 6). In
that sense, the irradiation images played a greater
role in meshing thermal optimizations with formal
considerations, and thus acted more as a useful
tool than they did for group 01, who argued from
a different set of constraints, especially wind patterns and projected daylight demand. Group 02’s
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approach can hence be understood as having been
more driven by thermal performance concerns; the
observed useful daylight utilization of the first iteration was indeed sub-par (figure 7).
Figure 4
Variant 01 (Florida), Useful
Daylight Illuminance, 100 –
2000 lux, % of occupied hours,
fixed louvers.

Figure 5
Site Irradiation Analysis & Volume Derivation, Iran Design.

Figure 6
Summer / Winter Irradiation Images (North to top of
frame), Iran.

Figure 7
Variant 01 (Iran), Useful Daylight Illuminance, 100 – 2000
lux, % of occupied hours, no
shading.

Figure 8

Detailed simulation phase

DB Model, Variant 01, USA.

Assignments 02b and 03 required students to adapt
their designs through DesignBuilder (DB) and further DIVA simulations. Alternate massing strategies
had to be considered in step 02b; in assignment
03, the best performing massing variant in terms
of primary energy demand and daylight utilization
was to be chosen and several design factors systematically varied to arrive at a final proposal, its energy
and daylight performance to be fully analyzed. By
keeping simulated physical building materials, occupancy information and assumed best-practice HVAC
templates constant throughout the class and concentrating on changes on the level of orientation,
massing, glazing ratios and fixed shading geometries, the direct influence of form on performance
was studied; yet in practice, initial decisions usually
overrode the possibility of fundamental changes.
Most groups found it hard to divorce their thinking
from the version already created and to define an alternate massing scheme.
Expressing the desire to retain the initial design,
group 01 departed from an unshaded base design
(figure 8) and especially studied the effects of sidefin shading geometries and ventilated double-roof
structures (figure 10) on total energy demand, reducing it by 30%. Gross daylight utilization was improved 15% by using light shelves and modifying
fin spacing (figure 11). Light shelves were used for
all but the North orientations and additionally acted
as overhangs (also see figure 20). Simulation results
are summarized in figure 15, clearly showing an increase in overall design performance. The required
alternate volumetric scheme of variant 02b (figure 9)
did not have an impact on subsequent design decisions, possibly due to its negligible performance improvement and seemingly improvised layout.
Group 02 did not produce an alternate massing scheme, but instead focused on the spacing,
arrangement and glazing area of the skylights, also
starting from a base design (figure 12). The number
of aperture rows in the final iteration was reduced
by three and the total glazing area more than halved
(figure 13), which lessened total energy demand

Figure 9
DB Model, Variant 02b.

Figure 10
DB Model, Variant 03.
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by 25% and almost doubled useful daylight utilization (figure 14). An increase in skylight row spacing
meant a reduction of winter overshadowing effects;
this change was stimulated by knowledge gained
from the previous irradiation image analysis.
There was considerable geometric drift between the individual design and simulation models,
as well as strong abstractions present in the thermal models. The most pronounced difficulty lay in
how to port the light scoop geometries between
daylighting and thermal models; this was solved by
synchronizing the glazing area and building custom overhangs in DesignBuilder, which imitated
the scoop tilt as used in the Grasshopper definition.
Opposed to the Florida team, who performed intermediate daylighting tests on singular geometric expressions and generally kept DB and Rhino models
parallelized, group 02 used several thermal geometry variants independently. Two series of models
with a stepped decrease in scoop glazing area were
compared and the results fed back into the original
parametric geometry definition (figure 16). As such,
an iterative workflow was contained within a formal
parameter space, which was itself dynamically encoded and eventually updated to reflect the final
analysis step.
Naturally, the groups’ results in both simulation
domains could be improved, yet by limiting material
choices to elucidate the effects of form and being constrained by what simulation novices can accomplish in
a single semester, more detailed optimizations had to
be deferred. Furthermore, the final absolute numbers
are not the primary result; rather, it is the comparative
evaluation of geometric influences on performance
that makes up the value of the simulations. More developed models would likely yield different results,
since more precise interaction effects of daylight quality, which is not readily described by bulk UDI values,
and window shading would modify design performance, as would further thermal comfort and natural
ventilation considerations. Group 01 again improved
design performance leading up to the rapid prototyping stage, during which final models were printed
with daylight metrics embedded (figure 17).
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Figure 11
Variant 03 (Florida), Useful
Daylight Illuminance, 100
– 2000 lux, % of occ. hours,
fins only.

Figure 12
DB Model, Variant 01, Iran.

Figure 13
DB Model, Variant 03.

Figure 14
Variant 03 (Iran), UDI 100 –
2000 lux, % occ. hours, no
shading.

From a process perspective, workflows that meshed
iterative tests with the concurrent exploration of
other related but singular design variants appeared
as the norm; while we provided extensive instructions on how, in our opinion, to best structure an
analysis workflow, the oft-articulated “conflict” between design and engineering thinking came into
play, but without inhibiting a measurable decrease
in energy demand and a general increase in daylight
utilization. Group 02’s systematic, iterative approach
did not automatically produce a design that performed better than the Florida team’s building.

DISCUSSION AND CONCLUSIONS
Figure 15
Iteration Performances.

Figure 16
Parametric Roof Scoop Geometry of Iran Design.

Most students accomplished a positive interplay
of geometry and performance factors. The feasibility of a mixed design-simulation process in achieving efficiency improvements was demonstrated,
however it is not only through raw data that such a
practice must be evaluated. More than the sum of
its parts, it becomes an activity of mediation, complicating both epistemes by collapsing them into
the same space of thinking and evaluating. If carefully managed, and to begin answering the first
research question, quantitative improvements can
be achieved in an integrated manner and through
iterative evaluations accompany and even inspire
formal experimentation. On the other hand, synergy
breakdowns can also occur, experienced by a minority of groups that failed to connect the domain
of analysis with the domain of creative production,
usually caused by a lack of basic building science
knowledge. For if epistemes are to intersect, they
need to be at least rudimentary developed, independent of how knowledge is actually produced in
science versus design methodologies.
Apart from concerns of principle feasibility, we
implied the question of whether a combined design-simulation process would “easily” increase performance. This can only be answered in conjunction
with the core question of how design decisions were
made in general and specific instances. Since design
is often understood as a goal-oriented activity, decisions cannot be evaluated in isolation, but need to
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be seen in relation to the perceived whole. Design
intent is frequently articulated in a nonlinear and intuitive manner striving towards synthesis by accommodating possibly clashing goals, and thus bears
conflict potential with rationalist engineering procedures. Intent encapsulates the always current totality of ideas on how a building should be (N, figure
18), but due to its complexity and intersubjectivity
has no holistic representation. It includes all design
assumptions, also the ones related to performance,
and at any given moment can be understood as a
fluent total state of ambivalent interconnections,
exemplified by Christopher Alexander’s chart of
design factor interdependencies (figure 19). Alexander’s chart predates the availability of digital design
and simulation models, but nonetheless deals with
material and social performance interdependencies that form a wicked problem (Rittel and Webber,
1973).
Architects, especially since their separation
from manual construction activities (Davis, 2000),
have developed a tradition of dealing with problem
subset permutations of different domains that still
relate to the same object, e.g., how to marry structural requirements with space flow demands. These
different subsets are traditionally encoded by a multitude of space-related drawings and models that
refer to the same object but are still unique epistemes. As process models, they can act as “machines
for thinking” (Smith, 2004) and enable associative artistic leaps. Given that in our case study most projective representations and performance datasets were
derived from multiple digital models, strong clues
exist that model families may in fact be used by architects within a contemporary continuation of said
historic framework, which has been perpetuated by
educational design studio practices situated in the
lineage of Modernism. Yet since its heyday, developments in simulation and its space-related representation have moved numeric evaluations much
closer into architectural planning practice. Still in
an apparent conflict with design nature, analysis
necessitates clear steps in a rational procedure and
relies on steady benchmarks during simulation, oth-
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Figure 17
Printed Daylight Model, UDI
100 - 2000 embedded, USA
Design.

Figure 18
Domains of Inquisition /
Representation in Design
Synthesis.

Figure 19
Field of Design Factor Interdependencies (Chermayeff and
Alexander, 1963).

Figure 20
Principle Performance Section:
Multivalent Representation,
USA.

Figure 21
Principle Performance Section:
Multivalent Representation,
Iran.

erwise invalidating comparisons. Yet creative reality
is prone to upheavals questioning the very stability
of the contained analysis paradigms. How, then, was
their interplay managed?
The design observations show that a combination of heuristics, to establish an initial formal seed,
and iterative schemes was usually employed, the
latter of which predominantly revolved around performance evaluations of building components and
were strongly related to prefigured intent; as such,
they were encapsulated by and inseparable from
the heuristic context. Models that dealt with different design aspects drifted apart, were abstracted
to explore isolated performance behaviors and
later synchronized with master design models, as
shown by group 02. Parametric encoding can be
understood as a process analogue to the creation
of myriad manual test models and was used to similar design refinement ends. Other groups exhibited
related behavior; a multiplicity of independent but
related digital models was used to generate analytic,
form-related and, most importantly, hybrid or multivalent representations concerned with the formperformance interface and acting as design catalysts. We observed that most beneficial performance
decisions were made when students either achieved
a parallel presence of design intent across multiple
representations belonging to different domains of
inquiry, or created multivalent representations that
directly combined validated assumptions from multiple domains. To extrapolate a model:
Individual domain-specific types of knowledge
n
(A etc., figure 18) are synthesized by utilizing the
semiotic flexibility their multivalent representations
(e.g. derived from digital models) enable, and thus
continuously update global design intent (N, figure
18). In return, the field of intent, newly enriched with

additional cross-domain knowledge, permanently
influences the originally contributing domains,
forming a nonlinear knowledge flow framework
that relies less on direct hybridization of design and
engineering methods, but instead draws potential
from the synergistic possibilities rooted in the multivalence of their respective models’ representability.
This model neither invalidates the presence of
engineering procedures nor the validity of grown
design methods, but in part shifts the discourse
onto the level of understanding the mediating
role of multivalent representations (e.g. figures 20
& 21), which by virtue of their properties encode
quantitative descriptors spatially, relate form to
projected performance and should be regarded as
articulating one possible state of synthesis among
many. The shown sections, daylight plans, radiation
images and printed daylight models all partially
fulfill these requirements. In a process model that
is perceived as a field of possibilities managed by
definitions achieved through representations, all
contributing domains constantly interact. Representations stimulate processes, can be their result
and by feedback effects cause shifts in their respective knowledge source domains; as an example, we found that by running many consecutive
simulations, students became increasingly good
at without further tests predicting how glazing ratio changes would impact combined thermal and
daylighting performance. Yet in order to establish
that relationship, it in most cases had to be previously encoded in either conceptual drawings or
numerical representations that clearly meshed
performance and geometry descriptions. From
that perspective, we posit that heuristics and design analysis are complements and enact a process
of transforming “tacit” into “explicit” knowledge
(Friedman, 2003) of objective performance phenomena that are later used to generate new design
seeds through additional representations; if these
are then used as active design artefacts, new associative leaps and continuous design synthesis can
be achieved.
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As a possible consequence for education, designers’ knowledge of the contributing domains, especially building science, needs to be improved
by linking it with geometry effects through novel
teaching formats, as well as research into visual semiotics and their relationship to underlying methodologies combined with the testing of integrated
design frameworks. A steady accretion of validated
form-performance interfaces allows the concurrent
expression of engineering and design epistemes;
both need to be acknowledged, regarded in their respective traditions and newly combined to achieve
playful precision. Only then will performance increases appear easily from within the design process
itself.
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Abstract. Evolution of/in artificial systems has been discussed in many fields such as
computer science, architecture, natural and social sciences over the last fifty years.
Evolutionary computation which takes its roots in computation and biology has a
potential to enrich ways of thinking in architecture. This paper focuses mainly on
the methodology of how evolutionary computation theories might be embedded in
architectural education within the theoretical course in graduate level.		
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architectural design curriculum.

INTRODUCTION
Over the last fifty years, evolutionary concepts and
methods have been examined related to varoius
fields. Especially in design domain, as Rosenman
(2006) pointed out, there has lately been a considerable increase in the use of evolutionary methods
(Holland, 1975; Heylighen, 1989; Koza, 1992; Poon
and Maher, 1996; Fasoulaki, 2003; Rosenman, 2006
etc.). In order to resize the pool of design solutions,
various studies were based on adapting notions and
systems from biological models to computational
design area. However, evolution paradigm has not
been embedded enough to the architectural education. In other words, works including evolutionary concepts remarkably focus on one hand on the
structure analysis of specific computational systems,
on the other hand on the large population of design
solutions or on the externalized design object itself

rather than on what/how is going on the designers’
part in terms of design thinking and learning. Some
other studies exploring the integration of digital design models and techniques with design pedagogy
deal with the problem in a general range (Oxman,
2008).
At this juncture, the scope of this paper is limited with introducing only evolutionary design
paradigm to the students in a determined course.
Related to evolution paradigm, it is supposed that
the vocabulary/terminology of different disciplines
requires thorough descriptions, excavations and discussions in order to develop architectural students’
understanding through these practices.
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DESCRIPTION OF THE COURSE
In this study, we particularly focus on the methodological analysis of the course in Architectural Design
Computing Graduate Program at the Faculty of Architecture in Istanbul Technical University, titled
“Evolutionary Approaches in Architectural Design”
(EAAD). The EAAD is a PhD course of 3 hours per
week and is conducted since 2009. General purpose of this theoretical course is to take advantage
of evolutionary approaches and processes encountered in nature as a source of inspiration, while solving problems in the field of architecture during one
academic semester.
In Fall semester of 2011-2012, the contents and
the timeline of the course were divided into five
main activity groups including lectures, literature reviews, discussions, presentations and term projects
(Figure 1). As an essential part of the course, the
lectures were driven both by instructors and guests
having expertise on the related topic of the week
during first 9 weeks. Literature reviews part, as a
direct support for theoretical explanations detailed
during lectures, concerned books, papers and articles meticulously chosen by the instructors not only
to be aware of the state of the art approaches but
also to enrich vocabulary domain used in various
studies. The content of the lectures and literature reviews can be listed as:

•

Evolutionary processes encountered in nature
as an inspiration, while dealing with problems
in the field of architecture.
•
How genetic algorithms and evolutionary approaches are used in architectural design.
•
Biomimesis, lindenmayer systems, cellular automata and emergent systems in general and
particularly in architectural design.
•
Evolutionary computation and using computer
as a partner in pre-design phases.
Although participation of the students were always
encouraged, these two parts (such as lectures and
literature reviews), show instructor-centered learning motivation of EAAD course. On the other hand,
it is supposed that term projects part totally reflect
a student-centered learning motivation aiming to
develop an evolutionary design model in general
terms with a final report in an article format. In project development phase, students were expected to
concentrate on combining the evolutionary theories
with a particular design problem they did choose
or to develop ideas through experimental embodiment of the abstract concepts via physical and digital models. Although the term projects went on in
a regular timeline (for the last 5 weeks) similarly to
lectures and literature reviews, they were situated
Figure 1
Timeline of the EAAD.
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on opposite sides in terms of subject/object relation
(the subject was instructors in lectures and literature
reviews while it became students in term projects
part). In order to bridge the gap between these two
opposite learning motivations, two different collaborative activities were engaged within partial frequentations in timeline: discussions and presentations
parts help to include students more in the course
(Figure 1).
During discussions, students were encouraged
to have a critical distance to examples and theories
as much as possible (hence, these parts had been divided in three sub-parts for different weeks) in order
to enable development of their own insight and ability of interpretation. Discussions also provided faceto-face feedback from each student to others and
to instructors. Finally, another activity bridging the
gap between two opposite learning motivations was
presentations. They were separated into three subparts with different weights per week like discussions (Figure 2). The tasks consequently were to present a review of an evolutionary design model from
literature, to introduce their very initial ideas about
term projects of students and to gather final critics.

In the long run, such a part-based distributed division in the course had been concluded related to
experiences and feedbacks gained since 2009. During and at the end of the semester, we observed that
these partitions enriched the general vocabulary
of designing via transitions from theory (lectures
and literature reviews) to practice (term projects)
through discussions and presentations parts.

Evolution of what? Epistemological
excavation in different disciplines
One of the main difficulties while the theoretical
topics are being discussed is that there are pre-determined vocabularies belonging to different disciplines. For example, not only the evolution concept
itself but also the related vocabularies refer to a
variety of different meanings, connotations and relations in Darwinian terminology of biology, in economics or in computational theory.
We use the ‘epistemological excavation’ in terms
of a series of research, discussion and re-thinking
process about the epistemological origins of the
existing terminology. In archeology the ‘excavation’
term literally refers to a dynamic digging process

Figure 2
Distribution of the course
parts.

CAAD curriculum - Volume 1 - eCAADe 30 | 109

involving the actions of exploration, recording, recovery of different relations and interpretation. The
excavation usually begins at a defined area, while in
the beginning what you look for is not so clear. Subsequently, other series of connected areas or other
layers from different time zones should be evaluated
in an interrelated manner. The methodology, the
techniques, the type of tools might differ according
to the specific requirements. Regarding the theories
and in particular the evolutionary theory, each discipline has been accumulated different semantics of
their own terminology. At this point conducted with
deconstructive thinking, epistemological excavation
is required in order to explore new findings with
new relations.
Other problem is grounded on the nature of
theories which creates reduction and a gap between
the reality and the idealized theory. Liddament
(1999) defines this gap as on one hand methodologies, techniques and vocabularies and on the other
hand “the subset of the wider spectrum of human cognitive activity”. Especially in theoretical courses we
had observed in the previous years that, students
had the tendency to deal with the theories given
as they were. Similar to the Polanyi’s (1966) bicycle
example, theoretical courses concern bicycles instead of the experience. Within 3 hours per week of
a theoretical course it is not possible to teach the experience of riding a bike. However it is possible to
trigger the curiosity of the students and discuss at
least different ways of riding a bike.
During the EAAD course in the beginning of
the 2011-2012 fall semester we asked how we
could stimulate/trigger students keeping a critical
distance to the varying concepts of the evolution
instead of accepting them without interpretation.
Other issues that we concerned about were the interrelated theories of evolutionary computation,
embedding the evolutionary approaches in architectural design process, questioning the limitations of methods/vocabulary such as optimization,
selection, search in solution space, dependency to
the initial assumptions, genetic algorithms, natural
systems, shape evolution, and evolutionary model
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examples of creative design. Besides these, we were
interested in how “evolutionary computation by designers” paradigm- which not only occurs in computers but also physical environment and designers’
minds.
There are always risks related to how to introduce these theories. Keeping this in mind, we tried
and encouraged an open-ended epistemological
excavation in different disciplines regarding evolution paradigm. Instead of thinking only within the limitation of these ready-given concepts, we motivated
students:
•
to explore semantics of the vocabulary
•
to gain a better understanding of relations/
interactions among the concepts of evolutionary computation
•
to represent and to externalize their own understandings from the abstract concepts via
digital and physical models

From analyze to interpretation
Students were expected first to analyze examples
focusing on evolution paradigm accompanied with
readings and then to explore some of the algorithms shared in the literature review part. In order
to reveal an interpretational skill in design process,
students were encouraged to visualize concepts via
physical and digital models.
In the analyze process, students were expected
to be not only a translator but also an interpreter
between their minds and the computer. We observed the advantage of visualization process of the
abstract concepts. On the other hand this process
has been occurred two sided. Physical environment
- natural and/or artificial - was also used as a source
of inspiration and was converted to the abstract
schemas.
Different from conventional theoretical courses
supporting only students’ reading and writing skills,
in EAAD we let the student sto explore their own
way of understanding of the abstract concepts and
to deconstruct the ready-given concepts within
their semantics and connotation.

METHODOLOGY
In this paper, we defined the listed criteria in order
to evaluate the process of the term projects’ belonging to the 8 students with different backgrounds:
•
Level of predictability: The end product can be
predicted by the initial assumptions of the student or there are emergent outcomes during
the project development process.
•
Level of internalization: This includes level of
adapting both concepts and techniques to
their own projects. If the student used one of
the existing evolutionary methods as it is, this
is defined as ‘repetitive’. If the students met
new vocabularies/rules while dealing with the
present ones, this is defined as ‘explorative’.
Finally if he/she developed his/her own methods, we define it as ‘interpretative’.
•
Type(s) of the media: Which type(s) of representational model(s) was/were preferred (Physical/digital/both).

Evaluation of the student projects
In this part, the process of 8 term projects is evaluated depending on the pre- defined criteria. As it is
shown in the Figure 3, there is a variety of analysed
methods and each student focused on different topic for the term project. 5 Master and 3 PhD students
have attended to the course with different backgrounds and different computational experiences.
Although, the scope and the scale of the term projects were so different from each other, all students
used 3 dimensional modelling programmes and
scripting environments. 2 out of 8 students experimented with physical models, besides digital modeling (Figure 4).
It is seen that (Figure 3, Figure 4) since there
are two students who experimented with physical
models had also explored emergent outcomes. One
of these students (Figure 5) started with poems as
a generative algorithm input. At the same time she
made a large number of physical models. Symbolic
representation of Haiku poem, verbal representation of algorithms and visual representation of study
models were developed simultaneously. Other stu-

dents (Figure 6) started with observation of natural and artificial environment including analyses of
pomegranate patterns, frosted glass patterns. She
set up a series of experiments with bubble plastic
and iron. The second student also tried to understand the logic of existing algorithms such as voronoi diagrams and delaunay triangulation. She additionally developed her own algorithm and explored
new relations and forms via parameter change
(Figure 6). Depending on these two examples it is
possible to assert that interaction with the physical
material might provide a better understanding of
the abstract concepts. However, in this assumption
other coefficients such as the effect of symbolic and
mathematical thinking are excluded.
Another student who explored emergent outcomes worked in digital environment (Figure 7). Although he was examining existing algorithms of
voronoi, he focused on mathematical equations and
developed his own assumptions. In this sense, we evaluate his study as interpretative and explorative. After
these experimental studies he integrated his findings
into structural optimization of surfaces.

CONCLUDING REMARKS
A dynamic approach in terms of divergent and convergent thinking is evaluated via a theoretical graduate course and student projects. One of our initial
finding is that, using physical models in the analysis
process might both improve student’s understanding of the abstract concepts and support emergent
explorations besides defined solution domains of
the design process.
The part-based distributed division curriculum
of EAAD was built up depending on experiences
and feedbacks gained since 2009. This structure is
considered to be reconfigured each year. According to the balance of theory (lectures and literature
reviews) to practice (term projects), we planned to
re-evaluate the ‘lectures’ part via spreading out the
lectures over the whole semester.
Moreover, we think that in order to gain intellectual understanding, beyond limitation of only one
discipline the concepts should be epistemologically
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Figure 3		
Correlation between predefined criteria and project
development.

Figure 4		
Level of internalization
and level of predictability
correlation.
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Figure 5
Sample of an explorative and
interpretative student work by
Tugce Darcan.

digged. Besides grammatical items, it is also important to discuss semantics of existing vocabulary of
different disciplines. At this point, we think that the
syllabus types developed for new language learning
might provide pedagogic advantages/clues in terms
of teaching approach and methodology. Particularly
the pedagogic potentials of notional-functional syllabus type is considered to be examined for the following semester of EAAD.

In addition it is observed that collaborative learning
environment including face-to-face feedback (especially tried in discussion and presentation parts)
provides positive reflections in understanding abilities; however we did not make qualitative research
about it within the scope of this paper. Correspondingly, the influence of the literature review and the
example search (presentations) parts on students’
way of thinking might be examined within scope of
another study.

Figure 6
Sample of an explorative and
interpretative student work by
Benay Gursoy.
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Figure 7
Sample of an explorative and
interpretative student work by
Yekta Ipek.
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Abstract. Based on the experience from EU project ARCHI21 (Hunter et al, 2011)
and long-term commitment to research of architectural presentations and educational
approaches to expert and non-expert public (i.e. Juvancic, Mullins & Zupancic, 2012), the
paper aims to clarify the terms used in CLIL-architecture context, identify the variables
that have, in practice so far, proven to influence the learning outcome and learning
experience both in architectural and language sense, and systematize the findings into
the useful system. The result can be envisioned as the potential ‘ladder of the CLIL &
architecture integration‘. The system would be of help to anyone trying to integrate
language learning at different stages of architectural education, pointing out the required
fundamentals, predicting the possible learning outcomes or benchmarking them after
the experience. The basic terms/variables divided into three major influencing groups competence, work environment and course settings - are described first, proceeded with
the scheme connecting them into the system and two actual examples ‘run’ through the
matrix for illustrative purposes. The paper also looks specifically into the use of different
immersive environments and digital communication tools for teaching the architecture/
design–other language combination and adapts the system to this segment, while also
briefly comments on learners and teachers responses to CLIL-architecture integration.
Keywords. Architecture; immersive environments; CLIL; evaluation; teaching; Archi21.

INTRODUCTION - BACKGROUND AND
PROBLEM
While the Content and Language Integrated Learning (CLIL) has been tried out and implemented
in the first and second level of education (Coyle,
Hood and Marsh, 2010), the higher level education
of CLIL approaches are yet to be developed and tested. The introduction of architecture as the content in
this symbiosis and its special affinity to its own visual
language can serve as an interesting counterbalancing act, enhancing and advancing the learning
of spoken and written languages. Introducing the
digital communication tools and immersive virtual

environments into the architecture-language equation offers additional opportunities for distance collaboration and language learning but also increases
the number of variables influencing the learning
outcomes adding to the uncertainty in results prediction.
In the paper we argue that some fundamental
conditions need to be met to provide the minimal
effective learning environment in which CLIL can
take place as too much new learning experience
threatens to overshadow either the learning of the
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Figure 1
Different environments
tested for distance CLIL
in architecture – ‘on-site’
students’ presentations and
mentoring in Second Life
(left) - synchronous audiovisual collaboration; students
presenting their work and
communicating by means
of Wiki and Skype (right) synchronous audio-visual
presentations. The immersion,

contents or the learning of the language, resulting in
undesired poor learning outcomes on all fronts.
Architecture and urban design as subjects are
very particular not only because they are concerned
with complex matters such as buildings and towns
but because they require the knowledge of special
language – the visual language – that students need
to learn and be proficient in it as well. On top of that
we are describing and analysing situations in which
the learners are dealing with the advanced communication tools, computer aided, practice specific
tools and persistent digital worlds, all demanding
and competing for the attention and burdening
the learners with additional potential, sometimes
steep, learning curves. On the other hand the visual
language, if mastered, can be of help as a constructive mediator and translator between two different
languages.

CLIL AND ARCHITECTURE
CLIL is a relatively unfamiliar term in architectural education circles. Whereas the notion itself might not
be widely used in architectural context, its concept
and idea are not new - namely, teaching architecture
and urban design through the medium of a language
other than normally used [1]. The expression language other than normally used is in text shortened
to the other language and can be equally substituted
with non-mother tongue language. The principles
have been practiced in architecture and urban design on many occasions, especially in international
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learning settings that involve students and teachers
of different country/language origin. We could argue
that visual language used in architecture is the other
language for students used to written language thus
making the whole study a CLIL experience but in this
paper we will stick to the notion of spoken and written language in a traditional sense. Beside the evident benefits of learning the other language on the
go and being able to use it professionally, there are
other beneficial factors as well [1]:
•
Building of intercultural knowledge and understanding.
•
Development of intercultural communication
skills.
•
Improvement of language competence and
oral communication skills.
•
Development of multilingual interests and attitudes.
•
Provision of opportunities to study content
through different perspectives.
•
It allows learners more contact with the target
language.
•
Language learning does not require extra
teaching hours.
•
It complements other subjects rather than
competes with them.
•
Diversification of methods and forms of classroom practice.
•
CLIL increases learners‘ motivation and confidence in both the language and the subject
being taught.

collaboration, presentation,
tool integration, competence,
etc. can achieve various levels
but still be effective and have
a significant influence on the
learning experience as well as
the learning outcomes.

The paper uses two terms that need further explanation: mode and level. Whereas levels denote settings where the subjects or notions can be followed
through different inter-related stages, advancing or
descending on the scale, the modes denote conditions that are independent and cannot be perceived
or compared among themselves as higher-lower,
more advanced-less advanced, etc.

THE MODES OF CLIL
In this paper we understand the mode of CLIL as
the other language(s) of choice and the number
of them. The ARCHI21 project includes several languages: Slovene, French and English, at least two
of them representing the other languages to each
partner and in some cases even all three of them (i.e.
Erasmus students coming from abroad). As modes
of CLIL we had combinations of Slovene-English,
Slovene-English-French in our courses, and the
school of Paris Malaquis had French-English, FrenchEnglish-Slovene combinations, etc. The modes can
be thus classified as:
•
Mother tongue - first other language.
•
Mother tongue - first other language - second
other language.
•
First other language - second other language.
The modes of CLIL are usually not uniform for participants involved, particularly in cases where there
is a mix of regular and exchange students (i.e. native
students in Slovenia speaking Slovene as a mother
tongue and English as first other language, Erasmus
students speaking English in Slovenia as first other
language and Slovene as a second other language,
while participating in the same course).

MODES AND LEVELS OF IMMERSION
When defining immersion of dislocated participants
the ultimate immersion would be the face-to-face
experience with other participants, being able to
communicate, interact, work collaboratively and, in
architecture also, experience the space and the surroundings as actually being there. Anything less is an
approximation of this ultimate immersion through
modes that associate the learners’ presence, his in-

teracting abilities and environment.
We can distinguish between the following
modes of immersion where the presence of the user
and his interaction possibilities play the part:
•
Mental presence (third person observer, i.e.
movie watcher in the cinema), limited to the
passive role of the observing – cannot interfere
with the action, but can mentally immerse himself into the virtual world.
•
Presence through the symbolic representation of
oneself - the user is transposed into the multidimensional pervasive digital worlds through the
avatar, used as an interpreter of action between
digital and physical world – the user can interact with the virtual world but needs to mentally
immerse himself into his alter-ego (avatar) to
be in-world.
•
Telepresence – the presence in digital worlds
with the help of VR technologies, that actuate
and simulate the (total) in-world immersion
and allow ‘direct’ interactions; one of the characteristics is also a first person point of view.
There are different levels of immersion, the presence representing only one of the aspects. Manovich
(2002) distinguishes between illusionism, combining traditional techniques and technologies that aim
to create a visual resemblance of reality, and simulation, recreating reality through other aspects, beyond visual appearance (i.e. freedom of movement).
Not only that but being also able to use such environments through individual’s experiential apparatus, use of logic and past experience. The notions
which can be best summarized with the term environment or medium in which the learner is operating.
By defining the levels of affordances that the viable
‘classroom’ media/environment supports in terms
of recreating the experience of space and presence
(and also having the currently available software/
hardware in mind), we can derive the following levels of immersion regarding the learners:
•
Asynchronous audio-visual presentations and
posted replies (i.e. Knovio, VoiceForum, Wiki,
etc.).
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Synchronous audio-visual presentations and
discussions (i.e. Skype, GoToMeeting, shared
whiteboards, etc.), usually limited to 2D presentations.
•
Synchronous audio-visual collaboration in pervasive worlds not limited to planar presentations (i.e. Second Life - SL, TelePlace - currently
known as 3DICC).
•
Face to face discussion (f2f ), allowing all types of
presentations and the ultimate immersion.
Whether they are used to their full potential is another question, i.e. use of SL for presentations on boards
in-world would suggest an advanced mode but is in
fact not that different from audio-visual presentation
mode.
•

ARCHITECTURE, LANGUAGE AND TECHNOLOGICAL COMPETENCE LEVELS
There are three fundamental levels of competence
that need to be addressed: the competence of developing architectural and urban design projects individually or in a team, the other (first or even second
foreign) language competence level, and the competence of using particular digital and communication
tools for professional purposes (an advanced notion
of digital literacy). They can be further explained as:
1. The competence of developing architectural and
urban design projects – the levels:
•
Students proceeding to bachelor’s degree (or
equivalent in years).
•
Students proceeding to master’s degree (or
equivalent in years).
•
Licensed architects considered in the long-term
view of lifelong learning process.
The first two are defined through curricula usually
distinguishing between the ground level of achieving basic professional knowledge, later developed
into the independent professional individual on the
second level, while the third is more elusive of clear
definitions and refers to the in-field working experience and specialization.
2. Other language competence level is easier to
measure by common international standards,
i.e. Common European Framework of Reference
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3.

•

•

•

for Languages (CEFR) [2] – using levels such as
A1, A2, etc. denoting the language competency
Competence of using the particular communication and digital tools for the professional
purposes is harder to measure but can be described in terms of skills the learner is capable
of doing on his own:
Rudimentary – the learner is capable of using
the common writing, visualization and publishing software tools along with the use of professional suites in 2D (of his choice); he/she is also
able to use social and common digital communication tools; the student is capable of using
and moving in the pervasive 3D environment;
he/she is able to follow steps of instruction for
achieving intermediate goals but is unable to
do them on his/her own.
Intermediate – the learners are capable of using
different writing, visualization and publishing
software tools and are able to use professional
suites across platforms and across different
providers (in 3D). On top of that they possess
skills to construct and work collaboratively in
3D (pervasive) worlds; the learner is able to find
and combine the social and digital communication tools to his advantage in pursuing professional purposes; the student grasps the logic
behind the digital tools and is able to adapt to
changing and fast developing conditions in the
digital domain on his own.
Advanced – the learners have the intermediate
level of skills upgraded with the scripting and
programming skills; they are able to modify and
merge existing (open-source) applications into
new ones or create their own if the ones available are not suited for the professional tasks
they are faced with.

WORK MODES IN COURSE SETTINGS
The working objectives and type of work affect the
learning outcomes, opportunities for the CLIL, suitability of digital tools used and required or desired
immersion. Depending on the task and type of work
there is a high possibility that learners will be bur-

dened with learning curves in several presented variables (i.e. language competency, communication
tools’ skills, etc.). The four envisioned types of work
in courses cover the most frequent settings when architectural and urban design learning is in question,
regardless of the type of learning (distance or f2f ):
•
Lectures/discussion – the usual setting for traditional ex-cathedra lessons or, more contemporary, teacher-students interactive lectures and
ensuing discussions that happen either f2f or
through distance learning (Mason and Rennie,
2006); they involve synchronous or asynchronous means of communication
•
Presentation/discussion/critique – the prepared
presentation of work in progress, work finished,
historical material, description on topic, etc.
done in any manner with the ad-hoc discussion and critique following the presentation in
which either presentation itself or the subject
of the presentation is discussed and criticized;
on this level the learners can i.e. present their
projects done collaboratively but without CLIL
component
•
Collaboration on a project/workshop settings –
with envisioned CLIL component in all stages,
including actual work on the project
•
Expert – non-expert public participation – the
collaboration of experts and non-experts (also
a simulation of such situations) with all of the
specifics of communication issues that ensue

ARCHITECTURAL DESIGN PROCESS
LEVELS
The stages in architectural production and their
characteristics differ greatly and span from initial
first ideas, conceptual work on abstract levels proceeding towards detailed proposals and plans for
the execution. The discussions about- and critique
of- the projects accompany the process but can also
span the part or the whole range when the main focus of the course is aimed towards analysis (devoid
of designing), i.e. analysing the architecture historically, stylistically, functionally, etc:

Initial concepts - defined by abstract, rough ideas and input data; (has or has not Project Based
Learning - PBL - characteristics).
•
Intermediate level between concepts and details
– the ideas and concepts get more definitive
form and dimensions; the functionality demands, tectonics, building and legislation constraints are taken into an account; the viable
plan for execution is taking shape; (has PBL
characteristics).
•
Detailed project or similar project-like exercise
level – all the factors are dealt with (or simulated) supported by thorough plans for the
design to come into its existence; construction
and execution are the logical next steps; (has
PBL characteristics).
With the design of objects for the digital worlds, the
description of levels would differ slightly but would
still follow the similar path. For example, the tectonics considerations are perhaps not necessary due
to the different medium and the functionality can
represent a different notion – behaviour of an object, but the detailed project remains a reasonable
description of the design process level as the object
can be produced in different levels of detail (textures, behaviour scripts, programming, etc.).
•

OUTCOME - THE LEVEL OF CLIL
INTEGRATION INTO ARCHITECTURE
EDUCATION
The level of CLIL integration into the architectural
and urban design education is tightly connected
with the language competence level of teachers and
students participating but also with other variables
discussed in this article. It spans the range from basic
to advanced integration in the architectural courses
and can be seen both as a variable and as an expected output of the presented system:
•
Basic – expected learning outcome: fundamental, basic vocabulary and phrases not necessarily related to professional topic; students use
single words and phrases interwoven with their
main language of use in their work/presentations to illustrate/emphasize specific notions,
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•

•

hear onomatopoetic sound of words, discuss
the meaning of words used in different cultural
and language contexts, etc.
Intermediate – expected learning outcome:
rudimentary professional architectural vocabulary on the specific topic, use of phrases,
forming of elementary sentences; students
can present their work and collaborate using
the combination of main language of use and
the other language, using the other language
for the emphasis or demonstration of their language abilities; the amount of other language
use is no less than one third.
Advanced – expected learning outcome: using
the other language for professional purposes
during courses; students are able to argue,
present, express opinion and collaborate in the
foreign language, while also learning the language details and finesse.

THE SYSTEM AND THE MODEL IN USE DISCUSSION
The system itself implies the variables that affect the
learning outcome and learning experience when
considering CLIL in architecture. Depending on the
variable levels and modes the final integration can
vary from basic to advanced. The model has not
been designed to provide an exact number or percent of the integration, but it gives an overview of
the complexity of interconnected factors. It does
that on the basis of actual experience with known,
but not lab-controlled, inputs and known outcomes.
Being designed from deductive perspective, the CLIL
integration can be best presented through the proposed scheme (see Fig. 2) on the basis of two actual
examples from the Archi21 experience.
Two courses were introducing the CLIL – Space
& media [3] and Workshop: Lighting guerrilla [4]. In
Space & Media the students had to deal with and
re-design the Square of the republic in Ljubljana,
using pervasive worlds and integrate Slovene and
Figure 2
The system implies the variables that affect the learning
outcome and learning experience when considering CLIL
in architecture. Depending on
the variable levels and modes
the final integration can vary
from basic to advanced. The
recommended minimums are
shaded.
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English language. In the Workshop, the students
had to design the light installation on the topic of
movement and actually build it on site in the most
physical sense, while also integrating the language
of Slovene and English into their learning experience. The courses were fundamentally different in
terms of variable levels and modes although they
seem similar at first glance. The conditions are best
represented by the mark-ups in the schemes (see
Fig. 3 and 4) and they can also be compared. The final
outcomes – the integration of CLIL and architecture
– are different but following the variable settings the
reader can have a better insight in why and where
the differences stem from.
Discussing the hierarchic order of variables and
their significance for the final integration of CLIL
in architecture, we can establish that competence
levels are the unavoidable base on which the CLIL
can be developed. Certain levels of technological,
architectural and language competency are necessary in order to have any integration expectancies.

For example, the CLIL-architecture integration is very
limited without sufficient command of other language, particularly when the other language is not
widely used, is unfamiliar to the learner, or the learner has just began learning it. The same is valid for the
learners coming from general education, only starting to get the knowledge and expertise in the field
of architecture – the lack of sufficient competency in
the field hinders CLIL attempts, which become unwanted and unnecessary distractions, drawing the
much needed attention away from the contents. The
argument from the beginning of the paper still applies - fundamental conditions, especially in terms
of competencies, need to be met to provide the
minimal effective learning environment in which
CLIL can take place. The course settings and work
environment also affect the learning experience and
outcomes but can be seen as modifying rather than
restraining factors of CLIL-architecture integration.
The responses of learners and their teachers to
CLIL-architecture integration have been positive.

Figure 3
The integration of CLIL in the
course of Space & media [3] is
shown as an illustration of the
input variables and final outcomes. The course was part
of Archi21 project and done
in collaboration with partner
institutions in WS 2011/12.
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While not surveyed statistically, the qualitative responses from teachers emphasized benefits of spicing up the topics, widening the architectural vocabulary and adding cultural richness through the use
of other languages and expressions. They also stated
the disadvantages: the additional burden and learning for the teachers themselves, allocating the time
and attention from contents to language and taking
care of their interplay add the complexity to- and demand on- their job. While students did not talk about
disadvantages, during their work, they un/intentionally focused to the contents – architecture – more,
sometimes forgetting or ignoring the language aspect and they had to be reminded by the teachers to
bring some of their attention back to the language.
Based on the experience described above it can be
said, the integration does not happen naturally or effortlessly on this (higher) level of education. It has to
be nurtured and focused upon constantly. With specialized tools, developed for CLIL-architecture purposes, such as learning objects (Watson, 2010), the

integration can be helped and can happen on multiple levels from the start; however the hindrance of
such tools is the very same specialization, the need
to prepare them on case to case basis and time they
take to prepare.
It seems that architecture and urban design as
visually oriented fields are in a better position to
bridge the language - in-field expertise divide, occasionally resorting to the different, visual language
when faced with an obstacle in communication. In
this way they can be beneficial to learning English
and wide variety of other languages on the go and in
parallel while learning and gaining expertise for the
profession (learning by doing or learning while doing). The comparison of the expressions and notions
in different languages also brings new meaning, new
insights and fresh discussions into the architectural
(dis-) courses.

Figure 4
The integration of CLIL in
the course of Workshop:
Lighting guerilla [4] - part of
the international initiative - is
presented with its variables
and demonstrates one of the
possible uses of the evaluation
system. With the inputs as
shown, you can expect or even
predict similar integration
results. The course was part
of Archi21 project and done
in collaboration with partner
institutions in SS 2011/12.
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Abstract. In recent years, 3D virtual worlds have been explored for design teaching,
yet it is unclear whether a specific pedagogy is used or adapted for such activities.
Here we describe the pedagogical model of Cybergogy of Learning Archetypes and
Learning Domains, developed specifically for teaching in 3D immersive virtual worlds,
and its application to introductory building classes in the virtual world Second Life for
architectural design students and teachers as part of the ARCHI21 project.
Keywords. Architectural education; Cybergogy; language learning; virtual worlds;
Second Life.

INTRODUCTION
The adoption of new technology often involves the
use of that technology to replicate previous usage,
e.g. the early automobile considered as ‘horseless
carriage’ and the use of CAD in its infancy (and even
by many today) for simply reproducing 2D paper
drawings (Knight and Dokonal, 2009). Similarly,
we often see online virtual learning environments
(VLEs) initially used for teaching and learning in a
manner that replicates face to face teaching but
does not take full advantage of the affordances of
these environments. Kapp and O’Driscoll (2010,
p.27) state that the primary challenge for today’s
educators in the light of disruptive new technologies is to “think outside of the classroom”. Further,
they argue that trainers appear to be entrapped in
the classroom paradigm, and thus rendered oblivious to the potential of what they term the ‘webvolution’ (the evolution of the World Wide Web from its
2D roots towards 3D media) and the kinds of teaching and learning realisable by 3D disruptive technologies. The immersive nature of 3D virtual worlds
allows participants to engage at deeper levels than

the standard 2D VLE embedded into most institutional strategies.
Virtual worlds such as Second Life [1], OpenSim
and ActiveWorlds have been used in design teaching, both as an environment for modelling real
world designs and as explorations into the creation
of virtual architecture (e.g. Angulo et al., 2009; Mortice 2009; Gu et al., 2009; Brown et al., 2007). These
of course need to adapt traditional design teaching
methods for the online environment, and in general
take advantages of the affordances of 3D virtual
worlds (e.g. immersion, collaboration features), but
none use teaching methods formulated specifically
for virtual worlds.
This paper describes the use of a specialised
pedagogical model—Cybergogy (Scopes, 2009)—
for teaching design students in a 3D immersive virtual world (3DiVW) environment. As part of the EU
project ARCHI21 [2], which investigates language
learning integrated with design learning in immersive virtual environments (Hunter et al., 2011), we
undertook a number of teaching activities with ar-
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chitecture and design students. Some of these were
held in the virtual world Second Life (SL). We use as a
case study some of the teaching activities occurring
between June and December 2011. The teaching of
building skills in SL was necessary as a precursor for
both students and teachers of design and architecture, to enable them to be sufficiently prepared to
complete their local institutional collaborative design projects as required by the project consortium
as a whole.

These included induction classes for SL that focused
on the teaching of skills required to interface with
the virtual world, followed by classes on how to
build 3D objects in SL (for those interested). The first
session of classes was for teachers of design, most
of whom had no previous virtual world experience,
with design students following in a second session
of classes.
Figure 1
ARCHI21 Second Life islands.

ARCHI21
The ARCHI21 project (Architectural and Design
based Education and Practice through Content &
Language Integrated Learning using Immersive Virtual Environments for 21st Century Skills) is a twoyear project funded by the European Commission
as a part of the Education and Culture DG Lifelong
Learning Programme. One goal is to provide insight
into a thematic focus on fragility in physical and virtual places. The primary participating institutions
include schools of architecture and design at École
Nationale Supérieure d’Architecture Paris-Malaquais,
University of Ljubljana, Aalborg University and the
Open University; language and education partners
are from the University of Southampton and Centre
International d’Études Pédagogiques (France).
ARCHI21 promotes awareness of the potential
of immersive virtual environments in architectural
and design education using a Content and Language Integrated Learning (CLIL) [3] approach to
reach Higher Education students and educators,
adult learners, language professionals, practising architects and the wider community. While a key aim
of the project is investigation of language learning,
the activities described here focus on the use of virtual environments for design education, in particular, the development of building skills within such
an environment. To that end, two co-joined Second
Life islands were purchased by the project for these
activities (Fig. 1) [4].
In order to provide students with appropriate
skills to operate in this environment, a number of
introductory teaching activities were established.
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CYBERGOGY OF LEARNING
ARCHETYPES AND LEARNING DOMAINS
Unlike game-centric virtual worlds such as World of
Warcraft, the virtual world of Second Life is primarily a social-centric environment. Although it can
be seen to have some game-like qualities such as
customisable avatars, the environment provides no
game scenario and is open ended with no story narrative. Some degree of social interaction is almost
inevitable, given that there are multiple channels
for communication. These include public and private VoIP (voice) conversation, local public text chat,
private and group instant messaging (IM), as well as
features that provide an awareness of the presence
of others, e.g. names of nearby avatars with viewable
profiles and lists of friends online. As noted by Gu et
al. (2009), Second Life supports collaboration in design learning by providing an obvious connection
between a designer’s avatar and the virtual object
being manipulated as part of the design process.
They found that co-designers benefited from the
instantaneous nature of collaborative modelling, in
that changes to objects could be seen by all present,
with the ability to discuss them synchronously.

Figure 2
Cybergogy components.

The model of Cybergogy is underpinned by a Social
Constructivist epistemology in which knowledge is
constructed and internalised by the learner and is
sustained by social processes. The notion, therefore,
is that knowledge and social interaction are inseparable and—when the circumstances are optimal—
can lead to collaboration. The model is composed of
two interacting components: Learning Archetypes
and Learning Domains (Fig. 2).
Learning Archetypes are categories of learning
activities that capitalise on the affordances of the 3D
environment, and are crafted at the instructional design stage to elicit learning outcomes that engage
four Learning Domains. Originating from concepts
first expressed by Kapp and O’Driscoll (2007) and
later revised (2010), Learning Archetypes are the
fundamental building blocks of educational activities whose locus is the plasticity of possibilities afforded by 3DiVWs. It is the game-like qualities that
serve to enrich the virtual environment, setting it
aside from the physical world by delimiting activities
performed there.
The five categories of Learning Archetype are:
•
Role Play: to assume a role in an alternative
form (living or inanimate), with the objective
of undertaking aspects of action, interaction or

portrayal of emotions.
Simulation: to represent real or virtual conditions for the purposes of enactment, ex
ploration, rehearsal or evaluation.
•
Peregrination: travel to locations, or the very action of journeying to destinations provides the
circumstances under which learning can occur
•
Meshed: creation of opportunities to combine
and interconnect individuals and groups in
various ways to achieve desired purposes and
outcomes.
•
Assessment: execution of appropriate methods
of assessment, evaluation and feedback as part
of the learning process.
Learning Archetypes are inherent to the instructional design process in providing a conceptual framework to support learning activities, thus serving as
a vehicle toward attaining a condition of immersion
of the learner. They are tools for the instructional designer and activities for the learner. The categories
of Learning Archetype are further delineated into
frames and sub-frames, which serve to steer activities toward specific Learning Domains (beyond the
scope of this paper).
The second intrinsic component of the model of
Cybergogy is comprised of four Learning Domains

•
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that focus on learning outcomes: Cognitive, Emotional, Dextrous and Social. These domains represent strands drawn from the physical world and an
understanding of pedagogy, assimilated to form a
new taxonomy of established paradigms, and designed to draw forth all of a person’s available sensibilities into the avatar mediated virtual environment. The Blended Taxonomy (Fig. 3) is based upon
desired learning outcomes across all four learning
domains at differing levels of implementation.
For example, in a building class such as discussed
here, the primary learning domain targeted is the
Dextrous domain, in which the learner has to both
operate the user interface with the 3DiVW and manipulate 3D virtual objects within this environment.
The lowest level (1) of implementation of the Dextrous domain is the learning outcome ‘Imitating’.
The learner is required to imitate the actions of the
instructor, supported by verbal, visual and/or text
based cues. However, in order to attain this level 1
dextrous learning outcome, challenges in the Cognitive domain may need to be set much higher, i.e.
levels 1, 2 and 3 (Remembering, Understanding and

Applying). In essence, when all four Learning Do
mains are addressed, deeper learning and retention
of information are expected to be attained.
This model of Cybergogy essentially acts as a structure for teachers using virtual worlds to conduct
teaching and learning, enabling them to demonstrate stringent planning and benefit from the
execution of imaginative, reflective practices that
are felicitous for the 3DiVW, and not to simply create a virtual replication of face to face teaching
methodologies or to be constrained by 2D e-learning techniques.

THE LEARNING ACTIVITIES
The classes were all held in Second Life (often referred to as being ‘in-world’), facilitating distributed
synchronous collaboration, with participants connecting from their individual computers at partner
institutions. They included:
•
a one hour induction class for SL itself;
•
a ten hour class on building (modelling) in SL
for ARCHI21 project teachers of architecture
and design;
Figure 3
Blended taxonomy of Learning Domains, revised from
Scopes (2009).
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•

a four hour class on building and presentation
skills in SL for students from Slovenia participating in a traditional design studio with face
to face instruction;
•
a two hour class on lighting techniques in SL, in
conjunction with a traditional lighting design
course centred on the Slovenian design studio.
The class sessions (with the exception of the SL induction class) were taught by one of the co-authors,
a project design teacher familiar with SL. The structuring of the sessions was informed by the model of
Cybergogy, with the other co-author (a Cybergogy
expert familiar with SL) acting as consultant.
For each class session, the instructor developed
a rough session plan and passed this to the Cybergogy expert, who then developed a detailed lesson
plan (Fig. 4), suggesting additional activities and
strategies to incorporate more fully aspects of the
model of Cybergogy, with a view to enhancing the
learners experience and improving the transfer of
skills from instructor to learner. This lesson plan was

passed back to the instructor, who used it to further
develop the teaching activities and content. The lesson plan consisted of
•
aims and objectives, e.g. the session objectives
for the lesson plan in Figure 4 were “Learners
will acquire knowledge and skills regarding
prim linking, object permissions, textures, scale
and requirements that support presentations
in Second Life”;
•
a list of activities, each with an allocated time;
•
the category of Learning Archetype (with possible additional resources required);
•
analysis of the Learning Domains addressed by
the activity;
•
the Assessment archetype (evaluation and
feedback as part of the learning process); and
•
associated real life activity (what the learner was actually required to be doing sim
ultaneously in the physical world, e.g. reading
a web page, discussing with other online learners, using SL building tools).

Figure 4
Extract from a lesson plan.
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A summary provided by the Cybergogy expert
provided feedback on how well the lesson plan addressed all of the Learning Domains at required levels of implementation (as described in the Blended
Taxonomy via the selected Learning Archetypes),
and how both learning outcomes and learner immersion could be improved.
Language and subject expertise of the participants were varied. The teacher was a teacher of
architecture and computing, with English as first
language. The Cybergogy expert (also a native English speaker) had a background in computer based
learning. The mediators were primarily native English speakers and had technical expertise. One of
the class sessions, for students in Slovenia, also had
a mediator in Slovenian language in attendance. The
student cohorts were quite mixed: the first class series (June 2011) was for teachers of design. All were
fluent in English, but as an additional language for
most. The second class series (October-December
2011) was for students of architecture in Slovenia (all
of whom had good skills in English, but as an additional language).
The sessions (conducted in SL) usually consisted
of an instructor led presentation, incorporating some
aspects of traditional pedagogy (e.g. still slides, written instructions) alongside adaptive Cybergogy
strategies such as synchronous demonstrations, with
students experientially imitating the instructor’s activity, accompanied by real time verbal instruction
and feedback (Simulation archetype / Dextrous domain, Level 1).
A site on the project island was established for
the building classes (Fig. 5). Although this area was
publicly accessible, only members of the building
class group had permissions to build there. Features
of the site included
•
a presentation and demonstration area with
boards for display of PowerPoint, web pages,
video and an interactive whiteboard;
•
building tips, tools for learners’ personal use,
and examples around the borders of the class
area;
•
an immersive lighting chamber, allowing live
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demonstrations and experimentation (Fig. 6);
room for learners to practice (during lecture/
demonstrations and afterwards). There was
also a general public ‘sandbox’ area on the island, which allowed building (practice or otherwise) in an environment without risk of damaging existing built objects.
Toolkits were available for students to take at class sessions. These included a) links to online versions of the
session content (class information, PowerPoint slides,
links to resources including tutorials, places to visit in
SL, building aids); b) modifiable sample objects and
scripts, which demonstrated learning objectives for
each session); and c) SL building tools for student use.
Structured class sessions were usually followed by
independent practice, where mentoring was available when required. On occasion, using the Peregrination archetype, there were planned expeditions
to relevant sites in SL (e.g. virtual places of architectural interest).
As the technology can be tricky to learn and occasionally unreliable, we adopted a ‘belt and braces’
approach to dissemination and communication, i.e.
multiple ways of viewing the lecture slides and be•

Figure 5
Building class, showing
presentation boards, toolkit
boxes, learners’ experiments
and immersive instructor
texture demonstration.

Figure 6
Class demonstration in the
lighting chamber.

ing present in the class (e.g. in-world, web based
screen sharing, web streaming and whiteboard sharing). Several communication channels were available, including SL voice and text chat, with Skype as
a voice fallback. A brief excerpt of a typical text chat
discussion during a lighting tutorial is shown here:
Student: how can we put a light on a surface
without glare something like a LED?
Tutor: If I understand correctly, you want the
light source to appear sharp. To make the light
source look like a light is coming from it, you can
go into the texture setting for the PRIM itself, and
set Full Bright on. Glow would also give it a varying
glow, which is perhaps what you may or may not
want.
Student: we want to use for illuminate the pavement.
Screen sharing proved very effective, as it allowed
learners to view the instructor’s screen from his
point of view and follow as he performed a sequence of actions using the fairly complex SL interface. This also allowed those unable to sustain an
in-world presence (due to technical issues) to follow
the live class proceedings.

DISCUSSION
The strength of the model of Cybergogy is in its ability to engage the four major sensibilities of the learner by means of the Learning Domains. By catering
to these major domains, the teacher can create compelling holistic experiences to transport the learner
into an immersed condition of learning. As seen in
the lesson plan (Fig. 4), the session objectives were
to ‘acquire knowledge’ (in the Cognitive domain)
and ‘acquire skills’ (in the Dextrous domain). The
fundamental learning outcomes, in essence, precluded learning outcomes in the Emotional and Social
domains. The Social Constructivist nature of Cybergogy provided an opportunity for the mediators to
facilitate an atmosphere of collaboration to engage
the Social domain at level 3 (communicating). The
Meshed archetype has a direct relationship with the

Social domain and should be utilised in order to establish group cohesion and foster collaboration.
The classes described here focused on an introduction to the 3DiVW and building within it. Had
these sessions been design (as opposed to building) classes, the Emotional domain could have been
more effectively engaged, at level 1 (perceiving
emotion) and perhaps level 2 (attending to emotion), e.g. in discussing and reflecting upon design
deci
sions. As it was, the sessions planned were
weaker in both of these domains, simply because
the implementation of Cybergogy became overshadowed by the essential learning outcomes, coupled with time restrictions and other problematic
logistics. In order to strengthen the inclusion of the
Emotional domain, learners were asked to reflect
upon their experience along with their perception
of the learning outcomes.
Language acquisition was not a major aspect
of these classes (as was the case in other project
activities), but it was supported by the provision of
language and technical mediators. The English language skills of all participants were of a high enough
level that there did not appear to be any comprehension problems. However, there were issues that
arose, e.g. users’ software with different language interfaces. This leads one to consider the need to map
technical terms between languages in multi-lingual
environments.
In early class sessions the mediators tended
to take an observer’s role, for use in analysis of the
project activities. During the course of the sessions,
mediators began to take on a more active role providing technical assistance, but the language aspect
was addressed only through observation (as there
appeared less need for active language mediation).
Consequently, one should consider how language
mediators might perform an active, facilitating role
in alignment with the Cybergogy framework for
such project activities.
Some class sessions were very busy, with many
participants in different roles: instructor, students,
mediators and observers. While an effort was made
to make these roles easily distinguishable (e.g. titles
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above an avatar’s head, special headgear), in one
session it was difficult to identify avatars in a crowded virtual space that lacked any structure to avatars’
locations. One unresolved question is whether this
had a detrimental effect on knowledge transfer and
learning. This is an example where real world situations transposed into a 3DiVW might utilise solutions analogous to those in the physical world (e.g.
breakout sessions, which were used on one occasion).
Body language is often a common way to obtain
feedback from students, e.g. are they paying attention? In a virtual world this is not possible; one must
often rely on more direct means. If there is not an
ongoing dialogue between instructor and student,
it is necessary to periodically stop and conduct an
evaluation addressing each individual, which could
be as simple as asking if there are any questions.
Although a stated prerequisite for the classes
was some basic knowledge of SL (a few hours acclimatisation and exploration), this was not the case
for many of the participants (both learners and mediators). As a result there were very mixed cohorts
of learners and mediators, with many technical
problems encountered by those with less SL experience. This contributed to delays in the class sessions:
for example, presentations were often halted while
learners’ technical problems were being addressed,
occasionally resulting in the discarding of part of the
lesson plan.

CONCLUSIONS
We have reached a number of conclusions based on
the outcomes of the teaching sessions.
We have learned which technologies work well
and which don’t (e.g. through steep learning curves,
instability, high resource requirements, or inadequate outcomes).
The ‘belt and braces’ approach to teaching with
technology served us well, with several occasions
where participants needed to switch tools (e.g. voice
to text chat, use of screen sharing for better learner
comprehension, viewing of external web pages).
A switch was often the result of a need to address
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either a technical problem or learner comprehension. This indicates that a broad, flexible approach is
important, and that the instructor should be able to
switch between multiple tools with ease.
The learning curve for SL and similar 3DiVWs
tends to be considerably higher than a novice typically anticipates. We believe the amount of time
required for both induction and building classes
needs to be greater than that allocated for our activities; this includes time for students to explore independently, thus giving participants an adequate
skill foundation to participate in the building classes
and experience the social and cultural diversity of
virtual worlds. The limited amount of contact time
for the classes and many participants’ lack of prior
experience in-world were factors that led to insufficient accomplishment of some of the desired learning outcomes. The result was that the students’ subsequent use of SL for their design projects was not
as extensive as anticipated. The use of the 3DiVW
environment should be tightly integrated into the
curriculum (with tangible support and participation
of the design teachers) and not considered as an op
tional ‘add-on’.
The use of detailed lesson plans mapping Learning Archetypes and Learning Domains to the learning activities is paramount to the adoption of this
model and should be prioritised when developing
a curriculum. Given the likelihood of technical mishaps and the diversity of the learners’ initial skill
levels, these lesson plans should be highly flexible
and adaptable, particularly with regard to activity
timing.
We are using what we have learned to aid in
the development of the learning activities for the
project’s final stages in mid-2012. These will also be
incorporated into a number of project deliverables,
including a) packaged content for delivery of these
courses in Second Life and similar 3DiVWs; b) ‘learning objects’ for Cybergogy and architectural lighting
design (focusing on the virtual world); and c) best
practice guidelines for architecture and design students and practitioners in 3DiVWs. By being freely
available to design educators, students and profes-

sionals, these resources add to the body of knowledge for teaching and learning in virtual worlds.
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Abstract. We outline issues of importance in relation to tectonic design within the
architectural profession and the relationship to architectural education in Australia.
Twelve years of research and curriculum development at Deakin University is discussed,
involving the creation of online resources and case studies, digitally-integrated projects
relating to building construction and design studio education. The ethos behind the
Construction Primer of engaging students as ‘amateur researchers’ in a way that ensures
‘that student research work is worth more than course assessment’ forms the pedagogical
foundation of much of this work. A model of Socially Networked Construction Technology
education has been developed that integrates social networks and the Internet to engage
students in tectonic design within and outside the classroom through authentic curricula.
Through the use of Virtual Galleries, Blogs, YouTube and social networks, a culture of
peer learning and sharing has ben developed. Through shared knowledge facilitated
through social networks, great potential lies for expanding the synergies between higher
order learning and online resource development for design decision support.		
Keywords. Construction technology; social network; online learning; design decision
support.

TECTONIC DESIGN
Tectonic design and the architectural
profession
According to Bernard Tschumi we are in a stage of
history where ‘the architect becomes more and
more distant from the forces that govern the production of buildings today’ (Tschumi 1995). These
dissociations have led to the increase in generalist
and the ‘sloughing off constituent skill areas, which
(have) subsequently become professions in their
own right’ (Cuff 1991). Although design continues
throughout the process, the majority of the architects’ work is based on the need to translate design
concepts into real buildings and conversely, the

need to understand how real built environments
can inform design. Understandings of tectonic design principles are required to ensure buildings
meet performance requirements, remain weatherproof, support loads and cope with movement and
degradation of integrity. Indeed, a major cause of litigation between clients and architects is the failure
of buildings due to ‘design shortcomings, particularly in the area of detailing’ because architects did
not spend enough time checking technical issues’
(Caulfield 1990). Architects have a responsibility to
society as professionals to obtain and maintain the
knowledge required to address tectonic design as a
core competency.
CAAD curriculum - Volume 1 - eCAADe 30 | 135

Tectonic mastery occurs when dedicated architects
incorporate highly developed understandings of
tectonics into the craft of architecture, independently of practice size, design approach or building size.
The notion of tectonics as employed by Frampton
(Frampton, 1995) places architecture within the craft
of construction, arguing that modern architecture
is as much about structure and construction as it is
about space and abstract form. Much like the master composer, the architect as tectonic master must
strive for virtuosity (McGilvray 1992).

Tectonic design in architectural education
The conscious cultivation of the tectonic tradition in
architectural education is of critical importance as
the primary means of developing the skills and attitudes of future practitioners. The development of
appropriate “repertoires of knowledge” and skills is
undertaken through a succession of design projects
and technical courses throughout the architectural
programme governed by accrediting bodies.
Although all registered architecture courses are
obliged to meet the required standards for registration, the methods and the degree to which they prepare graduates for practice may be variable. Studies
in Australia (Caulfield 1990) and America (Vasquez
de Velasco 2002) have found that architecture graduates are often deficient in their knowledge of building construction. Deficiency in this important aspect
of education is put down to ‘the insufficient technical undergraduate training of architects’ (Caulfield
1990). Although most courses dedicate a significant
proportion of their course to building construction
and other technical subjects (Padamsee 1991), the
method of separating technical and design education may not be the optimum. As Abel states, ‘all of
the factors have to be brought together somehow
in the design process. That is of course where the
design studio plays its part and where students are
supposed to synthesise all of his specialist teachers’
different kinds of expertise’ (Abel 1995).
The integration of aspects of tectonic design
into the design studio provides opportunities for the
consideration of building construction as a design
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issue. Tectonics, when taught in subjects outside the
domain of design may lead to competency in problem solving, ‘through the selection, from available
means, one of the best (systems) suited to established ends’ (Schön 1983).
In order to address the concerns raised by Caulfield (1990) and Vasquez de Velasco (2002), and anecdotally by local practitioners, there are significant
opportunities for design educators to further learn
from the unique environment of the design studio.
The translation from developing building construction knowledge to tectonic design knowledge may
address more fully the requirements of competency
for practice, and may help form the next generation
of tectonic masters. This may occur through the integration of tectonic design into the design studio,
or by integrating unique elements of the design studio into building construction subjects.

THE EVOLUTION OF TECTONIC DESIGN
EDUCATION AT DEAKIN UNIVERSITY
The teaching of tectonic design and construction
technology has evolved over the last twelve years
at Deakin University across a range of units. Major
impetus in the area was triggered by the 2000–2002
Deakin University- Adelaide University nationallyfunded (CUTSD) teaching and learning grant entitled ‘Reflective Making: Higher Order Learning in
Early Tertiary Architectural Education’. This project
enabled the creation of curriculum and resources
to support design education that involved early
inclusion of reflection-in-action, road inclusion of
designing construction in architectural design and
the ability to adapt computer-aided design and related computer systems within a design process”
(Radford et. al. 1999). Digital ‘Games’, and ‘Digital
Projects’ were introduced into units in design and
technology, resulting in the submission by students
of thousands of digital files, including web pages,
PowerPoint shows, movies and digital images relating to building construction (Challis 2002, Ham et. al
2002, Ham 2003).
Primary to this project was the building, by
students, of an online virtual Gallery site (www.

ab.deakin.edu.au/online), which hosted a large
number of online resources, student projects and
images. The a+b/online Virtual gallery was used ‘by
students primarily as an online gallery of student
work for peer review and benchmarking and as an
information source on construction technology for
design projects. For staff, the Virtual Gallery served
as a repository of student work for assessment, for
inspiration, comparison and benchmarking, to assist
in the ongoing development of academic programs
and as evidence of high-quality output for several
University and national teaching excellence awards’
(Ham, 2008).
Online resources include the Construction Primer (CP), initially developed at University of Wellington as an ‘online resource that looks at all aspects
of building construction information. The resource
contains an array of information varying from generic interactive 3D descriptions of how buildings
go together, the standards and building control
laws that regulate the built environment, and access to the professional bodies and manufacturer’s
databases that influence practice’ (Burry et. al 2000).
Digital content is created as part of project work in
construction technology units, wherein students
undertake research into construction elements, submit work for assessment and retain the work initially
in print form, then online for reference and use in
design decision support in students design projects.
The founding ethos of the CP, of engaging students as ‘amateur researchers’ in a way that ensures ‘that student research work is worth more
than course assessment’ (Burry et. al. 1995) formed
a profound influence on the development of tectonic design teaching at Deakin University and has
formed the pedagogical basis of much of the work
outlined below- even though the implementation
differs greatly across a wide variety of projects.
The Deakin University Woolstores Multimedia Case
Study (WMCS) was developed in 2001 as an online case study of a University campus converted
adaptively reused from wool storage buildings. The
WMCS was designed ‘as a case-based primer for the
study of design and construction technology, as a

structured case-study container for the addition of
student digital construction projects and to benchmark student digital construction projects. The online case study utilizes 3D CAD models and multimedia in concert with physical connection with the
actual building to generate holistic understandings
of the transition of an idea to a constructed reality
(Ham et. al 2002). Through second year construction
technology projects interfacing directly with the
WMCS, digital media was been utilized to unlock the
construction knowledge embodied within the case
study building, with deeper understandings of construction technology achieved through direct proximity to the building itself.
Furthering the idea that University campus itself
can provide excellent case studies for complex, integrated buildings, the Learning Constructs case study
of Deakin University’s Building T was hosted online
and used as a learning resource for tectonic design
education. This case study, developed primarily for
construction management students, brought together a range of video interviews with stakeholders, documentation drawings, images of construction process and other multimedia resources. This
case study was fully integrated into the construction
curriculum in an authentic learning environment
(Challis and Langston 2003). The Construction Primer, Woolstores Multimedia Case Study and Learning
Constructs form the core of online resources hosted
on the Virtual Gallery site.
Significant further developments in online tectonic design teaching have evolved in conjunction
with case study and resource creation since 2001.
Direct integration between design and construction
technology units was achieved through the ‘Discovering Construction through Architecture’ project
(2001–2005). This curriculum achieved direct integration between construction management and architectural design units through the selection of architecture students’ digital design projects for teams
of construction managers acting in a role-play environment as developers charged with realising the
design intent.
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Developer teams used web-authoring software
(Dreamweaver and Flash) to develop websites hosted on a School server that recorded the research
and development process, including construction
detailing in 3D CAD and 1:1 model form, flow charts,
risk analysis and constructability analysis. The programme was an exemplar of a way in which IT may
be used to facilitate integration between units in a
practicum based on role-play’, with ‘significant peer
learning opportunities provided through collaborative work, peer review and online websites’ (Ham
2002).
1:1 Modelling has been integrated into the design studio at Deakin University as a means for architecture students to understand relationships
between design conceptualisation and making, and
between physical and digital modelling (Newton and
Burry 2001). Through design ‘Games’, students firstly
composed a piece of music or soundscape, then designed a “Music Room” that related to the composition in some way. Projects were selected and developed into full-scale in teams of ten over a two week
period. ‘Games, digital project and 1:1 construction
projects work together to reinforce the integration of
music and architecture within an authentic learning
environment (Ham 2005). The full-scale Music rooms,
destined for destruction following their exhibition
on-campus, were retained virtually in the a+b/online
Virtual Gallery.
1:1, Or real-scale construction was determined
to provide the ultimate learning experience for architecture students in relation to the development
of tectonic knowledge in the design studio. Learning
outcomes for physical models, drawings (CAD and
manual) and 3D CAD, although valuable tools in the
development of design through the stages of design
(limited mainly to schematic and design development within the studio context), did not compare to
the value of learning experiences inherent in 1:1 construction (Ham 2010a).
With the advent of the Web 2.0 technologies of
blogs, YouTube and social networks around 2004,
further opportunities arose to teach tectonic design
in ways that lowered the ‘overhead’ on both staff and
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students. Ham and Dawson (2004) and Ham (2008)
discuss problems of technical literacy, management
and infrastructure that limit the development of
online resource creation in design and construction
technology. Ham (2010) also discusses the limitations of University-based LMS, and the need to ‘work
outside the system’ where appropriate to achieve
learning outcomes. The ‘overheads’ of requiring students to learn web-authoring programmes in order
to create digital projects that are then posted online,
as well as the management of digital information
were found to be major limitations in the expansion
of the www.ab.deakin.edu.au/online site.
The answer to these problems was the engagement in blogs for students to post their work, reflect
on the process and outcome of design projects, encourage peer learning and review and for design
decision support hosted on the Virtual Gallery site.
The a+b/online site still serves as the primary linkage point for the blogs, however all digital information is hosted off-site. Through password-controlled
access to their www.blogspot.com site, students
have full control to either delete work or retain the
project online after assessment, thus solving issues
of ownership and permissions.
The result of twelve years of development is the
vast range of online resources that have been created by students, for use by students in design decision support for design studio projects.

THE SOCIAL NETWORKED CONSTRUC
TION TECHNOLOGY UNIT (SNCT)
The SNCT comprises a logical formation of the evolving streams of 1:1 construction and resource creation for design decision support within the ethos
of the Construction Primer. These streams were
brought together within a social network through
TM
engagement in online blogs, YouTube and FaceTM
Book (FB) (Schnabel and Ham 2011). Social networks were used as a means of engaging students
in construction education socially outside of the
limitations of the University’s LMS, which include
the development of silos of knowledge, lost opportunities for students to engage with each other and

industry sources and limited sharing of resources for
design decision support (Ham 2010).
The SNCT was developed in the second year
construction Technology unit, SRT251 from 2009.
This unit, core to both Bachelor of Design (architecture) and Bachelor of Construction Management
students, is centred on the development of understandings of long span, low rise, commercial and
industrial construction technologies in concrete,
timber and steel. The unit combined theoretical
studies of building construction and structures,
learning through student-led research projects and
the hands-on making and breaking of beams and
trusses.
The unit comprised a twelve week series of 2
hour lectures on building construction and building structures with weekly tutorials and workshops,
taught to a cohort of 152. Assessment was through
two projects worth 25% each and a three hour examination worth 50%. Whereas the examination is
based on the theory-driven lecture series, the two
projects are designed to engage students in authentic learning connected to ‘real world’ construction technologies and processes and the physical
process of making in construction. These distinct
learning approaches are designed to complement
each other, allowing students with different learning
styles opportunities to engage in the subject.

‘Making and breaking’ blogs
Project 1 required teams of ten students to competitively construct a beam or truss structure that will
span 4800mm, with a maximum structural envelope
of 4800 x 600 high x 150 wide using 4 sheets 6mm
plywood and 20 linear metres of 70x35 MGP10 pine.
Students designed and built a variety of structurestrusses, fabricated beams and stressed skin structures in their teams, the challenge being enhanced
by the limited material set available. Structures were
tested using a point load compression-testing rig.
Students were required initiate and develop blogs
hosted on www.tumblr.com which was linked to the
Virtual Gallery site. Weekly posts utilised multimedia
including text, images and YouTube videos to record

the process of design, development and testing of
the structures, and also to monitor the activities of
team members for assessment. This project was
founded on the integration of physical making at
1:1 scale for the learning of structures- encompassing the complete experience of thinking, theorizing,
designing, making and breaking, followed by reflection, to calibrate students’ structural intuition.
Outcomes for the project were widely variablewith groups variably constructing structures that
were completely incompetently designed and fabricated to those that demonstrated complete tectonic
mastery. The ‘winning’ group fabricated a laminated
stressed skin plywood beam-truss that remained
unbroken at 27kPa, whilst other structures failed at
only 1-2kPa.
The project design allowed equal learning opportunities through both success and failure. The
initial learning experience of building a 1:1 structure was reinforced by further self-directed learning
through comparing make and break outcomes online in the blogs, thus completing the cycle of learning through the addition of ‘reflection-on-action’
(Schön 1983).

Youtube construction videos
Project 2 furthered the agenda of authentic learning through the engagement of students in the ‘real
world’ of construction technology outside of the
university environment. Students were required to
form groups of three, then visit buildings under construction and research three construction assemblies or processes. Students variably obtained working drawings, interviewed engineers, architects and
construction managers and undertook background
research into theoretical aspects of the case study
buildings.
Research information was then compiled in the
form of a ten minute video, utilising sound and music, video, still images and voice over (as well as humour) to communicate their research in a way that
to overcame the traditional ‘dryness’ of the construction technology topic matter. Outcomes for this project were typical of the wide range inherent in any
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large cohort of students, ranging from basic presentations to interesting and informative, professional
quality construction case studies.
Projects were uploaded by students to YouTube
with embed links emailed to the unit chair as the
formal means of submission for assessment. From
these 50 digital submissions, a Virtual Gallery page
was created for purposes of use as a shared learning resource. As the list of construction assemblies
and processes closely matched the course content,
these videos made the perfect resource for revision
for the examination, which was worth 50% of the
unit marks.
The model for this project realises the core ethos
of the Construction Primer. The vast resources and
energy of the cohort of 152 students was used to
gather a large amount of up-to-date and highly relevant information based on case studies of over 40
buildings in the area. The importance for students of
this resource is realised in both the immediate need
for study material for the examination, but also as a
student-created resource for design decision support within the studio.

Facebook as learning management system
The two projects for the SNCT outlined above, are
contingent on the use of a FB group as the substitute for the University’s LMS. The key to the SNCT is
the foundation within the real world of construction
technology (on the job site and in the workshop) but
within a parallel environment of the social network.
FB operated as the interface between students and
staff and formed a core facilitator of the peer learning principles behind the unit.
The FB group was used by students to communicate ‘out of hours’ with staff to enhance and clarify
project information and to answer questions directly. Significant peer-to-peer learning occurred within
the group when students answered questions posted by others, with some students forming offshoot
FB groups to facilitate their project work. The Blogs
and YouTube sites were linked to the FB group and
individual exemplars posted to the FB wall to reinforce key points in the course. Activity within this
group generally underwent the stages of ‘induc140 | eCAADe 30 - Volume 1 - CAAD curriculum

tion’, ‘socialisation’ and ‘maturity’ outlined in Ham
and Schnabel (2012), with an intense period of use
during the final week and the revision period prior
to the examination, where the need for information
increased.

THE PEDAGOGY OF THE SOCIAL
NETWORKED CONSTRUCTION
TECHNOLOGY UNIT (SNCT)
We refer to research undertaken in Ham and Schnabel (2012), wherein key attributes of the Social Network Virtual Design Studio (SNVDS) were outlined.
These attributes are core to both the SNVDS and the
SNCT.

The nomadic device generation
Architecture and Construction Management students in this cohort are approaching a state of ‘nomadic ubiquity’ (Attali, 2006), where optical fibre,
Wi-Fi, 3G and 4G mobile technologies are used in
conjunction with a range of nomadic devices such
as Smartphone, tablet- and laptop-computers. Online sources such as FB, MySpace, Twitter, Skype and
the various Google Apps enable unprecedented
connectivity (Schnabel and Ham 2010). Potentially,
students were able to take in information for both
examination revision and to assist in tectonic design within their studio projects anywhere they had
access to a Smart Phone, tablet device and 3G or
wireless networks. This attribute of the SNCT holds
enormous potential for the future of construction
technology and other elements of design education
and professional interactions (Howe and Schnabel
2012).

Facilitating social engagement
Social engagement occurred in the SNCT across a
wide spectrum, including face-to-face social interactions in group work, tutorials, engagement with
industry personnel in the case study and contact
with the unit chair and tutors. Parallel social engagement occurred in the FB group, in YouTube through
comments on videos and in interactions in the Tumblr sites. These interactions reinforce the Barkhuus
and Tashiro (2010) finding that students’ use of FB

facilitated a variety of student-to-student interactions, including ‘casual interaction online, leading
to casual interaction offline’. The SNCT enabled the
Network Generation an appropriately wide variety of
channels to learn in a way that responded to their
learning needs (Oblinger and Oblinger 2005).

From collective to social intelligence
Collective intelligence in architectural design invites
anyone to contribute to a design process through
crowd sourcing even if each of the design processes
is individual. In the case of the SNCT, Web 2.0 technologies are used to enable students to become
participants: engaging in discussion forums, creating their own social and knowledge networks,
taking part in polls and building communities and
portals of knowledge. This provides opportunities
for information to be shared among social groups,
extending beyond the traditional construction technology unit setting, allowing for opportunities for
collective intelligence to rise. This enabled through
the social networks, the next step along the social
and collaborative interaction, in which knowledge
is generated and collected lays the collective social
intelligence.

Flat hierarchies
The SNCT unit is founded on Alison King’s prediction
that future educators must undertake the transition
from being ‘the sage on the stage to the guide on
the side’ (King 1993). In the SNCT, students themselves are a primary source of articulate and intelligent information on construction technology, in
addition to material provided by the unit chair in
lectures. The founding ethos of the Construction
Primer, where the students are transformed from
passive learners to amateur researchers actively
contributing to the construction of knowledge is
contingent on educators encouraging the flattening
of hierarchies. By flattening hierarchies in this way,
we argue that students engage in project work in
a way that supersedes the immediate needs for assessment. This results in outcome potentials that are
greater than traditional construction educational
models.

CONCLUSION
The need to embrace tectonics in combination with
digital technologies presents several opportunities for rethinking the role of construction units in
architectural education. We have outlined the development of a model of “Socially Networked Construction Technology” education that integrates the
freely available technologies of the social networks
and the Internet. This is founded on twelve years of
educational development and research in the establishment of online resources and the creation of
authentic learning curricula. We find that in order
to engage students in tectonic design within and
outside the design studio, authentic curricula can
be developed that allows students access to the real
world of construction technology whilst utilising
digital media and the Internet to enhance the process. Through the use of Virtual Galleries, Blogs, YouTube and social networks, the ethos that students
can become amateur researchers, and complete
project work for more than just assessment can
be realised. Through shared knowledge facilitated
through social networks, great potential lies for expanding the synergies between higher order learning and online resource development for design
decision support.
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Abstract. Tools and technologies are developing to help us to simulate the cities and
landscapes for visualization, analytical and information modeling purposes. This paper,
as well as offering an overview of the issues with regards to merging virtual city and
landscape models in order to visualize the urban environment as a whole, is investigating
various stakeholder requirements in relation to the Virtual NewcastleGateshead (VNG)
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INTRODUCTION
Strategies for sustainability and regeneration in cities primarily concentrate on the built components
of the urban environment but awareness of the
green space in an urban context is less apparent.
Although Schmid (2011) outlines that the interest
in the public green areas is increasing with the inner
city living becoming popular again in Europe, the
role of public green areas as urban ecosystem contribution to public health and to the quality of life of
urban citizens is becoming increasingly difficult under growing development pressure (Wissen Hayek
et al., 2010). Although the visual characteristics of
the urban environment are greatly valued, “each
city whether in the form of a small conurbation or a
megalopolis, is confronted with specific and intense
transformation prospects” (Mambretti, 2011). The
decisions that alter the city have a lasting influence;
consequently, it is vital to understand the effects of
planned changes either on the built components of
the urban environment or on the urban green space
before they are realized.

Tools and technologies are developing to help us
to simulate the cities and landscapes for visualization, analytical and information modelling purposes.
These tools are helping decision makers to understand and communicate the change which the built
and natural environments go through constantly.
This paper offers an initial and ongoing investigation of the issues involved in merging virtual city
and landscape models in order to visualise the urban environment as a whole. It will constitute as preliminary and limited exploration which will establish
a foundation for further study in this area.
In real-life urban context buildings, urban structures and green space go hand-in hand. They co-exist in the environment, where different levels of details are observed seamlessly. However, in a virtual
model, being able to represent these different and
demanding features with diverse characteristics is
not easy.
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CITIES AND LANDSCAPES
Cities and landscape are part of the built environment that we live in. There are several components
of the built environment and Bartuska (2007) classifies these in to seven different categories: products,
interiors, structures, landscapes, cities, regions, earth.
City is the most complex and celebrated expression
of human creativity, culture, and civility at best or a
manifestation of human neglect at worst. The city’s
human/social, environmental and technological aspects combine and form the most complex component of the built environment. A city with its various
qualitative and quantitative dimensions is a place
created or built for people to live, work, visit, and
play. (Bartuska, 2007).
According to the European Landscape Convention Report in 2000 “landscape is an area, as perceived
by people, whose character is the result of the action
and interaction of natural and/or human factors.”
Similar to cities, “landscapes are highly complex structures often covering large areas” (Lange and Bishop
2005); however “most aspects of most landscapes are
not static; they move and change at time scales varying from seconds to centuries” (Ervin, 2003) and unlike
buildings or other urban structures, landscapes are
growing and evolving rather than finished products.
‘Urban landscape’ is a term that can be used
for various urban related subjects. It can mean the
shape of the city representing all aspects of that specific geographic area or the collection of all the green
spaces in and around the city boundary that is overall part of the urban structure. In this research we will
be using the latter definition. Urban landscape consists of all urban parks, gardens, avenues, squares,
playgrounds, recreational areas and other forms of
greenspace within and surrounding the city such
as urban forestry and urban agriculture areas. And
in this sense the green space as described by Mambretti (2011) is the ‘not-built urban open space’. This
green space can be either in the form of remnants of
nature that survived in the dense city or in the form
of planned and designed areas for amenity and recreation.
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VISUALIZATION CITIES AND
LANDSCAPES
Visualization is the action of forming a mental image
or becoming aware of something through graphical
aids (Blaser et al., 2000). From the computing point
of view and scientifically, visualization is a method
of computing. It transforms the symbolic into the
geometric, enabling researchers to observe their
simulations and computations. Visualization offers
a method for seeing the unseen (McCormick, DeFanti, Brown, 1987). It often involves the use of more
than one medium; such as text, still graphics, sound,
animation, computer models, and video (Lai et. all,
2010). However, according to Carneiro (2008, p 631),
Neilsen (1993) explains that the acceptability of any
visual exploratory system is strictly related to its utility (feasibility of the information to be visualised)
and its usability (cognitive visual interpretations of
the 3D urban models proposed).
Visualization of an urban environment, from the
aerial view maps of medieval times to the more accurate city plan projections of the Renaissance and
to the inexpensively produced-standardized, printed 2D maps of 19th Century is not a new concept.
Over the centuries, these 2D plans, representations
and maps made for different purposes have helped
develop our cities (Thompson, Horne, Fleming
2006). The information that exists about a metropolis is hard to comprehend in its totality therefore
good representations allow rapid understanding of
the relevant features of a data-set (Whyte, J., 2002).
Three-dimensional (3D) and Virtual Reality (VR)
city models can be simply described as computerized graphical representations or visualizations of
any city and their components (Thompson, Horne,
Fleming 2006). It is believed that 3D Visualization
is expected to present improved cognitive understanding of spatial relationships and this improved
understanding will enable decision makers to utilize
resources sustainably.
Similar to their real life equivalences, city models
are never a finished product. Cities with ever changing and developing urban formations, trends and
citizens’ needs, require a dynamic platform where

Figure 1
The complex data structure of
Landscape Models (Thompson, Horne, 2006).

these modifications are possible with ease. The advances of information and communication technology, powerful hardware and software availability and accessible 3D data are making it possible to
create these platforms (Thompson, Horne, Fleming
2006). Nowadays it is easy to get almost an off-shelf
city model from data suppliers.
Research in the digital representation of environments, either urban or rural, has been in development since the 1990s. Researchers from different disciplines - such as geography, landscape and
environmental planning, urban planning, architecture, geo-information science, computer graphics
science- have focused on the creation and usage
of digital models and data-sets required for 3D and
VR representations, and the sharing of these data
sets (such as: Abdul-Rahman, et al., 2006; Batty,
1997; Batty, et al., 1998; Baty et al., 2000; Bishop and
Lange, 2005; Bourdakis, 1997; Day, 1994; Delaney,
2000; Dokonal, Martens, 2001; Döllner et al., 2006;
Ervin, 2001; Lange, 2001; Lange, 2011; Peng et al.,
2002; Pettit, et al., 2008; Pittman, 1992; Pleizier, 2004;
Pritchard, 2005; Sinning-Meister, et al., 1996; Skauge,
1995; and many others).
As Lange (2011) summaries, 3D landscape visualization has developed from an expensive technology requiring specialized equipment into an
essential tool for landscape design, planning and
management, accessed in the field on small tablet computers and mobile phones. Sophisticated
2D and 3D software is even available for free. Also
within the last few decades, digital landscape representations have developed from abstract and static
representations to highly realistic visualizations capable of being explored through dynamic spatial
movement, with the potential to provide an immersive experience in multiple spatial and temporal
scales. In terms of content, landscape visualizations
still focus on the final product of a planning and design process. Moreover, many researchers put their
ideas forward in this area. The following list is just a
small sample of the literature where 3D Landscape
Visualization as a tool or in itself, has been the main
research subject: Bishop, 1994; Bishop et al., 2001;

Bryan, 2003; Bourdakis, 2001; Cavens et al., 2003; Danahy, 2001; Discoe 2005; Elsner and Smardon, 1979;
Ervin 2001; Ervin and Hasbrouck 2001; Ervin, 2003;
Wissen Hayek et al, 2010; Wissen Hayek, 2011; Wissen Hayek and Grêt-Regamey , 2012; Lai, et al., 2010;
Lange, 1990; 2001; 2002; 2005; Lindemann-Matthies
et al., 2010; Mambretti 2011; Myklestad and Wagar,
1977; Orland, 1992; Orland et. al., 2001; Paar 2003;
Paar 2005; Parr, Rekittle 2005; Shiode, 2001; Sheppard, 2001; 2005; Smardon, 1988; Werner, et al.,
2005; Zheng et al., 2011; and may others.
Before the digital age and the use of computers
in design and design representation, visual communications such as paintings, plans, sections and
perspective drawings were used to provide the opportunity to observe the proposed developments in
landscapes. The landscape gardener Humphry Repton, (1752-1818) (Daniels, 1999), can be seen as the
true ancestor of today’s landscape visualizes. Repton
gave his clients the opportunity to interactively evaluate his design by flipping between before and after
perspective drawings in his famous “Red Books”.
The creation of space and context in landscape
design is highly dependent on the time element
and thus being able to merge the spatial-temporal elements into a model become fundamental.
Landscape modelling encompasses a range of
techniques, disciplines, styles, and scales. The term
landscape itself may be used to refer to a complex
cultural construction; a simple aggregation of elements, e.g. landform, water, vegetation; or to a
complex interaction of dynamic forces at work
over time-scales ranging from seconds to centuries
(Ervin, 2003) (Figure 1).
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Furthermore visualizing the big picture, large biodiverse and relatively untouched ecosystems or
endangered areas, species etc. has been the main
concern of landscape and geo-visualization over the
years. However not much has been done in respect
to urban green space visualization where there is a
direct connection to sustainable urban living. It is
believed that, in many instances, both virtual landscape models (VLM) and virtual city models (VCM)
have been created for improved understanding of
both existing situations and future developments.
In order to capture and analyze the relationship of
these two built environment categories, for example
to understand and react to urban sprawl, the two
features need to be considered together in a visualization. However, the question is, in what detail and
complexity should these two competing elements
be represented - or whether they should be represented together at all in similar details.

Current visualization tools for urban and
landscape development
Current visualization tools for urban and landscape
design and planning provide a wide range of possibilities for practitioners and researchers. These are
used for environmental impact assessment studies,
reclamation studies, planning applications, design
approval applications, plant growth assessments,
construction management/cost analysis, user satisfaction studies, urban regeneration proposals, public participation sessions etc.
From an urban planning point of view, CityGML,
the international standard set by the Open Geospatial Consortium (OGC), established the rules for
representing and exchanging 3D objects for 3D city
models. CityGML defines classes and relationships
between most relevant topographic objects in city
models. CityGML describes the logical spatial and
semantic modeling processes and generalizes hierarchies between thematic classes, aggregations,
relations between objects, and spatial properties
(Kolbe, 2007). CityGML sets out level-of-detail (LOD)
protocols, from LOD0 to LOD4, and these different
predefined levels provide preferences to illustrate
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the city model at various LOD. It is usually not feasible to try what-if scenarios and possible solutions
for a design problem by experimenting in situ, but
by using current digital tools such as digital photographs, 3D modeling techniques, animations,
flythroughs, and simulations etc., an effective decision-making process can be facilitated. As Ervin
and Hasbrouck (2001) point out “The power of digital
models is that from a single model, multiple views can
be rendered, at will. Not only various different perspective viewpoints be tried out, but also different drawings
altogether: plans, sections, axonometrics, as well as
non-graphical views like parts lists and cost estimates
can be produced.”
Many researchers (Appelton et al., 2002; Ervin,
Hasbrouck, 2001; Griffon et al., 2011; Wissen Hayek,
Grêt-Regamey, 2012; Herwig, Paar, 2002; Kramer,
Houtkamp, Danes, 2011; Mach, Schork, 2011; Paar,
2006; Sherren et al., 2011; and many others) have
focused on the appropriate tools to use in landscape visualizations over the years. Some evaluated
the currently available off-the-shelf software which
can be used for landscape visualizations and some
developed new ones (Autodesk products -3DSmax,
AutoCAD, LandExplorer, Infrastructure Modeler, etc.;
Biosphere 3D, CityScape, Esri’s CityEngine, LandSim3D, Lenné3D , SketchUP, specialized landscape
design tools such as-Artisan SL, LANDCADD, Lands,
etc.; Visual Nature Studio, and others). Some conducted tests on the over all suitability of some of
these softwares examining the accessibility, data interoperability, file format, data import data export/
output capabilities, 3D representation capabilities,
atmospheric affects capabilities, changes through
time capabilities, capability of storing additional information, usability, help and support that the software provider supplies etc. Some also applied some
of these softwares to test the perception of the real
landscape and its surrogate, and used them in public participation sessions.

Challenges of visualizing the urban and
landscape charaters
Spatial information is crucial in any planning activity and this information can be used in a number of
ways to assist decision-making processes. Any sort
of visual communication, where the experience is
enhanced by presenting a combination of reality
and the intended reality, would improve not only
the lay persons’, but also the experts’ understanding
of the effects, implications and opportunities of the
proposed scheme” (Thompson, Horne, 2006).
Previous research, on VCMs and especially in respect to the Virtual NewcastleGatehead (VNG) model, has discussed issues emerging in the creation of
a shared, multi-use digital city model, highlighting

a need to address issues pertaining to model management, update and remote access to model data.
There is also the issue concerning representing the
urban environment and its vicinity in its entirety.
Although in real-life moving from the built component of a city to a green space can be seamless,
in visualization, all the different components that
make the model, do require individual considerations for their diverse characteristics. It is believed
that the LOD plays a major part in this issue.
Table 1, shows the attributes of city and landscape models which need to be considered during
the modeling process. It is still difficult, if not impossible [nor necessary in all cases], to duplicate the
total character of an environment with its wealth

Table 1
Attributes of city and landscape models (Information
is gathered from Appleton,
Lovett 2003; Bryan 2003,
Dollner, Jurgen 2007, Dollner
et. al., 2006, Ervin 2001, Ervin
2003, Wissen Hayek 2011,
Kolbe, 2007; Lang 2002,
MacFarlane et. al. 2005, Ross
et al, 2009; Thompson and
Horne 2006).
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Figure 2
Different levels of detail
used in Appleton and Lovett
(2003)’s research, all at low
and high levels of detail.

of information in a computer (Nothhelfer, 2002).
Moreover, from a model management point of view,
in general, lower LOD models can be updated more
easily than those with higher LODs and a more upto-date model has a better chance to serve it purpose longer.
Appleton and Lovett (2003) split the landscape
elements that need to be visualized, into two sets
according to requirements of the relevant decisionmaking process: main elements, and auxiliary elements. Main elements are the ones that usually
directly related to environmental decision making
such as: ground surface, foreground vegetation,
building faces and the auxiliary elements are the
ones that help viewer’s perception of space such as:
sky, water, shadows. Afterwards they applied these
rules on specific views to show the differences (Figure 2).
In order to visualize the landscapes, whether
in rural or urban context, a different level of representation than the built environment modeling is required. As Appleton and Lovett (2003) represented
in their work even the low level of detail for a landscape model can be classed as a high level of detail
for a city model.
It is very important to have a realistic model and
the right levels of details at the right time for the
different types of viewers, since different viewers
might be focusing on different details. Furthermore,
the appropriate levels of representation might help
clients to become involved with the design; this will
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provide opportunities to investigate and explore the
design with the user groups and/or clients in a consultation process. Wissen Hayek (2011) highlights
this by pointing out that the application of 3D visualizations influences the workflow of planning processes and affects participants’ perception as well as
their decision-making.

LANDSCAPE VISUALIZATION WITHIN
VIRTUAL NEWCASTLEGATESHEAD
(VNG)
Newcastle upon Tyne (north of the River Tyne) area
2
of 115km and Gateshead (south of the River Tyne)
2
and area of 143km are neighboring urban centers
2
in the North East of England. VNG, covering 30km , is
a collaborative joint venture between Northumbria
University, Newcastle City Council and Gateshead
Council to create a 3D digital model of the city centres of both Newcastle and Gateshead. It can be said
that it is significantly more precise than alternative
global visualization engines and provides an appropriate tool for planning related activities. Both local
authorities have accepted the accuracy of the model
data for the purposes of urban planning. The School
of the Built and Natural Environment, Northumbria
University, hosts this virtual model.
The aims of the VNG project, defined from the
outset, were to support the urban planning process
for both local authorities, currently challenged by
significant levels of regeneration activity (Horne M.,
2009). The coverage of the model will be extending

2

to approximately 102 km in order to accommodate
the city’s future development targets to the north
and north-west of Newcastle including land around
Newcastle International Airport and northeast towards the Port of Tyne.
The types of green space within NewcaslteGateshead range from man-made green spaces
such as parks, sports and recreation areas, to seminatural green space, such as Jesmond Dene and
the Ouseburn Valley. Looking more broadly it can
be seen that these urban greenspaces form a network which connects, or can be connected, with
the wider countryside. This is one of the aims of the
NewcastleGateshead Green Infrastructure Strategy
that the both councils agreed upon and published
in 2011. Green infrastructure provides ecological
services for the human population. It is a “network of
multi-functional green and undeveloped land, urban
and rural, which supports the activity, health and wellbeing of local people and wild life” (GI, 2011).
This document also identifies the key green infrastructure sites in NewcastleGateshead. Although
there are fifty-two parks within this conurbation,
seven major green spaces are identified as the key
green infrastructure sites: (1) Chopwell Wood, (2)
Gibside, (3) Derwent Walk Country Park, (4) Saltwell
Park, (5) Bill Quay Park and Farm, (6) Leazes Park, (7)
Town Moor/Exhibition Park, (8) Jesmond Dene (including Paddy Freemans and Heaton parks). Figure 3
Figure 3
Spatial context and strategic
green infrastructure links
(NewcastleGateshead Green
Infrastructure Strategy , 2011).

shows how some of these sites are linked into wildlife networks.
These seven areas, starting from inner core of
the cities, are part of the ongoing research that will
be assessing different software and data options in
terms of compatibility and required level of detail issues on the VNG model.
Although at its current state VNG terrain represents small and large grassy areas, wooded areas,
main and minor roads, pathways, rivers and other
water bodies, trees, these are not in sufficient detail for visually complex landscape visualization.
The extension to the VNG model and recent green
infrastructure strategy developed by the two local
authorities postulate the requirement of a more specific landscape modeling approach for the model.
It is the aim of the ongoing research to visualize
these seven key sites mentioned on the green infrastructure strategy. It is important to note that, being able to visualize these seven key green areas, as
part of the VNG, will facilitate the strategic planning
initiatives for the city authorities. It will also help
communication between different stakeholders and
public during public participation meetings.
Currently data capture for VNG is based upon
aerial photogrammetry and laser scanning survey
techniques and an initial context model has been
created in .dwg, and 3dsMax and VR4Max, SketchUP
etc. formats used for detailing and interactive presentation purposes. However it is believed that with
the model extension a more flexible modeling technology might be required to handle the model due
to extending model size and different LOD requirements.
Initial discussion within the VNG team resulted
in the investigation of other software and modeling
technologies where large data sets can be handled
at ease with the required level of detail for the necessary parts. Initially LandSim3D (2009) software will
be tested because of its procedural modeling capabilities, and it can be linked to geographic source
data as well as to the current 3D model. It can also
produce outputs in the form of animations, still images; and model can be shared over the internet.

City Modelling - Volume 1 - eCAADe 30 | 151

CONCLUSION
This paper has outlined some of the advantages and
some of the difficulties that are involved in including
appropriate landscape modeling in a visually complex city model. It has indicated some of the directions which show promise, though the research is
still at an early stage and it is too soon to say which
technologies will prove to be the most useful.
As in its real life counterpart, the VNG project
is continuously developing and changing. In their
recent paper, Pettit et. al (2012) have presented a
multi-scale visualization framework to support various phases of the planning and decision-making cycle. We believe this type of approach will be widely
used. Our aim is to achieve a multi-scale, multi-LOD
visualization for Virtual NewcastleGatehead. However it is known that merging different characteristics
of a city -both landscape and urban structures- in
a virtual model where different levels of details observed is a challenging task.
This is an ongoing study where different technologies and tools will be tested in order to keep
VNG as up-to-date as possible while offering different functionalities and responding to the stakeholders’ requirements for a virtual city model. Since this
new approach might require an overall technology
change, careful considerations on software, hardware, skill sets, data requirements etc. will be taken
into account.

Future work
The next step will be to merge the seven main green
infrastructure areas identified in the NewcastleGateshead Green Infrastructure Strategy into the
VNG model. As indentified previously initially the
city centre ones will be tested. Communications
with both local authorities will prioritize their need
for using VNG in landscape planning and strategy
activities and the VNG team will respond to these
requirements.
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A Parametric Approach to 3D Massing and Density
Modelling
Greg Pitts, Mark Luther
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Abstract. This paper addresses the current void between social agendas, environmental
criteria and design methodology in urban planning through the implementation of new
computational systems. It considers the application of digital design tools such as GIS
and parametric systems towards more efficient and effective design solutions. The digital
design methods have been developed and tested within Grimshaw Architects Design
Technology Group on both Australian and international urban development projects.
A methodology for the use of parametric design for urban design development is
suggested for defining, simplifying and categorising planning and design strategies. The
following tools are a means of generating urban design concepts as digital forms in order
to better inform the designer during the design process. 			
Keywords. Parametric; Urbanism; Sustainability.

INTRODUCTION
Our population is exponentially growing at an unprecedented rate. Despite this trend, the housing
market is struggling to keep up with increasing demand. There is currently a yearly shortfall of 40,000
houses Australia wide. Alarmingly, this shortage is
expected to increase to 6 million by 2056. [1] This
demand is placing an extraordinary strain on our
urban centres with half of the country’s population
now living in cities. (Weller 2009) Higher density environments have long been recognised as a means
of achieving more effective and sustainable cities.
(Batty 2003) More efficient use of space and resources along with more integrated amenities and community are sustainable goals that are not currently
met in Australian cities. As a result of this opposition,
the sprawling, high consumption suburbs continue
to radiate away from our urban centres. How we
respond to these contemporary urban problems
through our planning and design approaches will
ultimately define the quality of life within our growing cities.

The inadequacy of traditional urban design techniques and standards is widely recognised as insufficient for creating successful urban developments.
(Lowry 1965) In order to effectively manage our
built environment, we first need to address the
growing misalignment between current social aspirations and the working methods of urban designers. There has always been a divide between practiced design methods and social agendas, (White
2007) but at the same time the two are symbiotically
and cyclically linked. A cultures milieu can impact
on technological development (Mumford 1934) as
new methods are formed around those aspects of
ideology that can be quantified, analysed and applied within practice constraints. By the same token,
these working methods often transfer certain stylistic qualities that, when applied to a built fabric,
can influence the way in which a community operates and interacts. The problems we face today are
not new in this regard, but are merely exacerbated
by the increasing scale, population, economy and
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governance in our built environments. When compared against contemporary understanding of the
immensely complex relationships that exist in our
cities as well as the multitude of ideological urban
theory it is clear that our current methods of design
are no longer adequate for addressing the required
information at hand. This inadequacy can be addressed through the defragmentation of the working methodology to identify key steps in physical
planning relationships and urban governance that
can be positively informed by emerging digital information and design systems.
This paper aims to address the current void
between social agendas and design methodology
through the introduction of digital design tools such
as GIS and contextual data bases along with discrete
parametric analysis applications. All of the digital
design methods have been developed and tested
within the Design Technology Group in Grimshaw
Architects on Australian and international urban development projects. The following tools are a result
of this imbedded research and have been developed as a means of generating urban design concepts as digital forms in order to better inform the
designer during the design process.

MASSING AND DENSITY MODELS
The initial phase of masterplan design is a crucial for
setting the correct balance between built mass and
open space as envelopes to define the subsequent
detailed design stages. The answer to this balance
is contextually specific and therefore has to be well
informed by existing conditions, potential opportunities and future aspirations for the design. In order to meet these varied needs, the initial planning
phase needs to be defragmented into manageable
design deliverables that can address different contextual drivers. These can then be tested through
parametric modes of information driven design,
built form analysis and iterative optimisation tools.
By simplifying the process into deliverable sets, the
process can be managed more efficiently so that
both computational and analogue design methods
can be utilised more appropriately. The solutions
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to several of these functional problems have been
sought through the application of digital tools such
as GIS data and parametrically defined modelling
systems. However, there appears to be a significant
discrepancy in understanding what these tools can
positively provide to the designer and the design
process within practice constraints.
This paper considers several contextual issues
in a massing and density scheme and outlines the
resulting parametric design tools, methods and
outcomes of the process. The computational tools
are not intended as a way of generating urban designs, but are a means of sorting large quantities of
data to find what is relevant for informing a designer’s contextually specific vision. The later stages of
detailed urban design still suffer from serialisation
and standardisation when parametric definitions
are used for the models generation. (Vincent 2010)
Parametric Urbanism should not be viewed as a
means of designing on behalf of or replacing the
architect or designer. Instead, parametrics should
be viewed as a support tool that can help to inform
the designer in the decision making process. For
this reason the following research focuses on the
initial phase of design that deals with site, massing
and density through the use of GIS and parametric
software.
This paper will report on the design methods
that have been developed to produce initial 3D
massing and density diagrams. These methods have
been developed in two distinct phases of digital
processing in order to optimise both designer and
computer input. Each of these phases contains a set
of sub categories that have been identified as common problems that are encountered in traditional
design workflows. These problems are generally
defined by their high level of complexity, labor time
and their ability to be refined into simple principals
that can be expedited through the use of digital
processing. In order to ensure a constant workflow
through these design phases the initial GIS information has been converted into formats that can be
used by Adobe Illustrator, Rhino and the parametric
plug-in Grasshopper.

Figure 1
Parametrically generated
massing diagrams.

The first phase design methods are a simple means
of compiling and extracting relevant contextual
data and using this as a foundation for diagramming
initial conceptual ideas for a given site. The Second
phase design methods utilise custom parametric
scripting to translate the concept diagrams into digital massing models. (Figure 1)
These models can be generated with variable
massing, density, height and other relevant planning
restrictions as parameters to test multiple variations
of a design diagram very quickly. Visual analysis,
gross floor area values and land use percentages are
all generated directly from this model. This level of
impact analysis at this initial planning phase is crucial to the communication and validation of a design
concept.

FIRST PHASE DESIGN METHODS
The first phase involves the compilation of existing
site information and the process of analysing and
responding to this data through a set of design responses. The following process has been developed
in order to offer the designer flexibility to defragment the process into discrete problems that can be
solved through parametric means while still allowing
for intuitive and manual design responses. The key
to this method is in the interface between ubiquitous digital data, human interpretation and response
back into a digital representation. This process results in a more informed means of diagramming conceptual design aspirations in a form that can be later
tested and critiqued through other digital systems.

Site information and analysis
Through the development of new recording software
and sensor hardware, design teams now have the
ability to collect or access huge amounts of data for
specific tasks and fields of interest. (Bourke 2006) The
resulting databases can record prevailing environmental conditions as well as track the movement of people, measure consumption of resources and pollution.
These and other relevant contextual influences can be
recorded over multiple timescales to accurately map
out information in a number of different formats. The
sheer quantity of some of these data sets has accentuated the need for new means of mining and utilising
relevant information for architectural application.
Geographical Information Systems (GIS) are a
management system for data that is gaining prevalence in urban design. (Gröger 2007) GIS offers a
high level of data control for existing conditions
which can set up a very strong framework for models demonstrating opportunities and constraint. The
quality of the final 3D massing diagram is directly
linked to the quality of this contextual data.
For the purposes of this case study a relatively
manual process was used in order to extrapolate
site information from the GIS database. This process involved selecting the desired information and
exporting layers from the native GIS format into a
master CAD file comprising of the layers of project
data. This technique suited the level of information
used in these tests but more automated data mining
techniques are now being explored for extrapolating relevant information form larger databases.
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In order to process the information in the master file,
it was necessary to develop custom parametric tools
capable of interrogating the model. Two of these initial strategies are the gradient analysis and the network path optimisation tools.
Gradient analysis was used analyse existing topography for its angle of incline. This was helpful in
assessing the future potential for automotive, tram
and train accessibility as well as planting zones and
disabled access. An individual map could be produced to identify specific gradient range to flag

problem zones for each of the studies. (Figure 2) This
aided in developing planning strategies that imposed as little resistance to the site as possible.
The Network optimisation tool was used to
compute minimal path networks between a set of
key points in and around the site. This digital tool
is inspired by the analogue wool thread models by
Marek Kolodziejczyk which looked at optimising detour path networks. (Schumacher 2009) As a digital
model, these networks are calculated through the
use of different line attractions between primary
Figure 2
Gradient mapping results
across varying terrain. (Image
courtesy of Grimshaw).

Figure 3
Desire lines deforming into
optimised detour paths.
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and secondary desire lines. When animated, this
attraction deforms the lines towards each other
relative to proximity and attraction strength of surrounding lines. In this manner, an average rout between desired points can be calculated. This method
is not applied to determine road layouts in a literal
sense, but instead is used as a means of extrapolating intersections between networks of paths that
have been connected across the site from surrounding fabric. These intersections can be used to identify optimum positions for future hub development
and higher density focal points of the masterplan
layout (Figure 3).
These digital tools have been developed specifically to aid a single, discrete problem in the design process in order to give the designer freedom
of choice in their application. These and other tools
are still in development for the analysis of existing
site conditions. Further research is being conducted
into refining these digital data extraction and analysis tools and cut down the laborious processes of

sorting and analysing data. The aim of this is not to
eliminate human intervention through automated
site analysis but to more effectively feed relevant information to the designer as the key decision maker.

Digital diagramming
Parametric systems have been programmed to recognise certain areas for analysis and then generate
predefined responses that are dependent on the results. Although engaging from a technical perspective, this approach is inappropriate for addressing
a broad spectrum of design issues and can often
stray into the realm of geometric mastery rather
than focusing on the issues that can have a direct
and positive benefit from the application of digital
tools. For this reason, Illustrator sketches overlaid
onto the previously developed information model is
still the preferred method for translating ideas into
diagrams.
The reason Illustrator has been chosen as the
platform for digital diagramming, as opposed to

Figure 4
2D Design diagram demonstrating street networks, block
definitions and initial typology
clusters.
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more freeform sketch programs, is its ability to retain object identity and perform advanced manipulation such as Boolean operations and offsets. This
setup allows for objects to be created under layer
definitions which can be used to map out building
typology. Colours and layers are later used in parametric massing generation (Figure 4).
The resulting line work can then be converted
into CAD format. This is considered to be the diagram output as it is used as the basis for informing
the parametric generation systems. This process
can very quickly test a number of different ideas
by producing a pictorial representation as well as
simultaneously creating quality data for continuing
the workflow. These detailed design diagrams are a
hybrid representation based on a construct of existing conditions, parametric analysis and design aspirations. At each point in this process the decision
making process is facilitated and accentuated by the
digital tools as opposed to being lead by them.

SECOND PHASE DESIGN METHODS
In order to create any form of massing model, there
first needs to be a well defined set of control parameters. Percentage of open space versus density, range and type of public amenity compared
to population volume and demographic are some
such considerations that require some value range
in order to define the scope of a development. This
range is impossible to define introspectively or speculatively without data that has been derived from
existing developments. The new design is therefore
validated against ongoing development and success. To facilitate this need, a range of benchmarking
exercises has been developed in order to tabulate
the design aims and physical composition of a range
of urban projects around the world. These statistics
are then classified against the measureable success
of their application and ongoing habitation. This
benchmarking includes physical attributes of the
developments, environmental performance as well
as certain quantifiable elements of social aims and
contributions (Figure 5).
Figure 5
Segment of the benchmarking
tool demonstrating some of
the physical values of each of
the developments.
(Image courtesy of Grimshaw).
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Figure 6
Diagram outline conversion
to street networks and block
outlines.

From this database, a range of defining attributes
can be extrapolated and applied in order to give the
intended model a more carefully informed physical
presence. A tool such as this can be very useful for
comparing relative values or percentages in order
to classify design decisions and their potential outcomes in a new development. It is important to remember that the differing scale of the benchmark
developments is an important factor in the habitation and use of a design, so all figures still require a
measure of interpretative analysis and design translation to be of use in a speculative design. This is not
a definitive set of rules that can guarantee a directly
comparable quality of urban space, but is intended
to narrow the field of applicable solutions within
the endless potential of a site. This, along with intuitive or aspirational goals for the development, the
designer can begin to define a range of different
parameters that warrant further testing at a more
detailed resolution.

Plot diagrams
Now that a series of design diagrams have been
created and along with a range of defining parameters, it is possible to start mocking up a series of
block and street networks. This process uses the
boundaries created in the diagramming phase and
converts them into usable block areas. This is where
the benchmarking parameters can influence the
design and define the attributes that will govern different typology zones. Each of the footprint types
are automatically collected by the parametric script
and fed through the appropriate chain of massing
control that correlates with the desired typology
governance. The types are defined by the initial diagramming phase and can be used in this form with-

out any further manipulation of layers and types if
desired. This initial division of footprint geometry
is then carried through for the rest of the script for
each of the subsequent functions.
This process passes the diagram object outlines through an iterative loop to refine the object
footprints into usable block footprints. An iterative
loop is a means of performing an action, validating
it against desired values and then repeating the
process with any negative results until all elements
fall within the desired range. In the case of the block
division, a control value is set in order to define the
area of an ideal block size. The shapes that fall above
this area value are then divided once through preset
algorithm and compared back to this initial value. If
the new blocks are still outside this range, they are
fed back through the loop until they reach the defined value. All successful results are saved and fed
through to the next definition at whichever loop
they return a positive comparison (Figure 6). Values
to control the block area, offset and street size can
be independently controlled in order to achieve the
required density and grain for each zone type.

Site massing
After the conversion of sketch shapes into building
block outlines, another process can be applied to
create 3D building masses. The final building envelope that is created in this stage is an offset of the
initial block. The building height can then be extruded up from the new footprint. Once again, the offset
and height ranges are defined by the benchmarking
parameters and can be specific to each typology
zone. The height of the mass is defined by a random
number generator which gives the massing model
a varied height. This generator is limited within a
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mix/min range of overall heights and only generates
integers of a variable floor to floor height value. The
heights are therefore generated as full floors within
a height range that is specific to its building typology. This tool gives the designer the control to set all
types as a fixed height value or give any degree of
variation between floors depending on the application. The random height is more for visual analysis
and is not something that affects the area figures to
a significant degree. The final product of this phase
is a 3D diagrammatic massing and density model
that simulates street networks, block subdivisions
and open space as well as an indicative building
mass (Figure 7).
In this instance, the script has been arranged to
generate the massing model from building defined
parameters such as street width, building to block
offset and height ranges. As a result, the overall site
figures such as Gross Floor Areas (GFA), Floor Space

Ratio (FSR) and Site coverage are the outputs. This
process can easily be reversed to suit whatever input parameters have been determined as important
during benchmarking phase. The main aim of this
massing process is to use known parameters that
correlate with desired design outcomes to inform
the model and generate a 3D form that can be interrogated on performance at multiple levels of scale.
The benefit of this method, as opposed to manual
techniques, is that at each phase of development
and design variation, both the input and output figures are tabulated (Figure 8).
The 3D model produced by this process can
then be used as the basis for other forms of computational testing that are specific to the schemes design intent. This is intended as a feedback loop in the
design method to continually test and validate ideas
untill a solution is agreed upon and continued into a
more detailed design phase.

Figure 7
3D massing diagram
demonstrating three types of
parametrically generated high
density massing.
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Figure 8
Script excerpt showing a selection of possible output figures
from a single typology and the
total sit.
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Abstract. A parametric urban design system integrating GIS data in a CAD environment
is proposed as a platform for discussing urban plans providing flexibility and information
access in an interactive fashion. The proposed system links calculations of urban
indicators with the parameter manipulation of the layout geometry, therefore allowing
for a systematic update of indicators according to design modifications. Hence, design
may be fine-tuned in an informed manner enhancing the quality of design decisions.
Keywords. Parametric urban design; density studies; design methods.

INTRODUCTION
The design of urban plans is based on decisions beyond their morphological characteristics. Moreover,
the design of urban plans is also informed and constrained by larger scale plans. In urban plans, density
indicators and indices, as well as other co-related parameters are used to bound design within the scope
of a target vision. This practice is common in many
countries. This is due to the fact that density indicators bound construction expectations within values
that although not restrictive in morphology still
convey some qualities to the urban space. The issue
in consideration is not the discussion of relations
between density and urbanity but to consider that
urban designers confront their designs with constraining indicators whether they need to do it for
following higher level regulation constraints, achieving stakeholder expectations or other theoretical or
practical purposes. Furthermore, most stakeholders,
including the final users, do not have the experience
to understand with enough accuracy the meaning
of the values expressed by density indicators. They

need to confront alternative solutions and known
examples against their indicators to grasp what
those numbers might mean in terms of the qualities
foreseen for the urban environment (or vice-versa).
In this paper we show a parametric urban design tool that allows the confrontation of alternative
designs with indicators. The parametric features of
the tool provide a very dynamic design environment where the designer can continuously explore
solutions by changing parameters and the primitive
input geometries. Whilst adjusting and fine-tuning
the design, density indicators are automatically updated.

RESEARCH CONTEXT AND MAIN
CONCEPTS
The research shown in this paper was developed
in the context of a wider research project aimed at
developing tools for formulating, generating and
evaluating urban plans (Duarte et al. 2012). This paper focuses on the generation component showing:
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how it can be used to design; how it can respond to
a given set of goals; and how it uses and produces
density based data that allow qualitative indicators
to be determined.
The main concept stems from the principle that
urban design decisions may be improved by providing more (and more accurate) information about the
design in its context and along the design process.
The idea is that changes in form imply changes in
analytical results of the evolving design in the context. Considering that design is a reflective practice
based on continuous analysis of progressive design moves (Schön, 1987), improving interactivity
between the design model and analytical tools will
certainly enhance the designers’ perception on the
consequences of his/her design decisions. Such improvement may allow the establishment of a more
adequate framework to support the reflective structure of design workflow and simultaneously improve the information supporting decisions.
The tool imports existing data from a database
containing information about a site and its context.
The formulation component defines a set of goals to
achieve. They can be expressed in terms of density
measures to fulfil a description and preferential location of public open spaces and required facilities. On
this base, the designer starts defining the composition of the urban plan by organizing a set of primitive elements represented by points, lines (curves)
or polygons. The design environment is defined in
a parametric design platform in such a way that it
can be readjusted at any time during the design process allowing for a refinement of design goals and
the design itself. We may consider this an interactive
and intuitive process of reflective optimization.
The urban design tool was planned considering
the following goals:
1. The tool should be prepared to deal with a
regular design process fulfilling the typical designer expectations regarding its usability.
2. The tool should be easily applicable to different
design contexts.
3. The tool should provide means to enhance the
designers’ awareness on the consequences of
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design decisions and consequently improve
the quality of urban plans.
4. The tool should be able to use interactively
all existing supporting data during the design
workflow, meaning that the tool should be able
to deal both with data and geometry manipulation.
5. The tool should be able to provide design alternatives including measures or indicators that
may inform an objective comparison between
solutions.
The tool was developed on a NURBS CAD design
environment (Rhinoceros) and programmed using a
visual parametric programming interface (Grasshopper). This environment defines a design with many
available parameters that can be changed to produce variations in a predefined geometrical structure. In a way, every generated plan is unique with
a unique code. Variations are obtained through the
manipulation of parameters and changes made to
the geometrical model. In this design environment
every urban plan is the result of a particular arrangement between a set of geometric primitives and a
particular set of variable parameters.
Considering that we can find operations in
urban design which are frequently used by practitioners, such operations can be encoded into
modular and reusable algorithms. These algorithms
performing recurrent urban design operations
can be called design patterns (Gamma et al. 1995),
(Woodbury 2010) specialized in urban design. They
have a reasonably high level of abstraction and a
common meaning that designers refer to when describing their designs. Sometimes the professional
community has even agreed to use specific names
for such typical design moves. Placing a landmark
building at the top of a main street or defining a
main axis connecting two landmarks, for instance,
are common concepts among urban designers.
The tool presented in this paper uses such urban design patterns developed as parametric design
components to build up its flexibility. The idea is to
use modular codes replicating typical urban design
actions and build up complex designs combining

and arranging the codes according to the needs of
the design context. In other words, the Grasshopper code is structured into modular pieces of code
with a particular meaning in terms of urban design
which are repeated and combined according to the
context.

tation are shown in (Beirão, Nourian & Mashhoodi,
2011) and (Beirão, Nourian and van Walderveen,
2011).

THEORETICAL BACKGROUND

In the translation of grammars based design patterns to parametric design patterns the components
of the grammar are adapted to a parametric format.
In detail, a formal parametric grammar contains an
initial shape, a set of shapes, a set of symbols and a
set of transformation rules (Stiny, 1980). In a parametric shape rule schema α >β a specific values can
be attributed to all the variables defined in α and β.
For instance, in a particular urban grammar and for
specific conceptual reasons a designer may bound
the width of main streets between 15 and 40 meters.
If a rule transforms a composition axis (defined by a
line, polyline or curve) into a main street as shown
in Figure 1a., we can clearly identify the set of elements that we need to turn the rule implementation in to a parametric design pattern, for instance
in Grasshopper. These elements are: (1) an initial
shape represented by a line, polyline or curve drawn
in Rhinoceros design interface and an initial symbol
labelling the shape as an axis a ; (2) a set of transx
formations that transforms the initial shape into the
main street surface and the label a into a label m ,
x
s
which identifies the surface as a main street; (3) and
the variable w (street width) which varies between
15 and 40 meters and is defined in Grasshopper with
a slider Figure 1b.
Generically speaking, a urban design pattern in
Rhinoceros + Grasshopper environment generates
a typical and meaningful urban design move and
is composed of an initial shape which can be either
drawn in the Rhinoceros drawing interface or obtained from any previous design operation, a set of
clustered Grasshopper components that transform
the initial design into a partial but meaningful urban
design, and a set of sliders that allow an input of parameters considered as variables of that specific design move. In principle, any shape that can be drawn

The design patterns used in the implementation
of the parametric design model shown in the next
section were adapted from the previous research
developed in the context of the City Induction project (Duarte et al., 2012). This adaptation follows a
translation of grammar based design patterns called
urban induction patterns (Beirão et al., 2011) to
parametric urban design patterns. Urban induction
patterns (UIPs) are generative urban design patterns based on parallel discursive grammars (Duarte,
2005). The details about UIPs can be read on (Beirão
et al., 2011) and (Beirão et al., forthcoming). The authors identify six sets of thematic UIPs that complete
an urban plan. The six themes are: (A) the creation
of composition guidelines like main axes, landmarks
and other kinds of initial composition elements;
(B) the creation of urban grids such as rectangular,
regular or radial grids; (C) transformations in the grid
network; (D) the creation of public space like different types of squares and plazas; (E) the generation
of urban units such as neighbourhoods, blocks or
building clusters; and (F) others like the management of land use distribution, building intensity or
simple details like street design and urban policies
regarding material finishes. Within these thematic
sets several UIPs have been developed following a
discursive grammar structure such as the latter mentioned papers. A reasonably accurate implementation of that structure was previously implemented
in AutoCAD (Beirão et al., 2010) using the VBA and
VLisp application programming interfaces (API) but
the implementation proved to be slower and less
interactive than initially desired. This was the main
reason why an adaptation of the same structure was
later started using the NURBS CAD + Visual Programming environment. The first steps of this implemen-

FROM GRAMMAR BASED DESIGN
PATTERNS TO PARAMETRIC DESIGN
PATTERNS
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Figure 1
Left: a parametric shape rule
transforms a composition axis
a into a main street m with
x

width w.

s

Right: the same transformation using a parametric design
pattern.

in Rhinoceros and read by Grasshopper can be used
as an initial shape, but for guaranteeing interoperability with GIS only points, lines, polylines, curves
and polygons are considered. To distinguish them
from initial shapes in shape grammars, we shall call
them design primitives.

1.

2.

THE DESIGN METHOD AND TOOLS
Let us consider that we obtain reliable geographic
data about a particular site from a local provider. A
regular workflow will comply with the following procedures:
The data is stored in a PostgreSQL database (see
Figure 2). The database (DB) can be accessed both
by a GIS and a Visual Programming Interface (VPI), in
this case Grasshopper. The VPI imports the data using a database query component, Slingshot (http://
www.food4rhino.com/project/slingshot),
which
provides an SQL query interface that enables a selective access to the data stored in the DB. This includes the shape files of pre-existing constructions
and thoroughfares as well as an identification of an
intervention boundary – the site area represented
through its boundary, a polygon. If required, all data
can be edited and replaced in the DB. Previews of
the existing data can be visualized the design interface by querying data from the DB and connecting
them (e.g.: extruding building height from building
footprint – Figure 3).
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3.

The site can be subdivided in many sub-areas
represented by smaller polygons. Depending
on the design problem and design context
these polygons can be defined either by scripting in the VPI or drawing.
The main guidelines of the plan or main streets
can be drawn in the CAD interface adding
curves to the drawing environment using a design pattern such as the one shown in Figure
1b.
The design process flows by adding design
primitives to the CAD drawing environment.
Curves can be associated with street parameters – a street width for each street hierarchy
(See Figure 1a. and Figure 4a.). Polygons are
associated with an intervention area to which
a grid and respective parameters are assigned.
Additional geometry may be used to filter areas for different rule attribution or even to define landmark buildings. Points can be used to
place exceptional buildings in a grid – public
buildings and other facilities – or to locate public open spaces (see Figure 4b, c and d). Points
can also be used to filter particular instances in
the model to which one may later apply different rules. This functionality allows fine-tuning
locally the overall plan adjusting it to very detailed conditions.

4.

5.

Equal or separate parameters can be attributed to the design primitives depending on
the plan’s needs. This can be managed by using
one or multiple design patterns taking advantage of modularity of the design pattern concept.
The model built in this manner is continuously
adaptable due to the parametric structure provided by the design environment. Polygons
can be changed by pulling the grip points. The
same applies to curves allowing reshaping and
relocating streets. And points can also be relocated. The fact is: the design can be always in
process.

Figure 2
Design system structure.

the uneven distribution, all blocks can have different densities but managing this diversity is easy because all data is available and editable at any time.
Using this information support and the model’s
geometrical flexibility the designer can continuously fine-tune the design adjusting it to the goals predefined in a pre-design programming phase (Montenegro et al., 2011).
Additionally, following similar premises as for
density distribution, the model provides a simulation of a land use programme throughout the plan
Figure 5. The designer may interpret the results
through the visual and data interfaces and use the
results to set regulations for the plan.
All the data generated by the model can then
be sent to the database from which other evaluation
tools can perform several evaluation routines checking other indicators against predefined reference
cases (Gil et al., 2011). These procedures can consolidate a tangible meaning to the proposed solution.
However, the evaluation procedures are performed
considering a single solution. In any case once the
evaluation is concluded the design can be reviewed
by further fine tuning the model and adjusting it to
new intended goals.

DISCUSSION ON PARAMETRICISM
As soon as the geometric model defines construction within an area, the calculation core of the software provides accurate measures of the model. The
measures are density based indicators following the
calculation model defined in Berghauser-Pont and
Haupt (2010). These density indicators are expressed
visually in the model using a colour code (see Figure 4e and f), and numerically in the data interface
(Figure 6). The density distribution in a plan can be
equal, linear or uneven following a parabolic function that redistributes density according to a set of
urban attractors previously defined by the designer.
The calculations are updated at each change of the
geometrical model allowing for a continuous feedback on design decisions. The density indicators are
calculated at district level and block level. Due to

Quoting Schumacher (2010): “Parametricism implies
that all architectural elements and complexes are
parametrically malleable”. The approach of this definition is limited to a formal viewpoint; it is simply
presented as a matter of style. Schumacher extends
the concept to urbanism, coining the term parametric urbanism but again simplifies urbanism to a matter of formal style. The concept viewed this way is
highly questionable. It could even be reasoned that
in urbanism form does not really matter. Some authors support such argument by showing that traditional organic urban tissues, where form emerges as
a naturally self-organized order, provide some of the
best known and appreciated urban environments
(Alexander 1979), (Jacobs 1961), (Barton et al. 2003).
More recently, and more accurately pinpointing
where the misunderstanding of the term parame-
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tricism lies, Mehaffy (2011) calls Schumacher’s approach as “morphogenetic urban design” and interestingly suggests more objectively valid approaches
to the concept by relating how Alexander’s patterns
(1977) or Duany and Plater-Zyberk’s smart codes
(2005) may relate to an algorithmic approach to urban design. In this paper we argue that parametric
urbanism must involve other kinds of parameters
than formal ones and rather integrate dynamically

Figure 3
Data import components and
its visualization in the CAD
interface. The existing buildings within the study area are
using information about the
number of floors, also available in the DB, to generate the
3D preview.
Figure 4
CAD interface. Workflow.
(a) existing buildings and
guidelines;
(b) exception areas;
(c) landmark buildings and
open spaces; and
d) landmark buildings. Density
visualization –
(e) perspective and
(f) plan.
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Figure 5
Distribuition of residential use
according to a set of predefined attractor weights.

all available information to support design decision.
The goal is not to produce malleable forms, but to
relate changes in form with information related with
all kinds of urban dynamics. This may be obtained
by connecting form, topology and every kind of
social data in an interactive design platform where
meaningful indicators may be calculated and updated in relation with design trial proposals.
Form may not be the essential aspect of urbanism, however, the practice shows that decision is
mainly done based on layout proposals and designs
definitely propose territorial transformations that
somehow reshape or extend the urban environment. The important issues though, rely on relations
between form and other kinds of data, namely on
what those transformations mean in terms of densification, connectivity, traffic flows, people’s flows,
parking needs, as well as other less objective qualities like integration or economical impacts. Decision-making is essentially supported on information
gathered on several of these aspects pondering the
pros and cons of trial solutions. As in any design process, the design problem formulation is informed
from trial solutions as much as from analysis (Lawson, 2006), and therefore an efficient design system
should provide ways of assessing an evolving solution rather than simply a final layout. The tools and
methods proposed in this paper provide an intuitive
reflective optimization process which is likely to im-

prove the quality and sustainability of urban design
decisions. Furthermore, urban design decision involves many people who have different understanding and different views of the problem; consequently, a dynamic platform where the design model may
be easily manipulated and data may be constantly
updated can provide a good comprehensive platform on which different stakeholders may reach an
objective discussion protocol. Such process may
also be considered as more suitable for supporting a
democratically acceptable decision process.

CONCLUSION
Our idea of parametric urban design is concerned
with the exploration of urban morphology and
simultaneously generated calculations on which
decision is supported. Such kind of information allows also that other stakeholders may easily grasp
the relations between specific formal approaches
and density goals. In the end, the tool provides not
only formal solutions, but also a discussion platform
upon which a set of stakeholders may discuss urban
concepts and support their decisions. From the designer viewpoint it provides continuous fine-tuning
in a reflective optimization process.
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Figure 6
Density indicators at block
level and district level (according to Berghauser-Pont and
Haupt (2010).

Figure 7
Pie charts indicating the
distribution of land use
programme at district level
and for block number 109. The
block information is selected
by the designer as needed. A
sphere flags the selected block
in the CAD interface.
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Abstract. Schizoanalytical digital modelling serves description of processes occurring
in urban settings. Schizoanalysis serves to ‘meta-model’ the everyday world around
us, where ‘meta’ means inclusion of different perspectives. The paper formulates
few hyphotheses concerning the relation between the crowd of people representing a
specific culture and the urban settings, which constitute their habitus. The methodology
of analysis of urban structure is proposed, which is based on the urban closures
cross-sections analysis with the use of Line of Site method (LOs), as complimentary to the
Space Syntax methodology of pedestrian simulation and analysis of field of sight, based
on isovists. The paper presents the results of the descriptive analysis of the former Jewish
district in Lodz, research on which is to be developed with the methodology proposed.
Keywords. Anthropology; schizoanalyses; geomatics; urban design; urban morphology.

INTRODUCTION
Definition
Schizoanalytical digital modelling serves to describe
processes occurring in urban settings (McGrath
2008, p.198). Guattari defines the analytical aim of
schizoanalysis as a shift away from prescribed ways
of thinking within disciplinary structures of representation, by instead ‘fashioning new coordinates for
reading and for “bringing to life” hitherto unknown
representations and propositions’ (Guattari 1998,
p.433, after McGrath 2008, p 201). “Each stratum, or
articulation, consists of coded milieus and form substances. Forms and substance, codes and milieus are
not really distinct. They are the abstract components
of every articulation.” (Deleuze and Guattari, 1987,
p.502). Schizoanalysis serves to ‘meta-model’ the

everyday world around us, where ‘meta’ means inclusion of different perspectives (Guattari 1989).
The human presence in social spaces may be divided into flows and concentrations: flows are connected with movement/traffic and are related to
space, following the definition by Yi Fu Tuan (2001).
Concentrations enable contact and communication
processes. They are static rather than dynamic, thus
place related. Both types are closely interrelated,
they inseparably interpenetrate each other. Whenever the human flow stops for a moment concentration occurs, though interrelations require more
comfortable conditions to take place, among others:
time and spatial arrangement. The development of
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methodology, which may allow for understanding
how urban spaces are formed, through interaction
of various forces and flows, acting at different intensities and speeds, requires incorporating research
of several specific disciplines. In terms of the theory
formulated by Lynch (1960) flows may be treated as
paths and concentrations as nodes.

Anthropological concept of situation.
In anthropology situation is defined as a theatre of
human activities (Perinbanayagam 1974). Goffman
(1963, p.18) refers to a situation as to “the full spatial environment anywhere within which an entering
person becomes a member of the gathering that is (or
does then become) present”. Anthropologists developed elaborated theory on ways how a site is converted into a meaningful ‘place’, by inscribing human
activities into the surroundings. The relationship between people and sites encompasses both: attaching meaning to space and “recognition and cultural
elaboration of perceived properties of environments
in mutually constituting ways through narrative and
praxis” (Lawrence and Low, 2009, p. 14). Schumacher
(2011) states that the role of architecture is to frame
social communication and “to continuously adapt
and re-order society via contributing to the continuous
provision and innovation of the built environment as
a framing system of organised and articulated spatial
relations”(Schumacher 2011, p. 414). Thomas, who
introduced the concept of situation in the 1920s, defined it as a “constellation of the factors determining
the behaviour” (Thomas 1937, p.8 after Schumacher
2011, p.420). The morphological approach (Panarais
et al., 2009) refers this concept to the urban structure introducing the not oncept of spatial logic of
space. A comprehensive set of features allowing for
making characteristics of physical structures, including the culture related ones, was developed, among
others, by Rapoport (1990, pp.106-107).

Perception of city scapes
Direct contact with the environment allows for observation and validation. The development of theories referring to urban perception started with Lynch
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(1960, 1994) and Debord (1950). The theoretical
body for the studies is derived from Lynch’s theory
of perception (1960), Rodwin and Lynch (1991) distinguish two types of urban structures: spaces of
flows and by the British Picturesque School (Cullen
2008), concentrating on elements of urban scapes
presented in detailed scale, allowed to enrich this
methodology. Currently, concentration on the human perception of cityscape became a common approach along with the development of postmodernism and postFordism and it is also often connected
with the psycho-geographical examinations of the
urban settings.
The perception and evaluation of urban scapes
express the spirit of the particular era and remain a
subject of the beauty canons (Lotthian 1999). During the 20th century, this process occurred mostly in
the case of modernist transformations of downtown
areas, where former structures, particularly from
the 19th century – perceived as obsolete – were replaced. The changes and differences in beauty canons follow the mental interpretation of perceived
images (Adorno 2011), (Strzemiński 1974). The important issue, which influences the perception of
city structures, is the cultural background of citizens
and designers. Proxemics, constituting a part of the
anthropological approach, relates the human environment to the behavioural patterns proper for distinguished cultures. The differences in personal distances influence both the perception of space and
its production (Hall 1966; 2009).

CASE STUDY – FORMER LODZ JEWISH
DISTRICT
The paper seeks to develop the methodology for
the analyses of the former Jewish district in Lodz. In
the 19th century the district served as a habitat of
the multiethnic society, in which Jews constituted
a majority (Hanzl 2011; Hanzl 2012a). The transformation processes, which started during the World
War II and continued during the socialism period,
prove the presence of utterly different approaches,
as a result of both civilisation changes and cultural
differences. The numerous studies concerning the

culture of Jewish emigrants from the areas of Eastern Europe deal with the characteristic features of
the life in small towns, villages and districts of bigger cities defining them under the same notion of
‘the shtetl’ (Zborowski and Herzog, 1962; Ertel 2011;
Wirth 1962).

Former analyses of urban morphology of
Lodz
The analyses of urban morphology in Poland was
based so far on the methodology of MRG Conzen
and was developed for Lodz by Koter (among others:
1979, 1984). Conzenian research (2004), developed
further by, e.g., Whitehand et al. (2000), concentrated on examination of the urban structure mostly
in its plan aspects, against the economic and social
background, looking for relations between the city,

its inhabitants and the dynamics of city construction
(Vernez Moudon 1997, p.4). The lack of analyses of
the physical form pointed by Bandini (2000, p.133)
doesn’t allow for examination of the appearance of
urban scapes, which constitutes an element of culture. The character of constructions in the given area
was characterised in Hanzl (in press).
The descriptions, frequent in literature, indicate
at the presence of narrow, “circulating” back- streets
of the downtown part of Bałuty district and of the
Old City as at an example of spontaneous development (Friedman 1935, p.94). An attempt has been
made to define a certain set of features proper to
the area, describing its morphological structure
(Hanzl 2011, 2011a), which is repeated in most Polish towns and neighbourhoods populated by Jews
(Dylewski 2003; Hanzl in press a). The case study re-

Figure 1
Non-existing appearance
of the central part of the old
Jewiash district contrasted
with the contemporary figureground map:
1. buildings in 1939,
2. buildings in 2010,
3. parcels in 1939,
4. parcels in 2010,
5. lines of frontages – 1939,
6. distant landmarks – 1939,
7. landmarks – 1939,
8. locations of different activities – 1939.
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fers mainly to the areas of the Old Town and of the
central part of Nowe Bałuty. Some features proper
for Jewish concentration concerned also the area
of Nowe Miasto, established in 1821-1823 by Rajmund Rembieliński, though the level of assimilation
processes of the society living there, the mixing of
different groups and the character of spaces represented different stages of urbanisation processes
(Wirth 1938).
The juxtaposition of various spatial traits within
the neighbouring areas as well as the comparison
of planned transformations allow to distinguish features proper to each period and some of the cultural
differences. The analyses of chosen places within
the district – the index keys, basing, among others,
on archive photographs, provide important data on
how spaces were used; the characteristic of relations
between the types of activities and forms of spaces
allows to formulate the conclusions indicating at a
culture-specific character of the urban spaces. The
basic assumptions to the description of the character of space may be defined basing on the analyses
of the main elements of urban structure as defined
by Lynch: landmarks, paths, districts, nodes and
edges [Fig.1]. The characteristics of public spaces of
streets, alleys, nooks and squares – paths and nodes,
according to Lynch’s terminology, where the most
important flows and encounters take place, may
provide the basics for the description of the situation-dependent context.

METHODOLOGY
Theory of seeing – index keys concept
Like in paintings of Van Gogh, the seeing is concentrated around few key points, which define the
way, how a scene is perceived (Strzemiński 1974),
the analyses should provide the observation of processes: flows and forces, and concentrate on their
key points. The situations, which are the most important for definition of cultural character, thus the
moments of human interactions, particularly attract
the researcher attention (Hall 2009). The clue activities important for the specific cultures remain often
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unnoticeable for foreigners, that is the reason why
photographs and pictures effectuated by native observers are indispensable. The methodology of key
points, analogue to the anthropological method of
making photographs by native observers, who are
able to notice the clue activities important for their
cultures and often unnoticeable for foreigners, allows for observation of socially meaningful activities, responsible for cultural specific environments’
formation.
The implementation of the key points’ methodology as an addendum to the method of analysing
the urban scapes with the use of isovists proposed
by Benedikt (1979). assumes the choice of the most
obvious perspectives when observing the environment, which for urban spaces means choosing these
view axes, which provide cross-sections perpendicular to the main axe of a given path. The analyses of
the cross-section and of the silhouettes may, e.g. use
the highly efficient methodology proposed by Gal,
Doytsher (2012), which allows to extract the Line of
Sight (LOS) of groups of buildings.
The proposed methodology of path analysis
assumes examination of the cross- sections, which
may obviously change along the path providing the
street silhouette. The points of change of cross-sections as well as the points of change of axe direction
– as in the axial analyses developed as part of Space
Syntax methodology (Hillier and Hanson, 2003; Hillier 2007) provide an interesting insight defining the
space. Their distribution along the path axe as well
as the range of changes (e.g. of height) shows the
variety of streetscape, allows to identify the width
of frontages, etc. The regularity of key points distribution confirms the presence of rhythms in urban
space. Their clusters evidence the presence of nodes.
The proposed methodology provides addit
ional analysis of public/ social spaces in their most
important/ key points and may be complimentary
to the Space Syntax – a method of examination
of physical spaces provided by Hillier and Hanson (2003) and further developed by Hillier (2007)
and researchers all over the world. The basis of
the method is derived from the traditionally used

Figure 2
Drawing analysis - first
verification of the assumed
methodology. Photos from
State Archives in Lodz.

method of description of urban closures (Jacobs
1995). The method itself answers to some points of
the critics of the Space Syntax methodology as provided by Ratti (2004), among others tries to answer
the question of geometrical description of buildings
as forming urban settings, including their size, shape
and distribution. It also remains complementary
to the method of space partitioning and recording
properties of the isovist fields associated with paths
proposed by Batty (2001). The depth of space, as defined by Benedikt (1979) may be analysed as an additional resource.

Crowd assessment
The analysis of the key points distribution associated with paths should also follow the methodology. The thesis is made that there is an observable
correlation of the distribution of key points in the
urban settings and the distribution of people, who
are everyday users of the given settings, forming a
pedestrian flow. Thus te proxemics distances as described by Hall (1966; 2009) find their reflection in
the streets and squares walls’ shape. According to
Strzemiński (1974) artistic creation, including the
architectural one, uses the apparatus of perception
which is being developed when watching people’s
distribution, and it is where he looks for the explanation of this adjustment. Groups of people forming a

crowd are usually described as clustered, spaced or
scattered (Fridman, Kaminka, 2007). The interpersonal distances are related to the cultural conditions
of a given community. The hypothesis is made that
the consistency of urban pattern discussed by Hillier
(2009) are a consequence of the rules of crowd behaviour constituting part of a given culture.
The use of linguistic variables, as referred by
fuzzy logic (Berthold 2007, p.323), to define the
features, which may be described as belonging to a
given population allows for analysis of lay notions. In
the analysis of flow systems the clear cut edges between the flows – paths of movement - and nodes
- places of encounters - are usually not applicable.
Thus the description of the schizoanalytical process
may use the fuzzy logic methodology. The features
distribution may also use the GIS continuous data
analyses.

THE PRELIMINARY RESULTS OF
ANALYSES
Shape of public spaces, sequential analysis
- General features
The examination of the character of public spaces
as they are perceived by observers, in the case of
scapes, which do not exist in their original form, includes mainly the analysis of archival photographs.
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The subject of analysis is first the shape of the public realm itself – in 2D plan, cross-section and street
silhouette. Moreover the sequences of views in time
and character of buildings itself should be analysed.
The essential features of the outdoor space,
characteristic for the given area refer to the issues of
scale and dimensions. The narrowness of streets and
presence of numerous slight turns and directional
differentiation, providing the notion of concavity, thus closing the perspective and assuring perceived and felt closure, are factors favouring direct
physical interaction. Gehl (2009) indicates at small
dimensions of spaces as favourable for establishing
relations. The irregularity of enclosures of streets,
their broken line, the apparent lack of precise form,
which enlarged the amount of border space, where
people stop more willingly than in the centre of an
open space, facilitates transactions, presentations
of goods, etc. The abundance of such spaces enabled the location of numerous outdoor, commercial
furniture: stalls, kiosks, stands and presentations
encouraging buying. Furthermore, purchase was encouraged by the merchants’ activity; by the way, not
all methods were upright . The aforementioned behaviours are also the most successful in narrow and
intimate places; even in the comparably wide streets
such as Zgierska or Łagiewnicka the pavements remained narrow.
Whyte (2009) defines the set of features of
outdoor space favouring contacts and fostering
relations pointing at the location inside of the human flow. Gehl (2009, p.150) underlines the role of
the corrugation of the edge of space (through the
presence of elements of urban equipment and the
shape of walls themselves) as a feature important
for enhancing communal life. In the case of the discussed area the tightness of some places, the complication of wall shapes, the apparent chaos could
hinder concentration and easiness of perception by
persons from outside, which could in turn facilitate
transactions profitable for sellers (not necessarily
for buyers). Attracting passers-by, was fostered by
the presence of numerous small size elements in
the outdoor space, providing sham shelter – Cullen
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(2008, pp.103-105) describes this phenomena using
the example of a street „cross”, the main function of
which was to stop pedestrians. Here such role, less
formal, was fulfilled by outhouses and stalls. Whyte
(2009) confirms the observation concerning the attractiveness of elements freely distributed in the
outdoor space.

The ubiquity of commerce
The basic character of the area of concern may be
defined as the ubiquity of commerce. The space of
commerce was not restricted to the main square, it
was present in the neighbouring streets and passages. The assortment of goods covered all branches.
Frequent protrusions of buildings, especially of commercial and service use (gastronomy, etc) additionally influenced the presence of service in the public
sphere, and thus improved the effectiveness of sale.
Very rational management of space, lack of space
without prescribed use, frequent overlapping and
synergy of different uses of the same space completed the above picture. Limited scale both of streets
and squares, which on the one hand facilitated the
development of commerce, and on the other was
related to the smaller interpersonal distances, than
in case of other nations. Jews often choose the settlement location in the direct proximity of commercial places. After settling, they usually redeveloped
their environment introducing enhancements with
regard to the requirements of commerce.

Analyses of the sociometric layout
The physical structures, in the Jewish period, due
to the breaks in the lines of frontages surrounding most of the blocks, allowed for enriching of the
initial network of streets with numerous passages,
small squares, nooks, completing the official sociometric layout with the possibility of informal circulation in the area. The actual network of passages was
thus richer than the layout of streets, laid out as part
of the initial parcellation. Hillier and Hanson (2003,
pp.53-66) indicate at the relation between the characteristic of a given society and the sociometric layout, which is created by the group.

The dense network of curvy streets, alleys, nooks,
passages and pedestrian ways, including informal
passages through private properties is a feature
characteristic for the whole of the discussed area –
also in the part of Nowe Miasto inhabited by Jews
the number of such junctions is higher than elsewhere. The density of the street network is a feature, which Jacobs (1992) qualifies as facilitating
the development of all kinds of services, especially
commerce in the ground floor of buildings, as it
stimulates pedestrian movement. Most of the connections remained mostly pedestrian, which fostered the presentation of goods and making deals.

Issues related to proxemics
The proxemics approach, presented by Hall (2009)
and his successors, examines the relation of spatial
patterns of usage of space in different cultures with
the material environment. The differences between
morphological structures representing various cultures are particularly apparent in cities, which like
Lodz had become a melting pot of many cultures.
Hall (2009) identifies direct relationships between
interpersonal distances and other characteristics
specific to individuals and communities and the way
they shape their own physical environment. Hillier
and Hanson (2003, p.27) refer to the usage of space
and the patterns of behaviour appropriate for different communities and ethnic groups as the determinants of the final shape of urban structures. According to Hillier (2009) city is seen as a system of visual
distances, which is strongly influenced both by perception and personal distances.
In nomadic tribes, the members of which are
accustomed to residing in small spaces, social distances are usually smaller than in other groups. Assessment based on the descriptions of the crowd in
literature, e.g.: Singer (2010) or photos of the Ashkenazi Jewish population, which once used to live in
Lodz, correspond to that characteristic. The typical
for the most of former Jewish towns and districts
limited scale of outdoor spaces, narrowness of the
passages and nooks, often even narrowed because

of introduction of additional trade facilities also fit
into this characteristics.
The analyses of crowd basing on the methodology proposed by Siddiqui and Gwynne (2012),
and with the use of the archive photographs, allow to distinguish apparent clusters of people, who
grouped also when moving. Thus the narrowness of
sidewalks. The network analysis of pedestrians allows to characterise crowd as clustered.

Perception as a factor influencing the creation of space
Strzemiński (1974) pointed at the evolution of the
visual awareness along with the development of
civilisation. The visual awareness was transformed
together with the changes of the socio-cultural settings. He noticed the result of economic and technical factors as well as the social structure proper for
the given group of people, in the defined historical
context. The notion of visual awareness, understood
as the “cooperation of seeing and thinking” emphasises the role of cognitive absorption of perceived
visual stimuli. Strzemiński (1974) identifies two ways
of development of the visual awareness. In the rural cultures, it is the observation of the interior of
an object, which finds its expression in the studies
of nature. The second form was a silhouette vision,
which developed from the primitive contour observation in economies based on hunting and breeding
animals, that is in tribes accustomed to vast open
spaces. The derivative of the silhouette vision was
the perspective of simple parallel projection, and,
in the further stage, the development of rhythm,
including architectural rhythmisation, as a consequence of inclusion of the afterimage phenomena,
natural for the perception processes taking place
in vast open spaces. Another form of seeing, which
was particularly apparent in communities, whose
main occupation was commerce was seeing concentrated on ware attributes, with the emphasis on
the texture and weight of objects, usually devoid
of larger perspective. The preserved iconography,
mainly paintings by Jewish artists contemporary to
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the development of the ‘shtetl’ culture, confirms the
assumption on their belonging to this group. The
shape of urban settings analysed above also confirms the thesis about concentration on the content
rather than on external appearance of activities and
environment itself.
Adorno (2011, p.5) points at the role of artworks
as medium reflecting the unconscious aspects of
culture: „Artworks are afterimages of empirical life
insofar as they help the latter to what is denied them
outside their own sphere and thereby free it from that
to which they are condemned by reified external experience.” The same refers to the urban settings, which
perceived by a group of users answer their needs,
including the aesthetic criteria.

CONCLUSIONS
Lévi-Strauss (1954, pp.137-8) describes the city as
“the most complex of human inventions, (…) at the
confluence of nature and artefact”. The subject of
investigations are the tangible results of social and
economic forces, the outcomes of ideas and intentions expressed in actions, which are themselves
governed by cultural traditions (Vernez-Moudon
1997, p.3). Experiencing of culture may be effectuated via examination of its influence on the physical
form of the city: spaces of flows and built-up places.
The everyday uses of space constitute the most
important part of activities analysed (Lawrence, Low
1999). Hillier (2009) defines the term of ‘spatial emergence’ as “the network of space that links the buildings together into a single system acquires emergent
structure from the ways in which objects are placed
and shaped within it”. An important factor influencing the creation of social spaces is the way, they are
perceived. The seeing awareness is an unconscious
mental process, which allows for filtering out of
what is seen including the culture-related setting.
The perception of images and the beauty canons
remain culture specific, which refers also to the urban settings, directly influencing their shape. At the
same time pedestrian behaviour remains influenced
both by behaviour of other people – thus analysis of
crowd behaviour is necessary as well as the analysis
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of the perceived space in the field under observation. In this the analysis of LOS (Light of Sight), which
may refer to the cross-section studies, seems the
most important. The paper proposes the methodology for analysis based on LOS studies and crowd
behaviour assessment and provides some initial
observation confirming the influence of culture and
everyday usage of space for shaping the settings referred in this study. Further research is planned with
the aim to develop the proposed methodology for
the chosen case.
Panerai et al (2009) propose a concept of habitus, which seams significant for the present considerations, and which assumes that urban structure, as
reflecting the repetitions of social practices of everyday life, becomes the form of record of these practices. With time, the recorded layout may become a
contribution to the further continuation of the former way of use of space – and this case takes place
in Lodz. In a globalising world man must find out
how “basic cultural systems such as time and space are
used to organise behaviour.” (Hall 1989, p.55) – this
conclusion starts to influence contemporary urban
design thought as numerous studies show (Schumacher, 2011; Jones, 2007). The thread of cultural
studies imports a viable resource to the proposal
of ontology for urban design, which is being developed e.g. by Duarte et al. (2011).
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Abstract.This research paper concentrates on a conceptual framework for the creation
of high-level procedural city models. A workflow is presented, which enables users to
create city models in an intuitive way by using design-code-driven building typologies.
This drastically advances traditional procedural city modelling where usually low-level
implementations of city model components take place. New planning methods and
instruments have to be developed for the growing demand of the rapid environmental,
social and economic changes in cities and agglomerations. The presented method allows
for quick visualization and iteration by using urban planning typologies.		
Keywords. Procedural Modeling; Design Codes; Urban Planning; City Modeling;
Decision-making process

INTRODUCTION
The goal of the presented framework is (a) to provide a better way of communication between decision-makers such as planning experts, urban designers, policy makers and lay people and (b) to develop
an instrument that supports interactive prediction
of urban plans. With the presented method experts
and residents are enabled to exchange opinions on
presented urban scenarios and use design codes for
intuitive iterations during design charettes. In the
presented examples, building types of the San Francisco Bay Area (SFBA), US will be analyzed in relation
to the public and private structures, the transportation network and the urban design aspects. Further-

more, urban design parameters and guidelines will
be generalized and implemented into a rule-based,
high-level typology catalogue for procedural city
models (Dyllong, 2012). Finally, this paper will give
practical insights on procedural city modeling concepts for advancing curricula as well as researchers
and practitioners.

Motivation
For sustainable urban planning, system-engineering
approaches are needed to create a shared and holistic view on urban scenarios. The development of
high-level abstraction techniques can support the
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Figure 1
Final visualization of the
building type co cllection
for San Francisco Bay Area
(Bingyi Li).

structuring of planning proposals as well as the resulting city model visualizations. Up to date, design
codes are commonly used to simplify abstract legal
rules. Those only exist as figurative descriptions in
drawings of a specific planning regulation problem,
e.g., the distance spaces on a lot within a zoning
plan. On the other hand, parametric and procedural
city models are becoming more and more important
in urban planning and design (Kunze et. al, 2011).
Solutions from Autodesk, McNeel and Esri are setting the industry standard for city modeling. However these tools are still not intuitive enough and
especially switching scenarios or single typologies
cannot be easily performed within design charettes.
In our work, we present a first approach on how
design codes can be efficiently used to steer and refine generic procedural 3D city models in order to
easily arrive at detailed urban scenarios. The created
3D visualization models of urban planning scenarios
can be then used as an interface for an improved
dialogue between stakeholders (Urban Vision, 2012,
Kunze and Schmitt, 2010). The approach will be presented using Esri CityEngine as an implementation
example. Procedures are described of how existing
zoning laws are analyzed and then converted into
structured CityEngine language scripts – CGA – to
build a typology catalogue that can be then composed into digital urban visualization models.
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The San Francisco Bay Area (SFBA) has been selected
as an example for a proof-of-concept implementation. Design codes play a historical role in SFBA since
the well-known ‘Queen Anne’ houses (Weingarten,
2004). However, more recent design codes – a.k.a
‘form-based codes’ – are commonly used to associate building laws with development scenarios. In
order to detect the most relevant typologies in the
SFBA, the main building types of the Bay Area were
categorized with a design code mechanism. The result has been a typology classification consisting of
the building typologies, which mostly influence the
SFBA. These detected typologies are transferred into
parametric models inside CityEngine on four levels:
Building, parcel, urban block, and street canyon. Using this structure, the typologies can be combined
and easily modified, e.g., to probe densification
scenarios. In addition, they can be transferred to
related planning applications in other cities. Since
the resulting 3D city models are easily adjustable, it
is possible to create a variety of high quality urban
scenarios using the parametric building typologies.

Design codes in urban planning
Design codes represent a set of design and planning regulations including zoning rules, density and
open space standards, building and street typologies to different local characteristics, building height

and materials and rules (Carmona et al., 2006). Design codes relate to urban design quality aspects,
like accessibility, connectivity, legibility and identity.
Codes give a conceptual vision like a common language and a set of instructions for the development
of urban settings. There are several contemporary
design codes available worldwide, especially in the
UK, driven through the ‘Sustainable Communities’
growth program of the UK government to deliver
better designed and more sustainable built environments and in the North America, where within the
New Urbanism initiative new developments were
built on the basis on form-based codes and particular based on design codes. A main advantage of
design codes to the standard written zoning laws is
the visual 3D representation of the developments
(Carmona et al, 2006). Beyond that, strong synergies
can be identified between planning practices using
design codes and applications in real-estate development, e.g., standardized housing units, increase
marketability (Adams et. al, 2011).

Geometric modeling in urban planning
Some initial decision support tools have been developed as urban simulation models and implemented
in regional planning processes (Waddell, 2002; Borning et. al, 2008). A further development is an environment supporting the interactive design of urban
spaces that includesbehavioral and geometrical city
modeling (Vanegas, et. al, 2009). Urban design varia-

bles 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.
Müller et al. (2006) introduced an attributed
shape grammar, called CGA shape grammar, suitable for architectural design – it is the current base
of the Esri CityEngine System. CityEngine can rapidly
produce and visualize 3D urban environments of
any size. Integrating shape grammars into the urban
planning process offers unprecedented opportunities to understand and encode urban patterns and
to generate and visually assess urban design variations (Halatsch et. al, 2008; Schirmer and Kawagishi,
2011).

CASE STUDY: THE BAY AREA
The San Francisco Bay Area is a metropolitan area
in Northern California. The Bay Area is defined in
11 counties (including San Benito, that is not part
of this work because it has no border to the San
Francisco Bay). The main cities are situated around
the bay of San Francisco. The largest city in this region is San Jose, Santa Clara County. But the most
culturally dominating city is San Francisco, the historic center of this region. The area of San Jose, San
Francisco, Oakland and its surrounding area cover
approximately 7.15 million inhabitants. For this reasons the Bay Area is the fifth-largest metropolitan

Figure 2
Design process of quantitative
single house building patterns
into a procedural model.
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Figure 3
Design rules and guidelines
plus generation of multi house
building patterns.

Figure 4
Parametric building typology
of a multi-family house for SF
Bay Area.

Figure 5
Form-based code survey with
design parameters for the
SFBA, Half Moon Bay, singlefamily detached house.

area in the United States and number 53 worldwide.
The south bay is more populated than the North Bay
and in general public buildings are located next to
the Bay and private buildings are orientated more
to the coast. Offices are more situated inland and
close to big cities with their airports and business
districts. The single-family houses are more often in
the countryside and close to the Bay, such as multifamily houses. The most similar type, which could be
found almost everywhere are the schools (Weingarten, 2004).
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CONCEPTUAL FRAMEWORK FOR THE
CREATION OF HIGH-LEVEL
PROCEDURAL CITY MODELS
In this section a workflow will be presented, which
enables users to create city models in an intuitive
way by using design-code-driven building typologies. The presented method allows for quick visualization and iteration by using urban planning typologies.
The workflow of the adaptation of the formbased codes and building types into a procedural
urban model is visualized in figure 2.

Figure 6

Form-based codesurvey

Collection of derived

On the basis of 14 major typologies for SFBA (Urban
Vision, 2012) the most common types were determined, such as typical single houses, multi-family
houses, offices and schools. The quantitative parameters of the urban and building patterns of the SFBA
were specified and documented in a survey based
on the SmartCode (CATS, 2009). Design parameters
of the block and lot dimensions, the public and private frontages were derived (Fig. 5).

guidelines for the major
building types: single houses,
multi-family house, offices
and schools.

Rules and guidelines

In a first step the urban and building patterns of the
SFBA were analyzed to identify and evaluate existing
building typologies based on the standardization
of form-based codes. Using a survey, 14 major typologies for the SFBA have been detected. The most
common types were determined, such as typical single houses, multi-family house, offices and schools.
The parametric design parameters were specified.
The design parameters were then used to develop design rules and guidelines for each typology
(Fig. 3). These building patterns were visualized in
isometric diagrams.
The rules of the different building types were
digitalized into a CGA building typology catalogue,
which will be used in succeeding steps to drive the
3D city models (Fig. 4).

IMPLEMENTATION OF THE CASE STUDY
FROM DESIGN CODE INTO A
PROCEDURAL MODEL
The design process that was presented in the method section (Fig. 2) was applied in the case study
SFBA.

Design parameters for the major SFBA types for
street profiles, blocks, building geometries, facades,
open spaces and vegetation were transformed in
design rules and guidelines (Fig. 6). These guidelines
were visualized in isometric diagrams.
The isometric diagrams of the four building
typologies are summarized by their construction
quality and usage. The low standard building lots
arealways smaller and the green areasincrease with
the better standard. The school typologies are not
characterized by their building standard, but rather
by their usage.

Parametric building typologies for the San
Francisco bay area
Based on theguidelines each building type was implemented with the CGA grammar into a procedural
urban model in Esri CityEngine (2012).
The derived models were used as a high-level
typology catalogue for procedural city models (Fig.
7).The typologies are divided by their building quality and usage. The higher the standard, the more
versatile and more elaborate the construction of the
building.

CONCLUSION AND FUTURE WORK
The presented work described a conceptual framework. The implemented building typologies of
the case study SFBA serve as an example for using
digital design codes to drive procedural city models.
The resulting typologies (Fig. 8), e.g., building types,
might be integrated in geometric modeling and
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Figure 7
Overview of the procedural
model of the four major
building types of SFBA.

connected with behavioral simulations for evaluating urban planning scenarios.
The resulting city models are used to provide
generalized and simplified views on urban scenarios
to experts and laymen and to therefore encourage a
design-problem driven dialogue.
The complete collection of all presented building types for the SFBA will be found in Dyllong
(2012).
Future work will cover case study areas in Europe or Asia to prove the generic adaptability of the
presented approach and will be linked with local aspects of the individual urban setting. In addition, the
building typologies will be extended to the application of parametric building regulations and zoning
laws.
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Abstract. The paper reports on the observation of how students can be supported in
urban design learning through the use of an experimental collective memory enhanced
virtual city - Virtual Jalan Malioboro. This study focuses on how instances of people’s
collective memory of the Malioboro Street could be digitally represented and connected
with the 3D models of buildings and places of the street. An evaluative study was
conducted in a real university educational setting to test how it can support urban
design learning. The results show that by enhancing 3D models with collective memory,
students are facilitated to become more engaged with the urban site and knowledgeable of
historical contextual issues. 						
Keywords. Urban design; virtual learning environment; collective memory.

INTRODUCTION
The use of virtual learning environment to support
learning in design education context is continuously
improved and have shown potential in supporting
design processes and discussions (Vecchia et al,
2009). This paper investigates on how students can
be supported in urban design learning through the
use of collective memory enhanced virtual city.
In urban design learning, urban context is something that a student has to be aware to gain comprehensive knowledge about buildings, a site or places
before creating a new design. A more context sensitive design could be created by investigating the
social and architectural history of buildings or places
and connecting the memory of the past urban form
and current needs (Blundell Jones et al., 1999). However, historical data and memory of the city in the
past are not always easy to be found.

This study focuses on how instances of people’s collective memory could be digitally represented and
connected with 3D models of virtual city as well as
how this assembly could be used to support students’ urban design learning in a university level.
Scholars have studied memory for decades in
many disciplines. This has brought the increasing
elusiveness of memory as meanings, concepts, and
phenomena of memory could be diverse (Brockmeier, 2010). Sometimes metaphors and analogies are
used in order to understand phenomena in a more
or less appropriate way. And there is no way to
prove a metaphor wrong or right (Magnussen and
Helstrup, 2007).
In media and technology studies, combining
multimedia and multimodal facilities such as text,
graphic, image, film and audio, multimedia computCity Modelling - Volume 1 - eCAADe 30 | 195

ers and the Internet can be employed to produce
digital collective memory (Brockmeier, 2010).

CONCEPT AND DESIGN OF COLLECTIVE
MEMORY ENHANCED VIRTUAL CITY
The concept of collective memory was first introduced in the 1920’s by the French philosopher and
sociologist Maurice Halbwachs (1877-1945). He
defined collective memory not as a socially constructed idea about the past, but rather as a socially
shared notion, a way that a group conceptualized
the past while in the present (Halbwachs, 1992). In
his concept, monuments and other topographical
features are central in the formation of a collective
memory.
More recently, in her book The City of Collective
Memory (Boyer, 1996), M. Christine Boyer, Professor
of Urbanism at the School of Architecture Princeton
University, described collective memory as the way
the urban public compose their images of the city.
In the city of spectacle, she described that computer-simulated visual environment has transformed
the material world – the bits and pieces of the city
– into an ephemeral form. Global electronic media
have changed the relationship of collective memory, history and the city spaces and the process of
remembering the past is enacted as a set of reconstructed images.
The Library of Birmingham conducted “People’s
Archive” project [1] in 2010, in which the city community is involved to share knowledge or memory
related to particular places. In this project, a website hosting hundreds of photos taken from the
Birmingham Archive is used as an interface for the
public to add information relating to the images
selected from the Archive. The information could
be about the dates, names of buildings or personal stories. According to Kuhn (2010), a repository of
memories such as a photograph album can act as
reminders of persons, places, or events in the past
and can function as substitutes for remembering
and used as by their compilers/owners as prompts
for performances of memory in private, interactive,
collective and sometimes even public context.
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In review of the collective memory concepts, we approach collective memory for this study as a digital
album containing all kinds of digital records of the
history and story of buildings and places of a city
that is either elicited from or produced directly by
the city’s residents or visitors. 3D models of a virtual
city become an interface through which process of
remembering can be mediated.
The idea is that initial instances of people’s
memory associated with a particular segment of a
city could be gathered into a repository (ie. a collective memory bank) as ‘seeds’ to grow further
contextual and historical information contributed
by others. In representing collective memory of
buildings or places digitally, we interlink virtual 3D
models to these memory instances and to other
historical resources found from many different websites to become what we call a collective memory
enhanced virtual city (CREATI) (Felasari and Peng,
2010). Through CREATI, registered users could add
and share the content of the collective memory.

Connecting collective memory and virtual
city
To develop a virtual city enhanced with collective memory, we have been experimenting with a
Google site as an implementation tool. The site is
designed to support urban design learning. According to Boeykens and Neuckermans (2009), A Virtual Learning Environment has the characteristics of
both content and learning management. In terms of
architectural education, it might incorporate interactive 3D worlds (Vecchia et al., 2009). We designed
CREATI as a virtual learning environment through
which students can access 3D models of a virtual
city linked with records of collective memory and
urban design course information.
Our study used a historical street at the centre
of Yogyakarta city in Indonesia called Jalan Malioboro (Malioboro Street) as a case study site. About
1.2 km of the street with buildings and places along
the side have been digitally modeled and hosted in
a website. The 3D models required the students to
have the Google Earth installed in their computer so
as they can be displayed [Figure 1].

Figure 1
A website hosting 3D models
and a collective memory bank
(a) 3D models displayed using
Google Earth (b) (Source:
http://www.site.virtualyogyakarta.info/3d-model-ofmalioboro).

In generating a collection of memory records we
used the ‘placemarks’ menu of the Google Earth to
write or to link the information to the 3D models
and save them as kmz files. The ‘placemarks’ have
coordinates embedded (latitude, longitude, and altitude) so as a memory record will visually appear at
specific location inside the 3D Google Earth model
[Figure 2]. Nevertheless, the ‘placemarks’ have limitations such as they cannot be associated with a large
area/region such as a building complex, street, or a
district in a clear meaningful way.

We organized the structure of the collective memory
repository into different formats (image, text, video,
and audio). In each format we divided the memory
records into several sections based on the locations
of buildings and places in the urban context. At present, this structure of the repository is specific to the
study site and may not be applicable to other locations in Yogyakarta or to other cities.

Figure 2
An example of memory record
consists of photographs showing building facades in the
past. (Source: photographs
taken from http://www.kitlv..
nl/).
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THE VIRTUAL JALAN MALIOBORO
EXPERIMENT
We conducted a pilot experiment in a real educational setting at university level to evaluate the effectiveness of CREATI in supporting urban design
learning. We invited 30 students grouped into four
to take part in the experiment. As a part of urban
design assignment, students were given an urban
design project in which it consists of both a group
task and an individual task.
In the experiment, Jalan Malioboro was used
as the project site and was divided into 4 sections/
sites. Each group had to choose one site where each
member will collaborate to author memory records
related to buildings and places on that particular
site either in text, graphic, video or audio format. In
producing the records, a student could use existing

sources found available digitally and connecting
them with the relevant 3D models, or they can produce their own memory records to be shared with
each other. Besides the individual task, the students
were also required to submit a joint design proposal
for their site. We then compared the content of the
collective memory from each student and that of
the design proposal.
Based on the assignment guideline, students
were expected to propose design concepts based
on the analysis of findings, which should be based
on theories for analyzing urban spaces. For instance,
the theories of urban space quality derived from
Gordon Cullen’s Townscape design (Cullen, 1961)
and Raymond J Curran’s Urban Experience (Curran,
1983) are the two main references were introduced
to the students among many others.
Table 1
Participation of group’s member in developing the content
of collective memory records.
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RESULTS AND DISCUSSION
Student participation in developing the
content of collective memory record
It is expected from the experiment that the content
of collective memory composed by students are
complement to each other. Using 15 parameters of
urban space quality derived from Gordon Cullen’s
Townscape design and Raymond J Curran’s Urban
Experience, the content of collective memory were
classified and analyzed for the purpose of urban design learning.
Table 1 shows an example of how each member of a particular group (a-g) has contributed to
the development of collective memory record and
to which parameters or themes. From the table, it is
known that some aspects of urban quality have not
been written such as ground treatment and furnishing, expressive quality of spatial form, exposure and
enclosure, and building skyline and visual continuity.
This opens an opportunity for other participants to
continuously develop the collective memory records
in a particular topic. The accumulation of such information related to buildings and places in the repository will benefit students in understanding historical
contextual issues. Furthermore by classifying the
content in such parameter, the result might show
how the urban quality in the past is remembered.

Content of collective memory records for
supporting urban analysis
Using the same parameters of urban quality, we investigated whether this content of collective memory composed from individual members of a group
have contributed to the development of a group’s
design proposal.
Figure 3a revealed that content in collective
memory has contributed to the content in design
proposal regardless the number of content recorded. However, the table also shows that there is collective memory content i.e. optical viewpoint/serial
vision, which students didn’t use at all as an idea to
generate/develop their proposed design. This might
generate questions whether students are not aware,
ignored, or might think that it is not particularly
related to their intended proposal. Further study is
needed to discuss the circumstances.
Using a frequency word inquiry, we also looked
into the content records from both students’ individual task and group’s design proposal to find
what kind of topic or idea has the students mainly
discussed [Figure 3b]. Initially we explored the frequency word used by each group in their design
proposal as the group worked at the different sites.
We mapped these findings and found that a word
can be proposed either only in a particular group/
site, simultaneously used by two or three groups, or

Figure 3
Content recorded in collective
memory and design proposal
(a) word frequency appeared
in the collective memory
records and design proposals
(b).
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used by all groups. Frequency words such as building, street, Malioboro, parking area and pedestrian
are the primarily words used by all group, of which
the three former words are founded in the collective
memory records too. Using the frequency words,
historical contextual issues might be able to be triggered either in a specific site or in a wider location.
From observations on the final outcome, content
of collective memory might contribute a significant
influence on the quality of design proposals. Figure
4 shows that the highest average of final mark was
achieved by group 4 which having the highest number of collective memory records. It could be understood that the more historical information collected,
the more students become knowledge about contextual issues. From the tutor’s feedback, collective
memory is very beneficial for students at the analysis
stage as students can compare the past and existing
condition, so as it could help students to determine
what the next development will look alike.

Visual references for developing design
tasks
Among many format of collective memory records,
students expressed that picture or photo is the most
favourite one. Some photos have been used several
times by students in their records. Sometimes the
photos were not pointed directly to the site’s location, but described the district in general. Several
photographs show the building’s facades in a historical time sequence.
In design process point of view, the photos
gathered in the collective memory repository can
be connected as visual references for the group’s design [Figure 5].

CONCLUSION
Collective memory enhanced virtual city seems
promising to support students in urban design
learning. Besides facilitating students to engage
more with urban sites by developing the content
Figure 4
Content recorded in collective memory and in design
proposal and average of final
marks achieved by students in
each group.
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Figure 5
Examples of photos from
the record and design proposal (Source: assignments
submitted by students for
Urban Design Module, Spring
semester 2011).

online, the continuation of the content growth can
be extended to future semesters for new student
participants. The richness of the digital collective
memory records contributed by others can help students to understand the importance of urban spaces
as emphasized in the course’s learning objectives.
In terms of urban design learning, the CREATI approach can help students at the site analysis stage,
as students become more knowledgeable of historical contextual issues. Students can also explore the
general ideas for proposing a new design from the
frequently words used in the content records.
However, our current structure of the collective
memory repository could be further developed to
facilitate organizing memory records in a wider and
more complex area or region. More advanced features with better graphical interfaces are required
to support students’ communication and interaction
while developing urban design proposals.
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Abstract. Cities all over the world are faced with growing population pressure and are
challenged by decreasing environmental quality. Development strategies and planning
processes often fail to involve local environment knowledge. We present an approach to
integrate environmental aspects into a two-step urban modeling framework, generating
3D visualizations from GIS-based and procedural modeling. The dynamic nature of this
approach provides considerable support for transdisciplinary communication processes in
urban planning.
Keywords. Procedural modeling; generic urban pattern design; understanding ecosystem
services; multi-criteria decision analysis (MCDA); GIS-based modeling.

INTRODUCTION
Growing urban areas and increasing populations
in suburban zones confront urban planning with
increasingly complex problems in securing an economic, ecologically and socially sustainable development (UN-Habitat 2009). At the same time green
spaces are declining in the urban areas, which even
increases the challenges. Large sealed areas for example induce urban heat island effects, higher air
pollution or extreme wind regimes (Gälzer 2001).
Shortage of green spaces leads to a wide range of
further deficiencies, such as lack in recreational
spaces and outdoor leisure activity opportunities
(Whitford 2001). All these effects impact the residents’ well-being (MA 2005). The costs for resolving
these impacts are not properly taken into account in
urban planning, yet.
The concept of ecosystem services (ES) is very
suitable to demonstrate these environmental costs

and to make them negotiable. ES are “the benefits
people obtain from ecosystems” (MA 2005), for example the ability of trees to regulate microclimate
by evapotranspiration and shadowing, rain water
infiltration of unsealed areas decreasing storm water peaks and supporting ground water renewal,
habitat provision for diverse species, or provision of
space for recreation in form of urban green spaces
and parks. Even if provision of most urban ES generally decreases with increasing urban density, there
is significant potential for optimizing the quality of
ES provision in the urban area at any given density
(Tratalos 2007).
In urban planning processes, the heterogeneous
actor groups’ diverse demands and requirements
are unequally taken into account (Buchecker et al.
2003). Today particularly political and economic
demands rule these planning processes. However,
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in consideration of continuously decreasing urban
qualities, it is very urgent to account for the environmental aspects in order to secure livable cities. Neglecting these aspects can have impacts on the economic viability of settlement areas in the long term.
For example, families with small children or old people require sufficient recreational areas in a walking
distance from their home. If those recreational areas
are not available, they might move to another place.
This leads to a shift in household types living in an
area and in extreme cases to segregation. Quarters
with very low living quality, which cannot attract
well-situated households, might face decreasing
apartment prices.
Therefore, considering stakeholders’ knowledge
and interests is essential to address their specific
needs adequately and maintain or increase living
quality on quarter level. In this way not only locally
relevant factors for urban quality can be identified
but also robust solutions can be developed that the
participants accept and support. Thus participation processes are important for sustainable urban
landscape development (Mabelis et al. 2009). In
this context, the difficult and as yet poor transfer of
ecological knowledge is problematic. Not only communication from science to stakeholders and from
project leaders and stakeholders to the concerned
public has to take place but also the local actor’s
ecological knowledge has to be integrated into
planning and scientific processes. The central challenge is the effective integration of the relationships
between ecosystem changes and their services’
quality into communication and participation processes. GIS- and rule-based 3D visualizations offer
high potential to enhance interdisciplinary communication.

the Swiss alpine region integrates the concept of ES
and economic valuation methods in a GIS platform
to compare the impact of different scenarios on the
ES’ value in order to demonstrate consequences of
different developments to a region (Grêt-Regamey
2008). A shortcoming of this approach is that only
prepared scenarios can be compared. In order to
cope with urban development that does not follow an all-dominant master plan, an interactive
decision-support tool is required that interactively
can combine hard factors, for example house prices,
urban density or available green space per person,
with soft factors such as recreational quality or
scenic beauty. For a creative and iterative trade-off
process of these factors, the tool should generate
concrete images of possible urban development
patterns and link these with further calculated indicators of their qualities. In this paper we present a
concept for a modeling framework integrating criteria for ES’ provision into urban land use modeling
and allowing stakeholders for weighting and tradeoff decision-making based on generic 3D urban patterns and linked indicators.

METHODS
We suggest a two-step modeling framework, combining a GIS-based spatial land use modeling approach with integrated 3D modeling and detailed
visual output of urban pattern design.
The GIS-based modeling allows the integration
of quantitative indicators like green space supply
rate. The visual modeling part allows the assessment
of soft indicators, for example the attractiveness of
developments in a district for different actor and
stakeholder groups.

RELATED WORK

Modeling environmental aspects in urban
sites

In the last years different approaches have been
presented to integrate the concept of ES into planning processes aiming at enhancing policies that
prevent the disadvantages caused by loss of ecological quality (Salles 2011). For example, a study in

We introduce a new approach for linking land use
modeling in ESRI’s ArcGIS with a procedural urban
3D modeling, implemented in ESRI’s CityEngine.
While ArcGIS allows an exact and spatial explicit
modeling of optimal land use distributions, the main
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advantage of the procedural approach with CityEngine is the ability to efficiently generate 3D urban
models of any size based on a set of rules and conditions (e.g. Ulmer et al., 2007; Wissen et al., 2010). The
two approaches are linked by the GIS-output Shapefile (file format of ESRI’s ArcGIS) used as basis input
for the procedural model.
The exemplary implementation of the modeling concept presented in this paper demonstrates:
(1) the generalization of ecological knowledge, (2)
its integration into land use modeling incorporating different thematic maps, and (3) its integration
into procedural modeling and 3D visualization with
Computer Graphics Application (CGA) shape grammar rules (file format of ESRI’s CityEngine), as well as
(4) the mutual interaction between land use modeling and procedural visualization. The latter is illustrated with a set of indicators.

Linking procedural visualization and GISbased multi-criteria decision analysis
An existing integrated ecological and design based
3D urban visualization approaches (Neuenschwander et al. 2011) is supplemented by a GIS-based land
use modeling approach (Figure 1). To this end, an urban green space typology is implemented that combines design and ecological aspects in urban design
rules for specific green space types such as semi-private gardens or public parks. These rules are encoded to CGA shape grammar rules. Further, land use
data is linked with spatial parameters of ecosystem
service’s provision and used for the GIS-based land
use modeling. Output of this land use modeling is
an altered land use Shapefile in which each polygon
(=parcel) is attributed an optimized land use. This
output Shapefile is used to define in the procedural
urban 3D visualization the spatial structure on the
broad scale. Firing the procedural CGA rules with

Figure 1
Workflow of the integrated
multi-criteria modeling and
3D visualization generation.
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design specifications on the land use data, the procedural machine generates a 3D visualization of the
urban area. It then can be used as communication
tool in public participation processes. The stakeholders’ definition of the urban pattern’s quality is
then iteratively used in the GIS-based modeling to
generate a feedback model optimization process.

Integrating generalized ecological knowledge into modeling and visualization taking into account different spatial scales
The concept of ES allows identifying ecological
processes and indicators relevant to the urban patterns’ quality assessment from economic and social perspectives (de Groot, 2006; Grêt-Regamey et
al., 2008). To apply the rules and specifications of
ES’s provision in modeling processes, this complex
knowledge has to be generalized, categorized and
relatively weighted to local relevance.
We chose the urban green spaces’ habitat function as an exemplary ES in order to analyze local
ecological quality. Quality specifications and needed landscape features of the habitats comprise, for
example, vegetation, habitat size and structures
connecting different habitat patches (Opdam et
al., 2007). These specifications are derived from literature and used to define rules of adequate urban
pattern design. However, the fulfillment of these
ecological rules can conflict with the demand for
settlement density. An increased urban density is,
however, required to prevent urban sprawl and
green areas, which are essential for ES provision, to
be transformed in built-up areas.
Spatial features like the required distances or
structures of green space types as well as the required settlement density are implemented in GISbased modeling at municipality up to regional scale.
The implementation in GIS allows mapping and
analyzing complex spatial structures and linking the
relevant data such as urban parcels for example with
household characteristics or population density figures. It also allows for regional context analyses like
the spatially explicit demand and supply of inhabitants with regard to recreational area.

206 | eCAADe 30 - Volume 1 - City Modelling

The goal of our simulation is the maximization of
potential ES provision and therefore the optimal
distribution of the different land uses in the area.
A thorough weighting of the different aspects and
possible tradeoffs between ecological aspects and
urban density allows for modeling optimized urban
structures. A multi criteria decision analysis (MCDA)
implemented in ArcGIS conjoins the different spatial conditions, aspects and trade-off specifications
by combining different weighted condition-maps.
It generates a spatially explicit land use map, presenting an optimized urban pattern distribution according to ecological and density rules (Malczewski
1999).
The distribution and concrete visualization of
the structural features, design requirements and
needed vegetation patches on local scale, that is the
parcel level, is performed with the procedural visualization tool CityEngine. The optimized land use
map is imported into the procedural model. It defines the spatial distribution of the green space type
polygons. Applying the procedural rules with the
local ecological requirements on the green space
type polygons, 3D urban patterns are rendered. In
combination with the implemented indicators, this
visual output allows for an integrative assessment of
the impact of alternative urban pattern designs on
an urban landscape’s quality.

APPLICATION EXAMPLE
Based on an application example, we demonstrate
how existing GIS data can be linked to further ecological information and improved to a high-end 3D
model, that benefits participative planning processes.

Case study site
The modeling framework is developed for the case
study of Altstetten, a district of the city of Zurich,
Switzerland. Altstetten links Zurich with the Limmattal, one of its suburban regions. Altstetten as a city
district comprises an area of about 7.5 km2 with a
population density of about 3’965 inhabitants/km2
(Statistik Stadt Zürich 2010). It combines local recre-

Figure 2
Example of relevant factors
for habitat potential of water
frogs (Pelophylax).
The two images show two
relevant factor examples
in the case study area: the
distances to water elements
a) and the land use b). In both
illustrations: the brighter the
blue, the more attractive it is
for water frogs.
a) The nearer a water element,
the more suitable is the area
for water frogs’ habitat. In this
illustration we chose buffer
distances of 5m, 10m, 30m
and 100m.
b) Different land uses are of
different attractiveness for
water frogs.

ation, residential and industrial areas in tight space.
As the Limmattal region is currently in an intensive phase of urban development, the proper
elaboration of an adequate development strategy is
essential for future landscape structures. This makes
this region interesting for modeling urban development and assessing policy strategies. Altstetten is
the most densely populated part of the city and as
well as of the region. Therefore it is qualified to illustrate specific urban difficulties as well as general
problems in growing agglomeration sites.

Applying ecosystem services in GIS-based
modeling

Figure 3
The integrated suitability of urban green space in
Altstetten as habitat for water
frogs. The habitat potential is
calculated based on different
relevant factors implementing
MCDA methods.

ES provision generally depends on multiple factors.
For example, the function of urban green spaces as
habitat for the species Water Frog (Pelophylax) depends on the available vegetation, microclimate,
available water elements and last but not least on its
connectivity with other habitats suitable for water
frogs in order to provide an ecological network. Not
all factors are of equal importance: the availability
of water elements is crucial while others like specific vegetation elements are compensable. In order
to model the requested ES potential, a weighted
combination of the relevant factors is necessary. As
application example we present the model for the
potential provision of habitat for the water frog in
Altstetten.
In a first step, we assessed the relevant factors
and identified appropriate datasets. The second step

simplifies the complex data information by creating
classes of interests.
We demonstrate the modeling workflow with
two example factors: the distance to water elements
that is essential for water frog habitat (Figure 2a) and
the land use types (Figure 2b) describing the current
spatial landscape structure. The bigger the distance
to water, the less an area is appropriate as water
frog habitat. A buffer zone with adequate distances
around the water elements models this behavior. As
a second example factor, different land use types are
of different quality for frog habitat. While settlement
and flowing waters are unattractive, meadows and
wetlands are suitable. We represent the suitability
with cost factors as a supplementary attribute in the
GIS data. To enhance the habitat model’s complex-
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Figure 4
Example of the urban green
space typology used in the
case study: an urban green
space type consists of two
entities, the spatial pattern
structure (left) and the pattern attributes (right) with
additional information like
constraints of building regulations, occurring species or
potentially provided ES.

ity, we amend several further factors like street network, buildings and green space types. The model
is user-defined and extensible to address additional
requirements.
To guarantee the compatibility of the different
factor maps when merging, they are all transformed
in raster data with similar extents.
Some factors like the existence of standing water
bodies is essential for the frog’s existence, while high
quality in other factors can valorize the land use
type. Even in industrial areas for example are water
frog habitats of high quality possible if adequate
green spaces exist in spite of high disturbances by
industry. The different factors have to be weighted
relative to each other to compute the habitat potential by merging the different maps. This multi criteria
decision analysis (MCDA) is a suitable means for the
calculation of the frog’s habitat potential in an urban
area.
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Applying ecosystem services and design
specifications in procedural modeling
For the implementation of environmental needs we
supplement the approaches of automated urban
3D modeling (e.g. Beirão et al., 2008; Halatsch et
al., 2008; Wissen Hayek et al., 2011) with a systematic and locally relevant urban green space typology
(Figure 4).
To take advantage of 3D models for planning
processes, exact modeling of relevant local spatial
structures is important, but to assess the potential
ES provision it is essential to also consider required
spatial structures, modes of management and
modes of functioning of affected ecosystems. A locally relevant land use typology, categorizing land
uses of certain homogeneity, enables linking the
concept of ES to settlement structures. Regarding
ES, we propose a local relevant urban green space
typology that defines 14 general and 4 special land
use types: semiprivate and private housing; play-

Figure 5
The CGA code is organized
into two parts. The header
part (left) contains all attributes and model specifications
like occurring vegetation
elements and its detail
information like tree height
or potential ES provision.
The main code part (right)
describes the pattern structure
and 3D form.

ing fields; cemetery and parks; public spaces; traffic green; copse and waterside; allotment gardens;
fallows; forests; grassland and fields; industry; trade
and as special types: market garden; farm; church
and track area. The types are site specific and they
suffice to picture the green spaces in the case study
area of Altstetten.
For procedural modeling with CityEngine, the
typology is implemented in rule files in a proprietary
programming language, the CGA shape grammar
(Figure 5). A rule file consists of two parts, analog to
the typology structure. While the header defines all
the model’s attributes, the main rule part describes
the geometric pattern structure and spatial element
distribution per parcel.

Linking GIS-based and procedural
modeling approaches
To unify the two modeling parts we linked the typology and the GIS model using the CityEngine Shapefile import function (Figure 6). The ground parceling
and further information of complex GIS analysis is

imported into the procedural model and is referenced as the basic structure. Thus every parcel is
linked with information of its green space type and
the rule file describes how to generate the 3D model
of this specific green space type.
The habitat potential information is used to
identify the relevant regions for maximal effectiveness and efficiency. In our example we define where
to support ponds to enhance the water frog’s habitat connectivity.

CONCLUSION AND FUTURE WORK
We provide a generic 3D urban modeling and visualization tool, allowing stakeholders in participative processes to iteratively analyze their different
desires’ and decisions’ consequences on the urban
patterns’ quality. Besides spatially explicit land use
modeling, considering different regional and local
land use conflicts, our framework enables the generation of detailed 3D visualizations based on different local aspects like design guidelines and ecological requirements. The impact of different policies
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Figure 6
Linking of detailed GIS-based
land use information with
green space pattern type
design rules implementing
ESRI’s CityEngine system
results in 3D visualizations
of urban patterns suitable
for collaborative stakeholder
assessment.

and development strategies on landscape and ecological aspects can be modeled, illustrated and assessed in one workflow.
The generic approach based on a set of ecological and design rules allows for model adaption
for any case study by rule adaption. The procedural
model’s power is its vagueness by modeling environmental potentials that facilitates scenario and
policy assessment. This may support the elaboration
of concepts for the development of municipalities
or districts, e.g. by testing proposed designs in early
stages. The interaction between the GIS-model and
the procedural visualization tool is still realized by
static Shapefiles. The taking over of CityEngine by
ESRI promises the realization of closer connection of
these complementary modeling concepts.
To reproduce the urban environment in an adequate manner, the considered criteria should cover
at least the three fields of sustainability: economy,
society and environment. A certain number of criteria are required for model’s representativeness while
the applicability depends on manageable complex-
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ity. Thus the proper identification of significant criteria is crucial for model’s quality.
A learning process can be initiated by support
of the GIS-based generic 3D urban model. Asking
stakeholders to weight the different demands as
input to the multi criteria decision analysis shows
them the impacts of their specific demands on the
fulfillment of all other demands. This guarantees
local and topical relevance and increases the modeling results’ significance. Combining quantitative
indicators and the intuitively readable visualizations
provides a powerful tool to understand and assess
the relationships between land use change and urban pattern quality. This tool has high potential to
facilitate better communication between experts of
different fields as well as laymen and thus enhance
participation processes. This will be validated in future experiments and empirical research.
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Abstract. This paper offers an initial and ongoing investigation into the research
area of Virtual City Models (VCMs). It builds upon previous research carried out
by the VirtualNewcastleGateshead (VNG) team by providing an overview of VCMs
multifunctions and emerging issues but specifically investigating the obsolescence
factors and obsolescence-prevention strategies. This paper is part of a PhD research and
provides a preliminary exploration of the issues described above. The study will conclude
by identifying the progress of VNG thus far and the strategies employed by the VNG team
to tackle the obsolescence factors identified in this paper.			
Keywords. Virtual City Models; Applications; Services; Obsolescence Factors;
Strategies.

INTRODUCTION
The visual seduction techniques of a 3D virtual city
are clear, but datasets of this type, often involving
a range of invested stakeholders, can become entwined in debates of ownership, responsibility, legal
access to data and IT issues (Horne et al., 2007). This
paper offers an initial and ongoing investigation into
the research area of VCM obsolescence factors and
obsolescence-prevention strategies; it constitutes a
preliminary and limited exploration, establishing a
foundation for further study.
Research in the production, maintenance, usage
and distribution of VCMs has been widely published
since the early 1990’s from a range of disciplines including; geography, landscape and environmental
planning, urban planning, architecture, geo-information science and computer graphics science (Abdul-Rahman and Pilouk, 2007; Batty et al., 2000; Bodum et al., 2006; Bourdakis, 1997, 1998, 2001, 2008;

Brenner, 2000; Capstick and Heathcote, 2006; Coors
and Ewald, 2005; Delaney, 2000; Dokonal and Martens, 2001; Dokonal et al., 2000; Dokonal et al., 2004;
Dollner et al., 2006; Ewald and Coors, 2005; Forstner,
1999; Groger and Plumer, 2011; Guercke et al., 2009;
Haala and Brenner, 1997; Haala et al., 1997; Horne,
2009; Horne et al., 2007; Mao, 2010; Mao et al., 2009;
Nomden et al., 2009; Parish and Muller, 2001; Quinn
et al., 2009; Sadek et al., 2002; Shiode, 2001; Smart et
al., 2011; Stadler and Kolbe, 2007; Takase et al., 2003;
Thompson and Horne, 2008, 2009; Thompson et al.,
2006; Thompson et al., 2011) and others.

3D CITY MODELS
Real life cities have been represented in many forms
over time; from two dimensional maps, 3D physical
scale models for city planning and the digital representation in the form of VCMs. VCMs can be sim-
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ply described as a digital graphical representation
portraying any real world city or specific parts of it
(Thompson et al., 2006). These digital representations of real life cities have, in recent years become
a topic of interest in both research and professional
communities primarily due to the advancements
in the technologies and practices used for data acquisition, reconstruction and maintenance of VCMs.
Recent innovations in computing, technology and
sensor systems have provided a new base line for
the construction of VCMs. Higher powered computers have enabled the production and storage
of more complex models with larger file sizes than
ever before. Advancements in computer graphics
cards have also enabled the viewing of complex 3D
models electronically. The recent advancements in
Augmented Reality (AR) have opened up new ways
to view and interact with 3D city models for professionals and members of the public alike. Much like a
real city, a VCM can be seen as an organic entity that
continually grows changes and adapts due to either
environmental factors, trends or change in end user
requirements. VCMs have been created for a variety
of different applications, either singular or multifunctional. Batty et al. (2000); Groger and Plumer
(2011); Kolbe and Groger (2003) list several different
categories;
•
Emergency Response/ Disaster Management
•
Urban Planning, Architecture and Property
Analysis
•
Telecommunications, Infrastructure, Facilities
and Urban Management
•
Tourism, Entertainment, E-commerce and City
Portals
•
Environment and Traffic Simulation
•
Education and Learning
The concept of multiple 3D city models existing for
a single real life city, each with separate desired applications has been challenged by the possibility of
creating a single city model which could be utilized
for many applications (Bourdakis, 2008). This single
multifunctional city model would seek to prevent
the disjointed ‘jig-saw’ 3D city model with the risk
of incompatible computer platforms, diverse scales
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and differing levels of detail (Bourdakis, 2008; Horne,
2009). The risk of incompatibility between different
models would be the main driver for the creation of
a single model.

WORLDWIDE VCMS
The number of VCMs being created by municipalities, local and national councils, surveying agencies,
educational institutions and other organisations is
steadily increasing due to the significant advancements in 3D reconstruction methods (Ross, 2012).
This paper has identified over one thousand VCMs
worldwide (Table 1), information has being gathered
from a variety of sources such as research papers
(Araby and Okeil, 2004; Batty et al., 2000; Dokonal
and Martens, 2001; Hadjri, 2003; Ishida, 2002; Peng
et al., 2002; Thompson et al., 2006) and others[1],
and from VCM production companies Arup, Blom[2],
Bluesky[3], CASA[4], Computamaps[5], CyberCity
3D[6], GeoSim[7], GTA Geoinformatik[8], Planet 9
Studio[9], PLW Modelworks[10], UVM Systems[11],
Vertex Modelling[12], virtualcitySYSTEMS[13], Virtual Viewing[14] and Z-mapping[15] and others.
At this stage, it is clear which continents are
actively producing VCMs with Europe and North
America leading the way. It is envisaged that this
list of VCMs will be utilised for future investigation
into VCM obsolescence factors through detailed
case studies of individual VCMs. This list will develop
over time increasing in number as new VCMs are introduced, the limitation to the current list is the difficulty of sourcing data regarding VCMs which are
insufficiently marketed and embody reduced online
presence.

EMERGING ISSUES
Historically, the primary application of VCMs has
been a means to visualise the urban landscape for
interested parties. Batty et al. (2000); Groger and
Plumer (2011); Kolbe and Groger (2003) indicate
there are other applications being investigated/implemented most of which have been successfully
integrated into a useable single function VCM. The
future looks to streamline and combine all possible

Table 1
VCMs by continent

Continent
Europe
North America
Asia
South America
Africa
Australia and Oceania
Total
applications in to a single multifunctional city model. Horne et al. (2007); Podevyn et al. (2009); Podevyn
et al. (2008) identified emerging issues relating to
the management, update and access to model data.
Bodum et al. (2006) identified the focus for VCMs
should be on interoperability rather than it’s similarity to the real world. For the evolution of VCMs to
occur and to safe guard investment, minimize VCM
obsolescence and promote a future proof VCM, several key issues need to be resolved.
In digital environments, there are vast arrays of
file formats available with varying levels of support
available from providers, therefore careful consideration must be undertaken to utlise a suitable file
format that is usable in its native environment and
interoperable with other environments but also
supported in both legacy and future releases. This
can also be said for hardware and software requirements. Insufficient support for file formats, slow or
limited up take for supporting hardware and software or file format being superseded by another
may all contribute to the potential risk for file format
obsolescence.
The ability to exchange and use information between software platforms and database structures
independent of their file formats (interoperability)
is extremely important to maintain flexible VCM environments. Reduced levels of interoperability will
decrease the potential applications and increase the
risk for the VCM becoming unused and obsolete.
In every aspect of life trends develop and
change over time, what once was desirable and required can soon become undesirable and surplus

Total VCMs
618
260
96
42
30
24
1070
to requirements. The same can be said with the applications VCMs are used for; the possible required
applications can evolve over time. If a VCM does not
carry out periodic requirement capture exercises
a VCM runs the risk of not providing what is really
needed, this will ultimately produce a VCM of no use
to anyone, driving it to a state of obsolescence.
A VCM needs to be accessible and useable (data
sharing) by a variety of users, from the specialist
down to the lay user. Reduced accessibility and usability will decrease overall interactivity by users and
ultimately increase the risk of VCM obsolescence.
The production, maintenance and usage of
VCMs require personnel with specialist skills and
knowledge. It is important to maintain sufficient
personnel to cater for the VCM, should certain personnel leave the project there should be procedures
in place to make sure that the VCM is sufficiently
staffed to avoid downtime. Staking the success of
the VCM on a single person is not best practice, a
team must be developed to share the experience
and maintain constant cover for the VCM. If a VCM is
left without sufficient cover it will fall into problems
and eventually become out of date, unusable and
therefore obsolete.
The development of most large scale VCMs will
undoubtedly involve more than one stakeholder;
someone with an invested interest in the project;
whether the source data suppliers, the author of
the model itself or the funding body and the end
users. The question of who owns what, and more
importantly who is liable for what, (intellectual
property rights) is a topic that has yet to be greatly
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researched. This may be due to the lack of case
history and insufficient data to draw conclusions
from. VCMs designed on a non-collaborative legal
framework ultimately prove troublesome when/
if legal disputes arise, if this happens the VCM will
become unsustainable. The Level-of-detail (LoD) a
VCM is produced at can determine its eventual applications. Problems arise when the classification of
LoD differ from model to model. Even though there
is an international standard (CityGML) produced
by the Open Geospatial Consortium (OGC), many
VCMs have been produced with differing LoDs and
scale classifications. Producing a VCM at either a too
low or high LoD will limit its eventual applications,
which over time will increase the potential for the
VCM becoming unused and obsolete. Financial sustainability is extremely important for any venture
which aims to provide a service for a fee. A business
model must be developed which takes into consideration ultimate VCM requirements, risk analysis and
full support of the team. Failure to do so will create
an unsustainable product which will have a limited
shelf life. There are no accepted classification criteria
of what constitutes a city model (Kolbe and Groger,
2003), this causes problems. Anyone can create a 3D
representation of a city or part of a city and make it
available to the world via personal website or blog.
The LoD, accuracy and standards adhered to could
be well below the accepted norm, which has yet to
be determined, but there is no audit process to determine what is sufficient for a model to be classed
as a city model. There needs to be standards implemented so city models produced go through an
evaluation process and are awarded ‘certified city
model status’, thus maintaining LoD, accuracy and
standards across all city models produced worldwide. VCMs affected by the any of the above issues
have the potential for the VCM to become obsolete.
These issues need to be addressed and strategies
developed and implemented in order to safe guard
investment, minimize VCM obsolescence and promote a future proof VCM.
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OBSOLESCENCE
Obsolescence is a process that affects almost everything we interact with and use in this increasingly
technology driven digital world and it is a major risk
threatening the sustainability and ultimate life span
of any given service, product or function. General
definitions of obsolescence differ from field to field
but ultimately describe the process of the aforementioned service, product or function ceasing to be
usable, relevant or required (Aryee, 1991; Pangburn
and Sundaresan, 2009; Pearson and Webb, 2008;
Rosenthal, 2010; Sandborn, 2007).
Obsolescence can be separated into four distinct categories: Software/Format; Hardware/Physical; Product/Data; and Personnel/Skilled Professionals.
Software/Format obsolescence may not affect
the casual users of digital data but can cause potentially major problems for professional data users and data managers (Pearson, 2007). The process
of managing, reducing and preventing Software/
Format obsolescence has evolved over decades
and become a discipline in itself, this being ‘digital
preservation’. There are several reasons for Software/
Format obsolescence including: upgrades, the new
version of the software no longer works with legacy
versions; supporting software being bought out and
withdrawn by a competitor; format falling into disuse or support is discontinued; format is no longer
compatible with modern environments. Hardware
has developed a symbiotic relationship with software, where improvements are driven by the leading manufacturers and developers pushing older
hardware and software to obsolescence (Sandborn,
2007).
Similar to the use of printed text such as journal
articles, usage declines with the passage of time. As
each year passes the information is typically seen as
less and less up to date and relevant. The expected
uses are seen to decline from year to year, this can
be identified as the constant obsolescence rate
(COR) (Coughlin, 1988). Products and data need to
be updated to current versions to maintain its usability and prevent the eventual decline in usage.

Due to the development of the above categories
personnel must maintain a level of expertise to operate the software, hardware and product, periodic
requirement capture exercises must be carried out
partnered with applicable levels of training for personnel to maintain the required skill levels. Attention
should also be drawn to the concept of planned obsolescence, typically associated with a monopolistic
undersupply, where the service, product or function
is intentionally developed to be incompatible with
previous versions to induce consumers to upgrade
(Miao, 2011). Strategies developed for dealing with
technological obsolescence include the migration
of digital information to accessible technologies, the
emulation of obsolete systems and the preservation
of obsolete systems.
Typically when newer goods or technologies are
introduced that supersede previous versions, that
version becomes surplus to requirement and is not
used. However this does not happen with VCMs,
multiple VCMs are available for the same city at varyTable 2
Proposed strategies for obsolescence factors.

Obsolescence Factor
File Format
Data Interoperability
Hardware/Software
requirements
Applications/functions
no longer required
VCM being superseded
by newer version
Accessibility/Usability
Loss of skilled
professionals
Financially
unsustainable

ing LoD, accuracy and data age yet none have been
classified as superseded. This could be due to the
VCMs not being appropriately marketed and readily available to industry professionals and researchers alike. This theory can be directly applied to the
data and 3D representations in a VCM. When first
constructed the VCM will use up to date data and
if made accessible, will be used by industry professionals. As the years pass the similarity of the data
to the real city reduces and the data becomes out
of date, maintaining the currency of a VCM is a key
challenge.

VCM OBSOLESCENCE
The creation of a VCM would be possible through a
significant investment of time and money by project stakeholders, including commissioning bodies,
clients and/or indeed data acquisition providers.
Processes should be identified and implemented to
safe guard the investment being fuelled into the initial creation and subsequent maintenance and up-

Strategy
Maintaining widely used file format which can be imported and
exported to common software applications.
A periodic approach to testing interoperability between VCM and
other applications. Aligning VCM with international standard
such as CityGML.
Yearly upgrade cycle to maintain current releases of software.
Hardware typically upgraded every two years. Use standard offthe-shelf software. Use open source software.
Periodic requirement capture needed to ascertain what industry
professionals require from a VCM.
International register to be developed including all data
attributes of each VCM. Giving potential users. An update
strategy/cycle to maintain up-to-date data.
The VCM needs to be accessible and usable by specialist
professionals and the lay user with varying requirements.
Numerous personnel to be trained to create, update and
maintain the VCM.
A structured business model to be developed prior to the VCM
project being started.
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date of a VCM and prevent the possibility of model
obsolescence. VCM obsolescence can be identified
as being the point in which a VCM has achieved its
original creation goal or requirements and is seen to
be of no further use, or the VCM has reached a point
in which it has become unusable due to hardware/
software requirements or outdated similarity to the
real life city. Several factors drawn from the emerging issues previously identified may contribute to
the potential obsolescence of a VCM. Table 2 indicates preliminary proposed strategies for tackling
the various obsolescence factors identified.

VIRTUAL NEWCASTLE GATESHEAD
Newcastle upon Tyne is a city in the North East of
England. The city is situated on the northern bank of
the River Tyne which is also shared on the southern
bank by the city of Gateshead. Virtual NewcastleGateshead (VNG) [16] is a collaborative joint venture
between Northumbria University, Newcastle City
Council and Gateshead Council to create a 3D digital model of the city centres of both Newcastle and
Gateshead. These two city models have been combined to create the ‘Virtual NewcastleGateshead’.
The aim of the VNG project is to seek ways to create

one definitive, accurate, interactive model of NewcastleGateshead with the potential to be used for
multifunctions. VNG has recognised that in order to
be successful and sustainable, a digital model needs
to be effectively managed, regularly updated and
integrated into existing working practices and processes. These organisational requirements are as important as having appropriate technical solutions in
place. Furthermore, the ability to access, present and
communicate the information in VNG to the lay user
is of paramount importance to the sustainability of
the model and the potential of a future proof VCM.
Thompson et al. (2011) reports Northumbria University have been working to establish a relationship
between the two local authorities (Newcastle City
Council and Gateshead Council) in order to achieve
one single collaborative authoritative city model.
VNG is a 3D model of two urban areas, covering
2
30km at present, with a view to extend the cover2
age approximately to 102km (Table 3). Aerial photogrammetry and 3D modelling technologies were
used to create this model the initial focus of which
was to be used for public planning, education and
research. This alignment with the research requirements of the university has resulted in a recent expansion of VNG to support research (Elbanhawy et

Details of VNG Model
Currency
Data captured in 2012
Data capture
Aerial photogrammetry and laser scanning survey techniques (with the
future model to be based upon a database structure to facilitate regular
update procedures and efficient management).
Terrain accuracy 0cm-25cm for 70% of points.
Terrain
Presenting small and large grassy areas, wooded areas, main and minor
roads, railways, pathways, bridges, car parks, rivers, water bodies, trees
and vertical embankments.
Building detail
Initially high detail with features (roof structures, chimneys, pitched roofs,
flat roofs, parapets, dormer windows, separation of individual buildings,
etc) Facades, textures added to achieve higher LoDs when required.
Format
Initially .dwg for the context model, 3dsMax and VR4Max formats used
for detailing and interactive presentation purposes. Other formats such
as SketchUp etc provided for the councils and general public when
required.
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Table 3
Details of VNG model
as updated from May 2012.

Figure 1
Extents of Virtual NewcastleGateshead (different colours
indicate the historical expansion of the model).

al. 2012) which is exploring the strategic use of three
dimensional modelling and simulation to support
electric mobility. This research will utilize VNG to
incorporate agent based modelling and to support
geographical analysis to simulate the behaviour of
users of electric vehicles. The study is part of an EU
Interreg IVB funded project to develop a North Sea
Region Electric Mobility Network and will endeavour to bring together people working in related emobility projects to explore common-ground areas
of research. The extended geographical areas will
enable the creation and testing of a VR environment
involving port/airport/city centre “traffic corridors”
with the greatest number of potential electric vehicle users. It has been agreed with Newcastle City
Council that the area should include as much of the
Tyne Corridor as possible as well as strategic routes
for increased transport resulting from future development sites to the north of the city and towards
the airport (Figure 1).
VNG is approaching the end of a three-year
business programme by the end of 2012. The origi-

nal business model predicted income derived from
major planning applications (estimated 60-80 per
annum for Newcastle and 56 per annum for Gateshead). The global economic recession has resulted
in reductions in the number of major developments
in Newcastle and Gateshead, but VNG has managed nonetheless to be successfully utilised for a
number of major developments and has assisted
decision making in the planning process for both
local authorities. An experienced city modeller has
been appointed and strategic links with the Royal
Institute of British Architects (RIBA), Northern Architecture and other regional bodies have been made
to raise awareness of VNG’s future activities and vision. By linking VNG to the research requirements
of Northumbria University, it is currently procuring
additional 3D model data, extending its geographical coverage to over 100 sq km. Over the course of
the three years VNG has conducted pilot studies on
interoperability with other software, including VISSim, Legion Studio, CadnaA, Star CCM+, Townscope,
LandXplorer and others. Discussions are ongoing to
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explore other income generating opportunities and
how these can be approached in a strategic and systematic way.
A case study was carried out on the VNG project
to ascertain the strategies employed to counter the
previously identified obsolescence factors (Table 4).
This shows the VNG team has developed strategies
for the majority of the obsolescence factors indentified; this upfront effort planning will undoubtedly
have contributed to the success of the project. The
factors showing less strategic development are
those that are yet to arise. As indicated in this paper, a reiterative requirement capture exercise must
be carried out to determine any changes in the requirements for the VCM in all of the obsolescence
factors identified. These cycles will inform the VCM
team of any areas that require attention and further
development to maintain a VCM that is up-to-date,
embodying functionality required by potential users
and in a format that is readily accessible and usable
by potential users.

CONCLUSION
It is clear that obsolescence is an issue that has
blighted a plethora of industries, products and services for decades, with each industry developing
strategies for preventing or minimising obsolescence. Whether implementing digital preservation
techniques to extend the life span of file formats,
periodic requirement capture to maintain up-todate skill sets of industry professional or simply
planning for the eventual obsolescence of a product
or service. Based on research carried out on VCMs,
it is evident that although much research has been
carried out on the creation process and applications of VCMs, limited work has been carried out on
the identification of obsolescence factors and the
strategies implemented to counter these. Currently
each obsolescence factor identified in this research
has been weighted equally; however, this may not
actually be the case. Some factors may hold more
importance and ultimately be more critical in the
promotion of obsolescence. This issue will be further investigated in the ongoing research. The VNG
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project has demonstrated its continuing success
through completing its initial three year business
plan. The obsolescence factor strategies implemented clearly reiterate the fact that consideration
has to be made and strategies developed to counter
the risks of VCM obsolescence. A ‘what if’ scenario
should be carried out for the obsolescence factors
not fully strategised and a theoretical strategy developed.

Future work
As stated, this paper offered an initial and ongoing
investigation into the research area of VCM obsolescence factors and obsolescence-prevention strategies; future work will involve individual detailed investigations into the separate obsolescence factors
identified and how to sufficiently provide strategies.
This process will be carried out through statistical
data analysis, literature reviews and case studies of
selected VCMs worldwide. This list will develop over
time increasing in number as new VCMs are introduced, the limitation to the current list is the difficulty of sourcing data regarding VCMs which are
insufficiently marketed and embody reduced online
presence. Data from this will ultimately be used in
the process of identifying the ranking and weighting of the obsolescence factors, defining which are
the critical factors which need addressed first. As
indicated in this paper, there are no accepted classification criteria of what constitutes a VCM, future
work is planned to identify the minimum percentage of real city size that constitutes a VCM.
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Table 4
VNG obsolescence strategies.

Obsolescence Factor
File Format
Data Interoperability

Hardware/Software
requirements
Applications/
Functions no longer
required
VCM being
superseded by newer
version
Accessibility

Loss of skilled
professionals
Financially
unsustainable

Strategy
.DWG for compatibility with industry software.
VNG have conducted pilots on VISSIM (vehicle simulation), Legion
Studio (pedestrian simulation), CadnaA (Noise mapping), Star CCM+
(Wind Analysis), TownScope (Solar access and Temperature Analysis)
and LandXplorer.
Hardware updates usually on a three-year cycle.
Not yet arisen with VNG as only focusing on urban planning,
education and research.
From the beginning, VNG always aimed to be an authoritative model
by working with the City authorities closely and by updating with
information on major planning applications. VNG is aware of other
versions but none that are as closely aligned to the urban planning
requirements of both Newcastle City Council and Gateshead Council.
VNG was originally created for urban planning related issues and
therefore data is shared with the councils; a future requirement is to
be able to offer information to the general public via public
consultation.
VNG is hosted by the university who make available certain parts of
the model data to Newcastle City Council and Gateshead Council for
urban planning purposes, via File Transfer Protocol (FTP). VNG has
been brought to the attention of local architects via strategic
collaborations with the RIBA and Northern Architecture and a range
of services are offered to architects to provide them with strategic
views from a wider urban context. VNG has been brought to the
attention of property developers by attendance at developer forums
hosted by the local authorities. Other interested parties, such as
English Heritage, and organisations with regional responsibilities
have been made aware of the model by individual meetings. A
quarterly newsletter is circulated to over two hundred companies to
update them on developments. An optimised model of VNG was
made available to the general public during the summer of 2011.
VNG is hosted by a Northumbria University in collaboration with
Newcastle City Council and Gateshead Council, each organisation is
large enough for responsibilities to be transferred to, or covered by,
other experienced members of staff.
The three organisations (Northumbria University, Newcastle City
Council, Gateshead Council) formed a working group to produce a
business proposal which included an analysis of requirements,
business case, three-year financial model, risk analysis,
recommendations and letters of support. A Steering Group was then
formed to direct the initiative over the initial three year programme,
and set up the necessary procedures and processes
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Abstract. This paper deals with the process of synthesizing the innovative concepts,
and especially with software and methodological support of this process. Our approach
emphasizes the importance of the interpretation of the suggestions, which are generated
by the system of software and methodological support of conceptual design. Just an
interpretation is in this systems usually missing. Herein described method is based
on the interconnection of the contexts in which the solution lies. For this context’s
interconnection a psychological approaches are used (especially the mind mapping). The
core of this interpretation method is creating of the interpretation map.
Keywords. Conceptual design; redesign; interpretation; interpretation map;
Human-Computer Interaction.

CONCEPTUAL DESIGN AND REDESIGN
Design can be conceived of as a purposeful, constrained, decision making, exploration and learning
activity (Gero 1996). The design process is possible
to divide into three phases (Bila and Jura, 2007):
1. Early design phase - the aims of design and
properties of the designed object are defined
in this phase.
2. Conceptual design phase - the basic principles
of the function are draw up in this phase.
3. Detailed design phase - the implementation is
perform in this phase. The shapes, dimensions,
materials and the like are projected here.
Conceptual phase is very important, because the
consequences of the decisions made here are difficult to correct in the following phase. Conceptual
phase of the design takes the statement of the pro-

blem and generates broad solutions to it in the form
of schemes (French 1999). This broad solution incorporates the basic principles of function. The terms
schema and principles of function are for the conceptual design fundamental. The schema expresses
the essence of the designed object and simultaneously considers apart from its particular realization.

Redesign
In a redesign process some old solutions or designs
(which we call vetera) are usually known and we are
looking for an innovation (which is called novum).
The aims and properties of designed object (from
early design phase) are encompassed in the old solutions. And from this reason the early design phase
is substituted by the vetera’s analysis.
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COMPUTER AND METHODICAL
SUPPORT OF CONCEPTUAL DESIGN
There are many algorithms, methods and procedures (like a TRIZ/ARIZ or Morphological analysis)
for the facilitating of the synthesis of the innovative
concepts. Some of these methods work on computer platform and use means of artificial intelligence (e.g. AIDA, GALILEO, ARCHIE or CEADRE). This
software is usually called CACD (Computer Aided
Conceptual Design) or CAI (Computer Aided Innovation). One of them is CRDP (Computer ReDesign
Process), which was developed on Faculty of Mechanical Engineering of the CTU in Prague (Bila and
Tlapak, 2006).

CRDP - Computer ReDesign Process
Inputs to the CRDP software system (algorithm
CRDP on the Figure 1) are 1) three old solutions (vetera), 2) criterions for a new solution and 3) formation
parameters (fields of activities and principles which
form a new solution). The output is a set of suggestions to an innovation (novum). The old and new
solutions are described in a specification language
GLB (Bila and Tlapak, 2004; Bila, Jura and Tlapak,
2006).

Specification language GLB
GLB is a language, which conceptualizes the domain
of the conceptual design and represents semantic
properties of knowledge elements by means of preformed semantic structures like fields of activities
(FAct) and principles (Princ1 and Princ2). Basic grammatical form is: FAct <Princ1 <Prin2>> and its combination formed by AND connector. (see the dashed
rectangle on Figure 1). Mentioned fields of activities
are fields on which the design is realized – e.g. ME …
Mechanics, PNU … Pneumatics, TCS … Technological Constructions, ELS ... Electromagnetic and Electronics, Materials, Structures, Environment etc. The
GLB Principles 1 are the principles of function – e.g.
Trns … Transformation, Contr … Control, Cnstr …
Constructions, R-Eff … Relative Effects, Aggregation,
Embedding, Production etc. And these Principles 1
are specified by the Principles 2 (described in the
Table 1).
Software CRDP and others systems of the software support of Conceptual Design is short of the
interpretation of their outputs. The proposed method is concentrated to the process of the interpretation of symbolical formations to the conceptual
designs, which are generated by the CRDP system.
The main thing here is the process, in which the new
conceptual solution emerges.
Figure 1
Description of designing
process with CRDP software
and methodical support.
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Table 1

Princ 1

Princ 2

Name of Princ 2

Description of selected ele-

Trns (Transformation)

ChVVal

Change of Carrier Variables

Trns (Transformation)

ChCarr

Change of Energy Carriers

R-Eff (Relative Effects)

Joint

Joint

R-Eff (Relative Effects)

Bearing

Generalized Bearing

Contr (Control)

Supp

Support of an effect

Contr (Control)

Rep

Repression of an effect

Contr (Control)

Logic

Logic control of an effect

Cnstr (Constructions)

Fix

to Fix

Cnstr (Constructions)

Bear

to Bear

Cnstr (Constructions)

Shape

to Shape

Cnstr (Constructions)

Join

to join

ments of GLB language.

INTERPRETATION
The term interpretation means an explanation or understanding in general. This article creates a context,
which is possible to call the context of conceptual
design. And in this context the word interpretation
means a process of connecting contexts and this
process leads to the emergence of new solutions

on the field of conceptual redesign (Jura 2012). The
contexts – which are interconnected here – are 1)
the context of innovation thinking of the user and
2) the context of the description of the conceptual
design, which is expressed in the specification language GLB.

Figure 2
Schema of the interpretation
method.
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INTERPRETATION METHOD AND
INTERPRETATION MAP

Preparation phase – the first fusing of the
contexts

The core of the proposed interpretation method is
the interpretation map (Jura 2012) and its production. The interpretation method is constructed on
the base of psychological items of knowledge e.g.
Buzan’s (2005) Mind Mapping method, Kelly’s Personal Construct Theory, Tolman’s Cognitive Maps,
psychology of creativity or the Deep neurobiology
of E. Rossi.
Note: The mind map is Tony Buzan’s mean of visualization of mental contents of a given (usually in the
center of the map placed) theme (Jura 2012).
The interpretation method is also based on the
principles of emergence and emergent synthesis,
computer ontology and the theory of interpretation. These principles and pieces of knowledge are
incorporated into the structure of an interpretation
method, which facilitates synthesis of the new
concept by the user of the computer support.
The whole interpretation method consists of
two phases (see Figure 2), which are divided into a
partial interpretation steps:
A.
Preparation phase (first fusing of the contexts).
B.
Interpretation phase (makes more explicit
the interconnection of the contexts).

Preparation phase (A) includes learning the GLB language and incorporating the GLB principles to the
user’s semantic network. This phase is divided into
the two steps:
A1 – first interconnecting of the contexts –
learning of the meanings of the elements of GLB
from the list (something like a Table 1 extended to a
meaning of the GLB’s elements and examples).
A2 – finding out old solutions (Figure 3), their
specification in a natural language, their translation
into GLB language and backward translation (from
GLB to the nature language). The context of the user
is connected to the context of GLB in this step. The
innovation of the speed regulator from the branch
of fine mechanics is used as an illustration of the
redesign process with proposed software and methodological support.
Three vetera (Figure 3) are x1) Foucault’s regulator, x2) regulator of phonograph machine and
x3) regulator based on the power supply switching
off principle. The Foucault’s regulator works on the
mechanics, pneumatics and technological constructions fields of activity. Regulator of phonograph machine works on the mechanics field of activity and
at the field of technological constructions. And the
Figure 3
Illustration of redesign process
– input to the CRDP system –
three old solutions.
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third device works moreover on the electromagnetic and electronics field of activity.
The Foucault’s regulator (x1) uses the construction (Cnstr) principle of the shape (Shape) and control (Contr) principle of the support of the effect
(Supp) by the centrifugal force and repression of
the effect (Rep) by the spring on the mechanics (ME)
filed of activities. And next there are the two types
of transformation at the pneumatics (PNU) filed of
activities. First is called the change of energy carrier
(ChCarr) and second is called change of the carrier
variable (ChVVal). And final there is used the knuckle
joint principle (Joint) on the field of the technological constructions (TCS). The complete description of
all devices in GLB language is:

x1 = PNU
<Trns <ChCarr> AND <ChVVal>> AND
		
ME <Cnstr <Shape>> AND
			
<Contr <Rep> AND <Supp>> AND
		
TCS <R-Eff <Joint>>
x2 = ME <Trns <ChCarr> AND <ChVVal>> AND
			
<Contr <Rep> AND <Supp> AND
<Analog>> AND
		
TCS
<R-Eff <Joint>> AND
			
<Cnstr <Bear>>
x3 = ELS <Trns <ChVVal> AND
			
<Contr <Logic> AND <Rep>> AND
		
ME Trns <ChVVal>>
		
TCS
<R-Eff <Joint>> AND
			
<Cnstr <Bear>>

Figure 4
Example of complete interpretation map.
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The design process continues by the input of these
descriptions (x1, x2, x3) into the CRDP software and
generation of suggestions of a new conceptual solution. The suggestions have a form of sign chains.

Interpretation phase – creating the
interpretation map
Next phase is called the interpretation phase. This is
the phase in which the interpretation map is build
and a new solution arises. This phase consists of
eight steps:
B1 – selection of the suggestion for interpretation
(from the set of suggestions which is generated by
the CRDP software). For example:
ME <Trns <ChVVal> & <Contr <Logic> & <Rep>> &
TCS <R-Eff <Joint>> & <Cnstr <Bear> & <Join>>
B2 – decomposition of the selected suggestion
to the basic form, which is called triplet (<FAct
<Princ1 <Princ2>>>). Previous sign chain after the
decomposition has a form:
<ME<Trns<ChVVal>>>,
<ME<Cnstr<Logic>>>,
<ME<Cnstr<Rep>>>,
<TCS<R-Eff<Joint>>>,
<TCS<R-Cnstr<Bear>>>,
<TCS<R-Cnstr<Join>>>.

B6 – an addition of free associations to the meanings of the GLB elements. Any ideas, images to the
GLB are written or draw.
B7 – an addition of interassociations (associations
between the map’s elements). These interassociations should be plotted by dashed line and entitled.
B8 – the final reorientation to the solution, for
which the space in the middle of the map is designated. If the new solution does not arise it is possible to continue with adding associations and
thicken the interpretation map or select another
suggestion (step B1). Since this process is creative
and emergent, the reach out of the new solution is
impossible to guarantee, but this method creates a
suitable background for the emergence of the conceptual innovation.
This interpretation method makes explicit
the interconnection of contexts and also facilitates the process of emergence of a new conceptual solution on the intersection of these contexts.

CONCLUSION

B3 – the plotting of these triplets into the map (this
is the first step of drawing interpretation map – Figure 4). The triplets are draw into the circles.

The functionalities and specifics of the proposed
methodology have been tested. On the basis of
these tests has been formulated a qualitative model
of performance of the solution. The CRDP system is
an adviser system, which renders the emergence at
the level of sign chains. The proposed interpretation
method supports the emergence of a new solution
in the user’s mind (at the level of images).

B4 – an addition of first associations to the triplets
into interpretation map. Any first ideas, images,
brainwaves etc. are draw in the map and are linked
with their source triplets.

The development of this paper has been supported
by Research Grant SGS 161-821770B/12137. This
support is very gratefully acknowledged.

B5 – connecting the GLB meanings (as it is represented in user’s mind) to the GLB elements (as it is
represented in the interpretation map). User writes/
draws his own meanings of the used GLB triplets in
the form of verbal and graphical description. This
description is also linked to the draw GLB triplet.
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Abstract. The research topic of this paper exemplifies design optimization techniques of a
hotel/office tower in Central China (Nanjing city), which faces subtropical humid climate
throughout the year. The main intent of the project is to find optimized design solution
with the aid of parametric design tools and Visual Basic Scripting techniques (in Rhino
Script and Grasshopper) combined with intuitive design process. In any urban context, we
firmly believe that architectural design is a responsive phenomenon, which faces diverse
interaction with the user and the local climate. The building design of the proposed
tower acknowledges these responsive factors of the design with the environment along
with building users or residents. Consequently, we strive to develop a sustainable design
solution, which is ecologically efficient and psychologically conducive to the wellbeing of
the user. We developed our intuitive design product with complex computational design
toolsets to leverage design and energy efficiency. In this procedure, we draw major design
concepts and geometrical typologies from natural systems in the form of bio mimicry or
biologically inspired design process. Overall, this research paper outlines the significance
and relevant benefits of the combination of intuitive design (from experience, expertise
and architects skills) with parametric scripting tools.				
Keywords. Sustainable Building Façade; Parametric Architecture; Intelligent building
skin; Solar Architecture.

AIMS
1.

2.
3.

To study the site and neighbouring ecological
conditions with local data and 3d energy analysis platforms.
To form conceptual design strategies with intuition and experience.
To develop the conceptual design with design
computing methods and scripting techniques,
considering the intent to develop a sustainable

4.
5.

design solution to enhance building performance.
To analyse the computational framework’s result with quantitative tools.
Combine the results with design intuition to
make innovative design strategies.
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SITE RESEARCH

DESIGN

Site location

Concept design

The site is in Central Business District of an upcoming major city in China, called Nanjing. It is considered to be one of the largest economic zones of
China. It is 300 kilometers (190 mi) west-northwest
of Shanghai and 1,200 kilometers (750 mi) southsoutheast of Beijing. Building program usage is
mixed type having an office cum hotel tower as one
of the primary spatial requirements of the client. The
location of the site is of highest importance for both
the client and city government due to its landmark
nature and strategic position at the corner of two
major retail streets having high density traffic flow.
As per Government’s urban planning report for the
city, the proposed tower is expected to have a landmark hotel cum office tower in the site, which not
only would be an aesthetic pride to the historic city
of Nanjing, but shall also be an exemplary model in
performance driven sustainable architectural design
for other major projects in the region.

The initial program requirement from the client
and the local rules of Nanjing municipality fixed the
tower height to be of 100m each floor spanning 4m
(comfortable habitable height for an office building).
The first four floors were occupied by hotel and office
podium with entry lobby, retail shops of big brands
to add revenue to the project. Initial concept design
included tower form and shape analysis as its one of
the rigid design move, which would control the subsequent building performance for energy efficiency
and indoor comfort conditions. Keeping in mind the
aforementioned interpretations from the ecological
analysis of the site and the region, the tower shape
formed was a L shape building mass set little towards
back of the site (leaving site frontage for retail podium and public plaza). Refer Fig. 2 and 3.
The building form achieved constituted of two
longer faces facing towards the south and north
side respectably. Intuitively with experience and

Site ecology and climate

Figure 1

Relevant inferences from all of the ecological studies
of the site could be enumerated as below:
1. Summer south east winds should be welcomed
inside the building and hence a mixed mode
ventilation system would be more apt in these
conditions considering the high potential of
the tower to harness the incoming comfortable
summer breeze.
2. During winter, extremely cold and chilly breezes from north east direction should be essentially neutralized and the building should be
adequately insulated or the form should be
such that it protects the user from these cold
breezes.
3. As Nanjing is considered one of the most hot
destinations in China from May till Sep each
year, adequate measures needs to be adapted
in building design to minimize solar direct radiation and insolation gains on its façade especially towards the south and west direction
from 11 30am till 3 30pm in the afternoon.

The above diagram explains
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the results obtained from
Ecotect weather analysis of
Nanjing showing wind flow
direction, pressure, relative
humidity annually.

Figure 2
The conceptual design form
obtained of the tower and the
3-floor height podium in front
of the site. The blue form represents 100m office tower. The
edges are rounded to impart
smooth flow and continuity to
the building facade.

Figure 3
The section explains the
inclined façade on the south
and west direction which
reduces solar insolation level.
The computer model on the
right shows the south and
west façade facing a 70m residential building on the back.

knowledge, west and east facades of the sites are
minimized as much as possible to grossly cut down
on building incident solar insolation level, which
essentially is the major component in adding to the
building cooling load during summer months (Schittich, 2004). The tower corner conditions or edges
were filleted/ rounded to leverage the possibility of
smoother wind flow in and around the building. It
also accentuated the desired aesthetics to the tower.

With a little research on scientific principles in building solar incident insolation level, it is established
that this value predominantly depends on the building angle from the tested point or façade or object
under consideration to the current location of the
sun. With research and probe on solar insolation
formulae, it was confirmed that more the building is
at 90 degree to the sun, more would be the subsequent value of the building solar gains. This is very

Figure 4
The colored building block
diagram shows the design
changes adapted from conventional building mass. The L
shaped form screens the tower
from North East winter wind.
Figure 5
It shows the comparative
study of an animal skin study
and proposed building façade.
It reflects how the building
façade simulates the behavior
with the help of smaller
façade panels.
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Figure 6
The diagram above shows
the variably rotated panels
and how their aggregation
together generates a fabric
of smart components as the
façade design.

much explained by the projection effect, which outlines that the insolation into a surface is maximum
when it directly faces the solar object or sun. Quoting from Wikipedia, “As the angle increases between
the direction at a right angle to the surface and the
direction of the rays of sunlight, the insolation is reduced in proportion to the cosine of the angle.” Thus in
response to adverse summer conditions in Nanjing,
the façade of the tower facing towards the south
and west is tapered outwards towards the top most
point, which reduces the angle of the panels of the
facade towards the sun. Refer Fig. 3.
To sum up, the building volume has a straight
geometrical wall on the north and east façade, while
the south and west façade reflects inclined wall
which is tapered outside to reduce the solar insolation value incident on the south and west panels.
The cause of this effect can be deduced from the
idea that the panels are now less directly facing
the sun, which is very much conducive to attain
more efficient energy consumption. Adding to this,
the L shaped tower form where the L projection is
towards the North East direction helps protect the
tower from extremely cold wind flow from North
East direction in to the site. Refer Fig. 4.

Advanced design
The first phase of the project as described above
essentially comprised of conceptual design of the
form and shape of the proposed building. This pro-
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cess of design was largely based upon design expertise, design intuition, quantitative information of
site condition (from Ecotect) and design experience.
After setting up the preliminary form into the site,
the next phase comprised of design development of
the tower in advanced digital modeling, simulation
and computational platform to apply advanced sustainable design procedures exemplifying innovative
design strategies. The conceptual form model was
analyzed in Autodesk Ecotect and tested for preliminary incident solar insolation gains on the site both
with the tower and without. One stark observation
revealed exceptional potent of the south and west
façade to mitigate energy consumption in summer
months. The observation was supported by the recording of very high values of solar gains on these
facades. Towards the south adjoining the site, is a
70m high residential tower, which provided some
relief from its shadow during the late mornings and
early afternoons, but this was more towards the
ground floor reaching not more 3 floors. The remaining 20 floors of our building were exposed to the
extremely hot and glaring sun radiation. So to optimize the glare and solar insolation levels, essential
design objective was to add significant protection
to the tower against south side solar gains without
compromising on building aesthetic levels.

DESIGN DEVELOPMENT
Bio mimicry and design intuition
The design intent to save relevant cooling load on
the building by minimizing incident solar gains
while preserving porous visual accessibility from the
building to the outside, was the next challenge for
us. In depth research, study was conducted where
animal skins of various species were the focus of
study (Benyus, 1997; Wright,Young and Hobbs,
2009). This study was very conducive for the sustainable development of the project as it delineated the
following logic and design principle in these natural
systems:
1. The skin system of each of these organisms,
were composed of much smaller subdivided
units or components, which integrated coherently to form a whole system, which we observe as the skin.
2. These components add flexibility and porosity
to the skin while maintaining relevant insulation levels from the exterior adverse climate
and ecological conditions. Refer Fig. 5.
3. The components enhanced the aesthetics of
the species manifolds and thus provide intriguing and ambiguous visual sensation to the beholder. We understood that subdivision of the
skin into intelligent components (which aggregates and self organizes), leverages the functional behavior of the animal skin. The skin is
remarkable to protect itself against all external
conditions. Its efficient performance is crucial
for the organism’s survival among many others
over the years of evolution.
4. These intelligent components depicted individual transformation potential at local level,
giving rise to diverse possibilities in flexibility and elasticity at the same time maintaining
their design logistics with the whole part and
geometry, to preserve integrity and structure.
5. These design patterns of vivid shape, size and
color composition, were unique and organic in
aesthetic quality.

From the research observation following major conclusions and desired design objectives were set,
which further was evaluated with the aid of scientific performance simulation and computational
methods to add credibility and feasibility to the
design process- The preliminary building block is
treated as one long continuous building façade having edge conditions rounded for smoother flow. The
façade of our tower is treated as north, west, south
and east faces respectively.
1. The model has to be setup with the simulation
of real sun as a component in computational
framework to govern behavioral response from
the skin with the respective gradual change in
the sun as an external attractor.
2. Each face of the skin would behave unique performance behavior with respect to the external
weather condition and internal space usage
and program behavior.
3. The façades in each direction are subdivided
into rectangular panels of 4m by 1.5m (4m is
floor-to-floor height). This is established to enable optimized construction workability and
apparent cost reduction.
4. Each of the subdivided panels holds the potential to be trans-formed, scaled and rotated
independently while being connected to the
overall façade system, thus enabling parametric design intent. Refer Fig. 6.
5. Considering cost and client limitations, each of
the façade panels would be completely static
or fixed and would not in any way depict transformational changes by any induced kinetic
system. The idea is to test different pattern and
behavior of their transformation by programing a simulated environment with embedded
logics and behaviors having sun act as an external attractor.
6. The façade panel’s centroid is calculated to
know its precise coordinates. It essentially acts
as the key point for making further calculations
especially with the simulated sun component
and other relevant assertions to escalate behavior significantly. The behavior of the panel
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Figure 7
The screenshot above explains
the VB Script interface and
Grasshopper Sun component
depicting the basic script
framework. Axonometric
Diagram of the tower shows
different building material
used to minimize use of glass.
East and west façade are
shielded with concrete wall,
which are considered as thick
thermal mass.

with respect to the sun is obtained, by calculating the angle, between the lines from the centroid to the sun with the surface normal of the
panel itself. This is a crucial quantitative value
which further provides inter related ecological
performance parameters derived with scientific formulae and logistics.
7. The sun is assumed as a point in the 3D space
and its behavior is simulated by coding the
mechanism in computational framework.
8. Grasshopper, VB script component in grasshopper and Rhino script is chosen as the computational platform. Rhino 3d nurbs modeling
platform provided extensive digital modeling
tools and scope for the parametric design of
the tower.
9.
After the simulation, different results from the
script were tested quantitatively with the help
of Solar Insolation analysis, indoor CFD modeling to measure efficiency achieved in wind
flow and Shadow Analysis indoor and outdoor
to test the potential of the skin as a sunscreen.
10. Design Algorithm
The algorithm was very basic yet followed precise
functions and procedures to enable accurate results.
This essentially formed rightful decision making in
design and performance domain. The key steps followed were as below:
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1.

2.

3.

4.

5.

6.

Each of the subdivided facade panels were
connected to the sun point with their respective centroid.
The line of connection between the centroid
and the sun was compared with the surface
normal of the subdivided panel facing outwards. The angle between the connected line
and surface normal was recorded in radian for
each of the facade panels.
This angle changed in value as the sun starts to
move in its trajectory over the course of the day
from morning until evening for each façade
panel respectively. This angle also changed
over the course of different season and months
in a year, i.e. it also changed annually
This angle is the key component to calculate incident solar insolation value. The formula used
to calculate the desired result is obtained from
research data.
The respective values of solar insolation levels
of each panels are recorded in an excel sheet
(by exporting the data from the VB Script interface to the excel chart).Moreover, it was further coded to display the data in a RGB color
diagram from blue (showing lowest values) to
yellow (showing highest solar gains areas overlaying on the panel itself.
This graphic color distribution diagram on the
panels clearly marked the key areas on the facade with uncomfortable solar gains value,

which should be minimized. It also clearly
outlined the sun position and time of the day,
which are most uncomfortable due to excessive solar gains incident on the façade panel
(Hermannsdorfer and Rub, 2006).
Time: From 12noon until 2 30pm or 3 pm, the sun
showed extreme solar gains on the façade.
Location: The façade panels in the center between south and west direction facing most directly
to the sun highlighted very high solar gains which
needed to be neutralized (Koster, 2004).
Thus, the color diagram reflected the objective
to maximize blue or green zones on the façade while
neutralizing areas of yellow or orange on the graphical overlay of solar gain values. Refer Fig. 7.
7. As established beforehand the panels showing
higher solar gain values in a day were directly
facing the sun during afternoons. Therefore,
the key idea to reduce the solar gains was to
identify key panels whose orientation could be
changed, enabling them facing away from the
sun to reduce the insolation values. However,
this also needed to coordinate with the visual
connectivity desired from the inside space to
outside, so the change in the orientation was
an optimization between all of the following
interconnected agendas:
•
Solar gains.
•
Visual connectivity.
•
Construction feasibility.
•
Wind protection from North East in winter.
•
Wind harnessing from South East in summer.
•
Aesthetic quality achieved due to change in
panel orientation.
•
Construction Cost and local building fenestration rules.
•
Construction techniques known to local construction engineers.
8. Custom written script in Visual Basic component in grasshopper created angular values
with respect to each of the key identified panels. The values were restricted in number keeping in consideration above core issues of construction and project viability. For Example the

9.

panels at the corner, where the façade is changing in topology is restricted to rotate within 15
degree, to protect excessive overhang and vision impairment from the inside of the tower to
outside. These design intuitions clubbed with
computational scripting potential gave rise to
a generative architectural design syntax which
is performance based and achieved unique
aesthetic quality, local to the specific site and
ecological conditions.
While calculating the rotational values, the
time duration from morning 6am until evening 7pm was divided into three distinct zones
(Morning – 6 am to 11:30 am, Afternoon - 11:30
am to 4 pm and Evening - 4 pm to 7pm). After
the Boolean confirmation which time zone of
the day, the sun is currently at, the for loop in
VB script runs through each of the façade panel
and creates rotational values based on custom
written function to calculate desired solar insolation levels restricted within feasible panel
orientation level. Thus, the script gives credibility to the time zone of the sun and takes
active decision to set the panel at the desired
orientation. It is of utmost importance to note
that these dynamic rotational arrangements of
each panel are not changing on site, but rather
a continuous simulation system. Out of the
simulation, each frame or moment could be a
viable design solution and can be installed as
the building skin. Therefore, all these different frames or static points in the simulation
are analyzed and compared before choosing
the final option. The most optimized output
with reference to afore-mentioned priorities
is picked as the most viable building skin for
the tower. Since the entire setup of the computational model and VB Script is written in
parametric form, thus the end output obtained
can be grossly changed by change in parameters and variables. Thus vivid combinations of
variables and constants gave rise to vivid possibilities and output façade topography. Each of
the options so achieved are having same log-
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Figure 8
Solar Insolation Analysis done
in Ecotect. Also shows different design option obtained
and their comparative study
The results were compared
showing blue color as the low
insolation level, while yellow
reflects very high insolation.
Figure 9
Solar Insolation analysis
results of another design
scheme on all facades.

ics but varied panel rotational orientation and
minimized solar gains level from conventional
benchmark model.
10. Glass is considered highly non-sustainable
building material used in landmark high-rise
high performance buildings, especially if used
without adequate protection and screening
systems from the sun. However, at the same
time, in a rapidly developing economy of china
conventional design procedures believes that
modern landmark office or hotel building must
be designed with high content of glass and
steel. General impress ion of a glass cladded
building is accepted to be modern and iconic.
Thus the intent and objective was to minimize
and re-strict usage of glass in the building if
not it can be negated completely ( Knaack et al,
2007). The following were practiced to obtain
the result:
•
West and East façade were completely blocked
from solar gain by providing fly ash enriched
concrete. This acted as a strong thermal mass
for thermal insulation. For the winter, the
strong thermal mass enabled heat storage during day hours which could be used at nighttime.
•
The pockets of space so created on the façade
due to panel rotation is blocked with perforated masonry wall, which selectively allows
wind flow but insulates solar gain and heat ra-
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•

diation significantly. Thus, it caused substantial
reduction of the percentage use of glass in the
building.
Considering the north to be free of significant
solar gains and having possible dissipation
of diffused day lighting( which is very much
welcomed in an office work environment), the
subdivided panels on this zone are kept free
of rotation and thus remains unchanged. The
glass used in the North façade is clear and
transparent to accentuate desirable visual and
ventilation possibilities from both inside out
and outside in.

DESIGN OPTIMIZATION
As established and mentioned beforehand from
Ecotect climate analysis of Nanjing, cold wind from
North East direction in the winter should be blocked
to insulate the building from extreme winter breeze.
The subdivided panels in the northeast direction
are variably rotated away from the northeast winter
breeze. Consequently it enabled placement of masonry wall (with operable perforations) sandwiched
between panel-to-panel open space (Zaretsky,
2009). This cuts down incoming winter cold breeze
significantly and enhances building indoor air quality and flow rate specific to season. For the summer
the same has been practiced towards the southeast
direction, but this time the panels are positioned
facing southeast (instead of facing away). Thus, the

above arrangement of selective façade panel treatment made indoor spatial conditions comfortable in
all seasons annually.
However that being said, the above selective
façade re-arrangement was achieved parametrically
by selective façade panel recognition in a customized and manually calibrated VB script. The script
placed two attractor points respectively in southeast
and northeast zone of the façade on each floor. Each
of those attractor points have a threshold distance
which was parametrically calibrated for each simulation run , to observe effect on the whole façade.
Those façade panels on the same floor, whose distance was lesser than the threshold distance, were
transformed to a desired rotational value to achieve
the aforementioned façade panel positioning.

CONCLUSION/ DISCUSSION
The research paper clearly outlines the objectives
of a practical office cum hotel tower project. In that
process, new technologies in the form of parametric
design tools and programming capability in VB script proved to be instrumental in asserting hypothesis and testing their credibility and feasibility in real
life construction scenario. The following important
conclusions were drawn:
1. Intuitive design skills and expertise is still of
exceptional potency and value to frame the
solution in the form of early design conceptualization. The intuitive solutions could be very
well tested with parametric and building information modeling tools for their scientific and
mathematical viability.
2. After fixing the building form or shape, building façade/ skin should be analyzed to reduce
building energy usage and enhance indoor
and outdoor user comfort level.
3. At these stage new tools like grasshopper parametric components, rhino script and VB Scripting component in grasshopper is instrumental
in testing façade design performance and construction feasibility, with the aid of simulation
techniques.
4. Solar insolation values on the façade should

be calculated to understand what geometrical form changes and modifications could be
adapted to escalate significant reduction in
solar gains specifically on the south and west
façade.
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Abstract. This research explores the relationship between unexpected outcomes
generated through parametric design tools and the design creative process. We conducted
an empirical study to observe how designers behave while encountering unexpected
outcomes using parametric design tools as well as other kinds of design tools. From
our study, there are some indications that the space of possible design solutions of the
participants was expanded with the existence of unexpected outcomes. The preliminary
result is encouraging. Further studies may need to address experience designers and
novice designers separately.						
Keywords. Parametric design; unexpected outcome; creativity; protocol analysis.

PARAMETRIC DESIGN AND CREATIVITY
Parametric design is a recent trend in computeraided architectural design. Around the world, there
are more and more amazing buildings achieved
through parametric design methods. However, discussions about the creative process in parametric
design are limited. Using parametric design methods, architects can rapidly generate design alternatives, which in turn may promote reflections and reexaminations of design problems. This process may
help novice designers to broaden their understanding of design problems and foster their creativity.
This research explores the relationship between unexpected outcomes generated through parametric
design tools and the design creative process.
For designers, unexpected outcomes bring
possibilities of new ideas. From our anecdotal observations of undergraduate students learning to
use parametric design tools, unexpected outcomes
are often caused by complex parameter settings

and mistaken links between input and output data.
Complex-parameter induced unexpected outcomes
are mainly resulted from the lack of understanding
in computer programming. Mistaken-link induced
unexpected outcomes are mainly resulted from the
lack of understanding in Mathematics and Geometry. Nevertheless, the unexpected and sometimes
totally out-of-context outputs ignited design discussions.
Gero (1990; 2000) postulates the model of creative design process and describes routine designs,
innovative designs, and creative designs (Figure 1).
Innovative designs are designs with “familiar structure but novel appearance because the values of the
defining variables are unfamiliar” (Gero, 1990: 31)
whereas creative designs are achieved through introducing “new variables producing new types” (Gero,
1990: 31). Cagan and Agogino (1991) demonstrated
that although parametric design tools were primar-
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ily used to generate routine designs, they could be
used to create innovative designs as well. Mitchell
(1993) illustrated creative designs may be produced
by emergence in the design process. Gero (2000)
further elaborates the process of innovative design
and creative design in computational terms: innovative designing activity occurs when “the context that
constrains the available ranges of the values for the
variables is jettisoned so that unexpected values become possible” (Gero, 2000: 187) and creative designing activity occurs when “one or more new variables
is introduced into the design” (Gero, 2000: 187). However, Gero (2000) cautions that creative designing
processes may help, but not guarantee, to produce
creative artifacts.
More recently, Kilian (2006) demonstrates
through multiple case studies using parametric
Modelling, combined with other computational
principles, to support explorations of innovative
design. Barrios Hernandez (2006) presents a new
approach to parametric design and illustrates a
creative designing process. Jones and Sweet (2010)
teach parametric design through innovative designing and creative designing activities. From our
observation of students learning to use parametric
design tools, it seems that outputs from parametric
models, especially the unexpected ones, help the
students to broaden their space of possible designs.
This, in turn, may achieve creative designs.

may trigger many changes of other parameters according to the relations. At times, some relations are
inherent and thus the resulted changes may not be
easily understood. This appears to learners of parametric modelling as a phenomenon of “complex parameters” (see Figure 2, top 2 rows).
Creating a parametric model is a process to formulate and organize constraints. Some constraints
may govern the overall volume of the design solutions. Some constraints may concern the minimal
length of a wall so that it may allow for a door on it.
The modelling process requires a designer to establish a structure, which is usually hierarchical, of associative constraints so that solutions may be achieved
(Woodbury, 2010). The dependencies of constraints
have to be managed through matching number of
parameters and matching data type in each parameter. If a constraint concerns three input parameters
but gets only two input values, it cannot produce
any result. On the other hand, a constraint may produce partial solutions so that it cannot appropriately
trigger its associated constraints. The resulting outcomes from such parametric models may be totally
incomprehensible. This appears to learners of parametric modelling as a phenomenon of “mistaken
links” (see Figure 2, bottom 2 rows).
Figure 1
State spaces of designs (from
Gero, 1990).

SOME PHENOMENA IN PARAMETRIC
MODELLING
Parametric models are in essence created by a set
of constraints specified using parameters and their
relations (Woodbury, 2010). In the context of architectural design, even a simple design solution
may contain hundreds of objects, each of which
has at least a handful to a dozen of geometric parameters. Therefore, a parametric design model has
to manage thousands of relations between parameters (Monedero, 2000; Davis, Burry and Burry, 2011;
Leitão, Santos and Lopes, 2012). A design solution
can only be generated when all constraints are resolved. Any change in the value of one parameter
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A programmer with experienced parametric modelling techniques may treat both phenomena described above as bugs (errors) in the parametric
model. We have observed these incidents in an undergraduate course teaching geometric modelling
using parametric tools. Often in the class, students
were puzzled by the unexpected outcomes and the

Figure 2
Generative variations (top
2 rows: 12 variations from a
parametric model of complex
parameters; bottom 2 rows: 12
variations from a parametric
model of mistaken links).

instructor attempted to help students “correcting”
their models. Of course, in the context of the course,
students may have target outcomes that need to
be generated by correctly formulated parametric
models. Nevertheless, in the context of design exploration, these phenomena create unexpected outcomes that may be intriguing and can broaden the
space of possible designs.

AN EMPIRICAL STUDY
We conducted an empirical study to observe how
designers behave while encountering unexpected
outcomes using parametric design tools as well as
other kinds of design tools. Unfortunately, we were
not able to recruit experienced design practitioners
who are also experienced users of parametric design
tools. We decided to recruit graduate students who

are confident in using parametric design tools and
with at least 4 years of undergraduate architectural
design trainings.
Each participant was asked to perform three design tasks, on separate days, with a different design
tool for each task. The available design tools are (1)
a parametric design software of their choice, (2) a
non-parametric design software of their choice, and
(3) pens and papers. The three design tasks are different but similar in that the objective is to create a
space for specific requirements: a space for waiting
that is quiet in atmosphere and smooth in texture;
a space for passage that is joyful in atmosphere and
heavy in texture; and a space for wandering that is
hostile in atmosphere and light in texture. The order
of tools and the order of design tasks are all randomly selected.
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Category

Subcategory

Code Verbalization

familiarization
problem definition

Pf
Pd

statements or questions of design constraints
statements of what the problem should be
statements or questions regarding the nature of
analysis
Pa
the problem, especially what the constraints
imply
problem
often inferred from analysis, statements
Pr
structuring redefinition
involving redefinition of what constraints meant
statements of how to go forward in response to
approach
Pap
the problem
constraint
impositions of constraints not given in the
Pc
imposition
problem
phrases about requirements indicating scanning
scan
S
of memory
search
repeated phrases about requirements to access
scan call
Sc
deeper memory
expressions of surprise, discourage, upset,
block
Fb
withdraw
feeling
relief
Fr
expressions of relief
appreciation
Fa
expressions of praises, interests
mobilization
Fm expressions of self-encouragement
articulations of solutions or tentative solutions
purge
Ip
expressed in the beginning of the protocol
articulations of tentative, fairly specific idea as a
probe
Ipb
potential solution
list
Il
articulations of attempt to list objects of a kind
articulations of an idea that apparently has all
example
Iex
required attributes
ideating
articulations of attempt at elaborating upon an
elaboration
Ie
example
repeat of example
Ir
articulations of repetition of an example
articulations of a class of objects whose
generalization
Ig
members are potential solutions
articulations of attempt at overcoming the
constraint bypass
Ic
failure of a probe to meet one of the
analysis method. The protocols were segmented
Coding scheme
requirements
For each design task, the participant was asked toarticulations
and coded
methoda used
by Khandofaccording
attempt to
tothe
evaluate
potential
think-aloud while constraint
designing, and
the process
wallaagainst
(1993). one
Khandwalla
check
Ec wassolution
or more(1993)
of thestudied divergent
videotaped and a post-task interview was conduct-requirements
thinking in the creative problem solving process
ed. The data was analyzed through the protocol
and identified five categories of protocols: problem
articulations
of attempt to prove that a solution
evaluating
justification
Ej
met a requirement
articulations of victory by announcing a solution
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score
embodied all requirements

Table 1
Coding scheme (from Khandwalla 1993).

structuring (P), search (S), feeling (F), ideating (I), and
evaluating (E), each of which contains sub-categories. Our coding scheme follows these categories
and corresponding subcategories (Table 1).
During the parametric design task, unexpected
outcomes generated by the parametric Modelling
tool may show through verbalizations in forms of
feeling and search. In particular, the participant may
exhibit surprise, upset or discouragement, i.e. the
Table 2

Participant

Segment

signs of block (Fb) in feeling when encountering
an unexpected outcome. In addition to feeling, the
participant may than search her/his memory (S, Sc)
for verifications of the outcome. For each identified
code in Fb, S, or Sc, the corresponding computer
screenshots were examined to record the unexpected outcome and to determine the cause of the
unexpected outcome, i.e. “complex parameters” or
“mistaken links”. Table 2 illustrates our coding result:

Verbal transcript

Coding

Video

Sample coding results.

A

B

C
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each protocol segment is numbered, time-stamped,
with verbal transcript (the study was conducted in
Chinese), coding with identified cause of unexpected outcome if available, and video image.

Data analysis
In total, five participants took part in the study but
only three of them completed all three design tasks.
Our analysis was based on three participants (A, B,
and C) who have completed all tasks. Among the
three participants, A and B had one-year experience
in using Rhino/Grasshopper, while C had three-year
experience in using Rhino/Grasshopper and twoyear experience in using Generative Component.
All three participants use Rhino/Grasshopper for the
parametric design task in our study.
1. Design medium vs. divergent thinking.
Overall, regardless of design medium used, participant A exhibited most frequent divergent thinking both in terms of time frequency and segment
frequency, while participant C showed the least.
Among three design tasks, participant A showed
most frequent divergent thinking when using
parametric design software, participant B exhibited slightly higher frequency of divergent thinking
when using parametric design software, while participant C’s data showed opposing results in time
frequency and segment frequency. In particular,
participant C, being the most experienced “parametric designer” among all participants, showed the

Participant Medium
A
B
C

pds
npds
pp
pds
npds
pp
pds
npds
pp

least number and the least frequency of divergent
thinking when using parametric design software.
2. Unexpected outcomes.
To identify “unexpected outcomes”, we focused on
the design tasks using parametric design tools. We
examined the segments with Fb (feeling-block), S
(search-scan), or Sc (search-scan call) coding and
their corresponding computer screenshots to determine the occurrence of unexpected outcome. For
each occurrence, the cause of was “complex parameters” or “mistaken links” inferred using the verbal
transcript and corresponding computer screenshots.
For example, when the occurrence of unexpected
outcome corresponds to error or warning messages
in Grasshopper, we infer that the cause is of “mistaken links”. Both participant A and B had unexpected
outcomes due to “complex parameters” or “mistaken
links”, while participant C had only one occurrence
(Table 4).
3. Design thinking process.
We plotted the design process with encoded protocols to examine the divergent design thinking process where x-axis is the time dimension and y-axis
marks the coding as discrete elements (e.g., Figure
2). In particular, we wanted to relate the occurrences
of divergent thinking with “unexpected outcome”
created by the parametric design tools. We marked
the occurrence of unexpected outcome with a small
circle and looked for the coding of problem structuring (Pf, Pd, Pa, Pr, Pap, Pc) or ideating (Ip, Ipb, Il,

Design Time No of
No of
Frequency I Frequency II
(minutes)
Segment Coding (codings/min) (codings/seg)
89.42
76
150
1.68
1.97
53.25
48
81
1.52
1.72
33.42
24
47
1.41
1.96
191.42
120
214
1.12
1.78
257.93
92
160
0.62
1.74
73.85
34
63
0.85
1.85
118.50
47
70
0.59
1.49
104.70
62
83
0.79
1.34
105.50
33
49
0.46
1.48
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Table 3
Quantitative analysis of
protocol data (pds: parametric
design software; npds: nonparametric design software;
pp: pens and papers).

Table 4

Participant

Occurrences of unexpected
outcome in the parametric
design task.

A
B
C

No of unexpected
outcome
18
20
1

Iex, Ie, Ir, Ig, Ic) immediately after that. Overall, for
participant A and B, we saw prominent patterns of
“unexpected outcome” causing divergent thinking.
For participant C, however, we found no effects; the
only unexpected outcome was treated as a mistake
of his own fault.

Discussions
From the analyzed result, we observed that participant C behaved distinctly from the other two participants. Although all three participants has equivalent
experience in architectural design, participant C has
learned two parametric design tools for over two
years each, while participant A and B learned only
one parametric design tool for one year. We consider
participant C as an “experienced parametric designer” and participant A and B as “novice parametric
designers”.
Participant C was able to employ the parametric
design medium as proficient as other design mediums (i.e. non-parametric design software, and pens

Complex parameters Mistaken links
16 (89%)
17 (85%)
0 (0%)

2 (11%)
3 (15%)
1 (100%)

and papers). Therefore, the rate of divergent thinking did not very too much when participant C used
different design medium (see Table 3). Furthermore,
participant C, although had very few unexpected
outcomes, had consistently re-read the design task
and reformulated parametric models. This fits the innovative designing activities stated by Gero (1990;
2000).
Participant A and B exhibited more divergent
thinking and refined design problems more often
when using parametric design medium than using
the other two design mediums. Both of them encountered unexpected outcomes due to “complex
parameters” and “mistaken links.” It was observed
that the unexpected outcome sometimes hindered
their design process. For example, an expected outputs due to “mistaken links” prompted participant A
to restructure the design problem, but he was not
able to make necessary modifications to fix the parametric model so that he had to give up the original parametric model. Although most unexpected

Figure 2
A section of the design thinking process of participant A.
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outcomes were not adopted directly by them for
further design development, these unexpected outcomes did trigger redefinitions and refinements of
design problems.

CONCLUSION
From our study, there are some indications that
the space of possible design solutions of the participants was expanded with the existence of unexpected outcomes. However, this occurs more
prominently for those who are novice and less so for
those who are experienced. Review the state spaces
of design by Gero (Figure 1), each space of design
is perceived differently by designers with different
levels of experience. All trained designers should be
able to perceive the full space of routine designs. An
experienced expert designer may perceive the full
space of possible designs as illustrated in the figure.
However, a less experienced designer may not be
able to perceive the full extend of possible designs
and thus bounded by her/his own ability (Figure 3).
We see the potential effect of parametric modelling bringing unexpected outcomes to expand the
perceived space of possible designs for less experienced designers, as well as to expand the space of
possible designs for experienced designers. An experienced designer may overcome hindrances un-

expected outcomes with systematic explorations of
design problems and alternatives. Therefore, understanding how experienced designers behave while
employing parametric design tools is a key future research. In addition, if parametric tools may promote
designers’ reflections on design problems, these
tools may help novice designers to advance their
design capabilities. Therefore, employing parametric design tools as design teaching/learning tools
may warrant future research as well.
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and fabrication
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Abstract. This paper considers the opportunities of engaging in a creative dialogue
between the physical and the digital, through the use of generative design tools and digital
fabrication technologies. Digital iterations on an open-air installation for a pavilion take
the shape of research in design. The design is partly driven by environmental parameters,
such as the movement of the sun and shadows across a site in the Mediterranean. A
fabricated microclimate is tailored through bespoke scripting and fabrication. In this
project, rather than being used to optimise environmental parameters, scripting intents
to offer a delightful milieu for human comfort.					
Keywords. Scripting; digital fabrication; shading; environmental comfort.

DIGITAL DESIGN AND FABRICATION:
BETWEEN HARD PHYSICALITY AND
SOFT DIGITALITY

DESIGNING WITH THE INVISIBLE
PHYSICALITY OF ARCHITECTURE IN
ENVIRONMENTAL DESIGN

The physical aspects of architectural design are
understood to be three-fold: the materials and the
building itself, but also the people, as they take on
active roles as the designer, fabricator and user; and,
thirdly, the temporal aspects for the environment,
such as weather, climate and natural elements,
which in this case are the sun and shadows.
On the other hand, architecture consists of digital matter and exists inside digital drawings, fed with
information [Figure 1].
In the condition of the digital drawing and the
fabrication file, architectural design is able to navigate between hard materials and soft data. This paper will present a design case where both the digital
and physical need to be considered.

There is always an inherent challenge when designing with invisible materials, such as the sun, wind,
light and air. Working with such intangible, yet very
physical materials, there is a need to visualise the
information and place it in the design’s virtual environment.
Environmental parameters then enter the design not as physical, but as digital data. This digital
data is, in turn, transforming the physicality of the
project through fabrication. As a result architecture’s
physical materials can interact with the environment
and the building can interact with the site.
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APPROACHING DESIGN THROUGH THE
CREATIVE INTERPLAY BETWEEN
CLIMATE AND ARCHITECTURE
There is a long history of designing with the climate,
in vernacular and traditional architecture, where
form is directly influenced by specific mirco-climatic
conditions. In more contemporary examples from
architecture include experimentation in form-finding using scripting, parametric and generative digital tools, where again climatic data become a formgenerator for architecture (Weinstock: 2011; Tsigkari
et al: 2011).
Such examples demonstrate that is it possible
to design with enough information from the site,
architecture becoming more site-specific. However,
often the aim of using scripting tools in design is in
order to optimise a design, improving an aspect of
its engineering performance. Often, environmental
design becomes an instrument for optimisation.
Other factors of sustainability and comfort, such as
delight and the user’s experience are given less priority in this process.
With the use of scripting there is an opportunity
for the cr eative interplay between climatic data and
fabricating materials, building components and the
inhabitation of spaces. The project to be presented
here is seeking to use digital aids as means to en-

hance creativity, at many levels: at the phase of design, also at the fabrication stage, and in the inhabitation, use and experiencing the place.
Thus, scripting and generative design becomes
an opportunity for a creative architectural practise,
where interplay is sought between design and the
environment, rather than optimisation for engineering.

CASE STUDY: DRESSING THE BODY AND
THE LANDSCAPE IN SHADOWS
The project presented here is of a summer house, in
a rural seaside setting. Because of the wish to connect in a direct way to the place, there is very little
distinction between inside and outside spaces. The
structure is more of an outdoor pavilion and an architectural site-specific installation, with minimum
requirements for an enclosure.
This project forms part of a larger research
agenda, on the notions of environmental comfort
and designing with the climate. This design-based
research investigates architectural fabrics, in spatial
enclosures between the body and the landscape.
The thesis is formulated around the backdrop of
Gottfried Semper’s (2004) tectonic theory on the
principle of cladding and his suggestion of a decisive link between textiles and architecture [Figure 2].

Figure 1
Scripting as a method of
inserting physical environmental information into
fabrication.
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Figure 2
Textile Fabrications: a series
of design experiments with
the textile nature of digital
fabrication in sheet metal.

Figure 3
Dressing bodies: exploring
patterns in the natural and
digital landscapes.

A particular research focus is shadows and shading,
conceived as ephemeral architectural fabrics which
dress the city, the body and the landscape. Shadows form a particular kind of architectural fabric,
as they are temporary, ephemeral and nomadic ar-

chitectural entities. Moreover, shading contributes
to time- and climate- sensitive design, at the same
time addressing aesthetic and performative aspects
of a fabricated environment.
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SCRIPTING SHADOWS AS DESIGN
PROCESS

OUTPUT: WEAVING THE PHYSICAL AND
THE DIGITAL

This on-going project is developed in a digital environment, using Rhinoceros design software [1],
complimented by the plug-in scripting tool Grasshopper [2]. The scripts used so far in the project are
mainly of three distinct categories:
•
First, scripts to manipulate two-dimensional
surfaces, which may represent a wall, roof or
floor, representing architectural textiles. Digital
manipulation enhances texture, in particular
the texture of light and shadows. Scripts were
used to read light and dark areas in images,
which then generated surface textures for the
project’s metallic panels [Figure 3].
•
Second, the scripts were used as form-finding
tools, in order to create three-dimensional
shaded spaces. As the sun follows a set trajectory based on the location, specific spaces are
equipped with tailored canopies, projections
and vertical shading devices, in order to create
a comfortable inhabitable shade for different
times of the day.
•
Third, scripting was used to track the sun and
to visualise dynamic shadows as moving and
nomadic temporal condition, in other words,
a four-dimensional shaded space. Points of attraction are placed were people may interact
with the architectural components, seeking an
intimate perceptual experience of comfort.
Because of the digital interface, it was possible to experiment with much iteration. Thus, versioning - or if
using the fashion analogy, building a collection - becomes a process of architectural design. This mode
of designing is an appropriate tool, since shadows
are dynamic phenomena.

The design of the pavilion gives the opportunity
to re-think how environmental principles are dealt
with in a generative, parametric design context. This
context is able to deal with the complexities of a dynamic system which develops over time.
The architecture generated using scripting
design protocols is here aimed to explore options
which offer variety, instead of narrowing down to an
optimum best solution. Instead, it is used as means
to creatively engage the designer, the fabricator and
the user in collectively producing a playful mix of
manufactured and hand-crafted environments.
In this sense, architectural digital design and
fabrication extends from the production of objects
to architecture, to describing a design process and a
learning paradigm.
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Abstract. Histories are underdeveloped and underused features in parametric CAD
(PCAD) systems. Designers employ backtracking and deferral strategies that both use and
augment history. Using backtracking and deferral as a framework we present two classes
of design process graph diagramming techniques for augmented history in PCAD. We
compare the second version of these design process graphs across several designers who
completed multiple tasks using two parametric systems (SolidWorks and GenerativeComponents). The two systems show similar types of action, with markedly more and deeper
backtracking in GenerativeComponents. We present a third diagramming system as a
design for a proof of concept prototype. This prototype aims to expand the capabilities
of design histories beyond access to single prior states to visualize and enable direct
interaction based on backtracking and deferral.
Keywords. Parametric CAD; design history; backtracking; deferral; design space.

INTRODUCTION
History, the record of what actually happened in design, helps designers manage, and to a lesser extent,
reflect on and understand work. When edited, histories cease being logs and become stories; narratives.
Through these narratives, designers often tell stories
of how an idea develops from inception to a satisficing solution (Simon, 1956). In parametric computeraided design (PCAD) systems in particular, the narrative of work done (or interpreted) is often the best
means available to explain how and why complex
parametric links came to be. However, in current
systems, histories are mostly logs and designers
are usually frustrated by the system providing inadequate help in organizing, recording and editing the
process (Woodbury and Burrow, 2006). Throughout
this paper we use the term history to refer to all tools

that provide the ability to record and replay actions.
Our stance is more akin to the view of history taken
by the humanities (history is always partial and relative) than to that of computer scientists (history is a
log).
In this study, we aim to understand design action when designers use PCAD tools and to suggest
potential solutions to support design by using histories. We envision an interactive model of the parametric design process that designers use actively for
both understanding and explanation. The study has
two goals. The first focuses on a means to identify
the design patterns and strategies unique to PCAD.
The second is to provide insight for system developers to design tools to view, interact and explore
using the parametric model’s design history. It aims
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to take advantage of the systems’ parametric capacity not just to model, but also to explore design
space and explain choices, both made and foregone.
These goals are related but different from earlier research that mainly focuses on ‘interaction’ analysis
(such as Bhavnani and Bonnie, 2000), visual undo/
redo mechanisms (such as Grossman, Matejka and
Fitzmaurice, 2010), or state-based version control
using interactive design histories (such as Bueno et
al., 2011).
We report two studies. We focused on the strategies designers adopt when they revisit the actions
they perform as they search for alternatives and
refine their design. In the first study, we observed
designers using SolidWorks (SW) [1] to develop
solutions to two different design problems under
controlled conditions. In the second study, we analyzed design transaction records of actual work from
another parametric tool, namely GenerativeComponents (GC) [2], to learn more about what history
could reveal to designers. Together these studies
provide insights towards a model for a parametric
process graph and an interactive system adapting
the model. Our hope is that, by identifying the opportunities, achievements and failures described in
the design narrative, better design solutions can be
reached.
Below we describe our motivation for this study
followed by a brief description of the literature. We
present our research apparatus and the studies we
conducted. We present several visual design process graphs and use these to propose a design for a
parametric design history graph. We conclude with
a general discussion and ideas for future work.

MOTIVATION
Histories can provide us with insights into our accomplishments and failings that can be used to
guide later decisions. These insights arise not only
through individual points in time but also through
a narrative of the process leading to and from any
of the high or low points in design. The core idea
is that designers, like ‘time-travelers’, should not be
bound to working only on single and present design
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states, but also on potential states that were visited
earlier or missed. For this, new tools are needed for
design histories that support not only editing history, but also simultaneous interaction with multiple
points in history and the iterative nature of design
search (Akin, 2008). There are several reasons for an
augmented design history. First, a navigator may
help designers access design history to re-explore
past design states and discover new ones; Second,
edited narratives of the parametric design process
can build explanations for private (internal) or public
(external) use. Third, histories may provide new tools
for managing the complex relations networks created with PCAD, which is an essential feature for creativity support tools (Shneiderman, 2007). Fourth, design histories provide researchers with new tools for
understanding PCAD and how it supports design.
Current design-support systems generally do
not provide augmented design history. We identify
some reasons for this as follows:
•
Limited functions to navigate, edit, and explore
past design states beyond simple undo and file
versioning.
•
Limited feedback on the development of design work. The information is model- and statefocused and does not reveal what happens to
the model.
•
Limited action records that can provide insight
on design. Some tools only provide information on model structure and partial process records through construction trees or transaction
logs. Deferrals and revisions are implicit.
•
Limited retrieval of discarded design states that
are valuable to understand and explain the design process. Such states may exist in a record
but are easily lost in the noise of many minor
changes and states.
PCAD tools and models allow users to improvise design history management partially. They enable rapid exploration through parametric changes. Through
backtracking, the designer can change and explore
the design space on the basis that greater exploration will ultimately provide better design solutions
and should therefore be encouraged to do so. This

potential is currently untapped and relies on user
driven strategies to cope with the absence of inbuilt
tools. We propose that higher-order actions such as
deferral and backtracking can structure more useful
design histories.

STRATEGIES IN PCAD: BACKTRACKING
AND DEFERRAL
The literature presents two high-level and interrelated strategies designers adopt when working
with complex design models. The first is ‘backtracking’ (Akers, 2009). Designers backtrack to return to a
previous design state. The second is ‘deferral’ (Woodbury, 2010). Designers model objects and relations
approximately, knowing they will refine these later.
Deferral is strongly assisted by PCAD as model
changes propagate downstream – greatly lowering
the cost of deferral strategies.
Akers provides a taxonomy of reasons for backtracking related to software usability studies (Akers,
2009). This includes error recovery, exploring the interface, exploring design alternatives, revising temporary actions, understanding action consequences
and reversing undesirable system actions. Our particular interest is on backtracking when exploring
design alternatives and when revising temporary actions; designers create temporary model states that
can later be deleted or edited once their purpose is
exhausted.
Backtracking in PCAD goes beyond the working
definition given by Akers that only includes undo
and erase as signals for backtracking (Akers, 2009).
A broader definition is required to map designer action in parametric modeling accurately. Designers
trigger backtracking when they revisit a previously
established parameter or feature in the model past
state and make a change. These modifications include adding new features, suppressing or deleting
features and simple undo. On the other hand, deferral in design is closely tied to the very nature of parametric modeling (Woodbury, 2010). With a deferral
strategy, designers build or use representations
that can admit changes to earlier decisions without
much change on the representation. We believe that

the reasons behind the deferral strategy are determined by at least four factors. The first two are deferral of parametric values and deferral of structural
elements of the parametric system. The other two
factors are the deferral of design decisions and the
deferral of work.

METHOD: DEVELOPING RESEARCH
APPARATUS AND STUDIES
We conducted two studies to understand the design
behavior of designers using PCAD tools and to suggest potential tool solutions to support the design
process using design history. Below we describe the
process we followed, and insights gained from each
study.

Apparatus development: building the
design process graph
Before we conducted the studies, we developed a
design process-graph scheme as an apparatus to
visualize and analyze patterns of use in parametric
design. We also identified signals that reveal backtracking and deferral. We achieved these by running
a pilot study with one participant who was asked
to design a bus stop and a beach changing room.
The participant was a designer with advanced SW
skills. The encoding of the pilot study is based on the
participant’s feedback as well as the measures described by Akers (2009). It helped us refine the study
design and encoding guidelines. We identified the
following signals as measures to be used in encoding the data in both studies:
•
Undo: Reversing the previous action performed
•
Delete: Deleting parts of the CAD model or
features
•
Add actions: Inserting new geometric features
to the model.
•
Modifying actions: Editing existing feature
properties.
•
Within- and between-states: Actions that are
executed and applied within the same state or
in between different states.
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Figure 1
First iteration of graph
modeling action data with
backtracking shown as
arcs. The long backtracking
arcs towards the end of the
process suggest the deferral of
decisions.

Figure 2
During any point in the design
process (a) designers add
new elements to the design
(b). At this point the designer
decides to change a value

The first graph-model: Using the insights from
the pilot study, we created the first process graph
by encoding video of designers to reconstruct the
design history (Figure 1). It was an iterative process
that consisted of researchers viewing, identifying
and generating accounts of the sequential actions.
Actions are marked as nodes, and undo, delete,
add, modify actions were shown as arcs connecting from the node where an action is performed to
the initial node where the object being edited is first
introduced. Backtracking actions created new variations and alternatives shown as branches on the
graph. The initial encoding was very detailed and
captured more user actions than were necessary;
adding noise to the data masking relevant actions.
The initial graph was not included in further analysis
except as a source to provide insight on the overall
process.

On the graph, the actions shown as nodes are ordered from left to right. Alternatives (branches) are
created when signaled by explicit user intention or
observation of a “major” change to the model; and
distinct symbols identify revisiting variables and
deletions. In this process, the flow of control is managed by the designer and system as described in
(Figure 2).
The first iteration was visually complex and hard
to grasp. We identified three apparent sources. First,
many local edits (direct or short indirect arcs) appear
to be simple error correction (caused by either designer or system) that were corrected using undo or
erase. Second, distinguishing operations by type (revisiting variables, deletions and structure changes)
suppressed the overall picture of change. Hence,
we decided to remove suspected undo actions and
made all nodes and arcs of one type. Finally, the

of a preceding element (c).
The system updates all states
downstream and takes the designer to the state where the
change is initiated. The graph
keeps the record of change as
a backtracking arc.

Figure 3
The second iteration of the
process graph includes the abstraction of designer actions
into a defined set. Actions that
build the model are shown in
grey. Backtracking, in large
orange nodes and backtracking arcs link both.
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Figure 4
Part editing span is added as
horizontal bars.

branching was not a good model of PCAD, primarily
because of the downstream propagation of change.
Backtracking became the most salient behavior captured in this version.
The second iteration of the graph-model: After
studying actions, their relationships, visual representation and overall structure, we decided to include
only add, subtract and modify actions in the graph.
Other low-level actions such as UI-commands, error
correction, zooming or changing display styles were
excluded.
The second process graph scheme includes
three discrete elements of parametric modeling:
constructs, backtracking and design variations (Fig-

ure 3). Constructs are all the actions designers take
within the tool to build the parametric model such
as inserting a feature or creating a parametric relationship, or encapsulating a selection of low-level
actions. In this graph, constructs are shown as grey
nodes; backtracking nodes (larger orange nodes) are
placed when designers backtrack and make changes
to constructs, for example, by changing the value of
a parameter or deleting a section of the model. With
each backtracking node, a corresponding arc is created representing the relationship between the construct and its backtracking node. The third element
is design variations, which are shown below the constructs as unfilled nodes. These are a record of the

Figure 5
A sample transaction showing
changes to two elements and
the addition of one more in
the design model.
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Figure 6
Design process graphs of GC
and SW designers using backtracking as metric. Actions
encoded from five different
real-world projects using GC,
study 2 (Left), and actions
from participants using SW
that created different solutions for a beach changing
room and bus stop in Study
1. Note: graphs are not at the
same scale.

264 | eCAADe 30 - Volume 1 - Digital Aids to Design Creativity

changes on the parameters made by the designer
either immediately after establishing them or after
backtracking. We built the second graph using the
encoded data from one of the participants in Study
1 (see below). A partial view is shown in Figure 3.
In the second scheme, each design variation
is equivalent to a branch. However, the resulting
graph does not show branching as a tree graph as
branches are implicit. Given sequential nodes A,
B and C and design state α, an arc from C to A will
create an implicit branch and changes will propagate downstream. The value of B and all subsequent
nodes will depend on the new value of A and the
parametric relationships associated with A creating
design state β. Design state α no longer exists as a
model state and has no explicit branch. In addition, we changed arcs from rectilinear to curved (in
this instance circles) as in ThreadArcs (Kerr, 2003) as
these disambiguate arc crossings and improve visual tracing in and out of nodes. The next refinement
of the second graph shows part-editing spans under
corresponding nodes as color-coded bars below the
graph (Figure 4).

Study 1: observing design moves using SW
The first study consisted of 16 participants who were
asked to complete two separate design tasks in the
course of approximately two hours using SW. Participants for the study were upper-division undergraduate, graduate and former students from SIAT,
Simon Fraser University. All undergraduate participants had previously taken advanced design courses that included the use of SW. Graduate students
had a design background. All participants were
screened through a questionnaire and interviewed
to confirm that they were either intermediate or advanced users of SW.
For this study, we asked the participants to design a bus stop and a beach changing room. We
assert that these two tasks are comparable, given
that the prototypical design of these two structures
is similar in overall size, number of individual parts,
spatial complexity, structural complexity and difficulty. In the first stage, we used the apparatus we

developed to visualize the encoded process graphs
of 7 design solutions out of 33. Figure 6 (right column) shows these visualizations.

Study 2: analysis of real world projects
created by GC
The second study used GC models collected from
the “wild” as records of design work. Transactions in
GC are records of the discrete changes that build a
parametric model. A transaction can include single
design steps or a group of actions at the user’s discretion. Figure 5 shows a sample transaction that
adds Floor_solid in the model and changes curve02
and plane02.
GC transaction files were parsed to produce
process graphs. The parsing revealed some issues.
Individual transactions ignore the action order and
may include information that is ambiguous and unnecessary for our purpose, such as minor edits. GC
transaction files are user-editable but do not record
this action, therefore they may not accurately reflect
all work done. We selected transaction files that
were not substantially changed once the designer
completed their design task. Care was taken to
make sure that the criteria used in encoding SW and
parsing GC files was similar given the differences between the systems. The resulting analysis graphs are
shown on the left column in Figure 6.

FINDINGS AND DISCUSSION:
COMPARISON OF GRAPHS FROM TWO
DIFFERENT TOOLS
The studies revealed that backtracking actions are
highly common in both systems. They can have different span sizes covering few actions or the entire
graph. There are three general backtracking patterns
observed. First, in partial construct-backtrack moves
designers build a part of the model, backtrack to the
start of that part, refine and continue working on
the next. The GC model iv, and the SW models a, b,
c are of this type. Second, long construct moves and
long backtracking spans may connote focus on specific aspects followed by reflection. The GC models i,
ii, iii, v and the SW models d, e, and f show this pat-
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Figure 7
(a) Example of a fully
expanded and collapsed
process graph (b)A three
level hierarchical parametric
process graph with Constructs
in dark grey, Backtracking
events in orange and Design
Variations in light grey. Arcs
connect between individual
nodes and nested nodes in
higher-level parts (marked by

tern. The third pattern combines both patterns such
as the models i, ii, iii, iv in GC and e in SW. We believe
that the SW g is an exception: we suspect that the
participant executed a preconceived design. The
intensity of backtracking in the GC models is much
higher than the SW models. This can be attributed
either to the tool, task, or designer. The similarities
between the SW graphs, and the similarities between the GC graphs may reveal that it is most likely
the tool and task rather than the designer.
Backtracking can be a sign of exploration and
deferral. The long-span backtracking particularly
shows that designers are willing and able to refine
even the earliest of actions and parts. The actions
that prompt the backtracking are either explicitly set
up by the designer or implicitly present in the parametric model but nevertheless allow the designer to
defer decisions. All graphs (except g) show certain
backtracking-intense clusters, for example in the SW
model a, the backtracking is in the end, whereas in
the GC model i it is spread evenly throughout the
process. We need further investigation to understand why backtracking moves differ so dramatically
between the two systems.

Initial Prototype: enabling time travel in
design
Based on our findings, we envision a software prototype providing designers with real-time feedback in
parallel to the construction of the parametric model.
The prototype captures, synthesizes and generates a
visualization of the design process derived directly
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from the user’s interaction with the parametric tool.
It is proposed to be add-on to existing parametric
systems. We suggest the prototype provide the following capabilities.
1. View and interact with design variations that
are not part of the current CAD model. Through
the UI, designers should be able to review past
design variations, comparing alternative versions of their design and ultimately backtrack
to previous designs.
2. Navigate the hierarchical structure by adjusting the granularity independently across the
process graph to manage complex models and
provide designers a way to identify the relationships of nodes on different levels of the hierarchical structure.
3. Provide information about individual and
groups of nodes, arcs and nested hierarchies
through tooltips and brushing.
4. Provide secondary notation to mark nodes and
arcs
5. Save, share and compare process graphs for
training, archiving, supervising, collaborating
or accountability.
The prototype would include a hierarchical structure
that allows constructs, backtracking nodes and design
variations to be grouped together to create nested
hierarchies (Figure 7). The hierarchical organization
would enable semantically meaningful chunks of
actions to be grouped together, making the identification of the relationships between individual
actions and higher-level parts or tasks in the graph

coloured bars). The numbers
over the nested nodes shows
the number of incoming
(red) and outgoing (black)
backtracking arcs.

Figure 8
A process graph visualization
showing the same design
model at individual action
level a) and a collapsed
nested structure b). Nodes
are grouped together based
on predefined rules or userdefined structures. In this case
nodes are grouped based on
SW grouping.

possible (Figure 8). Due to page limitations, a detailed description of the prototype is left for another
paper. Arc rendering is another major change in the
prototype. Arcs are bundled together to reduce occlusion, clustering and enhancing overall readability. These graphically compact rounded rectangular
arcs preserve the start-end point detection and help
to reduce the crossing ambiguity of the circular arcs
of our previous diagrams. The design of these arcs
is based on techniques developed by Holten (2006).

CONCLUSIONS AND FUTURE WORK
The process graph as a model of design history
shows a partial narrative of the design process.
Through visual analysis we can identify backtracking
and deferral; two strategies consistent with the literature and relevant to parametric modeling. These
strategies support exploration and are present in
both PCAD systems.
Our initial findings show that there is enough
evidence to motivate the creation of a tool to support these two strategies in PCAD. This contention finds support in other studies on backtracking
(Tidafi, Charbonneau, and Araghi, 2011). The support tool should particularly address design refinement, what-if-scenarios, why-not-try-this-scenarios
and deferral. We demonstrated a possible solution in
this paper, in the process of implementing it along
with experimentation on backtracking and deferral.
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Abstract. In our times, in a complex and universal village where problems are
intertwined and pervasive beyond our imagination, we need new approaches to deal
with them – appropriately. In a previous work we highlighted the importance to
reason ontologies: a ‘world’ f.i. a building – as a mental image – is not a Linnaeus’s
classification (structured set of entities) but a system (goals oriented set of classes) able
to reasoning upon selectively chosen entities belonging to different Realms (ontology
universes) (Fioravanti et al., 2011a). The general aim of our research– to be an effective
aid to design – is to simulate wo/man as designer and user of designed spaces, hence how
mental skill can be computably included in new tools able to tackle these problems. This
paper is focused on the first role: how actor-designers approach design problems and
how the inference mechanism can help them and affect the design process. A ‘Building
Object’ - the dual system of Spaces and Technology elements – is inferred in several ways
according to different goals and the inference mechanism can, simulating human mental
shortcuts, optimize thinking.
Keywords. Design process; design operational theory; thinking optimization; inferential
mechanisms; human-machine collaboration.

INTRODUCTION: ‘AIDED’ DESIGN
In the world, which has become a single global village characterized by increasingly complex relations, interdependence and now universal problems, we need tools and methods in order to ‘predict
and govern future situations’ – i.e. design – that
should be at the same time “simple” in order to focus the attention on possible concrete and realistic
solutions.

Reflections upon these tools and methods accompany the history of humankind and these were more
and more systematically developed and deeply explored from industrialization age on. Simon (1996)
claims that in Industry Age there is progress (also
meant in a broader sense as quality and quality control), when a certain work is freed from worker personal skills.
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This statement can be considered valid also in Postindustry Age when the most distinctive activity is
design and beside the original concept “to substitute human skill” new concepts rose: to support, to
complement and to aid humans. Nowadays the key
word could be “to enhance human capacities”.
Consequently, the basic idea pervading our
CAAD community is that, by freeing the designer
from tasks that can be progressively delegated to
ICT, s/he can concentrate her/his efforts and creativity on higher level problems with which, for the
time being, ICT has greater difficulty in coping till
now. Nevertheless these limits are moving ahead:
designer possibility horizon becomes wider. In this
approach an explicit man-machine ‘collaboration’
is declared: the research group is thus in the mainstream of pure computed ‘aided’ design in which the
designer can, at any time, turn off the design aids/
constraints of application programs. At the same
time, in full awareness, the designer can rely on the
default mechanism which allows, at any step of the
process, ICT entities to be instantiated, albeit only as
regular values (namely the defaults). The research
group is therefore a considerable distance from the
philosophy of “automated design”.
In actual fact, the pioneering and initial phase
of Computer Aided Architectural Design is over and
tools, a time focused on number processing and on
verifying that equations referring to physical phenomena are respected, are now cleverly directed towards solving higher level problems, but are often
inadequate for this purpose.

NEW AIMS FOR CAD: FROM AIDED TO
‘ENHANCED’
In order to be effective and achieve a quantum leap
in the field of Computer ‘Enhanced’ Architectural
Design - CEAD -, the model of the building its definition and its behaviour - i.e. architectural design must take into account:t:
•
Relations between the building and “wo/man”
in all his complexity, corporeality and sensitivity.
To do this it is necessary for “material humans”
(like super-avatars) to be as realistic as possible
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in order to interact with the building - digital
physicality.
•
Logical processes on associated entities to define
the building and the relevant design process.
Reasoning procedures need to optimize the
search path (for the solution, for constraint
checking, for instantiation, etc.), so it is useful
to imitate the designer’s mental path as experienced for centuries. The digital world needs to
be brought closer to the real world through the
omnicomprehensive nature of all its parameters, including both physical characteristics and
human arguments – physical digitality.
This view leads us to appreciate that the current architectural design models (made up of the building
and the process) have two shortcomings: on the one
hand, a short-sighted view of the role of ‘material humans’ in using the building, in exploiting it culturally,
in enjoying an aesthetic gratification; on the other,
dull inference engines used to logically process and
to explore knowledge that they ultimately populate
with instances the knowledge domain on which
they act. The first point is not treated in the present
paper; however, research by our group is now under
way. The second point is instead the subject of the
present paper: Inference Engines and how they instance prototypes.

OBJECTIVE: ‘COLLABORATIVE’
COMPUTER
Traditional methodologies and tools, based on
meetings and direct interaction among actors are
very efficient in dealing with architectural design
problems, but have shown their limits in present
design process characterized by a high degree of
inter-disciplinarity, delocalization of activities, subdivision of activities, timely use of information and
the correct use of the more advanced methods and
technologies, - in a word: complexity.
In order to manage these problems effectively
it is necessary to develop new methodologies and
innovative tools. At present, among the forms of
actors’ interaction in the design process, the Collaborative Design paradigm (Kvan, 2000; Woo et al.,

2001; Cheng and Nancy, 2003, Peng and Gero, 2007,
Carrara et al., 2009) has peculiar advantages that fit
such problems neatly.
The fundamental bases of collaboration reside
in knowledge (understanding, timely, appropriate),
consent (social habits, joint results) and in the way
it is communicated among designers (real time, to
whom, how much, selectively, device).
However, a knowledge-based system for architectural design (Carrara and Fioravanti, 2010)
before ‘enhancing’ collaborations among different
specialised designer teams -’external’ collaborationsshould enhance collaboration within the specialist
designer team -‘internal’ collaboration-. Such new
knowledge-based systems leverage collaboration
between a designer and her/his specialist knowledge -her/his ontology- . To realize such an ‘internal’
and afterword, ‘external’ collaborations it is needed a
‘new’ building model able to include these characteristics.

TECHNOLOGY LACUANAE AND
‘SYSTEMIC’ BUILDING MODEL
In the CAAD community a number of efforts have
been devoted to overcoming these problems in order to integrate competencies into a single application program and to store and share knowledge. Design is much more than describing a component of
a building (Archea, 1987) as it is an activity aimed at
helping the actor-designer to conceive of artefacts,
to record expertise, to implement experience-based
design rules and at “... changing existing situations
into preferred ones” (Simon, 1996, pg. 111).
These aims are difficult to reach as technology
and methodology lacunae of present application
programs to realize and implement such objectives mainly due to the lack of an overall and unitary
model of the building that is effective for actordesigners and user, representative of its complexity and even capable of introjecting aspirations and
processing them.
Nowadays the formal representation of BIM and
IFC does not contemplate these aspects as they consider a building as an assembly of entities of classes

(class = hierarchical set of entities).
A building is instead an ‘actual’ system: several
classes (ontologies) directed towards goals (e.g.
habitability, energy saving, constructability, etc.)
(Fioravanti et al., 2011a).
To make possible a ‘systemic’ building model,
the Research Group has formalized:
•
specialist knowledge by means of ontologies Knowledge Structures, KSs - in the field of Architectural Design and that can be amplified
during the design work so as to capitalize on
the knowledge and design rules and to effectively aid a designer ‘on tap’.
•
Relational Structures and Inference Engines that
selectively relate entities, concretely instance
these entities and push the instantiation process towards a goal (instantiation rules: priority,
exclusion, congruency).
The above-mentioned model is based on a highly
structured, formal representation of the knowledge
used along the whole design process, expressed by
means of Knowledge Structures.
The Knowledge Structures – KSs – are basically
all structured in the same way: a set of ontology, corresponding to the ‘objects’ the final product is made
of (physical elements, spaces, site, etc.).
The objects on which the design process acts
are:
•
Space Units (SUs), organized in Building Units
(BU) the building is spatially made of.
•
Functional Elements (FEs), organized in Functional SubSets (FSSs) the building is physically
made of.
Any set of ontology can be linked to (already experienced) ‘good solutions’ and to ‘codes of practice’ as
well to coherency rules. By assigning values (data) to
a KS ‘slot’ any actor-designer defines features of an
object thus activating a ‘design proposal’ of his/her
solution.

A ‘NEAT’ LOGICAL FORMALIZATION FOR
NEXTGEN BUILDING MODELS
As above stated the novelty of a ‘systemic’ building
model mainly resides on a Relation Structure - RS -
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Figure 1
Optimizing thinking in
architectural design – new
building: not all entities of
domains are involved. An
example of swapping between
two domains: an ‘WO Whole-Of - swap’ from entities
of a Spatial Class domain – Ω
to ones of Technology Class
domain – Ω-1.

that selectively relates ontologies and on a Inference
Engines that chooses the instantiation path and
rules.
To make this possible entities of one class and
others of another one, are related to each other by
means of specific relationships, which an Inference
Engine - IE - can use to perform a goal (f.i. just a simple instantiation process!). The entities and their
ontologies on which RS and IE act are very different, those can be procedures, HC plants, fire escape
paths, etc.
With reference to buildings, there are two
fundamental ontology classes: that of the spaces
(rooms) 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 as a ‘Technological Class’ domain. For a specialist actor (designer or
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user) the Building is made by her/his Spatial Class –
Ω – and her/his Technology Class – Ω-1 – plus her/his
RS and IE (fig. 1). The two classes both have a semilattice structure. Correspondingly they are subdivided into Room Domain (hierarchic) and Elementary
Space Domain (lattice), and Constructive Domain
(hierarchic) and Material Domain (lattice).
The main characteristic of entities is related to
the ‘type’ of entity: the membership “class”. This is
formalized by means of a custom-made frame structure, similar to the one investigated by McCarthy
(1960), by means of an ISA (Is-A) slot. Our frame has
a four-tier structure: frame, slot, facet, value.
This way, the model is able to manipulate also
the type of an entity’s structure so it allows a designer not only to change the inheritance of an entity but also to mix entity assemblies. The freedom
a designer obtains from this formal logic enables
her/him to compose an entity of a class also from

Figure 2
Optimizing thinking in
architectural design – refurbishment: not all entities of
domains are involved. An
example of swapping between
two domains: an ‘WO Whole-Of - shift’ from entities
of a Technology Class domain
– Ω-1 to ones of Spatial Class
domain – Ω.

entities of different classes belonging from heterogeneous domains, for example, a room of a ‘Spatial
Class’ domain with a pillar of the ‘Technology Class’
domain.
The Spatial Class together with the Technology
Class contribute to define a building by means of
the RSs that link the two domains (normally separate) through a ‘swap’ of the composition relationships WO (Whole-Of ) slot allowing an assembly of
mixed entities (fig. 1).

MENTAL/INSTANTIATION PROCESS PATH
At the time of instantiation this peculiarity makes
it possible to simultaneously verify the constraints
that are normally separated on ’parallel’ logical
planes: classes of different domains.
It is important how a Relation Structure - RS -,
by means of an Inference Engine -IE -, explores and
populates Knowledge Structures when the designer
wishes to instance them.

As claimed in our previous work (Fioravanti, 2011b,
pp. 181-183 and fig. 5) the architectural (or structural, or engineering, or...) concept of a Building is more
than the sum of ontologies. Building is a system =
goal oriented classes = RSs + ieS + ontologies. Now
it is needed to take a closer look at an RS and its IE
engine mechanism.
When designer wants to instance an entity it
means s/he wants to populate entities of a class with
value(s). We developed two implementations of instantiation process in Protégé and in Common LISP.
In Protégé implementation, as stated above,
each entity consists on a structured set of meanings,
properties and rules; referring to the rules associated to the specific entity that is going to be instantiated, there are mainly two kinds of relationships/
rules that will be checked by the system in different
ways:
•
Restrictions - ‘internal’ to an ontology - applied
to properties of a class/entity by means of its
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Figure 3
Optimizing thinking in
architectural design – space
metadesign: not all domains
are involved. An example
of not an ‘WO - Whole-Of shift’, the design thinking is
only inside the Spatial Class
domain – Ω.

constraints (Cardinality, Type, Value or their
combination by means of Booleans operators,
etc.);
•
Rules - ‘external’ to ontologies - applied to
classes/entities by means of Proposition Logics
algorithms.
According to this duality, there are two different
phases: the instantiation phase and the specific
checking/control one.
In the first one, the IE will check the consistency
of the entity by pointing out all the restrictions applied to the Parent Class properties asking for values,
specifications, relationships and/or links to other entities or instances; depending on the specific design
phase, the designer can specify all the requests and/
or leave some (or all of them) filled in with default
values (blank or referred to regular values). The IE
will then continue pointing out the missing property specification needs, but it will also allow the
inconsistent entity instantiation till the end of the
overall design process when all the inconsistency,
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incoherence and incongruences should be solved.
Restrictions can represent particular ‘conditions’ applied to the entity properties; according to the inheritance nature of the Object Oriented Ontology
Structure, each Class inherits all the properties of its
own SuperClass(es); and in turn SuperClass(es) inherits/inherit its own properties and their associated
Restrictions; at the SubClass level, each SubClass
could present different “Sub” Restrictions to that (or
other one inherited) property by associating more
restrictive conditions.
As stated above, Restrictions could refer to different entity characteristics:
•
‘Cardinality’ requiring a certain/minimum/
maximum number of associated entities (f.i.
<Room> has_wall min 3);
•
‘Value’ comparing and checking the instance
with predefined values or range (f.i. <Wall>
has_height min 3.5 m);
•
‘Type’ verifying associated class(es) to the considered one (f.i. <Window > has_Glass only

Figure 4
Optimizing thinking in
architectural design – survey:
not all domains are involved.
An example of not an ‘WO Whole-Of - shift’, the design
thinking is only inside the
Technology Class domain
– Ω-1.

<Double_Glass>);
‘Combination of the above’ illustrated Restrictions by means of Boolean operators (And, Or,
Not, etc).
The second phase at every design phase can control
the overall consistency of the developed ontology
by means of Proposition Logics algorithmic rules
applied to specific entities: in this phase, each calculation, inference, reasoning on entities’ properties and/or rules will be evaluated, checked and/or
pointed out by listing conflicts, hierarchy changes
on inferred relationships, values not allowed and all
other kind of incongruence, inconsistency, incoherence on the ontology, according to applied rules.
The verification process will follow a “list sequence” to analyze all applied rules, referring to their
“definition/creation order”: the IE, at present, does
not allow associating a priority to the rules, so each
of them has the same priority level referring to others.
•

Referring to this limitation, the results of this check
is not so clear and easily readable and understandable by involved actors: especially at the first design
phases, the ongoing developed design solution are
not coherent and consistent due to changing solution, needs, requirements and specifications and so
the check results appears as long lists of warnings,
compiling errors, ontology missing values, etc.
At present, the research team, considers this issue one of the reason that contributes to the growing sensation that to support an effective collaboration it is needed, together with actor-designers, an
actor-manager, which operates as a Design Project
Manager, able to handle management tools, to analyze checking results and verification processes and
that owns enough expertise to set timing and communication protocols among actor-designers to individuate their reciprocal needs.
The Common LISP implementation has a more
powerful capacity of expressing higher abstraction
level concepts, so it is more compact and allows to
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give priority to rules of I.Es.
In this case the instantiation process seems to
be apparently simpler, as for an entity the IE sequentially checks
1. Parent entities (by means of ISA relations) and
assumes values, defaults and constraints if
these ones are not in contrast with its own - a
leaf constraint prevails on correspondent parent constraint (OOP);
2. Then IE checks in breadth the sub-entities an
entity (an assembly) is composed by (by means
of WO relations);
3. In turn the latter explore their parent entities
using an a) procedure.
Afterwards, in this way, the instantiation process has
populated with value(s) all the parameters required
- by the designer or by the default mechanism,
whether verified or not.
This process has two drawbacks: it is ‘exhaustive’ for an ontology and cannot relate two or more
ontologies concurrently (in the same process and at
the quasi-same time).
This means an architect would have to define
every space, from the building space to room space
to elementary space, in the Space Class - Ω, an exhaustive and tiring process, before considering any
building entities of the Technology Class - Ω-1. The
same would be true for a structural engineer that
can consider only the Technology Class - Ω-1, or a
plant engineer and so on.

MENTAL ENERGY SAVING: SWAP FOR
CUTTING OFF UNTIMELY ENTITIES
A clever solution to overcome these difficulties
would be to imitate - physical digitality - what professionals, architects in particular, have done for
centuries, i.e. to take into account other knowledge
domain from the beginning (for the sake of example, Ω together with Ω-1) and ‘selectively’ explore
the domains involved. The mind always saves and
optimizes mental energy: it is a ‘thinking economy’.
It is actually usual for architects, at every step of the
design process, to define some different entities at
different scales belonging to different ontologies. A
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master architect has the natural ability to effectively
mix entities of different knowledge domains.
It is therefore a normal mental process to enclose spaces by means of walls, doors, windows, etc.
from the beginning of architectural design without worrying at first sight about elementary space
definitions and checking. That means to abandon
instancing Space Class and go to Technology Class.
This method has two advantages:
To intimately relate the domains involved in the
mental process in order to have a comprehensive vision of problems and opportunities;
To rapidly (and roughly) estimate a bill of quantities, not mere parameter costs from the very beginning of the process: concept or preliminary design
phases.
This model also clarifies what a designer does. In
a refurbishment project a designer applies a different method: s/he starts from a check of the deterioration status of building components (wall, plaster,
steel, reinforced concrete, woods, roof, etc.) upon
building codes, then it checks rooms and space distributions to be refurbished, in respect to functional
spaces requirements (fig. 2).
A third example of the use of this model is when
the designer has to define a ‘metadesign’ project: s/
he only works inside the Spatial Class domain, and
the result will be a parameter series of functional
spaces (f.i., min and max sqm of an elementary space
for a clerk with her/his desk and chair, of a standard
patient’s room, of a hospital ward for an infectious
diseases) (fig. 3).
A fourth example of the use of this model is
when the designer has to make a survey of an existing building: s/he only works inside the Technology
Class domain, and the result will be document of
building status and its spaces (f.i. building dimensioning, building component deterioration, georeference of building and building parts, results of
material test, etc.) (fig. 4).
Referring to existing implemented prototypes,
the developed ontologies have been tested by
means of JessRules Inference Engine applied to Protégé ontologies, combining restrictions verification

embedded into the Ontology Editor itself with external algorithms/rules editor included in JessRules
plugin.
In this way it has been simulated the above
mentioned design process, mixing entity definition
(referred to Building Design) from Spatial and Technology Class domains and analyzing user feedback
and computational results.
At present, research is under way to apply different inference engines and development languages
to a series of ontologies in the fields of hospitals and
offices.

CONCLUSIONS AND PROSPECTS
The paper affords new prospects to deal with two
problems of architectural design process:
•
How to define a building model that can take
into account the complexity of a mental image
of a real building (physical digitality);
•
How to optimize an architectural design instantiation process able to follow the usual master
architects thinking (digital physicality).
The first objective has been tackled by means of a
‘neat’ and sharp subdivision of building model: ontologies of spaces and components as usual, plus a
Relation Structure, specific for each actor-designer
that relates specific entities of two domains.
The second objective has been solved by mimicking the mental energy saving actor-designer
does during the architectural design process s/he
explores and defines just the essential entities s/he
needs at each design process phase. The possibility
to define immediately the essential information at
different levels of detail during the work in progress
project gives actor-designers a better control of the
whole project of the time, so s/he can performs appropriate choices. It is a matter of facts that, as we
can see in sketches of modern master architects like
Le Corbusier (Carrara and Fioravanti, 2004, fig. 1 and
pg. 428), Louis Khan, Zaha Hadid, Steven Hall, Jean
Nouvel, etc., they draw at the same time the whole
shape and technical details of their masterpieces they perform ‘concurrent’ design at different levels
of abstraction and detail

The ‘systemic’ building model allows better imitating the mental path actor-designers do and the vision arisen from this study can be seminal for next
generation of CAAD tools and methodologies.
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Abstract. This paper presents an inverse pedestrian urban design method and an initial
set of parametric tools for conceptual design support at the pedestrian urban scale.
Inverse pedestrian urban design concerns the derivation of urban design parameters
from a local context in order to produce better informed and situated designs. The tools
concern the rationalization of street network and building form. Some of the parameters
that are used within the tools are view angles (visibility analysis) and distances between
target points (accessibility analysis). The paper elaborates on inverse urban design,
presents some case studies and tools, and touches upon design patterns and their
alignment to design processes.							
Keywords. Urban design; pedestrian design; parametric modelling; design tools; inverse
urban design method.

INTRODUCTION
The main goal of our research work is to facilitate the
design of pedestrian urban space by offering a set
of computational design methods and associated
parametric tools that would allow for fast visualization and analysis of alternative design scenarios. The
complexity of contemporary urban design projects
increases with the growing pace of urban development. Large amounts of data must be collected,
stored and analyzed. The use of conventional Computer-Aided Design tools does not provide speed
and flexibility necessary to design in the conditions
dictated by the rapid urban development. We seek
ways to integrate parametric and constraint-based
modelling methods into the contemporary design
practice. These methods enable architects and ur-

ban designers to create, manage and organize complex (parametric) design models by integrating different types of parameters and rapidly generating
and evaluating alternative design solutions (Ehran
2003; Madkour et al. 2009; Woodbury 2010).
One of the main challenges that inhibit contemporary designers from applying computational
design methods within their design processes is
the difficulty of converting design information into
parameters of a computational model. We propose
a novel method for design parameter derivation in
order to foster this conversion. This research will establish an inverse method for determining the most
adequate set of parameters from the local design
context that are well suited for creating sustainable
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urban spaces. In general, an inverse method implies
converting observed information into attributes (parameters) of an artefact being designed. In our work
we analyze/observe the design context and its problematic and based on the acquired information we
formulate the design parameters which we use to
build parametric models for design and analysis of
new pedestrian urban spaces.

PARAMETRIC PEDESTRIAN URBAN
DESIGN
This research focuses on the intermediate urban
scale, with a specific emphasis on the quality of
pedestrian space, ranging from urban fabric at approximately 10 hectares, to the street canyon scale
(Berghauser Pont and Haupt, 2010). This provides
an appropriate level of geometric and configuration
detail for morphological investigations (Figure 1).
The research is concerned with the quality of
urban space, originating in 1960s from the works of
design theorists such as Jane Jacobs, Donald Appleyard, Kevin Lynch and some others. Their work laid
a theoretical ground for a “good urban form” while
at the same time the research of Leslie Martin and
Lionel March at Cambridge School concentrated on
the task of modelling urban design problems with
accurate mathematical models in order to objectively measure urban space qualities (Martin and March
1972). In our work we investigate both aforementioned approaches in order to understand how the
intangible qualities of urban space can be expressed
in urban form using design parameters. In our prior
work we analyzed the qualities of urban space provided in Lynch (1960), Jacobs and Appleyard (1987)

and Ewing and Handy (2009) and formulated a preliminary set of design parameters. The latter were
used to build parametric tools for analysis of the
degree of openness of public urban space, accessibility by bike/on foot and some more (Koltsova et
al. 2012). Subsequently, within a teaching exercise
we analyzed several case studies (in Switzerland
and Russia) to derive additional design parameters
that are more context-specific. In general, we plan
to conduct research on three case studies in Switzerland, Russia and Singapore. In parallel to the
analysis of pedestrian areas within the three contexts, we examine relevant literature on local urban
design methods, review their evolution in history,
and inspect urban codes and guidelines (Koltsova
et al., 2012). To succinctly obtain this information,
we conduct brief interviews with local urban design
practitioners. The specific details for determining
pedestrian comfort might also be obtained from
case-specific literature and best-practice examples
in the future. Our preliminary work on the two of the
case studies will be described in more detail in further sections.
The derived parameters form the backbone of
a set of computational tools that we are developing within Grasshopper [1], a parametric plug-in
for Rhinoceros [2]. Grasshopper is seamlessly integrated in the Rhinoceros modeling environment, a
popular modeling software among designers today.
The combination of ‘manual’ digital modeling possibilities in Rhinoceros with parametric modeling
techniques, allows for a more gradual integration of
our ‘derived’ parametric tool set into a design process. The fact that our tools can be used in parallel
Figure 1
Level of scale.

280 | eCAADe 30 - Volume 1 - Digital Aids to Design Creativity

to the design process within the same modelling
environment constitutes an advantage of our method in comparison to design analysis software such
as Space Syntax [3] or Ecotect [4], where designers
need to export their models for analysis into another
software and interrupt the flow of the design process.
Our tools are targeting the early design stages, when architects develop first sketches of their
design ideas. Architects often develop these first
sketches based on their sense of beauty, styling,
and overall vision, temporarily neglecting some rational aspects. The design outcome would greatly
benefit from the use of simple tools for evaluation
and analysis of the architect’s design actions at this
early design stage. Using such tools the sketch design would be well grounded and drastic changes of
concept ideas in the later stages of design would be
overcome. Our tools can be used to analyze the design models prior to their detailing and before their
further analysis within more sophisticated software
such as Ecotect or Space Syntax, which would help
to avoid double work.

INVERSE URBAN DESIGN METHOD
In general, a physical system can be modeled mathematically as:

Y = F (X) (1)

where X is an input, Y is an output and F is an
operator that characterizes a system. Inverse problems are defined as solving (1) for unknown X with
given Y and F (Hirano and Yamada, 1988). When applied to urban design, an inverse problem implies
converting observed information (urban form) into
Figure 2
Inverse urban design process.

attributes (e.g. parameters) of an artifact being designed (Figure 2).
This research is based on the hypothesis that an
inverse urban design method provides an improved
way of creating sustainable urban environments
compared to conventional design methods. The development and definition of an inverse urban design
logic is an integral part of our research.
Inverse urban design is based on the analysis
of the information available for a target context in
order to discover a set of parameters that is most relevant to urban form design within the same context.
By analyzing the information available for a target
context, it is possible to discover a set of parameters
that are well suited to create compelling novel urban spaces within the same context. Inverse urban
design is not achieved by deriving formal patterns
and rules from an existing city structure and buildings and applying these for the generation of new
designs. Instead, the local context is analysed in order to derive information such as view points, view
obstruction, landscape undulation, proximity to
major functions, etc. This information is then used as
an input for parametric tools in order to create good
pedestrian urban designs by forming/shaping building envelopes and open spaces. The subsequent
implementation of such parameters using the Grasshopper parametric environment would provide improved flexibility and variation to the entire urban
form design process.
The main components of the inverse urban design method are the following:
•
parameter derivation and ontological modeling,
•
implementation, and
•
evaluation.

Parameter derivation
The first part of inverse urban design at the pedestrian scale consists of observing existing examples
of urban organization in use by pedestrians at (or
near) the target context, and in analyzing its current
problematic. Based on the acquired information we
derive parameters to be used for design and analysis
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of new urban forms. To better understand aspects
that facilitate the use of urban space by pedestrians
at each specific design context, it is important to observe the current situation. The data collection step
tentatively includes the following subtasks to be
performed at one or more locations near the target
context:
•
Identification of places with high pedestrian
activity (using statistical data, literature, GoogleMaps, GIS, etc).
•
Characterization of functions, landmarks, accessibility, and structural density.
•
Description of user-space interactions.
•
Formulation of the main types and configurations of streets and dynamics of space.
Subsequently, the data will be structured into three
main categories with relations between them defined as follows:
•
User-related data – pedestrian activity, use of
space, etc.
•
Physical data at fabric scale – density, accessibility, allocation of functions, etc.
•
Physical data at street canyon scale – configuration, types, sections, etc.
These categories, their subcategories and their relationships will be further developed into an ontological structure guiding the systematic parameter
derivation process in the next stage of the research.

Case studies
At the current stage of our research work we conducted preliminary studies in Schlieren, Switzerland
and Moscow, Russia where we analyzed a number of
pedestrian urban spaces, their qualities and problematic. Based on the derived information we developed a number of parametric models for the analysis of pedestrian urban space, which we applied for
case study sites.
The work on the case study in Schlieren was
conducted as part of a teaching exercise. The old
part of the city of Schlieren was developed on the
slopes of the valley and was later extended by the
industrial zone built between the river and the railway running through the city. Apart from the railway
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there are two major traffic roads crossing the city. As
a result the city is split into separate zones, which
makes pedestrian mobility highly inconvenient.
Therefore, we asked our students to look for ways in
which the city structure can be enhanced in order
to facilitate its use by pedestrians. After the introduction, students were asked to identify the design
problem they would like to explore. To a large extent
the choice of the students was dictated by the problems lying on the surface such as accessibility/navigation and noise emission.
One group of students developed a tool for accessibility analysis of any given location in Schlieren
by various transportation modes. Architects and urban designers can use this tool to define intervention points and to develop new strategies to allow
for a shift from private to public transport. It provides a method to evaluate the accessibility within
a project area, i.e. it helps to visualize at an early design stage the zones that are not accessible by walking or by public transport. The basic parameters this
definition uses are: the traveling speed (walking, bus
and car) and the distance to the target point (in this
case the distance between living areas and the local train station). In the first step, students superimposed a grid of regularly distributed points on a project area and measured the shortest distance along
the traffic/pedestrian network from each point on a
grid to the train station.
Second, based on the distance and the traveling
mode (walking, taking bus or car) each point was
shifted vertically. In the last step, these points were
used to interpolate a surface through them. Figure
3 demonstrates the accessibility from points on a
project area to the train station by bus (green) and
by car (in red).
One of our findings was that the preliminary
analysis phase did not constitute a challenge for
students. They could identify and formulate design
problems, however, it was challenging for them to
translate these problems into design parameters
and implement them within parametric software.
In general, the parametric/relational thinking is not
common and not a part of the curriculum in the tra-

ditional architectural design education. However,
more and more students are using parametric tools
in their design studios for model making, façade
paneling, or complex building shape optimization.
In a next attempt to collect context-specific
information we conducted a workshop with local
architects from Moscow. The main goal of the workshop was to define the problematic of the local urban context at pedestrian scale and reveal the major
factors that jeopardize the quality of urban space.
Due to time constraints we could not acquire a comprehensive list of factors, however, our preliminary
findings already contribute to the enhancement of
public space quality.
One of the major negative impacts on local urban environment is created by outdoor advertisement. Figure 4 illustrates a local pedestrian street in
Moscow from different viewpoints. In figure 4b we
can see that when approaching the street from the

(east / west / north / south) side, pedestrians are not
aware that behind the superfluity of billboards that
block the view, a beautiful urban space dedicated to
pedestrian use unfolds. Uncontrolled placement of
outdoor advertisement constitutes a serious problem in Moscow. In order to analyze the impact of the
outdoor advertisement on the quality of pedestrian
urban space, we developed a tool that allows to
quickly estimate the view impact of such billboards.
This tool takes the viewpoint and vertices of the
façade and billboard surfaces as an input (Figure 5a).
Additionally, user can adjust the view angle (in this
example it is set to max 60 degrees). Vectors are created between the viewpoint and vertices. Vectors
that have only one intersection point and are within
the angle range of 0 to 60 degrees are selected and
corresponding vertices/surface faces are assigned
color (white for visible). The rest of the surface faces
are colored in grey (not visible). The first conclusions

Figure 3
Accessibility by bus (in green)
and car (in red) on a project
area in Schlieren (Switzerland).
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Figure 4
View to a pedestrian street
in Moscow from different
viewpoints: viewpoint 1 (c)
corresponds to image a;
viewpoint 2 to image b.

that can be drawn from our analysis is that considerable facade areas of the 18th century buildings are
blocked by the low-quality billboards. Another issue
is that the billboards stay on the way of one another
and the information on them is not properly communicated to passers by. Our tool can be used to
balance out the amount and placement of the billboards, in order to provide optimal view to the historic façade frontage and to communicate the information displayed on the billboards more efficiently.

Design patterns
By analyzing the problems of both design contexts
we have derived the specific design parameters for
each and implemented these within parametric

software to measure/analyze certain qualities (accessibility- Schlieren; view pollution – Moscow).
This process of parameter derivation from the local context is the basis for the inverse urban design
method. The parameters and their relations derived
through the inverse procedure constitute the design pattern that is implemented within parametric software. The combination of such patterns and
their alignment to the design processes at an early/
conceptual design stage is the concomitant goal of
this research work. The design patterns will be the
subject of a consequent paper.
In the next paragraphs we present an example
of how the developed patterns can be used in a sequence for the design of an exemplary project site.
Figure 5
Visibility analysis of the facade
surface in Grasshopper; a)
Vectors connecting the view
point to the vertices of the
façade surface; b) In grey, the
facade area that is not visible
by pedestrian from the defined
view point (in red).
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Figure 6
Exemplary project site.

As a reference we used design process presented in
Christiaanse et al. 2005 on the design project for the
redevelopment of the area next to the Zurich main
station. The proposed sequence as well as every individual design pattern will be presented to design
practitioners in the future and revised based on their
feedback.
Architects/urban designers usually start their
work on design project by defining the possible
road network organizations. Figure 6 demonstrates
the exemplary project site inside the red rectangle,
which contains some roads that form the building
blocks. By using our parametric tool the blocks can
be subdivided further into lots or parcels. This tool
also provides a possibility to set the min/max size of
the plot, which allows for testing the various lot organizations (Figure 7).

When the optimal amount and organization of
building lots is achieved, the next tool can be applied to analyze accessibility on the site (Figure 8).
This tool is based on the component of Giulio Piacentino [5], which we reworked in order to be able
to measure the accessibility from any defined point
to any other point on road network. By placing the
transportation nodes (or any other major functions
such as retail, parks or housing), the designer can estimate the accessibility on the design site. It is also
possible to alter the road network by dragging the
control points of the polylines that form the road
network, and change the location of the functions
and interactively receive feedback on the design actions. Multiple scenarios for allocation of functions
and their accessibility can be tested.
In order to estimate a better location for public
open spaces we developed a tool that takes all the
major functions (set by designer) of the site and
generates all possible solutions for shortest paths
between the functions (Figure 9). Here we assume
that the road segments where the shortest paths
go through would be the most active and we allocate the public spaces along them. Undoubtedly,
more parameters should be considered, such as visual qualities, presence of pedestrian facilities in the
streets, etc. However, for a first estimation, this tool
is sufficient.

Figure 7
Subdivision of the project site
into lots, different scenarios.

Figure 8
Accessibility analysis of the
resulting road network.
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Figure 9
Allocation of open spaces.

Figure 10
Building envelop alteration
based on the visibility analysis (illustration by Dominik
Nuessen).

After the building lots and open spaces are defined,
we assign max heights per lot (defined by local
building regulations). Another tool in our tool set
can alter the building envelopes based on the defined view points (Figure 10). Based on the position
and the view angle, it cuts the volume of the building to provide the view to an open public space.
The last tool that we developed analyzes the
views from several “important” view points (defined
by designer) and checks for the intersection of the
view sections. The areas where the view points intersect can be used for the location of landmarks.

CONCLUSIONS AND OUTLOOK
In order to achieve design patterns in the sense of
the term as it is applied in the software engineering
domain, the inverse urban design method analyses the context data in order to derive parameters
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from it. An ontology will be developed within this
method, which will be used to propose a best set of
parameters to make novel and useful urban designs
for the context. This ontology will be developed for
global (relevant for any context), context-specific,
and site-specific conditions, in order to express parameters unambiguously, define a familiar hierarchical structure of terms, and ensure the consistency
of the parameters (especially the global ones), their
attributes, and their relationships in the context of
their use for different locations and projects by urban designers. Such an ontology will be very useful
to the designers during the inverse design process
(i.e., parameterization process). Clearly, the balance
between extensibility, flexibility, and sufficient structure will be a key point of attention in this step.
The design patterns will be presented to design
practitioners at the joint workshops and revised
based on their feedback.
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Building envelop alteration
based on the visibility analysis (illustration by Dominik
Nuessen).
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Abstract. This paper presents and discusses a process of transferring the main features
of a piece of music such as structure, notes etc., to a primarily spatial construction in
architecture. The main objective of this effort was to convert the linearity of time during
the hearing of a musical piece into a continuous pathway and an architectural stroll on a
given site. To this end, the musical piece is used as a source of data, which, with the use of
developed algorithms, are converted into spatial data. A purely instrumental piece, “Air,”
from the suite for strings in D major by Bach, provided the source data used in the design
of Park D, a section of a Cultural Park in the suburbs of Athens, Greece. The developed
algorithms presented in the paper include: a) an algorithm for generating the shape of the
path and the space defining elements along the path, and b) an algorithm that generates
the geometry of four harmonographic structures.
Keywords. Music and Architecture; Gestalt; Design Algorithms; Harmonograph.

INTRODUCTION
Architecture and music, typically the products of
dissimilar artistic media, often present a lot of striking similarities. The creators of both arts often use
common tools and, in many instances, both depend
upon proportions and other mathematical relationships (Tenney, J. 1977). Based on this notion, several
architects have attempted to establish a relationship
between the two arts that goes beyond the metaphoric or symbolic association. The work of Iannis
Xenakis, such as the “City of Music,” where he used
the mathematical language, to express through architecture the complexity of the language of music and the experience of sounds, has significantly
enriched the research in this direction (Capanna,
A., 2009; Sterken, Sv., 2009). At a different level, a

product of the efforts made to establish a tighter
relationship between music and architecture is the
harmonograph. This is an instrument that is based
on the proportions of the Pythagoras’ scale and is
able to convert notes into images (Ashton, A., 2003).
A common denominator that supported several
of these efforts was the assumption that the human
brain perceives different artistic works with similar
processes or mechanisms. These mechanisms, in the
early modernist years, were interpreted by the Gestalt theory arguing that our experiences tend to be
organized in a regular, orderly, symmetrical and simple manner. The laws of Gestalt that find application
mainly in the visual arts, can be also applied to the
interpretation of the mechanisms involved in the
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Figure 1
General Plan for Park D#.

perception of other artistic expressions (Desolneux,
A. et al., 2008).
Taking into account existing research in the
field and working in the same direction, a process of
transferring the main features of a piece of music to
an architectural project has been attempted and is
presented in the following sections.

DESIGNING PARK D#
The design of a section of a Cultural Park in the
suburbs of Athens, Greece, served as a test-bed
for experimentation with a developed method for
transferring the main features of a piece of music
(structure, notes etc.) to a primarily spatial construction in architecture. The Cultural Park currently
houses a sculpture hall, a theatrical scene, and a couple of smaller exhibition halls. A new section of the
Cultural Park, Park D#, that embodies in its design a
methodology for transferring music data into spatial
data, has been proposed and is discussed here.
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Notable site features that were taken into account
for the proposed design were its low relief topography, a highway at one of the site boundaries, a large
open parking lot at a neighboring area, sparse vegetation in the field, and a relatively small building
structure, dating from the beginning of the century;
this was used as support structure for Park D# to
house the information desk, restrooms, administration etc.
The main feature of Park D# was the design of
a music pathway that will also serve as an open-air
sculpture exhibition; the stroll along this path is
planned and expected to convey a combined spatial
and sound experience. Park D# would also include
several semi-covered station areas, the harmonographic structures, planned to host or provoke combined music-sound and art events.
Accordingly the main objective of the proposed
design was to convert the linearity of time during
the hearing of a musical piece into one continuous
pathway on the given site. The selected piece is a

Figure 2
Determining the shape of the
pathway at Park D#.

purely instrumental piece named “Air” from the suite
for strings in D major by Bach (BWV 1068). A description of the developed processes and algorithms for
translating the music data into spatial data in an architectural context follows.

TRANSFERRING DATA FROM MUSIC TO
ARCHITECTURE
The music pathway which is the principal feature of
Park D# results from a process of transferring several
sets of data that derive from the selected piece of
music into an architectural context.
Before the discussion of the developed processes, it needs to be mentioned that “counterpoint”
refers to techniques that facilitate the knitting of
two or more melodies that are expected to be heard
simultaneously. “Repetition,” “opposite movement,”
“imitation,” are commonly used techniques in counterpoint; analogous compositional rules, such as
“array,” “symmetry” and “copy,” are met in the visual
arts and architecture. Departing from this observation, the principles of Gestalt psychology can help
us identify common patterns between music and

architecture. The Gestalt principle of” proximity” can
be used for selecting notes that are close to the time
dimension of a piece, and transferring them into an
architectural context, while the Gestalt principle of
“similarity” can be used for selecting notes that are
similar in punctuation, tone, or pattern.
The selected piece “Air” is written for four instruments, two Violins, one Viola and a Cello. The notes
from these instruments are translated into spatial
elements. Specifically the formulation of the stream
of the music path derives from the structure of the
musical composition and the musical phrases.
Accordingly the first step of the design process
was to calculate the length of the music path and to
place it on the site. Assuming that the walking velocity of the moving visitor remains constant, the
length of his journey along the path was designed
to be the same as the duration of the music piece.
Next, the shape of the path had to determined.
The shape of the path is very important as it affects the visitors experience along the path. Therefore several path shapes were examined. In all instances the shapes were based on a hypothesis that
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Figure 3
Placing space defining elements along the music path.

derived from the need for an assumed movement
and a perceptual pattern. Several path shapes have
been derived ranging from a purely linear path to
various spiral and curvilinear formations. According
to the set objective, the simplest path shape would
be the preferred one as long as specific requirements with regard to the visitors movement and
perceptual field were met. After several path shapes
were ruled out, the selected path configuration was
the one described below.
The number of curves along the path was determined by: a) the basic structure of the suite, which
is A-A/B-B, b) the perceptual changes of the musical
“phrases” and c) the site characteristics and topography (Figures 1 and 2).
At a following stage, in order to determine the
features of the path, the Gestalt psychology principles were used for setting criteria for categorizing
and grouping the notes. Throughout the piece there
is a clear differentiation of the role of the notes. So,
along the path, the musical notes are represented
by spatial elements, organized into three distinct
“attention groups” that reflect the distinctive roles of
the instruments in “Air.” Similarly the space-defining
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elements of the path inherit the characteristics of
the notes, such as the “tone” and “duration,” as well
as the association of the notes of the piece to the
counterpoint formation (Figure 3).
The spatial boundaries of the pathway are
shaped by three sets of space defining elements that
correspond to the three distinct “attention groups”
of the notes of the piece. In this regard, the notes of
the cello determine the placement and dimensions
of the space defining elements (concrete paves) on
the ground plane. Their placement creates an inner
path that make the visitors shift from one side of the
pathway to the other. The side elements of the pathway occur from the background notes in each one
of the other three instruments. Their characteristics
are the long duration and their secondary use inside
the musical piece. The side elements of the pathway
inherit the characteristics of the background notes.
The remaining notes between the three instruments compose the melody and are the latest and
most important series of notes that form the foreground. These notes generate the overhead sheet
metal elements that attract the visitors’ attention
(Figure 4).

Figure 4 (left)
Placing overhead elements
along the music path.
Figure 5 (right)
Location of the Harmonographic Structures in Park D#.

The imprint of the musical piece in the path determines the location of all other elements in the Park
such as the harmonographic structures, the secondary routes, the topographic relief of the site, and the
areas planted with bushes and trees.
The harmonographic structures, as mentioned
earlier, are outdoors semi-covered station areas
planned to host or provoke combined music-sound
and art events. Their shape follows the logic of the
Harmonograph (Ashton, 2003). For the purposes of
creating a three-dimensional shape, a harmonographic surface has evolved from the two-dimensional instrument into a three-dimensional structure
(Figure 5).

DESIGN ALGORITHMS
To translate a piece of music into a pathway in an
architectural context, its most important and “objective” elements had to be selected and analyzed
according to their counterpoint and perceptual
properties. Certain elements, such as those related
to “hue” properties, were intentionally omitted, as
they rather entail a subjective understanding and
interpretation.
In order to convert the notes to objects, we had
first to convert them to numbers. Information with
regard to the instrument, length, tone and range of
each note was needed to form the parameters of
the geometric shapes along the path, and was thus
collected on a spreadsheet. This digitation process
required filtering and restructuring all music data so
that the required information about each note could
be received. The new digital data were introduced
into algorithmic expressions that allowed us to con-

trol all spatial information parametrically. The results
of the counterpoint analysis of the piece, along with
the constraints that occurred from the application
of the Gestalt laws of perception, were also incorporated into the developed algorithms.
In order to generate the spatial geometry of the
pathway and the harmonographic structures in a
3D graphical environment, two different design algorithms have been developed. The first one, Algorithm I, generates the path and all the elements that
form its spatial definition, such as the ground plane,
the overhead plane and the side elements; the other
one, Algorithm II, shares data with the previous and
generates the geometry of the harmonographic surfaces.

Algorithm I
This first algorithm involves two steps. At the first
step the shape and the length of the path is generated. Then the algorithm, together with the music
data, takes into consideration site data and constraints, and generates the geometry of all the other
space defining elements. The algorithm this time
generates three sets of elements, ground, side and
overhead. For the generation of the geometry of
each one of them, their basic geometry (rectangular, trapezoid, spacing between elements e.t.c.) and
their correspondence to the elements of the musical
piece were the most important parameters of the algorithmic expression.
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Figure 6
Cello notes’ pattern as translated on the elements of the
ground plane.

In this algorithm, each one of the three space defining elements, that corresponds to an “attention
group” incorporates some of the most notable characteristics of the notes, as derived from a Gestalt
based analysis, such as their counterpoint formation. Particular cases of implementation of the characteristics of an “attention group” to a set of space

defining elements are described in the following
paragraphs:
The cello has the typical baroque form of the
walking bass line; the cello notes, as already mentioned, determined the placement and shape of the
concrete paves on the ground plane. The cello series
of notes follows a specific pattern throughout the
Figure 7
Overhead space defining elements of the musical path.
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Figure 8
Placement and shape of the
overhead elements corresponding to the melody notes.

musical piece. Each pattern consist of four notes that
is repeated according to the following sequence:
1st Note -> +7 Notes -> -1 Note -> -7 Notes, called
octave leaps. Each note is translated into a quadrilateral ground element, with a colour saturation index
that occurs from the position of the note in the pattern; in this manner the elements of the path are expected to recreate in a visual mode the experience
of the cello notes’ pattern. By assigning a length that
corresponds to the tone of each note, the above pattern can be noticed in the trace of the path (Figure
6).
The side elements of the music pathway, that
serve as informational boards, follow the boundaries of the path while their height depends on the
tone of the respective notes. These are placed on
the side of the path that corresponds to the instrument from which the notes originated: the Lead
Violin notes determine the features of the left side
elements of the path, while the second Violin and
Viola the right. The objective here was: a) to let the

side elements contribute to the balance of the next
“attention group,” where the lead Violin has almost
half the Foreground notes, and b) to highlight the
constant change of roles between the instruments
(when the foreground ends the background begins
and vice versa).
The last “attention group” is considered the most
complex and functional. The purpose this time is to
create “aerial”, or overhead elements, that represent
the notes of the melody. These are the most important notes of the musical piece, with a wide range of
qualitative differences, as, in general, melodies present a great variety of notes (Figure 7).
Each overhead element has a rectangular shape
while its origin is placed on the middle line of the
path. The overhead elements are placed at different
heights from the ground and some of them are titled. Their height corresponds to the importance of
the note in the melody, with the most important being the one closest to the ground. As with the side
elements, each overhead element is characterized
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Figure 9
Harmonographic Structures
generated by the respective
algorithms.

by a left or right orientation that corresponds to the
instrument, from which the note comes. The length
and the slope of the each overhead element is defined by the tone of the note (Figure 7).
Additional parameters of the overhead elements integrated into the algorithm are their height,
brightness and colour. Darker shades were given to
the elements that correspond to the most important notes that are placed closer to the visitors; a red
colour was given to the elements that correspond
to notes that are part of a counterpoint formation
(Figure 8).
In brief Algorithm I integrates several parameters that derive from the characteristics of the notes
in the selected piece, such as their counterpoint formation, frequency, duration, as well as the features
of the notes before and after the one examined, and
generates the shape and placement of the respective space defining elements on the site.
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ALGORITHM II
For the creation of the harmonographic structures a
3D interpetation of the basic harmonograph organ
was used by extracting the equations that occur
from the original organs and making digital modifications to them. The original organ uses two pendulums, the combined motion of which produces
2D drawings that reflect various ratios of the parameters. The ratio derived from the Pythagoras musical
scale is found to produce particularly interesting results.
Once Algorithm I has generated the shape of the
path and the three sets of space defining elements,
additional space elements are created, by placing
lines perpedicular to the path that correspond to
notes that are scaled according to their proximity
to the location of the harmonographic structures.
These are converted into ratios according to Pythagoras scale. These ratios, as well as some other characteristics of the site, are then used to generate four
different harmonographic structures.

So the Algorithm II that generates the 3D spatial
form of the harmonographic surfaces, uses the site
data and the data that come from the music piece,
already used for the shape and spatial definition of
the path. This algorithm generates the geometric
configuration of the harmonographic structures in
a 3D graphical environment. The algorithm extracts
the proportions of each one of the 3D harmonographic structures from the proportions of the notes
of the basic path that is nearest to it. Respectively
the algorithm generates the geometry of the four
harmonographic structures which are named according to their primary function as follows: “Entrance”, “Light and Sound”, “Auditorium”, and “Waterfall” (Figure 9).

CONCLUSIONS
The main objective of this research was to develop
a process that permits transferring the basic characteristics of a piece of music into spatial geometry,
translating the linearity of time while listening to
this piece, to a stroll, or better, a walking journey,
along a pathway. This was done by selecting a particular piece, in this instance, the Air from the Suite
for Strings in D major of Bach. This piece was used as
a source database, which, with the application of the
developed algorithms, was converted to an output
database of spatial data.
The musical pathway in Park D# provides a spatial experience of Air, the features of which have
determined the consecutive stages in the design of
the path. At the initial design stage, the parts and
phrases of the piece have determined the shape of
the path. Then, separating the notes according to
their perceptual properties in different categories,
by following the principle of similarity in Gestalt, the
main space defining elements of the path have been
generated. Finally, the differentiation between similar consecutive space defining elements is based on
the characteristics of the notes in the piece, such as
frequency, duration and association to the piece’s
counterpoint.
Park D# has not been inspired by music but it is
a consistent transfer of a music piece into an archi-

tectural space. The developed processes and algorithms can be modified to address different scenarios that involve a music piece and an architectural
project.
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Abstract. This paper sets out to introduce and explore a computational tool, thus a
methodological framework, for simulating stress driven material growth and organization
by employing a multi-agent system based in swarm intelligence algorithms. It consists
of an ongoing investigation that underlies the intention for the material system to be
perceived as design itself. The algorithm, developed in the programming language
Processing, is operating in a bottom-up manner where components and data flows are
self-organized into design outputs. An evaluation process, via testing on different design
cases, is providing a coherent understanding on the system’s capacity to address an
acceptable, within the “state-of-the-art” context, solution to material optimization and
innovative form-finding. The analysis of the exported data is followed by a possible
reconfiguration of the algorithm’s structure and further development by introducing new
elements.		
Keywords. Swarm-intelligence; stress; material-organization; biomimetics; processing.

MATERIAL AS DESIGN
Computational design tools have amplified architects capacities on both conceptual and technical
levels in terms of manipulating complex geometrical
configurations and introducing pioneering design
initiatives. A post-rationalization process is however, essential in the majority of the contemporary
design cases in order to resolve problems emerging
from the translation of digital information to physical materialized objects. This dualism from digital to
physical, from bits to atoms (Negroponte 1995) and
vice versa, has introduced a great number of studies
towards the lossless realization of digital design or
its optimized implementation. Recent investigations
on material systems science, Computer Aided Manufacturing and Evolutionary Developmental Biology,

provide the foundations for a forthcoming concrete
articulation of the “digital design – fabricated design” system.
In this context, the main objective of this research is to introduce and explore a computational
tool, thus a methodological framework, for simulating stress driven material growth and organization by employing a multi-agent generative system
based in swarm intelligence algorithms. The fibrous
intrinsic characteristics of this dynamic performative system, following the agents’ trails, operate
by adapting to certain stimuli while exchanging
information in a reciprocal manner with the environment’s spatial qualities, fulfilling multiple tasks
and consequently converging into a local optimal
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scenario. Structural information in combination to
morphological and topological data become, along
with the multi- agent system’s behaviour, the driving
forces in a bottom-up approach where data flows
and components are self-organized into design
outputs. This ongoing investigation underlies the
intention for the material system to be perceived as
design itself. Therefore is intended to bridge the gap
between digital and fabricated matter and through
its adaptive virtues and its force-energy morphology evolving (Thompson 1961), to progress towards
an enhanced conversion of design and material
growth, as this appears in natural systems.
The proposed algorithm, developed in the
java-based programming language Processing, is
explored via testing on different design cases, offering a coherent understanding on how the various
elements perform and a critical evaluation of the
system’s capacity to produce an acceptable, within
the “state-of-the-art” context, solution to material
growth optimization and creative form-finding. In
addition, these experimentations outline the intriguing elements of the generative multi-agent
system, forming its implementation, while at the
same time revealing its limitations. The analysis and
evaluation, leads to possible reconfiguration of the
algorithm’s methodological structure and further
development of the concepts describing it, by introducing new elements and reinforcing the existing.

BACKGROUND
A multidisciplinary approach
The examined algorithmic system utilizes knowledge and apparatus from the fields of biomimetics,
material systems science, engineering and computational science to form a rational and hierarchically
articulated methodology. Nature is providing a tremendous amount of information implemented into
these scientific fields, assisting contemporary investigations that vary from the analysis of the human
body’s structural element: bone’s micro-mechanical
configuration (Huiskes 2000), to the effect of the
micro-fibril orientation into plant growth. Research
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conducted on fibre composite materials, biomechanical load bearing, plant growth and structural
optimization procedures, is implemented within the
algorithm’s structure and realized through the dynamic computational model of the collective behaviour ordered swarms, leading to an interdisciplinary
approach on creative design through optimized material distribution.
Figure 1
Material as design: rendered
still of the algorithm.

Multi-agent synthesis strategies
“Swarm Matter” by Kokkugia is a morphogenetic
research process within the software development
framework that investigates the generation of ornamental geometries through swarm intelligence
based formations and emergent patterns [1]. This
exploration is analogous to the presented algorithmic process in the implementation of a multi-agent
system operating as a form finding module. However it diverges from it radically in the methodology
by which, contextual data are incorporated into the
process and by the nature of the data itself, which
is not limited to the inherent interaction within the
agent system.

Structural information as design initiative
Research conducted by Michalatos P. and Kaijima S.
(2007) employs structural information as a design element. Specifically, the case study of the “Land Securities Bridge” is examining procedures on optimizing
a preliminary design intention through the method
of densification, while at the same time organizing
the data operating on the design as fields of values.
A related approach is integrated in the proposed
system through the densification of the fibre matrix.

A different research case investigates adaptive
growth through fibre composites, operating on the
specific design scenario of a pedestrian bridge, using the Tow Fibre Steering fabrication method on a
field of uniform mechanical stress (Doumpioti 2008).
The Computer Aided Internal Optimization (CAIO)
method is exploited (Mattheck 1998), where fibres
are aligned with the stress force flows mimicking
plant growth. The intrinsic characteristics of fibres
are engaged in the presented system in an equivalent method.
Those investigations have provided inspiration
and technical knowledge regarding the notions examined in this paper. The implemented formal and
practical systems are reinforced by the emergent
situations of the multi-agent algorithm. Material optimization routines are engaging interaction and adaptation, in addition to the inspired morphogenetic
and form-finding methodologies as a combination
of reactive and informative systems. Consequently,
this research explores the dynamic characteristics
of multi-performative systems implemented into information based design processes and attempts to
evaluate it.

SWARM MATERIALITY: ALGORITHM’S
STRUCTURE
Inputs to outputs
The structure of the algorithm is expressed as a linear process constantly resulting to emergent outputs. This input to output procedure introduces a
set of dynamically defined routines, both in terms
of design-production, but also in relation to the optimization of the results. Being characterized as an
information-based adaptive system, the algorithmic
framework is powered by a set of inputs that vary in
their nature and by the effect they address on the
operational attributes of the system. The totality of
input values can be categorized as:
1. User defined inputs: Initial morphology examined, seeds, agent system steering values.
2. Analytical inputs: F.E.M derived vector-field.
3. Combinatorial inputs: Porosity field depending
on the sun’s position.
User defined inputs can be altered on demand. Different geometries suggest alternative design scenarios affecting both the analytical and the combinatorial inputs which intrinsically relate directly to
the examined morphological configuration. Specifi-

Figure 2
Schematic overview of the
algorithm: inputs to outputs.
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cally, the emergent result of the system is possible to
differentiate greatly when the multi-agent system’s
steering values are changing, or if the quantity and
the position of the seeds, are altered. In contrast to
the randomly placed seeds, the initially user defined
steering values can be transformed on a local level
due to the adapting virtues of the system.
On the other hand, the outputs of the system consist in their majority of data sets provided
thought-out the implementation of the algorithmic
process in evenly distributed time periods, in favor
of a more comprehensive evaluation. Stills of the
running algorithm and text formatted sets, recording the various elements of the scheme at incremental intervals, are supportive to the main product of
the system, which is comprised to dxf and stl exports of the fibrous design.

Data driven design
The algorithm implements a swarm intelligence
dynamically defined routine based on the flocking boids procedural model by Craig Reynolds [2],
followed by the numerically defined variables of
alignment, cohesion and separation that characterize the population of the flocking agents. This fibre
producing system performs on a basis of two adaptation factors, each of which is addressing a different
weighted effect to the final outcome. The primary
adaptation criterion is the principal stress value set
adopted as a vector-field, or more precisely as voxel
data field, derived by Finite Element Method analysis of the examined geometry using structural en-

gineering software such as Solidworks™ and Oasys
GSA™. A text file containing the principal stress data
is translated to modules of information within the
algorithm. Each module contains a numerical stress
value, a topological data set, and a vector in relation
to its neighboring modules-voxels. The FEM evaluation is performed using polymer as the material for
the study, providing at the same time that the structure is self-supported.
The second adaptation mechanism emerges
from the three-dimensional environment of the
program’s interface. This interface integrates a sun
system utility that operates by calculating the angle
by which sun rays collide to the geometry’s domain,
organizing a new data-field operating on a second
level of hierarchy following the initial FEM adaptation. This process arranges different porosity levels
on the overall geometry resulting in a plethora of
anisotropic material design configurations, thus can
be proved extremely useful in architectural design
cases. On the other hand it may lack functional and
conceptual reasoning in object-based studies. On
these grounds, each adaptation factor can perform
independently or in combination, with the stress
driven growth to occupy the first level of importance within the system.

Fibre generation
The fibre generating algorithm performs on a logic
that exploits the multi-agent system’s characteristics. Each agent member of the swarm population
navigates on the UV surface domain of the examFigure 3
Finite Element Analysis on
a free form surface and its
fibrous implementation.
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ined case study, interacting simultaneously with
other members of the population while informed
by the adaptation mechanisms. The seeds, the areas
where the fibre growth commences, are randomly
placed on the morphology while their quantity can
be redefined as the algorithm is running. In a simplified scenario, each fibre agent tries to navigate
through a larger number of high stress areas in the
data vector-field, while continuously trying to avoid
others where the second adaptation mechanism of
the porosity data field is operating, hence agents
tend not to approach areas with large porosity values. Each agent of the system is defined by a steering vector. When the agent is within the operating
area of a large stress value voxel of the field, another
vector with direction towards to the stress point
gets added to the steering vector, moving the agent
through this high stress zone. The added vector is
not however capable of keeping the agent on a constant looping course inside the stress area. In addition, while navigating inside this area, the steering
values of the agent members affected are instantly
altered. In particular, the alignment value increases
along with the cohesion, as the separation value

gets narrowed down to keep agents as close as possible, therefore achieving greater fibre densities.
Those values return back to the user defined ones
when the agent exits the field.
The sun position depended porosity layer of
adaptation runs on a similar methodology, by adding vectors towards or in reverse directions from the
high or low porosity areas. However in this case, the
initial steering values are not affected by any means.
Where sun rays are more direct the algorithm tends
to reinforce its structure while in other cases receiving oblique illumination, material is organized in a
diluted mode.
The methodology of re-orienting fibres in highly
stressed areas thus depositing more material is correlated to the Soft Kill Option (SKO) and is the same
technique that nature uses to advance growth (Mattheck 1998). However, it is this research’s intention
not to get attached to a specific methodology but to
advance in a combination of theories and optimization routines implemented and documented in this
context.

Figure 4
Schematic diagram of the
stress adapting fibre generating agents.
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Finally, the concluding element of the multi-agent
system is a constrain factor to prevent the overdesign of the structure. The algorithm iterates at the
previously documented state, generating a moderately large amount of fibres until a certain threshold
is met. This threshold is dependent on the geometry
examined and limits the number of fibres integrated
in the final material configuration according to the
fibre matrix ratio used in composites, provided via
an approximation of this equation (Ashby and Jones,
1986).

material design. Until the fibre limit is met the algorithm realizes to fibres only those multi-agent paths
that are routed through more than ten high stress
areas of the data field. This limitation could result
to a highly differentiated sum of fibres, that may or
may not, combine the fullest of the systems capacities. However, whilst the limit criterion is active, the
algorithm evaluates recursively each member of the
fibre population and assigns a double numerical
value to it. This number is provided by the following
fitness equation.

EcL = {Vf / Ef + (1-Vf )/Em}^(-1) (1)

Fitness=(∑_(i=0)^n{Spi*Dpi} )/((n+1) )*((k+1))/
(∑_(j=0)^k{Atj*Daj}) (2)

where Vf is the volume fraction of fibres, and Ef, Em
are Young’s modulus for fibres and matrixes in Gpa.

Evaluation Process
From the total number of fibers generated in the
algorithmic process only a few are converted into

where n is the number of stress vectors, k is the
number of porosity attractors, Sp is the stress value
of the vector, Dp is the distance of the fibre to the
stress vector, At is the value of the attractor and Da is
the distance from the attractor.
Figure 5
Explanatory snapshot of the
performing algorithm.
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Figure 6
Stills displaying the performing agents (dark colored) and
the constructed fibres (red
colored).

As the algorithm iterates, it deletes a single fibre
from the population and replaces it with another
from the ongoing operating fibre agents, which
must carry a fitness value larger than the population’s average. The system runs for 2400 iterations at
this mode until is terminated. By this methodology,
it achieves a steadily advancing and controlled performance optimization, resulting to the material optimization of the final design product. In this aspect,
the previously mentioned SKO methodology is reinforced by a selective process that categorizes fibres
not only by the necessity of lying in high stress areas
but by efficiency in combining the best achieved results.
A more reliable approach that has not yet been
realized in the context of this research is the implementation of a continuous F.E.M evaluation for the
fibre population, and via this feedback loop, to provide a sufficient termination criterion for the process.
This methodology relates to the Computer Aided
Optimization method where a biological shape is
consistent with the uniform stress axiom (Mattheck
1998). In other words, when the results of the analy-

sis indicate a uniform stress throughout the examined geometry the algorithm will terminate resulting to local optimal solutions.

TESTING AND RESULTS
The presented computational system is evaluated
through testing on ten different geometrical configurations, such as spherical cubes, knots and teapots,
in addition to variations by altering its user defined,
agent or contextual, parameters. The nature of the
data accumulated varies from, text files and vector
graphics images, to stereolithography models. Certain output elements have been rendered of great
importance during the experiments. The Average
Fibre Length (AFL) is a critical measure for the evaluation process. In most cases the AFL steadily converges to a certain value, providing the optimal fibre
length for the specific design case. However the topological configuration of the fibre matrix is unique
each time, due to the dynamic characteristics of the
swarm based multi-agent system.
The number of seeds affects greatly the overall
design. Smaller number of seeds suggests greater

Figure 7
Rendered stills of the teapot
geometry at different iterations of the algorithm.
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Figure 8
Charts displaying the Average
Fibre Length for different
geometries and number of
seeds.

AFL values and vice versa, being at the same time
highly depended on the morphology investigated.
Furthermore, the system converges faster into possible solutions when more seeds are defined, underlying the danger of a latent overdesign, which can’t
be controlled at this state. The multi-agent steering
values can also alter the design output. For instance
smaller separation value, provides highly routed fibers, thus for the purpose of this research these values were kept at a neutral level in all experiments.
Finally, the porosity data field has introduced differ-

ent transparency levels and highly anisotropic characteristics on the overall geometry, again with a vigilantly selected value data set to avoid overdesign at
certain areas.

AN ARCHITECTURAL CASE STUDY
An implementation in a large scale conceptual project consisting of a multi-story building development [3] is examined by the application of the generative process in a recursive fashion throughout
the design. The overall morphology of the building
Figure 9
Architectural design casestudy displaying a recursive
implementation of the
presented algorithm.
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was analyzed by the computational system providing the structural elements of the design, which
were then re-designed by the same algorithm in the
micro-scale level. The complex columnar elements
have been evaluated and addressed as a composite of a common used matrix, such as concrete, reinforced by the fibrous assembly. Although being
only an experimental implementation, the existence
of several integration possibilities that can be suggested in analogous contextual frameworks, is identified.

CONCLUSIONS
When considering material as design, the presented
system has been proved successful in terms of replicating material growth and arrangement while
achieving a stress adaptive character. It diverges
from the other accessible methodologies principally in regard to the implementation of the multiagent fibre mechanism, and its inherent capability
to evaluate multiple design scenarios, converging
to a local fittest. This process is primarily defined in
natural systems that initially grow the material and
then optimize it by re-deposition. The intrinsic incapacity of the system to provide global optima, similar to other optimization methods such as Genetic
Algorithms can be addressed as an advantage in
terms of design pluralism. Furthermore, the running
algorithm has been proved an interesting spectacle,
specifically during the evaluation process when the
replacement of fibres appears, converging to creative designs.
Finally, the experiments have indicated a significant amount of issues that have to be attended, with
primary aim, the implementation of a termination
criterion via a FEM analysis feedback loop, capable
of reinforcing the evaluative character of the algorithm and advance its optimization characteristics.
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Abstract. Computational design is apt to address all design problems in one model,
though these problems usually originated from distinct models. The method of
employing one model follows the problem-solving paradigm developed in the early
years of CAAD. The paper argues that employing multiple models in one generative
process is valid. Furthermore, it can be more productive than using single model. Two
experimental programs are implemented. They suggest that each model could work
without interrupting other models, thus multiple models can interplay in one design task.
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INTRODUCTION
This paper presents a generative design method
employing multiple models. In the field of CAAD,
early computational approaches to spatial planning
were based on single model of architecture - especially the grid(Armour 1963; Whitehead 1965; Seehof 1966) . It was widely believed that a minimal representation of the architecture is sufficient to carry
out design processes based on CAAD methodologies. By contrast, architects seldom employ a single
model in designs, especially for deconstructivism
architects. The motivation of the research is to see
how multiple models of architecture can interplay
in a meaningful way in a computational context. It
is clear that employing multiple models is promising
at solving problems since more models can address
more design problems. While, the critical question
is how different models make articulations respectively without interrupting the behaviour of other
models.
The two programs of the research are based
on the two basic generators of architecture: the

grid and the volume. The grid is a set of parallel/orthogonal axes which are helpful for organising the
positions and the orientations of various elements
of architecture. It seems that the model of grid is
mainly based on the view regarding the architecture
as an assemblage of physical components. While the
model of volume defines the extents of the spaces
of the architecture, therefore the volume model is
grounded on the assumption that the spaces are the
protagonist of the architecture. Rather than studying the two models respectively, the interplay between the two models in one design task is the main
focus of the research.
Though both models are well known to architects and theorists, employing them in designs
together brings a lot of complexities. If the gird
is coupled with the volume, i.e., the axes of the
grid are aligned with the boundaries of the volume, it is reasonable and sufficient to make one
model subject to the other. However, it is far from
necessary to start architectural design under this
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assumption. Once we decouple them, the differences between the two would highlight the
articulations of both systems since one would
server as the figure and the other the ground.
The research is partially inspired by Colin Rowe’s
(1947) celebrating paper “The mathematics of the
ideal villa”. The paper coined the so called “ABABA”
rhythm of the grid underlying both Le Corbusier’s
and Palladio’s villa plan. The proportion of grid is
2:1:2:1:2 in one direction, other direction has factors
of 1.5 and 2(1.5+0.5). It suggested that a similar grid
plays an essential role in both designs. However,
his paper might be misleading that the two plans
are dominated by the grid. Obviously, the model
of volume also plays a primary role in both designs:
Palladio’s villa employed a set of symmetrical vol-

umes while Le Corbusier used subtraction of volumes which refers to the concept of transparency in
Rowe’s (1963) anther paper.
It is seems that the grid and the volume in
both Malcontenta and Garches are well correlated,
however, some deconstructivism architects strive
to evoke the conflicts between the two models.
Resolving these conflicts leads to meaningful compositions. One important example is Eisenman’s
House III(Figure 2). Especially his diagrams explicitly illustrate the contrasts between the grid and the
volume, between a pair of grid/volume and another
pair. In a broader sense, deconstructivism architects
like Eisenman, Libeskind(2000) and Tshumi(1996)
have been searching methods for organizing multiple systems which have heterogeneous properties.
The model of grid or the model of volume could
be employed as a generative system for architecture.
A lot of approaches to spatial synthesis have employed either of them as the main model, for example Whitehead (1965) and Roseman(1996) chose the
grid model; Chouchoulas (2003) and Lehnerer(2010)
preferred the volume model. Nevertheless, few approaches have tried to use both models for design
in the field of CAAD or computational design. One
main reason for that is most researchers believed
dealing with one model is more feasible than using
multiple models even the relevant design problems
are originally addressed in different models. Despite
that, this program investigates how two models
addressing distinct problems could work together.
The conflicts between the two models are both a
challenge for problem solving and a opportunity
towards alternative solutions. Two scenarios (one
for program I the other for program II) are set up in
order to explore the possibilities of the interplay of
the grid and volume.

PROGRAM I
This program arranges rooms and functional units
(e.g. entrance hall, terrace, stair case) on a grid and
within a single cuboid volume. The grid adopts the
rhythm of the grid in Villa Stein (Rowe 1947). The
intervals of the grid repeat the rhythm of 4:2 (in me-
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Figure 1
Colin Rowe’s analytical diagrams of the grid of Palladio’s
Villa Malcontenat (top) and
Le Corbusier’s Villa Garches
(bottom).

Figure 2
Eisenman’s House III, from
http://wwww.deax.it/sei/
images/stories/sezion/B2/
B2-2b.jpg

Figure 3
The grid is in red, the cuboid
volume in black. Several functional units are placed on the
grid and within the volume.
The unoccupied parts of the
volume are for the rooms (besides the functional units).

ter) in one direction and 1:3:3:3 in another direction.
The dimension of the cuboid volume varies within
certain range. The volume is divided into several
layers by a fixed interval (equal to the height of the
floor). These layers of volumes are further subdivided into smaller volumes by the underlying grid.
Since the gird is not aligned with the cuboid volume, each subdivided volume is either a cuboid or
a more complicated volume resulted from cutting
a cuboid by the grid (Figure 3). The functional units
occupy the subdivided volumes(one unit could occupy many units), as a result, the boundaries of
the units are aligned with the gird and all units are
within the original cuboid volume. It is obvious that
the shapes of the units and the relations between
the units become more complex by decoupling the
well coupled grid-volume. The program defines four
functional units: an entrance hall (two-layer high), a
stair case, a conference room(two-layer high) and a
terrace. They are randomly generated with certain
constraints, for example, the entrance hall are located on the first layer and must to be directly accessible from outside of the volume.

An optimization process improves the composition
of the functional units. The criteria include:
1. The position and the orientation of the stair case
should facilitate the circulation, thus:
•
The stair case should not be blocked by other
functional units
•
The stair case should connect the entrance hall
directly.
•
Suppose there is a straight corridor starting
from the stair case, it should not be interrupted
by the functional units.
•
The position of the stair case should be proper
in the plan(the details refers to the term e and
3
e in the cost function).
4
2. Avoid collisions between the functional units.
According to these considerations, the cost (error)
function of any composition is a weighted sum of
these terms:
•
e : number of collision
0
•
e : 1(if the stair case directly connects the en1
trance hall) or 0(if not).
•
e : the number of units which block the stair
2
case.
•
e : refers to the area of the region which is be3
hind the staircase (this region is relatively difficult to access from the stair case ).
•
e : refers to the ratio between the area of the
4
region on left side of the staircase and that on
the right side. (a significant difference indicates
one of the two regions is far away from the
staircase)
•
e : the number of units which interrupt the
5
straight corridor.
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A simple “generate and test” algorithm is found to be
sufficient for minimising the error. In every iteration,
a new composition is generated based on the current one (by changing the current one sightly). The
process adopts a new composition if it has smaller
error, otherwise the new one is abandoned. Under
most circumstances, a satisfying solution could be
found after hundreds of iterations.
The program is implemented in Java. The solutions generated by the grogram have a wider range
of patterns in composition. To construct a more detailed 3-d model for each solution, a set of additional
rules are made for generating the facade according
to the underlying units, e.g., the entrance hall has
big openings on the facade. As a result, the patterns
in facades are able to reflect the rhythm of the hidden grid. In the same time, the 3-d model indicates
the single cuboid volume.

PROGRAM II
Comparing with the preceding program employing
one grid and one volume, program II uses a pair of

grids and a pair of volumes. Although playing with
multiple volumes is a traditional design method, it
hasn’t become a dominant theme in composition
until deconstructivism architects developed this
method to a new level after 1960s (e.g, House III
by Eisenman, Royal Ontrio Museum by Libeskind).
Roughly speaking, the volumes are subject to the
overall composition in traditional design method,
while the volumes interact with each other by playing their own roles. Playing multiple grids is also not
common in traditional method, however, deconstructivism architects have shown its great potential
(e.g. Eisenman’s diagrams).
This program commences with two groups
of generators, each group consists of a grid and a
volume which are twisted with each other. Inside
each group, the floors are generated on the grid
(the boundary of the floor is aligned with the grid)
and within the volume (Figure 7). However, there is
a complicated situation that the floors generated in
one group may penetrate the volume of the other
group, then the penetrating floor will be cut by the
Figure 4
Optimization on composition.
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Figure 5
one solution with four floors.

Figure 6
The floor plans of the solution
in Figure 5.

Figure 7
top: two groups of generators,
each group has one grid(in
red) and one volume(in black).
bottom: the floors are generated on the grid and within
the volume.

other group if it interrupts the floors in the other
group (otherwise the penetrating floor keeps still).
The grid in each group has one row and three columns, the middle column is for arranging staircases
and other two are for the floors(Figure 7, bottom).
An optimization process arranges the positions
of the floors (in vertical direction) to make the total
area of the floors maximum and to give each floor
a proper height. Since the floors are associated with
the twisted grid and volume, a rule-based method
for such purpose is not available. Thus an optimization process starting from random initialisation
is more reasonable in this situation. Besides, such
process is better at generating alternative solutions
than rule-based method.
Both “generate and test” and simulated annealing have been tested for optimization. The convergence speeds of the two are similar in this program,
both takes hundreds to one thousand iterations to
get satisfying results. The solutions generated by
the process fulfil the predefined goals: maximising
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the total area and maintaining proper floor heights.
Furthermore, the solutions exhibit certain complexity, e.g., some floors get complex shapes and some
floors overlay with each other in x-y plane but keep
a proper distance in z direction(Figure 8). These
interesting outcomes are associated with the decoupled grid and volume. In other words, both the
model of grid and the model of volume make definite articulations in the final compositions without
interrupting the other.

CONCLUSION
The model of grid and the model of volume could
play distinct roles in the generation of the architecture. To put it differently, the two models interplay
in one stage. It is obvious in the two programs that
most elements of final 3-d models are closely associated with both the grid and the volume, i.e., they
are articulated by the two models simultaneously. It
implies that employing two models in architecture

is valid when each model is not subject to the other.
Moreover, both of them can make clear articulations in the final composition. From a viewpoint of
computational design, the results of two programs
suggest that the co-existence of two models in one
generative process is feasible. One model would
possibly interfere rather than interrupt the action
of the other model, In other words, it leads to an
interaction between them. From a viewpoint of architectural design, the interplay of multiple models
have special significances, as Venturi (1966) put it: ‘A
valid architecture evokes many levels of meaning and
combinations of focus: its space and its elements become readable and workable in several ways at once.’
Employing more than one model is an important
way for evoking such kind of multiple readings. If we
regard reading as a process of perceiving underlying
models from the final articulations, then the generative processes proposed by this paper is to make
clear articulations from multiple models.
Figure 8
The optimization process
maximizes the total area of
floors and maintains proper
floor heights.
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Figure 9
The rendering of one solution.
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Abstract. The general thematic of our work tackles the question of the generative design
tool efficiency to stimulate a creative architectural conception in the context of sustainable
development. We focus our point of view on the conceptual research phases. We would
like to characterise the human creative mechanisms in a situation of generative assistance
where digital tool reveals some degree of autonomy and incorporates environmental
constraints. Thus, we implement an evolutionary design tool in which energetic
performances of the analogon are used in order to orient the evolution. Our tool is based
on an interactive genetic algorithm that ensures both a broad exploration of the solutions
space and the subjective user preferences accounting. Users groups were confronted
to the tool in a conception situation and creativity was evaluated and characterized.
Keywords. Interactive genetic algorithm; evolutionary design; creativity; environmental
parameters.

INTRODUCTION
The general thematic of our work tackles the question of the generative design tool efficiency to stimulate a creative architectural conception in the context of sustainable development. We focus our point
of view on the conceptual research phases. These
moments of conception reveal an important creative dimension and their digital instrumentations
have been reviewed since a few years. We would like
to characterise the human creative mechanisms in a
situation of generative assistance where digital tool
reveals some degree of autonomy and incorporates
environmental constraints. Thus, we implement an
evolutionary design tool in which energetic performances of the analogon are used in order to orient
the evolution. We mark the emergent situation in
which the designer is becoming a meta-designer,
describing the conditions of behaviour more than
the final shape. Moreover, chance plays an active
role during the generative and evolutionary pro-

cesses, and we speak about a generative algorithmic
hazard in order to characterise this phenomenon
that must stimulate an inventor’s interpretation. This
paper will first present the interactive genetic algorithm that we have implemented and particularly
the human-machine interface functionalities, and
second, the results of our experiments regarding
creativity mechanisms at work.

EVOLUTIONARY DESIGN TOOLS
Evolutionary algorithms are various; there are generally genetic algorithms, evolution strategies, evolutionary programming and genetic programming.
The genetic algorithm is probably the best known
of all evolutionary search algorithms. These algorithms are part of the computing intelligence family
and they are traditionally used to solve optimisation
problems. They offer two advantages: on the one
hand, their application flexibility and on the other
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hand their robustness to address difficult problem
with local optimums.
Starting from J. Holland in 1975, in order to explain the adaptive processes of natural systems and
to design artificial systems based upon these natural systems, there are several examples of the use of
genetic algorithms in the field of architecture. The
works of John Frazer, Peter Bentley (Bentley 1999),
and Paul Coates represent the first experiments in
the area. During these last years we note a continual interest for the use of these algorithms and today
we can expect a maturation of the technology. For
example, Hemberg (Hemberg et al. 2007) searches
to stimulate the creativity with a surface generator;
Caldas (Caldas 2005) optimizes housing composition; Besserud (Besserud and Cotten 2008) distorts
building envelope; Dillenburger (Dillenburger and
al. 2009) synthesizes building and Turrin (Turrin et al.
2010) optimizes a solar roof.
Evolutionary algorithms have been traditionally used to solve optimisation problems. In addition,
they can be used as a design aid. The evolutionary
approach is a generate and test approach which fits
the procedures for design synthesis and evaluation
in the design process. The characteristics of the approach are:
•
A pool or a population of design solutions is
used rather than a single solution.
•
Individuals are selected according to their adjustment to the fitness functions.
•
New solutions are generated through mutation
and crossover of previous elite.
•
In addition, these design evolutions can be
used as an aid in stimulating the designer’s
creativity.

INTERACTIVE GENETIC ALGORITHM
In case we cannot define precisely what we want to
optimise, it is necessary to develop specific strategies. In the situation in which the evaluation is not
measurable with the help of a mathematical function, for example the notion of satisfaction or aesthetic qualities, it’s possible to convoke the human
interaction in the evolutionary loop. This result is the
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implementation of an interactive evolutionary algorithm. If the first experiments were concerned by
artistic or music creations, many studies nowadays
evolve subjective judgments in various domains of
application (Bentley and Corne 2001).
That does not prevent us from difficulties and
limits. Considerations on the user’s fatigability, a
too wide number of repetitive interactions, an impossibility for a human to consider an important
population or the user’s boring are all contributing
to invent intelligent modalities of interaction and
ergonomic interface. The usual techniques aim to
decrease the population size, as well as the number
of generations; they intend to automatically select
the solutions in function of previous user’s choices,
to decrease the complexity of the genotype in order
to preserve live interaction. Moreover, in the case of
a multi-objective approach, it is difficult to introduce
a human interaction. It is often difficult to identify
the criteria to which the user wants to give a priority.
However, in a situation of conception, the designer
must be able to evaluate the consequences of his
choices and selections. Two algorithmic modalities
are usually proposed here: the first is the possibility to control the mutation rate and the second is
an approach by a “cumulative selection” which is a
genes prioritisation (Romero and Machado 2007). In
addition, a special attention is given to the interface
ergonomic principles.

THE NOTION OF CREATIVITY
The creativity is the capacity to produce, simultaneously, something new and suited to the context. The
production is called new depending on its originality and its unexpected characteristics, but it must
be also adapted to the situation and it must satisfy
several contextual constraints. The notion of novelty
is relative. Boden (Boden 2003) proposed to separate the “psychological creativity” (personal creativity) from the “historical creativity” (function of the
production already done). The intuition, the cultural
and the educational background play an important
role in the creative process and the mental activities
at work represent a combination of rationality, intui-

tion and creativity (Candy and Edmonds 1999). Exploration, generation and evaluation compose three
main activities of the creative process. The creative
solution emerges from analogy, metaphor, selective
comparison, selective combination or multiple generations of possibilities (Bonnardel 2009). The conative factors (style, personality, motivation) and the
emotional factors can complete the model (Lubart
and al. 2003). The designer’s sagacity and his interpretative glance participate in the perception of anticipated qualities of the solutions.

CASE STUDY: EC-CO-GEN-L TOOL
DESCRIPTION
Our case study is based on the implementation of an
interactive genetic algorithm. We have seen that the
general theme of our work focuses on the generative capacity of digital devices to stimulate a creative
architectural design in the context of sustainable
development. The tool will assist the architect in
his design process, and will allow the identification
of eco-efficient solutions in a specified context, in
terms of climate, urban integration and programmatic needs, without stifling creativity and allowing
the emergence of creative and unexpected solutions. Thus the tool must facilitate access to a rational understanding, knowledge objectified in terms of
performance evaluation, while allowing for subjective interpretation and individual choices based on
the tacit knowledge of each architect.
We use environmental constraints to orient the
evolution, our own energetic simulation engine
makes the individual evaluation; a morphogenetic
engine is defined and based on the coagulation of
individual entities called voxels; a machine-human
interface allows an interaction between the systems and the architect. The designer has the ability
to orient the evolution in function of subjective or
aesthetic interpretations; he can make choices while
acknowledging the performance behaviour of the
solution.

Morphogenetic engine
In the latter case, the parametric model of the gen-

erated analogon is determined. The designer focuses his activity on his interaction with the evolutionary loop. The specificity of this solution relies on the
integration of an interactive genetic algorithm.
The morphological model used is based on an
agglomeration of elementary units, called “voxel”
(volumetric pixels), whose geometry is currently reduced to a parallelepiped of fixed size. These “voxels” take place in a three-dimensional matrix space
and represent spatial units. The matrix limits are
defined by the initial plot shape and constraints by
legal urban regulation, both in the plan definition,
in the maximum height and in its urban alignment.
The faces of the voxel have a material specification,
in terms of insulation and opacity. They receive solar
energy and contribute to heat exchange. Each “voxel” is also associated with programmatic functions.
The generative stochastic process fills the matrix
space with either an active “voxel” or a void cell.
The input data consist of the geometric description of the plot, the urban environment and their
geolocation. An objective of constructed area is also
defined for each programmatic function.

Evaluation engine
The evaluation engine combines three fitness functions: the compactness of the building, the shadows
evaluation on the urban environment and the thermal performance evaluation (figure 1). The shadows
evaluation on the built environment is calculated by
ray tracing on a matrix of dots arranged on the urban context façades. Six solar positions are selected,
and the average shade during the period is determined. The shading must be minimized. The calculation of heat balance is based on the simplified
model of Unified Day Degree method. This allows
an approximation of the heat balance of the building envelope, specifically for winter comfort. It takes
into account the glass surfaces and free solar heat
contribution, function of the project localisation,
and losses in transmission, function of the envelope
thermal resistance, for which the coefficient is fixed.
The gap of living space available, from the surface
target, specified in the initialization process, should
be minimized.
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Figure 1
Phenotype representation
used for the performance
evaluations.

Interactive genetic algorithm
One of the project specificity is based on the integration of an interactive genetic algorithm (IGA).
This allows the designer to interact with the evolutionary loop. He can drive and orient the evolution
according to its own subjective interpretation of
the aesthetic qualities of the analogon. The integration of a human interaction in the loop evaluation
can introduce a tacit knowledge in the selection
constraints. However, this interaction encounters a
number of limitations: slow process associated with
the time of awareness, population size limitation,
simplified evaluation required in order to maintain a
real-time interaction, weary of the designer in front
of a wide number of generations. Our proposal incorporates a dual mode of genetic evolution: the
automatic generation selection process that can
remain independent or be interrupted by a human
interaction. Then the designer has the possibility of
privileging individuals and orienting the evolution
trajectory in a chosen direction.
A “gene class” represents the genome description; it is composed of the voxel status and its cor-
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responding index inside the matrix space. The status could be active, associated to a programmatic
function or forbidden in function of the legal urban
regulations. A “chromosome class” describes an individual; it is composed of the “gene class” and the fitness table associated. Starting from the “gene class”,
the “evaluation engine” builds the corresponding 3D
model and makes evaluation based on this phenotype representation (Figure 1). Three different populations are preserved during the whole process:
the current population, the total population from
the first generation and the Pareto population. The
Pareto front is evaluated by a single fitness function
merging randomly the three independent objectives (Jaszkiewicz 2002). In order to simultaneously
promote diversity and fitness within the population,
we use the ACROMUSE method (Mc Ginley and al.
2011). It allows adapting crossover, mutation and selection rates in function of two population diversity
measures. A Standard Population Diversity (SPD) is
calculated, this index is variable and drives the crossover and mutation rates. Meanwhile the Health

Figure 2
Machine-Human Interface.

Population Diversity (HPD) combines fitness and
genomic diversity in order to modify the selection
pressure, this ensures both the population diversity
and the high performance solutions. A pheromone
is used as a mark and associated to the pool of individuals selected; this pheromone could evaporate in
order to reflect the recent user choices or could be
fixed for a specified number of generations.

Machine-Human Interface
The Machine-Human Interface is organised by two
screens. The main one allows the elite population
visualisation, the second one zooms in the phenotype representation. The first screen is divided in
three main parts (Figure 2): the current elites population, the selected individuals collection and the
algorithm preferences composed by the evaluation
parameters and the constraints values. The zoom
window presents the phenotype representation integrated inside the urban context; it is possible to
manipulate the 3D model in rotation and to display
the performance outline (Figure 3). These two kinds
of information allow both a subjective interpretation

and an access to an objective knowledge, the relative and the absolute performance of the analogon.
The architect has the possibility to select one or
more individuals and to keep them available for subsequent manipulations. These selected individuals
constitute a collection. At any time during the process, the architect can export them or inject them
inside the evolutionary loop in order to redirect the
optimization, to rebalance the Pareto front by favouring these new entering.

Originality of the solution
This tool reveals a double originality. On the one
hand, at the Human-Machine Interface level, it offers the display of a population of privileged elites,
but a gene pool is kept and stored in a larger population of individuals. A multi-generational process
between each iteration and human interaction is
integrated; it speeds up the convergence process
and reduces user’s weary. On the other hand, at the
genetic algorithm level, a mechanism for persistence of user choice is integrated and can take into
account both subjective and objective evaluations.
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Figure 3
Zoom window.

Both the Jaszkiewicz’s MOGLS adaptation and some
gene pheromones are used to bias the fitness relative proportions and the crossover process in order
to reflect the user’s preferences during the run of the
algorithm. Moreover, adjusting the algorithm to provide diversified solutions while taking into account
the choices and selections of designer is solved by
the use of an adaptive crossover and mutation rate,
based on the ACROMUSE method.

CREATIVITY EVALUATION
Experimental protocol description
In our experiment we mobilized two groups of two
students, who realized two sketches of an architectural project. The program, the site and the performance objectives were given and the students had

324 | eCAADe 30 - Volume 1 - Generative Design

three hours of working time in order to produce
characteristic draws, façades and perspective views
of their project. They were not limited in their tools
and supports and they could use any software starting from Ec-Co-Gen tool.
Three cameras captured students’ activities and
all drafts, diagrams and schemas produced were collected at the end of the session: they constitute the
marks of the design activity and represent a series of
intermediate objects of mediation. A questionnaire
was proposed at the end of the exercise and a post
session interview was organized in order to revert to
the feeling of the students, to collect propositions
and to identify limits and constraints. The objective
is to observe in which proportions the tool supports
the creative activity and how it becomes resources
for decisions.

Creativity characterization

First results and comments

Starting from the data collected, we aim to characterise the creativity mechanisms involved during this
generative design process. Four dimensions structure our analysis. First, the originality degree of the
solution proposed. It is based on the analysis of the
difference between the distinctive features of a reference solution and those of the solution proposed.
A qualitative critic conducted by the experts could
complete it. Second, the creativity mobilised during the design process is measured with the help of
fluidity and flexibility concepts coming from the divergent thinking method. The fluidity represents the
number of ideas generated; the flexibility represents
the number of ideas categories. Third, the creative
cognitive activity is identified with the help of all
kinds of marks we have collected: the draws, the gestures and the dialogues between the designers are
taken into account. Fourth, the way of appropriation,
the use of the tool and the designers’ recommendations mark the tool potentialities and improvement.

The data reduction is still under process but first
results and comments could be proposed. Concerning the degree of originality, it seems that the students take into account the environmental factors,
they are parameters of the generative engine. They
clearly become explicit constraints and mediation
support. The suggested solutions respect the initial
constraints of the brief and present an important
degree of definition in relation with the duration of
the exercise. The sketches offer many opportunities
and combine architectural principles in an integrative proposition, the projects can be considered as
original. The figure 4 shows an example of students’
sketch, starting from the digital model exported
from Ec-Co-Gen-L, the students decided to draw by
hand an annotated view.
Concerning the divergent thinking measure, it’s
difficult to evaluate the activity flexibility but it is
easier to quantify the fluidity. During two-thirds of
the time, the students explore the solution space by

Figure 4
Example of students’ sketch.
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generating solutions. The two groups of designers
made fifty and sixty-five generations and respectively six and four preferential solutions were kept.
If we crosscheck these elements with the verbs,
gestures and diagrams produced, it clearly appears
that the tool is used as a support of the exploration
activity. It allows the understanding of the interactions; the students try to understand the global performance in regard with the site conditions. Moreover, the tool is used as a generator of ideas that
allows selective combination, selective comparison,
analogy and multiple generations. The solutions
generated become the support of the collaboration
between the two designers and they stimulate the
ideas exchanges and convergence.
The tool is relatively simple to use and one
group has hijacked the software by combining two
generated solutions in a final project. Numerous remarks were made concerning ergonomic features
and new functionalities needs.
The main limits concern the global understanding of, on the one hand, the link between performance and form, and on the other hand, the position of the solution inside the solution space, that
is to say the representation of the solutions populations global behaviour. Our initial intention was to
propose a phylogenetic visualization of the generated solutions, but we failed in this direction. Another hypothesis could be to visualise the epigenetic
landscape. Its behaviour during generations and the
position of the elites population could give a global
view of the state space allowing the designer to appreciate this multiplicity.

CONCLUSION
In this article we have presented the Ec-Co-Gen-L
tool, its components and functionalities. We have
marked the double originality of this interactive
genetic algorithm, the one based on the limited
number of elites displayed while a broader number
is kept in order to ensure diversity, the second that
allows the persistence of user’s choices during the
generations and the selection operations.
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We have described the experimental protocol we
used in order to evaluate the quality of our tool to
stimulate and support creativity. We have characterised the creativity mechanisms operating during a generative instrumented design and we have
particularly identified the necessity of building the
epigenetic landscape visualization.
Finally, we mark the fact that the quality of the
solutions generated are associated with the critical
distance taken by the designer during his conception activity. Thus, if the tool facilitates the ideas
convergence and helps reasoned decision-making,
it must participate in the construction of dissensions
that must stimulate and allow combinations, comparisons and confrontations.
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Abstract. The purpose of Emergent-Reefs is to establish, through computational
design strategies and machine-based fabrication, seamless relationships between three
different aspects of the architectural process: generation, simulation and construction,
with the intent of exploiting the expressive and tectonic potential of D-Shape technology
for underwater reef formations as a design response to coastal erosion. Starting from
a digital simulation of a synthetic local ecosystem, a generative technique based on
multi-agent systems and reaction-diffusion (through continuous cellular automata - CCA)
is implemented in a voxel field at several scales. Discrete voxel space eases the simulation
of complex systems and processes (including CFD simulations) via CCA algorithms,
which then can be translated directly to the physical production system, which in case
of addtive technology can be specified as guided growth.				
Keywords. Reaction-diffusion; Reefs; Multi-agent Systems; Open Source; D-Shape.

INTRODUCTION
Coastal erosion is a process that, if uncontrasted,
over time leads to sea bed desertification and waterfront thinning, thus involving both sub-marine
environment and tourism activity. Italian shores are
a typical example: the intensified quantity of tourists in the last decades while giving propulsion to
the economy at the same time increased the seabed smoothing caused by tourists, thus easing the
action of progressive erosion. Instead of focusing
on the solution of the specific problem through
existing models and approaches, the intent of this
project is to address the issue of a positive environmental transformation through the generation
and construction of marine reefs shaped to host
an underwater sculpture gallery while at the same
time providing the material and spatial preconditions for the development of marine biodiversity
on the transformed sea-bed. Tourism becomes a
part of the ecosystem; the generation of evolved
functional programs, morphogenetic strategies

and production technologies are considered efficiently connected nodes of a coherent yet differentiated network. Starting from a digital simulation of
a synthetic local ecosystem, a generative technique
based on multi-agent systems and continuous cellular automata (put into practice from the theoretical premises in Alan Turing’s paper “The Chemical
Basis of Morphogenesis” through reaction-diffusion
simulation) is implemented in a voxel field at several
scales giving the project a twofold quality: the implementation of reaction diffusion generative strategy within a non-isotropic 3-dimensional field and
seamless integration with the fabrication system.

D-SHAPE
The entire project was developed with D-shape fabrication technology in mind [1]. Developed by Eng.
Enrico Dini, who patented the technology that solidifies sand through liquid infiltration and built a large
scale 3D-printing machine, it extends and scales up
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the more common 3D-printing process; D-shape
uses the same additive tomographic layering strategy, with sequential layers of dolomitic sand upon
which a row of nozzles drop a patented binder liquid
only in the corresponding section points. The invention was co-opted from its initial purpose (printing
houses) into many different applications, mostly in
the field of art (sculptures) and, more recently, marine barriers. Since objects to be produced can have
a very heterogeneous generation history, a 3D voxel
grid is used to rationalize them to the process and
resolution of the machine; this step is not only necessary, it is the principle that links digital processes
to the materiality. Nonetheless it is applied in an
extensive way: two different models of rationality are overlaid with a brute-force method, but one
lacks geometry generation and the other misses
the link to material production. As a consequence
of this double gap and since the resolution achievable at the moment is quite coarse (in z direction the
layer thickness is 5-10 mm and the liquid expansion
causes a slightly larger horizontal xy resolution), the
emerging pattern is mostly treated as an imperfection and sanded, considering the slick look of the
digital model as a finalized result to tend to.
Starting from these assumptions and in the intent of exploiting the expressive and tectonic potential of D-Shape technology, the project explores
voxel-based generative strategies. Working with
a discrete lattice eases the simulation of complex
systems and processes (including non-linear simulations such as Computational Fluid-Dynamics) starting from local interactions using e. g. algorithms
based on continuous cellular automata, which then
can be translated directly to the physical production system. The purpose of Emergent-Reefs is to
establish, through computational design tools and
strategies and machine-based fabrication, seamless
relationships between three different aspects of the
architectural process: generation, simulation and
construction, which in the case of D-Shape technology can be specified as guided growth.
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ATTRACTORS
The idea of an underwater exhibition architecture
suggests a general layout articulated as a cluster of
heterogeneous and connected halls. Such spatial
distribution pattern is typical of a peculiar marine
environment, the atoll. In order to generate a similar
distribution pattern a strategy based on the interaction with a 3D data field (provided by the simulation
of underwater currents) and attractors is implemented: in Complex Adaptive Systems, attractors
are points in the space of possible configurations
of a system (phase space) representing stable configurations, wether static or dynamic, towards which
the system tends, generating stable, oscillating or
propagative behaviors [2]. Attractors here represent
the halls as stable configurations and let the system
work to generate the intermediate states between
them.
A software tool was developed in Processing
to control the influence of a set of attractor points
(using position and intensity as parameters) on density fields. Two different classes of attractors were
defined (positive and negative), based on magnetic
field laws, moving in a two-dimensional domain.
The voxel size (and so local density) is linked to position and intensity of each attractor following an inverse square law:

				(1)
ϕA=Σ±Pi/Ri2
where ϕA is the density at a specified point A,
Pi is the charge intensity of the ith attractor, and
Ri is the point-attractor distance. The density function influences the height of reefs that can eventually emerge above the water surface. However, it is
necessary to introduce a special cut-off condition for
higher values in order to achieve the crater-like configuration of the halls system:

If ϕA>1: ϕA=1-(ϕA–1)
			

(2)

Working coherently within the voxel grid, a CFD simulation of the underwater currents was implemented (with the help of eng. Diego Angeli, researcher
within the Mimesis group at the Faculty of Engineering, University of Modena) through OpenFOAM®
(open-source software for CFD analysis) in order to
create a data permeated space. The speed vectors
data calculated in OpenFOAM is read into Processing via a custom written plug-in; attractors cause
directional vector-field convergence and inverse
square vector intensity falloff. This alteration differs
from a purely responsive behavior in which a systems reacts to an existing simulated data field: it is
already a proactive operation in order to anticipate
effects. It is crucial, however, to coherently define
the process of attractors generation and placement.

THE ECOSYSTEM
The adopted morphogenetic strategy for attractors
consisted of a virtual ecosystem: while interacting
with an underwater environment and simulating

distribution patterns, it is possible to stumble upon
inefficient configurations with low or undesired capacity of nutrients distribution.
It is therefore necessary to develop a morphogenetic strategy which, starting from the vector field,
is able to generate global configurations that are
coherent with currents behavior from simple internal local relations. This bottom-up strategy searches
global system coherence as an emergent property
of agents mutual interactions in the ecosystem or,
in other words, as the moment in which the global
system reaches and maintains homeostasis. In order
to assess the nutrients distribution capacity of the
system over time, a transportation algorithm was
adopted, with the ability to visualize concentration
patterns according to vectors direction. In relation
to this environmental property two different classes
of interacting agents (A type and B type) are moving in the defined domain interacting among each
other via a stigmergy-based relationship. The interaction between the two species occurs through
information released in the environment: nutrients
released by B type agents are stored in the voxel
cell corresponding to the agent position and sub-

Figure 1
The Synthetic Ecosystem.
Screenshot from Processing.
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sequently transported through the fluid following
the currents (vector field directions). B type agents
are able to detect nutrients concentration and move
looking for higher concentration areas. This evaluation is achieved through the analysis of neighbors
cell that return the gradient of density function.

vD=cs·∇D=∂f/∂x·i+∂f/∂y·j
				(3)
where vD is the movement vector related to
density function D, and cs is a sensitivity coefficient
for nutrients. A positive feedback is enacted: every
agent enforces the strongest nutrient paths. In addition to this stigmergic behavior each agent interacts with neighbors of the same kind through the
basic flocking rules identified by Craig Reynolds:
cohesion, separation and alignment. “A” type agents
class is subdivided in two subclasses determined by
the sign of cs and correspondingly different behaviors: A- (generative) and A+ (dissipative). A- agents
search for areas where nutrients concentration is
minimum and generate a magnetic-like field (such
as those described previously, with inverse-square
distance propagation rule) that varies in extension
an magnitude according to number and charge of
clustering agents, while A+ subclass agents search
for areas where nutrients concentration is maximum
and can dissipate magnetic field tending to revert
the environment to its unaltered state. The usual
cohesion and separation rules control density and
spatial distribution according to each agent charge
intensity. Both subclasses maintain a stigmergic behavior with nutrients spread by B type agents. Each
A subclass can switch type (A+ to A- or the other
way around) if the nutrient concentration goes (respectively) above or below two limit thresholds that
define a “comfort zone” for the agents. Charge intensity of each A type agent represents then both a sort
of “health level” and the ability to generate (for A-) or
dissipate (for A+) the aforementioned magnetic-like
field.
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The simulation can be manually stopped when the
ecosystem reaches a stable condition; in this case
visual assessment is faster than and (for the required
accuracy) as effective as coding a stopping condition; not to mention that such implementation,
since it requires testing all agents in the system at
each step, would have considerably slowed down
the whole simulation. While the simulation is running it’s also possible to interactively tweak different
parameters and alter or switch the agents’ charges.
During some of the simulations, when the density
of A- agents in low-concentration areas reached a
critical point, closest packing behavior appeared
although there is no specific coded implementation
of it.

REACTION-DIFFUSION
The previous step provides an efficient strategy
based on bottom up processes for the generation
and spatial deployment of the fields governing the
reefs morphogenesis; the morphogenetic process itself is then developed through the implementation
of a differentiation process that progressively separates void (passage) areas from those occupied by
the material. In order to keep integral and coherent
with the field generation and fabrication logic the
exploration of cellular automata algorithms, focusing
in particular on reaction-diffusion for its properties
of condition-based differentiation and articulation in
space, seemed an almost natural choice. As hypothesized by Alan Turing (1952) in “The Chemical Basis
of Morphogenesis” such algorithms are the basis of
morphogenetic differentiation, and can be simulated
through a system of two interacting chemical substances, called morphogens, reacting together and
diffusing in space or on a surface. The reaction-diffusion process was implemented using Continuous
Cellular Automata algorithms over a 3D voxel grid,
the same underlying structure that allows a seamless
transition through all the steps of the overall process,
from analysis to fabrication. Every voxel cell interacts
only with its 26 adjacent neighbors. In the case of a
simple isotropic pattern, whose behavior is the same
in any direction, it is sufficient to consider the 6 main

Figure 2
Examples of different fields
configurations emerging
from variations in the agents
behavior.

Figure 3
Algorithm steps relationship
diagram.
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Figure 4
Pattern formation samples.
Reaction-diffusion behavior
changes according to density
field and vector field maps.

neighbors. The remaining 20 cells, with only an edge
or a vertex in common, are used in order to implement anisotropic diffusion. Diffusion simulation is
solved through a model based on the law postulated by Adolf Fick, which predicts how diffusion itself
affects the variation of concentration over time:

∂ϕ/∂t = D·∇2ϕ
				(4)
where ϕ is the concentration as [(amount of
substances)·L-3], t is time [T], D is the diffusion coefficient as [L2·T-1]. The general reaction-diffusion
process simulation is based on the Gray-Scott algorithm, applied implementing the equations that,
extending Fick’s law, express both reaction and diffusion phenomena:
			
∂u/∂t=Du·∇2u-u·v2+F·(1–u)

(5)

∂v/∂t=Dv·∇2v+u·v2-(F+k)·v
				(6)
334 | eCAADe 30 - Volume 1 - Generative Design

where ∂u/∂t=Du·∇2u and ∂v/∂t=Dv·∇2v represent Fick’s second law of diffusion: Du and Dv are
the diffusion coefficients of morphogens u and v respectively, with Dv < Du. Through these equations
the fields obtained in the previous step are associated with different properties of the two morphogens: the vector-field affects the preferred diffusion
direction of morphogen v while the density field affects the variation of parameter k for reaction. The
term density is referred to the rate of material-filled
volume compared to the overall simulation volume.
Pattern formation and direction are thus controllable by tweaking the Gray-Scott parameters which
act on the outputs of the simulated ecosystem, coherently exploring variation at the present system
scale.

LAYOUT PATTERN
The importance of anisotropy in patterns distribution arises from several necessities: avoid reef overturning, coordinate scuba divers trajectories and
underwater currents with the reef formation itself in
order to minimize human-reef collision chances (as
cross-directed currents would push divers against
the reefs) and provide a distribution system of “cor-

Figure 5
Exemples of layouts generated with different ecosystem
settings.

ridors” connecting the halls. To achieve this, reefs
and empty spaces are associated to the distributionfields of the morphogen v and u respectively: the
result is a cluster of halls surrounded by walls and
paths aligned with underwater current vectors in
order to reduce at once the reef’s overturning effect
and the risk of scuba drivers being pushed against
the generated walls. Through the reaction-diffusion
algorithm simulation a wide range of possible patterns emerge, associated to particular behavioral
rules of the agents-systems. Here are some examples of different system behaviors with their related
distributions of underwater clustered halls.
By tweaking the simulation parameters it is possible to explore behavior variations within the system domain, achieving a gradient of possible distributions according to project requirements.

FRACTAL IMPLEMENTATION
The issue of dealing with the integration with biological marine biodiversity and provide the material substrate for its future development was not
addressed by tweaking the system for a particular
requirement of a single specie (or a limited group
of ), rather the intent is to produce a broad range of
heterogeneous spatial conditions in order to pro-

vide the largest set of opportunities for the local
ecological community (this term refers to the complex food web that shares the same environment).
It is anyway necessary to endow the generated reefs
with qualities present in the material substrate of
other marine environments hosting rich biodiversities, the most significant of which is the presence of
cavities: they create a natural localized micro-gradient of resources and energies and are used as shelters by both weak and territorial fish species.
The basic principle adopted is the same conditional void-matter separation based on reactiondiffusion algorithms: the process described above is
iterated at a more detailed scale in a self-similarity
logic analogous to those governing fractals. Since
the Gray-Scott algorithm doesn’t allow a wide range
of scale variation over a given voxel matrix, the 3-dimensional pattern obtained so far was scaled using
an algorithm based on tricubic interpolation, which
allowed the achievement of the desired void pattern
scale with a good approximation quality. The result
is a scalable and multi-layered domain, where every
layer represents a field affecting hierarchically dependent layers, coherently driving formation at different scales. In this model matter, information and
processes are scalable.
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Figure 7
Gray-Scott algorithm applied
to a frame of final layout.

CONCLUSIONS
The project provides a material substrate for cultural
development and aims to the possible repopulation of local sea-bed by enhancing a pattern of differentiated spaces through the application of morphogenetic strategies that proactively shape the
new environment interacting with its own physical
characteristics. Although some tests were carried
on about underwater behavior of D-Shape material artifacts with positive results, no current testing
can provide a reliable trend of its reactions dynamics over time (for instance, resistance to erosion),
since large-scale 3D printing technology (such as
D-Shape) is still a breakthrough sector in an early development stage and rapid evolution and such kind
of tests require a longer timespan to be trustworthy.
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However this shouldn’t be an excuse for limiting design speculations, while reasonable constraints that
can be found during further extensive testing should
instead be considered and embedded in the project
strategy. Under the design process point of view,
this was a good chance to create a more intimate
relationship between morphogenetic strategy and
simulated environment. Through finite elements
discretization of environment and design object it
was possible to develop a solver that through structural and fluid-dynamics based inputs can elaborate
a convergent reaction-diffusion configuration based
on the designer’s parameters. As continuous assessment and rapid adaptation are an intrinsic part of
the design approach, further implementation are
also foreseen (such as, material behavior and its in-

Figure 8
Side views of full-developed
reefs with scale reference.

fluences in terms of weight, mechanical and viscous
behaviors over time, erosion). Another reason that
limited the physical testing phase has been the lack
of investors, although recent contacts with local institutions interested in touristic development and
environmental care may provide in the near future
the necessary economic fuel to start building a positive network among tourism, culture, material practice and sound environmental transformation.
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Abstract. Behavioural Surfaces is a thesis project in Architecture discussed on December
2010 at the University of Florence. The project explores the surface-space relationship
in which a surface condition, generated from intensive datascapes derived from
environmental data, is able to produce spatial differentiation and modulate structural
and environmental preformance. Exploiting material self-organization in sea sponges
as surfaces that deploy function and performance through curvature modulation and
space definition, two different surface definition processes were explored to organize the
system hierarchy and its performances at two different scales. At the macroscale, the
global shape of the building is shaped on the base of isopotential surfaces while at a
more detailed level the multi-performance skin system is defined upon the triply periodic
minimal surfaces (TPMS).
Keywords. Digital datascape; Isosurfaces; Material intelligence; Minimal sufaces.

BEHAVIOURAL SURFACES
The introduction and use of digital tools in Architecture implies an impact measurable not only in terms
of a technological shift, but mostly and foremost as
the necessity of a paradigm shift towards an increasingly complex and richly responsive system that is
able to dynamically interact and simulate complexity as opposite to merely represent it. This capacity
allows us to implement new processes and systems
(joining behavioral and geometrical aspects as the
basis for morphology and organization) from their
analysis and to extend them through simulation to
a wider range of scales and effects. The interaction is
increasingly intense and fast, up to the tipping point
where the ability of technology to change us has

reached and surpassed our ability to feedback on it.
Ultimately, this means that new extended computing power, advanced control on massive databases
in design processes require a new kind of sensibility
derived from the ability to understand and interact
with complex phenomena.
Architectural and design problems become
more focused around the perpetual and dynamic
assessment (analysis and design) of a system’s behavioral properties (physical, geometrical and performative, but also effects and affects), as well as
the network of environmental relations through
morphogenetic processes instead of the description
of building models where geometries are statically
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Figure 1 (left)
Perspective from via Ghibellina.
Figure 2 (right)
Plan level 3-3.

overlapped on material processes. Such processes
are intended to exploit and embed material intelligence within the system, where behavioral properties of matter are seen as an integrated part of
geometry organization, guided by the balanced interplay of extensive and intensive differences in the
system itself.
According to Neri Oxman, “material properties
are considered intermediary agents mediating environmental impetus with material response, such
that inanimate matter might contain the information
for its behaviour and evolution” (Oxman, 2011). Research at the nanoscale from the observations on
matter through Scannig Election Microscope (SEM)
revealed how material organization is highly thriving on curvature and minimal surfaces. As Stephen
Hyde puts it: “shape determines functions and the
energetics of functions dictate the optimal structure required” (Hyde et al, 1996). While growing up in scale
and complexity, allometric growth causes the genesis of forms that steer away from the pure geometry of minimal surfaces but still material processes
put their principles at work within a more complex
global organization as a form of localized material
optimization.
Thriving on these premises, the project explores
the qualities that can emerge from the modulation
of surface condition driven by intensive datascape
describing environmental conditions. The project
consisted in the articulation of the basic principle
explained above focusing on the system behavior
and performance organization at two different hierarchical scales, thus developing two different yet
connected algorithmic exploration of surface definition processes. At the macroscale, the global shape
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of the library (including both the internal flow and
spatial distribution as well as the outmost skin) is
defined on the base of isosurface systems generated
by the pervasive vector field of flow patterns simulated on the building site; at a more detailed scale,
a particular kind of triply periodic minimal surface
is chosen as a topological model to articulate the
porosity pattern of the outer skin according to the
distribution of internal forces and solar radiation values.
The design process involved a digital tool pipeline including several existing software (such as Rhinoceros®, Grasshopper, Autodesk® Maya, Autodesk®
Ecotect) in order to stream information from the
Figure 3
Interior view.

analysis of physical data to the geometrical and performative setup of the system and its simulated material properties.
The case study project is a design proposal for
the new Architecture Faculty library in Florence. Although the proposal is an academic case study only
and not aimed to construction in a close time range,
we hope it could be a first step for further exploration in coupling material behavior and geometry in
architectural design.
The building site is a large area containing an
existent panopticon building used until recent
times as convent first and penitentiary later on.
The project recovers the pre-existing spaces of the
panopticon as storage, HVAC spaces and archive for
physical books and provides a new built structure to
host study areas, meeting rooms, an auditorium and
exhibition space.
The design process can be summarized in three
steps:
1. Building the environmental analysis datascape
2. Morphologenesis of the global structure
3. Surface to multi-performance membrane
behavior

Building the environmental analysis
datascape
The first phase of the project was focused on the
analysis of specific environmental conditions on the
building site both at the actual state and in future
scenarios (built upon the projections extracted from
existing databases – for example projections made
by the local transport authority about the number
Figure 4
3D vector field.

of people traveling on public transport in ten years
from now). On this phase a large quantity of relevant
data was collected from both existing databases
(when avaible) and direct measurements on building site and structured to set up a pervasive, threedimensional vector field describing a gobal environmental datascape. In particular a mapping of the
connectivity network (which city areas were reachable within a certain time frame) was built based on
road system, transportation mean and capacity and
traffic condition.
From such map the users flow and intensity at
the expected area access points were extracted,
while attractor points for neighbour cutural facilities
were also defined. All the data was then converted
and translated to a common model in Autodesk®
Maya in order to describe the distribution of each
analysed condition on the site, locating attractors as
a set of potential charges and force fields attractors,
using particle sources for the access points. Each of
these entities are related to specific analyzed conditions and were parametrized accordingly.
The field was then generated using Maya nparticles flow simulation, to explore the trajectories
produced from the interaction of the distribuited
charges and the 3D digital model. The 3D vector
field generated from the simulation was the pervasive datascape used as input in the following isosurface generation process.

Morphological definition of the global
structure of the library
The generation of the library shape at the macroscale is based on the extraction of isosurfaces describing equipotential conditions inside the vector
field derived from environmental analysis.
Isosurfaces are defined as surfaces that represents points of a constant value within a volume of
space, in other words, they are level sets of continuous functions whose domain is 3D-space. In our case
the isosurface system was generated through the
use of marching cubes algorithm in Rhinoceros®.
During the generation process, a set of parameters was defined to control the final output, the
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Figure 5
Isosurfaces system, generation
and selection.

isosurface meshing methodology, the isosurface
threshold value and the range of selected values
from the original vector field.
The exploration of all possible variations produced a broad set of different outcomes in the final
meshed surface among which a solution was identified using two selection criteria based on usability
and spatial heterogeneity. Usability was interpreted
as connected to the presence of planar horizontal
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conditions (approximated within an adjustable tolerance) within the continuous surface, searching
for the one that possessed the higher percentage
of such conditions. Spatial heterogeneity is a necessary prerequisite for functional differentiation in
general and a condition coherent with the different
activities in a distributive and functional program
of a library; in this case the criteria was used to locate, among all cases, the one in which spatial het-

The convoluted morphology of the surface aims
to enhance structural performances thanks to the
combination of curvature and material system morphology at a finer scale, just as it happens in shell
structures: their typical efficiency is due to surface
curvature and to the spatial configuration of the
material distributed along the surface itself. Instead
of a mono-optimized linear hierarchy where each
element is singularly optimized for minimal use of
material in very specific conditions, the goal was to
produce a redundant structure with interdependent hierarchies with trans-scalar feedbacks in which
each element participates to the definition of the
whole system performances and redundancy assures resilience. In redundant structures surplus in
number of nodes and connections provide the system with high adaptability and reliability (predicatable failure modes) in case of unpredictable stress
conditions, due to the elements morphology and
system design and to the fact that each node is not
strictly indispensable to the stability of the entire
system. This form of material intelligence is very frequent in biology: “Biology makes use of remarkably
few materials, (…) and they have much lower densities
than most engineering materials. They are successful
not so much because of what they are but because of
the way they are put together” (Jeronimidis, 2004).

Figure 6
Proliferations on quads based
pattern.

Figure 7
Parametrical proliferation
based on the stress distribution.

Figure 8
Direct solar radiation analysis.

Surface to multi-performance membrane
behavior

erogeneity was better matching with the library’s
functional mapping. Since the two criteria do not
generally converge on a single solution the one that
was more efficiently (even if not optimally) satisfying both criteria was finally chosen.

In order to achieve multi-performance membrane
behavior on the outer surface, mechanical and porosity properties are expressed through a minimal
surface based miscrostructure.
Minimal surface are defined in mathematics as
surfaces whose principal curvatures at any point
have always equal magnitude but are opposite in
sign; triply periodic minimal surfaces (TPMS) are a
family of minimal surfaces whose structure is based
on a tri-dimensional crystalline organization: they
are particular cases of equipotential surfaces dividing space between the atoms of a crystal. Their high
genus combined with uniform curvature endows
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Figure 9
Topological variation of the
components.

them with high-level mechanical performances
combined with porosity control. Three dimensional
patterns based on triply periodic minimal surfaces
can be observed in the microstructure of sea urchins. Their impressive mechanical properties and
lightness are due to material organization despite
the weak material (calcium carbonate) constituent.
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Multiperformance is then pursued through parametrical proliferation of a subclass of TPMS, Schoen’s manta surface: it is based on the repetition of
a genus 19 cubical cell, which is compliant for quads
based proliferations such as the one in this project.
The mesh inherited from the previous step is rationalized through Catmull-Clark subdivison: this pro-

cess enhances the curvature-based properties of the
initial mesh and outputs a quad-based only mesh,
which fits Manta’s modular topology.
Several patterns were tested to evaluate the
global behaviour derived from the interaction of a
great number of elements. Interesting effects begin
to emerge around vertices connecting more than
4 edges. Variations in density and tessellation were
explored in order to test specific conditions (surface
curvature values or stress values on the surface).
Porosity on the exterior membrane was tuned
(through phenotypical variations of the cells) according to direct solar radiation values derived from
solar analysis on the global surface rationalized for
proliferation, in order to ensure a heterogeneous
and regulated pattern of climatic and lighting conditions in the library interior spaces. In areas where
direct solar radiation values are low, the passage
of direct solar rays is fostered; conversely where
these values are higher the passage of direct light is
blocked, favoring bounced light instead.
Maintaining the topological conformation of the
Schoen’s Manta surface, the parametrical variation
of the fundamental region determine the modulation of lighting condition in the interior spaces of
the library.
The final intricacy of the global proliferation
around the convoluted surface creates also a selfshading pattern that it is expected to cause positive
influence on thermal load patterns and performance
over the entire building. It was not possible (but it
would certainly be a necessary step in further developments) to make specific tests in order to prove the
amount of thermal benefit provided, however the
similarity in collective self-shading techniques (provided both by convolutions on an individual’s shape
as well as collective growth patterns) in species such
as cacti provides an observable qualitative proof of
efficiency.

CONCLUSIONS

zation and efficient behavior at several system scales
within a process of integration with environmental
conditions. Environmental forces (in the form of a
pervasive datascape) drive and constrain the initial
generation upon which then a process of multi-performance optimization through morphological organization and parametric proliferation is operated.
The thesis explored in particular two different yet
connected and consistent condition-driven surface
definition processes at different scales (one through
marching cubes algorithm, the other through triply
periodic minimal surface definition), which resulted
in different spatial organization capacities and behavioral performances of the system and its constituent parts.
Isosurfaces, commonly used in Computer-Aided
Engineering and meteorology for volumetric data
visualization, were used to define isoconditions for
the global shape of the library according to the environmental datascape while triply periodic minimal
surfaces were used to acquire multi-performance
membrane behavior out of the initial surface, manage porosity and modulate light perception and climatic conditions in the interior spaces of the library.
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The thesis project is a case study about the application of material system properties through morphology and organization, articulating geometry, organi-
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Abstract. The research investigates the application of evolutionary computation in
relation to sound based morphogenesis. It does so by using the Sabine equation for
performance benchmark in the development of the spatial volume and reflectors,
effectively creating the architectural expression as a whole. Additional algorithms are
created and used to organise the entire set of 200 reflector components and manufacturing
constraints based upon the GA studies. An architectural pavilion is created based upon
the studies illustrating the applicability of both developed methods and techniques.
Keywords. Evolutionary Computation; Algorithmic Design; Architectural Acoustics;
CAAD/CAM processes.

EVOLUTIONARY ALGORITHM AS
APPROACH
Various methods for optimising acoustic environments through simulating a volume exist as commercial packages with the intention of clarifying
the sound performance of a pre-conceived design
proposal. With known factors and equations for
acoustic evaluation, it is, however, possible to let the
machine create a computational search for a performance oriented architecture, letting acoustic criteria drive a morphogenetic process. This requires
a search method, whose aim is to alter the design
until a desired performance level has been reached.
Different search methods can be mentioned e.g.
Simulated Annealing, Neural Networks and Genetic
Algorithms (Brownlee, 2011). The latter, Genetic Algorithm (GA), is chosen in this work, due to versatile

utility and its direct implementation in commercial
software, which therefore makes it accessible to the
general designer beyond this work.
The GA’s conceptual construct, developed by
John Holland in the 1960’s and 1970’s (Holland,
1992) mimics the evolutionary processes in nature
by populations, reproduction and heredity, with
the inherent ability for the designer to alter several
parameters within the method, such as population
size, crossover technique and mutation rate. Much
literature can be found on the subject by e.g. John
Holland (1992), David Fogel (1997, 2000), David
Goldberg and Kumura Sastry (2002, 2005) illustrating not only its diversity on application but also its
growing importance as a probabilistic solver for singular- and multi-objective problems.
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The projects manoeuvre away from a conventional
‘model-simulate’ approach to a ‘generative-model’
approach but remain to apply singular sound sources. The work in this paper approaches the sound milieu based upon multiple sound sources.

Design method (machine computation –
human computation)
Besides the technical setup of the evolutionary engine, there are three essential operational parameters for a designer to develop and describe when
working with GAs; a) describing the fitness function,
b) altering the variables of the population and mutation rate, and c) to convert from genotype (system)
to phenotype (design) [1]. Within this work, we have
decided to omit the technical setup by utilising the
Galapagos Evolutionary Solver for Grasshopper, Rhinoceros, developed by David Rutten [2] and to focus
the agenda on exploring the three operational parameters described above.

Designing the fitness function
Optimisation of acoustic aspects within the design
process asks for a fitness function, which searches a
design specific intention that can be described as a
number, as a target for the algorithm.
The most used equation for acoustic evaluation,
determining the reverberation time, is the Sabine
equation describing the amount of time it takes
for the sound pressure to decrease 60 dB after the
sound source is terminated, RT60.
RT60 = Ta = 0.16* V / Sa 		

(1)

The equation is based upon a volume (V), the average absorption coefficient of used materials (a) and
the total absorption in Sabins (Sa).
V = m3 				

(2)

Sa = S1 α1 + S2 α2 + .. + Sn αn = Σ Si αi

(3)

Sn = area of the actual surface (m2)
an = absorption coefficient of the actual surface
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While being a simplistic measure for the specific
acoustic quality, the equation is widely used and
functions as an initial fitness benchmark with a resultant number suitable for a genetic algorithm.
Extending the above algorithm as a fitness function could be done through adding more acoustic
criteria such as sound pressure levels (dB) through
a concatenated performance formulation in the fitness function (Sato et al, 2004). This is, however,
omitted due to the focus towards applying permance ‘cost’ to the use of evolutionary algorithms
in architecture rather than high-end audacity simulations. An iterative design speed over accuracy is
therefore chosen.

Algorithm variables
The dominant variables affecting the performance
of genetic algorithm are ‘population size’ (the
amount of genomes that can be selected and reproduced from), cross over technique (how the information from each genome is paired to become the
next generation’s offspring) and mutation rate (the
percentage of how often a random alteration to a
genome occurs).

Genotype and phenotype
The genotype, the evolutionary algorithm, controls
the phenotypic behaviour and progression that
within this work can be observed in the evolving
volume, that is geometrically restrained within an
x,y,z-domain.
This allows the designer to maintain an internal
and an external boundary of the volume that can
be related to a project-specific site. The displayed
studies show the ability of the algorithm to reach a
certain reverberation time in accordance with the
Sabine equation. This then again can be oriented towards a specific music genre.

Figure 1
Base volume geometry from
which the GA alters its point in
an x-y-z specified domain.

Figure 2
Series of studies altering the
GA’s parameters towards a
higher acoustic performance.
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ACOUSTIC PAVILION 2011

Figure 3
Site plan. Location of the Pa-

Aim, method and application
The work aims at both empirical studies performed
through evolutionary algorithmic search towards
established benchmark criteria, defined by, among
others, the Sabine equation but equally applies the
constructive aspects that induce parameters of material accessibility, dimensions and manufacturing
processes.
The design method goes through a series of
performative steps:
1. Defining the volume, using GAs.
2. Defining reflectors, using GAs.
3. Optimising reflectors for production, using rationalisation algorithms.
4. Rationalising reflectors for manufacturing and
assembly, using rationalisation algorithms.
5. Producing CNC files for production, using parametric production techniques.

Defining the volume
The description of the volume follows the methodology described above but with the fitness function
searching a minimum reverberation time instead of
the one-second used in the preliminary studies. This
is founded in the fact that electronic music is unconventional in the sense that it is spread via loudspeakers, rather than instruments. They are, however, already acoustically developed to produce the
best sound possible within the loudspeaker cabinet.
The pavilion therefore searches the minimal effect
on the sound but the maximum protection of the
clear sound, thus eliminating the reverberation time.
The definition of the volume domain, or algorithmic
search field, is determined by the site contextual
setup. The setting is used to create a natural boundary for the algorithms to evolve within, considering
a clear orientation of the space towards the waterfront as a flow specific characteristic that will set the
spatial architectural scene.
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vilion at the Aalborg Harbour
front and the natural boundaries created by the site.

Defining reflectors
Rather than being an auxiliary installed element, the
intention of the reflectors is, besides their obvious
function to improve the acoustics, to make them the
identifiable architectural expression. Reflection of
the sound is aimed at 1) creating the maximum of
reflections between the reflectors without sending
the rays back into the listening space or 2) to direct
the sound rays away from the pavilion. Both strategies strive towards a clear, low reverberation time
for electronic music. The site itself is surrounded by
a sound void, the Fjord, and high noise levels from
the road.
Defining a reflector that seals from external
noise, while absorbing the sound rays, is based
upon a geometrical study (based upon an altering
triangle) driven by the same evolutionary engine as
above, but with the fitness function to maximise the
reflection count of each ray. Four models are produced to which the triangular form can change, 1)
the length of the normal vector to the surface, 2) the
length of the vector from the surface to the sound
source and 3) + 4) studies of the first two, but with
an ability of variation in the directionality of the vectors towards a source of the normal vector to the
surface.
The studies show a clear improvement of the reflection count (absorption) by using a sound source
oriented approach and a slight further improvement
by allowing the vector that is oriented towards the
sound source to deviate. See Figure 4. Traditionally,
as mentioned above, acoustic spaces are defined

Figure 4
Study and evolution of
optimum reflector geometry
towards a maximization of
absorption.

Figure 5
Experimental matrix of the
four different strategies,
clearly indicating the capacity
of long stretched geometries
oriented towards the sound
source with slight heterogeneous variations across the
elements.
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Figure 6
Diagram showing the effect
of the algorithm in orienting
the elements to different
loudspeakers, scaling their
reflective factor and opening/
closing them towards the
surroundings.

from a single source or a group source located in
the same area. The pavilion explores the spreading
of the sound source by implementing loudspeakers
situated in each corner of the volume. The complete
geometrical organisation of the reflectors is subsequently derived by applying an algorithm that is developed from the prior studies used to identify the
varied sound source vectors to the volume.
The algorithm allows a zone of reflectors to focus on a specific loudspeaker, to scale its geometry
in order to alter the reflective factor (absorption level) and at the same time open its geometry towards
the water and close it off towards the road. Figure 6.

Production processes
Lastly the entire model is re-calculated and slightly
altered for elements exceeding the CNC manufacturing and wood plate limitations of 1200x1200mm.
Production files are generated directly within the
model space and allocated on fabrication ‘sheets’ for
the CNC laser cutter machine.
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CONCLUSION
The work explores the potential of using GAs for design morphogenesis. It finds that both general spatial volume and expressive surfaces can be generated from application of acoustic applied equations
as search targets on several aspects. After development of volume and reflector performance, an organisation algorithm was applied to rationalise and
apply all elements. This was chosen due to the nature of the GA, as their search field would expand to
a 20050 number domain due to the many reflectors
and the amount of variables within each reflector.
The studies showed that the scale of variables and
population size are crucial to the GA’s performance
as a solver to work in preliminary design phases,
thus maintaining the GA for initial search and solving. The work finds that a progressive reformulation of the problem is useful in order to target the
GA technique’s relatively small search space without
compromising the ability for stochastic search for
moving beyond obvious design solutions to the designer.

Figure 7
Photo electronic music
performed in the pavilion
during a 2011 culture event in
Aalborg, Denmark.

Figure 8
Photo electronic music
performed in the pavilion
during a 2011 culture event in
Aalborg, Denmark.
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Abstract. Isovists and isovist fields can be used to numerically capture the visual
properties of spatial configurations (e.g. floor plans or urban layouts). To a certain
degree these properties allow one to make statements about how spaces affect people.
The question that serves as the starting point of this study is to examine whether
spatial configurations ca n generated on the basis of these properties. This question
is explored using an experimental approach for the computer-based generation of
two-dimensional urban layouts. The spatial arrangements of two-dimensional elements
(building-footprints) within a given boundary is optimised in terms of the desired isovist
field properties by means of an evolutionary strategy. The paper presents the results of
this optimisation and discusses the advantages of this method compared with pattern
books as commonly used in architecture.						
Keywords. Spatial Configuration; Generative Design; Evolutionary Strategy; Isovists;
Visibility Based Design.

INTRODUCTION
People experience space through their senses, and
the sense of vision in particular. The properties of a
spatial configuration as we see it with our eyes are
referred to as visuospatial properties and are mainly
influenced by two factors: the surface characteristics
(materials, textures and colour) and the arrangement and size of the spatial elements. In this paper
we consider only the latter. The arrangement of elements in space is termed the spatial configuration.
The elements of a configuration (boundaries such
as walls or ceilings) define what you see or don’t see
from a specific point of view and thereby affect human behaviour (see e.g. Hillier, 1996; Lawson, 2001).

The effect of spatial configurations on the behaviour
of people is a crucial factor for creating liveable and
thus sustainable environments (Gehl, 1987). To ensure that environments exhibit certain visuospatial
qualities, designers often refer to regulations and
guidelines such as urban codes or pattern books
as they contain specifications for the recommended dimensions and shapes of roads, open spaces,
buildings or building details (Alexander et al., 1977;
Duany, et al., 2006; Parolek, et al., 2008). While this
approach is useful as it ensures a certain standard
in the planning of environments, it is also relatively
inflexible in its ability to respond to changing contexts. The sheer variety of possible criteria in the real
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world and their complex interrelationships means
that such pattern-collections can only hope to offer
a limited number of sample solutions. And because
every planning and design problem is in principle
unique (Rittel and Webber, 1973), such an approach
can only be of limited use in design processes.
In addition, patterns typically provide a geometric solution to achieve a certain spatial effect but it is
of course conceivable that different geometric solutions can produce similar spatial effects. A patterncollection is therefore always a subjective selection
of what is possible in principle. From our point of
view, instead of offering a few specific patterns that
produce certain visuospatial effects, it would be
more useful to develop mechanisms that produce a
multitude of patterns based on the intended effect.
Such an approach would allow one to intelligently
look for appropriate solutions for many different
contexts. Faucher and Niver (2000) describe this
approach as an “inverse design” approach, a term
borrowed from inverse simulations in physics and
mechanics. In this article we implement an inverse
design process using computer-based generative
methods for the automatic generation of spatial
configurations (layouts). We examine whether specific spatial patterns can be (re-)produced based on
specific visuospatial properties which is important in
order to be able to support complex design processes where a number of criteria need to be reconciled.
Because we are considering only criteria that relate
to visibility within spatial configurations, this method
can also be referred to as “Visibility Based Design”.

ISOVISTS AND ISOVIST FIELDS
One method for measuring visual properties associated with a particular arrangement of boundaries
(spatial configuration) is to use isovists. An isovist
(as shown in figure 1, left) describes the part of an
environment that can be seen from a single observation point (Benedikt, 1979). Various parameters
can be derived from an isovist, such as the area, the
perimeter, compactness and occlusivity. The area of
an isovist describes how much one can see from a
certain vantage point. The compactness describes
the relationship between area and perimeter compared to that of a perfect circle and indicates how
complex or compact the field of view is. Occlusivity
indicates the amount of open edges. An open edge
denotes an edge line of the visual field which is not
bounded by a physical boundary (e.g. a wall). Occlusivity is small in locations that offer few or no views
into other parts of that configuration. For example a
viewpoint within a completely closed, convex space
has an Occlusivity of 0.
To evaluate an entire spatial configuration it is
necessary to look at a configuration from more than
just one viewpoint. To this end Benedikt proposes
the creation of isovist fields. The computer-aided
calculation of isovist fields is described by Batty
(2001). A regular grid is generated and an isovist is
calculated for each point in this grid. The properties
of these multiple isovists can then be represented
by giving the grid-points different colours. Dark
points refer to low, light points refer to high values
(see Fig. 1, right).

Figure 1
Left: An isovist from a
vantage point inside a spatial
configuration (figure taken
from Benedikt, 1979); right:
An isovist field for a T-shape,
mapping the isovist area onto
the single gridpoints (figure
taken from Batty, 2001).
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One way to evaluate a configuration based on isovist fields globally is to use average, minimum and
maximum values, as well as the standard deviation
of the frequency distribution of the individual isovist
properties. These characteristics can, for example,
be used to describe the public spaces within an urban layout. In Figure 2, this is demonstrated by an
example: the public space of two different building
patterns (perimeter block and terraced row development) has been analyzed by determining the isovist
properties Area and Compactness. One can see clearly that both structures differ markedly in their isovist
field characteristics. For example, the average isovist area of the terraced row structure is three times
larger than that of the perimeter block, although the
built-over floor area is similar in both cases. For the
value of compactness we can see that the isovists
in the perimeter block are generally more compact
than those in the row structure. At the same time
the latter reveals a lower standard deviation than
the perimeter block, which means that the isovists
in the row structure are evenly non-compact, while
in the perimeter block development, there are many
compact (i.e. the backyards) as well as non-compact
isovist fields (i.e. the streets).

The extent to which isovist properties help us make
statements about how spaces affect humans is still
not fully understood. However, empirical studies
have shown that various correlations exist between
those properties and the actually perceived spatial
experience. Franz and Wiener (2008) used VR experiments to show that area, compactness and occlusivity correlate highly with how test persons rated the
perceived beauty, complexity and spaciousness of
a configuration. Furthermore, they showed that the
subjects were able to find points in a configuration
with the largest and smallest field of view. ConroyDalton (2001) and Wiener et al. (2011) found that
isovists capture information that is relevant to wayfinding behaviour, especially when it comes to deciding where to go next.
If we assume that, as described above, it is possible to make statements about the experiential qualities of a configuration, it should in turn be possible
to derive a configuration for an intended spatial experience. In the following, we have drawn on an idea
put forward by Benedikt (1979) to generate spatial
configurations on the basis of isovists. Benedikt formulates this concept at the end of his original article
about isovists in architecture as follows: “One might

Figure 2
Analytic comparison of the
isovist fields of two different
urban structures (undertaken
with UCL-Depthmap).
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well ask: when is it possible, given one or more isovist
fields (…) to (re)generate E [the spatial configuration]
as a whole? (…) a direction seems clear: to design
environments not by the initial specification of real
surfaces but by specification of the desired (potential)
experience in space (…).” This question is examined
in the next section using an experimental approach
for the generation of urban patterns.

GENERATIVE APPROACH: AN
EVOLUTIONARY STRATEGY
For the generation of spatial configurations, we use
an optimisation method based on evolutionary algorithms (EA). Evolutionary algorithms are well suited to our purposes for two reasons: they are flexible
and can easily be adapted to changing problems,
and they require no a-priori patterns for guiding the
search process (Rechenberg, 1994). This is particularly important because we want to investigate the
influence certain parameters have on a solution. For
this it is important to exclude confounding factors,
such as a conscious change of solutions.
The two essential components of a generative
system based on EA are the generative mechanism
(GM) and the evaluation mechanism (EM). The GM
serves to generate variants. This mechanism is based
on a model that represents the particular problem
in an appropriate manner. In our case, this model
must be able to generate geometric representations
of two-dimensional layouts. Ideally, one would use a
model from which any geometric layout variant can
be generated, but, due to the immense number of
possible solutions, this would increase the comput-

ing time to an impractical level. Rules must therefore
be defined that permit a wide range of potential solutions while keeping the search space as small as
possible.
The EM of an EA is used to evaluate the variants
produced by the GM. The way these variants are
evaluated is described by a so-called fitness function. This function defines the qualities that the desired solution should have. In the context of this article, these qualities are described by certain isovist
properties.
In a previous study we had shown that isovist
properties are in principle well suited as objective
criteria for the optimisation of layouts using EA
(Schneider and König, 2011). Here the properties of
single isovists were used to position walls in a way
that ensured specific visual relationships between
different points of view. The GM used a grid of lines
in which single lines could be switched on and off to
optimise the configuration. The fitness function of
the EM consisted of the target values for each Area
and Compactness of the single isovists and the target values for the area of overlap between the different isovists. Based on these target values, different
configurations of floor plans with three rooms were
generated. The three rooms have a similarly large
area, a high degree of compactness and simple topological relationships (room 1 is connected to room
2 and 3, but room 2 is not connected with room
3). Figure 3 shows an example of the results of a test
scenario.

Figure 3
Variants of a configuration
defined by 3 viewpoints
P1(top left), P2 (top right),
P3 (bottom centre) in
which the isovists of P1 and
P2 shall not overlap.
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GENERATING URBAN LAYOUTS FROM
ISOVIST FIELDS PROPERTIES
In the following we demonstrate how urban layouts
can be generated according to specifically defined
isovist field properties. We begin by describing the
technical aspect of the generative system (GM, EM)
before showing and discussing the results this system produces for a simple test scenario.

Generative Mechanism (GM)

0.15s, while the population of the EA consists of 15
individuals. The average, maximum and minimum
valuesas well as the standard deviation of various
isovist properties can be derived from the isovist
field. These values are
 used as fitness criteria for defining the objective function. The objective function
describes the deviation of an isovist field-property
from a corresponding target value. In general terms,
the fitness function can be specified as follows:

Using the GM, variants – or so-called individuals –
are generated. An individual represents an urban
(1)
=
f ( x) abs ( IFValue − targetValue)
layout. It consists of a fixed number of buildings
located on a plot of land. The buildings as well as
the plot are represented as rectangles. The operawhere IFValue refers to an isovist field property
tions of the GM include the random positioning and
(such as Average Area) and targetValue to the value
scaling of the rectangles (buildings). The rectangles
this property should have in the final solution.
should firstly not overlap and secondly stay within
Results
the given boundary. These two criteria are checked
The generative system presented above was evaluafter the random placement of a building and if necated using a test scenario. The goal of this test is to
essary the coordinates are adjusted through specific
find out if and which spatial patterns can be genermovements. In order to avoid non-feasible solutions,
ated on the basis of isovist field properties. The test
such as buildings with a width of 3 m, minimum and
scenario examines the positioning and scaling of
maximum widths (minWidth, maxWidth) and surfive buildings within a square boundary (MinWidth
face areas (minSurfaceArea maxSurfaceArea) are deof the building = 7 m, MaxWidth = 30 m). The isovist
fined for the rectangles as well as the minimum and
properties that are used for optimisation are Area
maximum coverage (minCoverage, maxCoverage)
and Compactness. To better understand the influof the plot. The properties of the building (position,
ence of the various properties on the resulting spalength, width) can only be changed within the range
tial configurations, we minimised and maximised
defined by these constraining values.
the individual criteria:

Evaluation Mechanism (EM)

The evaluation of the individuals is undertaken usf ( x) IFValue → min, max
ing the isovist field properties. For each individual =
(2)
an isovist field must be calculated. Since the calculation of isovist fields is computationally intensive and
time-consuming, we use an approach introduced by
The distribution of the two isovist properties Area
Schneider and König (2012) which uses the graphiand Compactness in the isovist field can be charcal processing unit (GPU) for carrying out this calacterised by four values: average, minimum, maxiculation. Compared with conventional CPU calculamum and standard deviation. These can be either
tion the calculation speed is increased many times
minimised or maximised. As a result, 16 objective
over. This reduces the duration of the optimisation
functions can be defined for the 8 IFValues (Average
process to an acceptable level: the evaluation of an
Area, Min Area, Max Area, StdDev Area, Average Comindividual in the test scenario takes approximately
pactness, Min Compactness, Max Compactness, StdDev
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Compactness). Several test series were performed for
each of these objective functions. For each series one
representative result was chosen and shown in Figure
4 and 5. In the following the results are explained in
more detail.
The minimisation or maximisation of Average
Area means that the area that a person sees inside a
configuration should on average be either as small
or as large as possible. In Figure 4 (top row, first image from left) it can be seen that by minimising the
average area, a solution is generated in which several small open spaces between buildings occur. The
maximisation of the same value results in the generation of an L-shaped building pushed to the edge of
the plot resulting in one large open space (Figure 4,
bottom row, first image from left).
The minimisation of Min Area means that there is
a point in the layout from which one can see only a
very small open area. This creates areas which can are
like small inner courtyards, narrow alleys or niches. In
Figure 4 (top row, second image from left) a niche is
marked with a red dot. If Min area is maximised these
viewpoints with a small visible area disappear (Figure
4, bottom row, second image from left).
The optimisation of Max Area produces similar
configurations as it does for Average Area. For minimum Max Area several small yards are created, for
maximum Max Area one large yard. In contrast to
Area Average, not all points in space must have a large
or a small isovist area. It is sufficient that there is one
viewpoint that meets this criterion.
Through a systematic optimisation of the standard deviation values of
 the area one can control how
strong the differences of the different area values are.
Minimising this value creates layouts in which one
can see the same area from most of the points. This
results in spaces of a similar size (Figure 4, top row,
last image). However, if the standard deviation is maximised (many varying area values), then one large
and several small spaces occur (Figure 4, bottom row,
last image).
In another test series, the different values of
 Compactness were used as objective criteria. The results
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show that, much like the optimisation of the Area
values, a typical spatial pattern arises (Figure 5). By
maximising the Average Compactness, an L-shaped
building is generated, which forms an approximately
quadratic open space (Figure 5, bottom row, first image from left), while minimising the same value results in an urban structure with solitaires. The position
of the solitaires creates long vistas from many viewpoints.
By minimising the Min Compactness, layouts
arise in which at least one point in space exists with a
very non-compact field of view. In the example layout
shown in Figure 5 (top row, second picture from left),
the corresponding isovist is shown in red. It can be
seen that the minimisation of compactness (very narrow and long isovist) emerges through the proximity
of two buildings. If Min Compactness is maximised,
layouts similar to those produced by maximising the
average compactness emerge (contiguous buildings
with one or more enclosed spaces).
By minimising the Max Compactness, layouts
arise where no viewpoints with a compact isovist can
be found. Accordingly, solitaires emerge which are
only a small distance from the boundary of the test
field (Figure 5, top row, third image from left). This
ensures that there is no “inside corner” in the whole
layout. The maximisation of the same value results in
the creation of at least one enclosed square courtyard
(Figure 5, bottom row, third image from left).
When minimising the standard deviation of the
compactness values, layouts arise where the compactness value is similar from most viewpoints. The
magnitude of this value is not specified. This can create layouts in which the isovists are very compact
at all points (e.g. bottom row, first image from left)
or layouts in which the isovists of all points have a
rather average compactness (top row, fourth image
from left). If the standard deviation is maximised, layouts arise in which the open areas have very different
compactness values. In Figure 5 (bottom row, last image) one can see that a cascade of different compact
spaces is created (from completely closed to open
with numerous vistas).

Figure 4
Sample results of the optimisation of different objective
criteria for Area after n=40
generations.
Top row: Results achieved
through minimising the
objective criteria. Bottom row:
Results achieved through
maximising the objective
criteria. The configuration is
superimposed on the isovist
field.

Figure 5
Example results for optimisation of the isovist value
Compactness.
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DISCUSSION AND OUTLOOK
The arrangement and direction of visuospatial properties is an important aspect in the design of buildings and cities. Conventional methods for supporting this design process usually amount to little more
than a collection of exemplary solutions. But a collection of proposed solutions is not able to respond
adequately to different contexts with different conditions and their complex interactions. Instead it is
necessary to develop methods that can generate a
variety of patterns based on certain requirements.
In this paper we presented one approach for implementing such a method using a computational
system for generating spatial configurations for different objective values of isovist properties on the
basis of an evolutionary strategy. The hypothesis
that this method can be used to (re‑)produce specific spatial qualities was proven using a simple and
highly restricted test scenario (location and scale of
buildings within a rectangular area).
The extent to which isovist properties are useful
for describing spatial configurations more comprehensively is an issue that we will consider in further
studies. Here we plan to test the method in a realistic
case study by generating plans for an urban district
within an existing urban environment. In addition
to single value optimisation, we plan to optimise
different objective criteria simultaneously. Using
multi-objective optimisation we want to ascertain
whether the patterns resulting from single objective values can be meaningfully combined. It would
also be useful to supplement the system with additional evaluation criteria. With regard to visuospatial
properties, Visibility Graphs (Turner et al, 2001) are
of importance because graph-based measurements
of functional criteria allow us to make statements
about a spatial configuration (Hillier, 1996). A first
promising approach to incorporate the integration
value in a generative system can be found in Krämer
and Kunze (2005). Furthermore it would be interesting to use 3-dimensional isovists for evaluation. A
first useful application of 3-dimensional isovists in
architecture is demonstrated in Derix et al. (2008).
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The tool we developed for the optimisation and
generation of urban patterns can be downloaded
from www.decodingspaces.de.

ACKNOWLEDGEMENTS
This study was carried out as part of the research
project FOGEB, funded by the Thuringian Ministry
for Economics, Labour and Technology and the European Social Funds (ESF).

REFERENCES
Alexander, C, Ishikawa, S, Silverstein, M, Jacobson, M, Fiksdahl-King, I and Angel, S 1977, A pattern language, Oxford University Press, New York.
Batty, M 2001, Exploring Isovist Fields: Space and Shape in
Architectural and Urban Morphology, Environment and
Planning B Planning and Design, 28(1), pp. 123-150.
Benedikt, ML 1979, To take hold of space: isovists and isovist fields, Environment and Planning B Planning and
Design, 6(1), pp. 47-65.
Conroy-Dalton, R 2001, Spatial Navigation in Immersive Virtual Environments, PhD Thesis, University College London.
Derix, C, Gamlesæter, A and Miranda, P 2008, 3D Isovists
and spatial sensations: two methods and a case study,
in S. Haq, C. Hölscher, & S. Torgrude (eds), Report Series
of the Transregional Collaborative Research Center SFB/
TR 8 Spatial Cognition.
Duany, A, Wright, W and Sorlien, S 2006, Smart Code and
Manual, New Urban Publication, New York.
Faucher, D and Nivet, ML 2000, Playing with design intents:
integrating physical and urban constraints in CAD, Automation in Construction, 9(1), pp. 93-105.
Gehl, J 1987, Life Between Buildings: Using Public Space. The
City Reader, van Nostrand Reinhold, New York.
Hillier, B 1996, Space is the machine: a configurational theory of architecture, Cambridge University Press, Cambridge.
Lawson, B 2001, The Language of Space. Elsevier Architectural Press, Oxford.
Parolek, DG, Parolek, K and Crawford, PC 2008, Form Based
Codes: A Guide for Planners, Urban Designers, Municipalities, and Developers, John Wiley & Sons Inc. Hoboken,
New Yersey.

Rechenberg, I 1994, Evolutionsstrategie ’94, frommannholzboog, Stuttgart.
Rittel, HWJ and Webber, MM 1973, Dilemmas in a General
Theory of Planning, Policy Sciences, 4, pp. 155-169.
Schneider, S and König, R 2011, Visibility-based Floor Plan
Design - The Automatic Generation of Floor Plans
based on Isovist Properties, Proceedings of the International Symposium on Spatial Cognition for Architectural
Design (SCAD 2011), New York, USA, pp. forthcoming.
Schneider, S and König, R 2012, Real-Time Visibility Analysis, Proceedings of the 12th Design Descision Support
Systems Conference in Architecture and Urban Planning,
Eindhoven, Netherlands, pp. forthcoming.
Turner, A, Doxa, M, O’Sullivan, D and Penn, A 2001, From isovists to visibility graphs: a methodology for the analysis of architectural space, Environment and Planning B
Planning and Design, 28(1), pp. 103-121.
Wiener, JM, Hölscher, C, Büchner, SJ and Konieczny, L 2011,
Gaze Behaviour during Space Perception and Spatial
Decision Making. Psychological Research, Springer, Berlin/Heidelberg, pp. 1-17.

Generative Design - Volume 1 - eCAADe 30 | 363

364 | eCAADe 30 - Volume 1 - Generative Design

Speculative Structures
Reanimating latent structural intelligence in agent-based continuum
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Abstract. The potential afforded by the open search spaces of both agent-based models
and evolutionary engines have given architecture yet another set of computational tools
to play with, yet more often than not and with some cause, they are used in isolation from
one another. This research explores the set of techniques and results of having combined
swarm formations, FEM software and an evolutionary engine within a parametric
modeling environment such that they induce materially intelligent and structurally viable
swarmed formations. A set of protocols are developed for grafting these formations into
the already-built environment, treating it as a resource to be accessed and exploited
toward the production of novel morphogenetic results and architectural possibilities.
Keywords. Interoperability; morphogenetics; evolutionary computation; swarms; FEA
structural analysis.

INTEGRATIVE VS. INTEGRATED 		
INTEROPERABILITY
Interoperability and Building Information Models
(BIM) have become nearly synonymous terms as
Industry Foundation Classes (IFC) have become a
means for integrated design solutions. More specifically, data-rich IFC objects have established a
standard so that information is not lost when moving between platforms. This integrated solution
creates a problem however by excluding data sets
that cannot read or generate IFC objects. Without
having any problem with IFC progress and development, there is another line of investigation that
I will call Integrative Interoperability that does not
concern itself with IFC language and instead focuses
on techniques of communication between software
that might otherwise remain disconnected. This dif-

ference borrows from Branko Kolarevic’s (2008) disciplinary integrated vs. integrative distinction and
applies it to software methodology. So rather that
dealing with a defined and closed integrated model
such as IFC, integrative interoperability speaks to
the generative capacity to yield compexity by fluidly
navigating across different software territories to
discover and create a process, technique, or a product that is qualitatively new. Additionally, rather
than framing integrative techniques as fighting the
tide of disintegration, integrative interoperability
partners with and exploits disintegration between
multiple software as a fertile territory for new morphogenetic design opportunities.
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The foundational premise of the research lies in integrating multiple and otherwise disparate data sets
into a single morphogenetic, structurally viable assembly; or rather a discrete act of architecture. Integrative interoperability becomes a significant tool
under such a model because it frees design from the
totality of any single given software environment
and lets each program read and generate information that it is specifically geared for. For example,
3D modeling environments can directly access and
exchange information with multiple other software
platforms so that the user can get spatial, aesthetic,
structural and material feedback.
The advantages of integrative interoperability
exponentially increase within evolutionary environments when virtual populations are culled and bred
relative to explicit performance criteria. This not
only enables design to engage with increasingly
complex problems but it also allows new morphological and material behaviors to emerge in the
process. For architectural design, this means that
the meta-structure of the information networks
becomes synonymous with defining performance
criteria itself. As cities become more complex, our
ability to provide equivalently complex building
solutions inherently evolve with them provided we
have integrative methods for capturing, integrating
and producing emergent data sets.

STRUCTURALLY INTELLIGENT SWARMS
Most, if not all, architectural projections of swarmgenerated buildings are imaged as static instances
of otherwise dynamic processes. While architects
are usually interested in building in general, this
raises questions as to what information within the
swarm continues to actively contribute to the development of any given project. The fact that a swarm
becomes frozen at a single moment of its existence
limits its behavior in the context of its “native” animate environment. However, the complexity of that
instance does not dictate a single solution (and in
fact resists single solutions), but rather it opens up
a set of solutions given discrete constraints such as
materiality, structural sizing and loading. This re-
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search accesses and makes use of latent information
within “frozen” instances of a swarm in order to discover new structurally informed morphologies – in
effect reanimating swarms in ways that would otherwise be impossible or undesirable in their original
agent-based environment(s). Furthermore, the scalability of swarms should be of particular interest to
architectural design as increasingly complex strategies of integration are clearly necessary if design is
to sustain the metabolisms of urban environments
(Weinstock 2008). This is consistent with various
others’ calls for computational approaches to design
that make use of planetary and even cosmologically
scaled populations (Bratton and Metahaven 2011;
Keller 2011).
At first glance, snapping a moment out of an active agent-based space might seem undesirable, but
it actually opens up an opportunity to overcome (or
at least bypass) a fundamental problem presented
by swarms when attempting to integrate them with
analytical software. Critical to a swarm’s functionality as a design tool is its ability to remain relatively
computationally inexpensive. If agents within a
swarm have to perform overly complex sets of individual calculations, models either become too slow
and inefficient to run given a fixed number of agents
or the number of agents must be reduced, thus decreasing the intensive capacity of the model. In other words, a swarm’s intelligence is directly related to
how many agents it is able to sustain (more is typically better) and how efficiently it can develop solutions (faster is better). Augmenting flows of information should ideally yield more productive results
rather than negatively disrupting the otherwise fluid
circulation of information.
One instance of inefficiency and computational
expense within swarms can be found when attempting to form feedback loops between active
agent-based models and analytical software, in this
case finite element analysis (FEA) software. The intended purpose of forming such a connection lies
in the ability to incorporate structural performance
into a swarm’s behavior. But structural calculations
are computationally expensive as structural sizing,

Figure 1
Evo-morphogenetic structure
diagram.

materiality, connections and loading must all be accounted for. This is only compounded when dealing
with large numbers of structural segments. Perhaps
a more critical question lies in what structural logic
any instance of a swarm should assume at all as addressed in previous investigations [1] that attempted to compress agent-based patterning into surface
logics in order to integrate them into a single material construct.
With so many parts and such a range of complex
interconnections, it becomes apparent that a uniform approach would likely fail to make use of the
latent structural intelligence that a swarm has to offer. This is made more difficult given that in many
cases, structural solutions are beyond intuitive or
conventionally determinable means. By separating structural calculations and spatial swarming
from one another, their own efficiencies can be
maintained and productively mobilized against one
another. However, in order to enable an evolutionary morphogenetic design environment, a method
for advantageously [re]connecting them without
sacrificing efficiency is needed. This is achieved by
making use of Geometry Gym tools in Grasshopper,
grafting swarm formation into architectural assemblies and running them through FEA-driven evolutionary feedback loops. This yields solutions that
explicitly express latent structural intelligence of
swarm formations in partnership with the alreadybuilt environment.

Evo-morphogenetic structure
The meta-structure of these investigations is defined through the explicit relationships between a
series of different software platforms. Specifically
the work establishes integrative interoperability between initial non-parametric 3D geometries in Rhino, agent-based models in Processing, parametric
environments in Grasshopper (including the Galapagos evolutionary engine) and structural analysis
software (SAP2000 FEA) (Figure 1).
In geometric terms, the framework allows one
to manipulate a series of points in Rhino which are
actively linked to an agent-based environment (Processing) where those points function as particle
emitters in a pheromone-flocking particle swarm
optimization model. Particle courses are tracked
and interpolated as NURBS curves in Grasshopper.
This geometry is parametrically associated with material properties and structural sizing and iterated
through the Galapagos evolutionary engine in a
manner that mobilizes individual structural members against the global structural performance of
the entire assembly. Evolutionary results are then
sent back to the initial rhino environment and evaluated for any other criteria (not addressed in this
work).
By nesting an evolutionary feedback loop within
the larger morphogenetic framework, specific attributes emerge without threatening the structure as a
whole. The necessity for hierarchies (or at least their
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resilient stability) within morphogenetic assemblies
is often something that is overlooked despite the
crucial role it plays in enabling emergent behaviors
to express themselves (Hensel et al 2006). Given the
dynamic nature of both material(s) and geometries,
resilient network structure acts as an attendant “not
in the sense of a spectator” that simply observe a
process as it unfolds, but rather “as a constant or point
of reference in relation to which variation is assessed”
(Deleuze 1981). The framework then becomes a
mechanism to produce variations that aggregate to
form novel and identifiable behaviors. In this case,
the framework aims at finding and fostering structural and material viability within geometric formations that otherwise lack such intelligence.

Sensitivity-driven bending
The first attempts at reanimating swarms focused
on two related orders of interconnection needed to
achieve structural viability. In the case of post flocking simulations, particles tend avoid one another
and thus particle courses fail to come into contact
with one another. In addition to the course curves,
a connective layer of curves is produced by means
of a proximity mesh through the swarm much the
same way webbing connects chords to one another
within a truss (Figure 2).
Alone, the proximity mesh serves as a minimal
solution within the excessive redundancy of the
swarm. However, the conceptual and aesthetic dissonance between these two layers is seen as undesirable and opens up a new line of questioning that
focuses on how the minimal solution of the proximity mesh might be accessed so that the swarm might
induce deviations from what otherwise ultimately
operates as a single linear span between 2 points.
Using a proxy geometry that approximates the
swarm components, the geometry is broken down

into differential lists in order to provide a parametric
framework.
The first level of subdivision differentiates
between agent path curves and proximity mesh
curves. A point set is then distributed through each
agent path curve based on a fixed frequency of
length identifying pinned connection points for the
proximity mesh curves (Figure 3).
These points are capable of shifting as the assembly deflects. End points of the agent path curves
constitute a separate point set that serve as fixed
connection points that will not shift as the assembly
deflects. Each agent path curve is assigned a value
for structural size with straight segments spanning
from point to point within each respective curve. In
the interest of limiting evolutionary variability within the high number of proximity mesh segments,
curvature, structural sizing, and curve segmentation
are compressed into a single parametric component
(Figure 4).
The logic of the component is as follows:
straight proximity mesh segments are restructured
as single span 3-degree curves resulting in a set of
4 CV’s per curve. While the end points remain connected to their respective agent path curves, the
remaining CV’s are each attracted to a nearest point
condition found within a differentially scaled set of
agent path curves. This process distorts the curves
as to provide a way for the swarm, through its internal proximities, to produce locally driven curvature.
Omni-directional curvature differentiates in magnitude on a per segment basis within the proximity mesh as it distributes through the agent path
curves. The relative magnitude of induced proximity mesh curvature is managed through a single sensitivity value. As this value increases, so does relative curvature which in turn drives structural sizing
and segmentation. The combination of agent path
curve structural sizing and proximity mesh sensitivFigure 2
Course connection diagram.
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Figure 3
Proxy swarm assembly
diagram.

Figure 4
Curve segment variation.

ity value constitute the variables flowing into the
Galapagos evolutionary engine (Figure 5).

Specified deflection-driven sizing
While sensitivity-driven explorations focused on
individually sizing every member in the swarm assembly, this round of testing takes a step back in
order to articulate the performative advantages
of replacing larger scale structural members with
swarm-based assemblies that use smaller/lighter
structural members. Inspired by Huang and Xie’s

evolutionary topology optimization of continuum
structures that use displacement constraints (Huang
and Xie 2010), we began by developing a parametric definition that would allow a single span beam to
be evaluated for a specified deflection value (SDV)
through SAP2000. By minimizing the absolute value
between the deflection result and a SDV in Grasshopper, evolutionary iterations through Galapagos
would yield a specific structural size that would approach the SDV as shown in (Figure 6).
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Figure 5
Galapagos results using FEA
generated fitness values.

Having established the necessary computational
framework for our own evolutionary structural optimization, we began applying swarm assemblies
in place of the singular structural member in an attempt to drive the size of the structural members
down while maintaining the ability to achieve a
range of SDV‘s given an axial load of 1kN to put the
assembly into compression. All members in the assemblies were assigned a uniform value for size and
employed a simple proximity mesh to constrain
the otherwise disconnected swarm courses to one
another. Initial results are shown in (Figure 7). The
results of these tests exhibit a desired correlation
between lighter members and higher SDV. However, the tests raised questions over the intensity of
the proximity mesh and the effect they were having over achieving deflection. Toward this end, the
proximity mesh was sorted into a list that measured
their lengths and put them into sets representing increments of 25% of the total population. The tests
were run again to achieve the specified deflection
values of .001, .01 and .1 of the overall beam span.
In this series the population of connecting members
was culled by 25% increments beginning with the
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longest members so as to understand the effects
of decreasing structural frequency. Results that
used only the shortest 25% of the population failed
to manage the axial loads and as such their results
were discarded noting the threshold for failure.
Two unexpected behaviors were expressed.
First, even with the full population of proximity mesh structural segments in place, the longest
members contained the highest stress loads. This
was suprising in that we expected stress either to
appear toward the middle of the span or in areas
where other connections were not being made.
Secondly, the test demonstrated the intelligence to
size up the structural size of the members in order to
achieve a deflection value that had previously relied
on more parts throughout the assembly. We were
not surprised to see shorter members demonstrate
higher stress levels given the absense of additional
structural members.

Stress-driven Branching
While the previous tests were inspired by subtractive methods in order to arrive at a structural equilibrium, efforts were made to develop a bidirectional

Figure 6
Specified deflection framework.

Figure 7
Instance of emergent structural sizing using specified
deflection values.

system where structure could not only be removed
through a hard-kill process similar to those used in
BESO methods (Huang and Xie 2010) when members fail to meet minimum stress levels but also
added in order to target high stress areas and locally
distribute their loads. Toward this end we modified
a series of grafting protocols (Taron 2012) whereby
agent-based morphologies structurally integrate
into otherwise normative wall assemblies (Figure 8).
Given the presence of higher stress levels in
longer members developed in the SDV tests, the
branching grafts intend on distributing stress
throughout the entire assembly. Additionally, these
curve networks were translated into continuum
meshes that simultaneously achieve dimensional
depth through manifold volumes while minimizing

the length of any structural member to the edge of a
given face. FEA stress analysis on a series of increasingly complex formations reveal the successful distribution of stress through the assembly while maintaining constant loads (Figure 9). This is a promising
discovery as a particular form can achieve specified
loading and reduce structural sizing without having
to revert to minimal geometric form. In other words,
redundancy has the capacity to produce its own
modes of efficiency that operate as an alternative to
‘conventional’ form-finding methods.
By iterating bi-directional branching through
FEA informed evolutionary loops, an initial swarm
formation can grow and decay such that it efficiently
grafts into an existing structure and actively participates in distributing loads through the entire as-

Figure 8
Grafting sequence.
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Figure 9
Stress distribution through
curve network (above) and
continuum structure (below).

sembly. Because the evo-morphogenetic framework
remains intact, additional forces and geometries can
be added or subtracted thus allowing the assembly
to search for new equilibria (Figures 10 and 11).

CONCLUSIONS AND FUTURE WORK
Evolutionary morphogenetic tactics demonstrate
real purpose for developing latent performance attributes in complex assemblies including swarm formations. While much discussion continues to take
place revolving around the usefulness of swarms
in architecture, this work articulates the potential
value for any complex assembly subjected to evolutionary iteration when integrated with performance

analysis software thus enabling novel solutions and
morphologies to affect architectural objects and discourse.
Work has already begun toward fabricating
these assemblies at a number of scales and with a
range of materials and connection strategies. Presently the work has focused on populating planar
surfaces but will likely yield new problems and opportunities when deployed through more spatial
(multi-orientation, multi-surface) assemblies. Additionally the research would benefit from urban
analysis that identified derelict or abandoned structures that could be revitalized and reprogrammed
through these tactics. Rather than thinking of archiFigure 10
Hard-kill stress distribution
branching sequence.

Figure 11
Stress-generated continnum
Structure assembly render.
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tecture as always a new discrete object, these methods reposition it as an always already integrated part
of the already built environment.
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Abstract. In this paper we present an outline of a newly started project to develop a city
generator for use in urban planning. The aim of the project is to develop a rule-based
system which is capable of generation lookalike cities. Lookalike cities are cities which
resemble real life cities without being an exact copy of it. A city consists of several zones;
each zone has it own identity. In order to generate lookalike cities, these zone-identities
need to be capture into rules which the system can ‘read’. 			
Keywords. Procedural modeling; urban development; L-systems; architecture; city
generator.

INTRODUCTION
With the rise of the gaming industry there was a
demand for realistic or imaginary city models that
accommodate game adventures. As a consequence
there was a need for artists who ‘build’ in-world cities. With the increase of the speed of the personal
computers, the game environments became larger
and larger and so the demand for these artists. The
gaming industry had to overcome the difficulty to
hire more and more artists to design these largescale cities. The answer was to develop methods,
which use no art assets like: (building-) models and
textures. Research was done to develop procedurally generated cityscapes (Parish 2001, Muller 2006).
Most research has been done in the field of games
(see figure 1). or ancient cities (see figure 2). Procedural generated buildings (Wonka 2003), temples
and ancient cities like Rome and Pompeii (Haegler
2009) are used as an urban visualization tool.
Surprisingly these city generators also found
their way also in the urban planning (Schirmer,
2011). There is already a commercial software package which generates cities.
It is our opinion that these tools lack some features which makes them less useful in the domain

of urban planning. The generated cities and buildings are ‘abstract’; they don’t resemble real life cities and buildings. In order to increase acceptance
in the building industry, especially urban planning,
research needs to focus on real life cities and buildings and trying to mimic their identity (see figure 3).
In the next paragraph’s we will give an outline of
our recently started research project. In this project
we aim to develop a city generator.

RESEARCH QUESTIONS
In urban design we anticipate the following application areas of computer generated cities:
•
Visual quality check
•
Infill of sites in the city
•
Test case for zero energy towns
•
Virtual city model
•
Military
The above list is not conclusive; there will be more,
not foreseen, areas where generated cities can be of
use.
Our research focuses on generating lookalike
cities. Lookalike cities are generated city which resembles existing cities without being an exact copy.
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In other words lookalike cities are cities with the
same identity but different buildings en infrastructure.
We discriminate three levels of abstraction,
namely: the city as a whole, the infrastructure and
the buildings. We recognize that a city consists of
several zones; each zone has it own identity. This
identity of a zone depends mainly of:
•
Type of streets (main road, secondary road, linear, curved etc)
•
Street profile (cross section)
•
Width of the streets
•
Are pavements alongside the street
•
Do the buildings have front gardens
•
Green places (parks)
•
Type of building (dwellings, shops etc)
•
The architecture of those buildings
In order to generate lookalike cities we have to capture the identity of a city into a finite number of
rules. The above mentioned ‘items’ need to become
input for our system. The system must be capable of
‘rewriting’ those rules to come up with a generatedcity which resembles the real life city but without
being an exact copy of it. We come to following research questions:
•
Is it possible to “capture” a city identity into
rules?
•
Is it possible generating a city which mimics an
existing city using above mentioned rules?
We are starting our research to see if it is possible
to generate a city based on some rules. First we develop an engine which can generate different city
layouts (infrastructure network). The end result must
be a city layout which is similar to the original city;
it must mimic the target city without becoming an
exact duplicate of it. The original city will become a
template for the system to generate a lookalike city.
In the next subparagraph we will give an outline
of this research.

RESEARCH APPROACH
As mentioned in the previous paragraph we are
developing a system, which generates cities. These
generated cities must mimic existing cities.
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Figure 1
Liberty City.

Figure 2
Pompeii.

Figure 3
Amsterdam.

Figure 4
Network typologies.

a) Population based (Altstadt)

b) Grid (Amsterdam)

c) Circular (Amsterdam)

d) Radial (Paris)

There has been extensive research in the above
mentioned research areas. We can recognize two
main streams of generating city research, template
based en agent based engines. We will discuss these
two approaches in some detail.
L-Systems were created by the biologist Lindenmayer as a method to simulate the growth of plants
(Prusinkiewicz and Lindenmayer 1990). “In an L-system, each plant module is represented buy a letter, different letters being used for modules of different types
or in different states. A sequence of letters forms a word
which represents the entire plant. Development is simulated by a process of rewriting; a rewriting or production rule is applied to a letter, resulting in its replacement by a new letter or group of letters” (Hanan, 1992).

Parish and Muller (Parish 2001) used a template
based L-system to generate cityscapes. Parish and
Muller recognized in real life cities 4 different types
road networks (see figure 4), which they used as a
template for their system.
To generate a city with sloped streets they used
a gray tone (elevation) map as input parameter to.
The topology of the location was depicted in gray
tones, each gray tone could be translated into a
height.
A different approach was used by Lechner
(Lechner et al. 2003, Lechner et al. 2006), they developed a agent based system. The only main input
of their system is a terrain description. “With the aid
of agent based simulation we are generating a system
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of agents and behaviors that interact with one and
another through their effect upon a simulated environment” (Lechner et al. 2003). “The city generation is
implemented by simulating cities using a set of agents
that can model specific city entities such as developers, planning authorities and road builders. The system
models not only the road network and buildings but
also simulates the growth and development of the city
over time” (Kelly and McCabe, 2006)
The goal of these approaches isn’t to mimic
existing cities; they are constructed from abstract
buildings. The goal of both systems lays not so much
in reproducing existing cities but in generating convincing and plausible cities.

As we explained in the previous paragraph our system must be capable of at least three different tasks:
1. Generating cities zones.
2. Generating infrastructure network.
3. Generating buildings.

age of the landscape typology. The landscape generator is developed as a multi-objective heuristic
optimization modeling approach, and generator
contains probabilistic elements (e.g. random starting situation, near-random cell swap), which results
in different output, each time it is run with identical
input settings. The system is capable of producing
a range of landscape configurations for a variety of
situations. This generator was developed to produce
plausible landscape configurations, so this system
lacks the ability to generate adequate infrastructures.
The re-arranged zoning map is input for our
system to generate plausible alternatives city zone
layouts. This newly generated abstract zoning plan
is base for generating alternative infrastructures and
buildings. By reading the colors of the re-arranged
zoning plan the system “knows” what type of infrastructure, roads and buildings it has to generate
within each zone to mimic the identity of the original city.

Cities zones

Infrastructure network typology

We start by analyzing the map of the original city
and make a zoning map. In this zoning -map each
zone has its own color. Each color stands for a well
defined combination of zone-identity attributes (see
first paragraph). The development of this zoningmap is done manually, using existing city maps.
By re-arranging the zones we get an alternative city lay-out which is fundamental the same as
the target city. For the aforementioned step we will
use the landscape generator developed by Slager
(Slager 2011) for generating alternative city-scapes.
This landscape generator uses landscape types
as building blocks of plan scenarios. A landscape
typology describes a proposed future spatial development and contains spatial and (non)spatial
(descriptive) attributes. A 2D reference image indirectly provides objective compositional and configurationally characteristics of the proposed development. These spatial attributes and their target values
are retrieved from the compositional and configurational characteristics present in the reference im-

There are lots of different types of infrastructure or
patterns (Alexander, 1977) but according to the literature there are four main typologies (see figure 1, the
population based, grid, circular and radial networks.
We will use our system to generate Dutch lookalike cities; therefore we have to look if there is a need
to localize network typologies. In the Netherlands
there is a local network typology, a combination of
two distinct infrastructures, the land bound and
the water bound. In Amsterdam, Utrecht and more
Dutch cities there are canals, on every bank there is a
road with bridges connecting those two roads. So to
localize the number of existing road types we need
to add an extra road type, which is a juxtaposition of
two different infrastructure-networks (see figure 4).

THE PROPOSED SYSTEM
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Network
We decided to use L-systems (Prusinkiewicz, 1966) as
a base to generate the infrastructure. This decision is
based on the fact that we want to make a rule-based
system, so we can better direct the outcome. The

generate output which will have some similarity
with the existing building type from which the rules
where derived.

Figure 4
Juxtaposition (Amsterdam).

CityGML

traditional L-system has no ‘knowledge’ of its environment. We will extend the L-system the ability to
interact with the ‘environment’ (Mech, 1996). The
environment is in our case the colored zoning map.
The L-system can ‘read’ the colors of the zoning map
and act according to it, as each color stands for a
zone identity, a combination of zoning attributes.
In this way the system can create for instance a road
type according to the zone to which it belongs.

Buildings
In order to use an L-system to generate buildings,
we have to analyze existing buildings to develop
production rules which are stored in a data base. It
is our intention to automate this building analyses
phase; this will be done by analyzing photos. We
think of analyzing the photo’s in Google maps. For
every zone we have to analyze sufficient buildings of
the same type.
We (the system) will perform analyses of the
photos in regard of: type of building, type of main
entrance, how many floors, what kind of roof, layout
of the facade etc., to make up the production rules.
These rules will range from number of floor to the
layout of window and will be categorized according this level of detail (=LoD). Each rule will have an
unique id which is made up of: building type, category it belongs, rule type (number of floor, windows
layout etc) and level of detail. This makes it feasible
for the system to pick at random for each LoD different rules to generate alternative buildings. Rules
which belong to the same type of building, will

The consecutive results will be put in a model based
on the CityGML. This decision is based on the fact
that the pipeline of the system resembles that of the
LoD used in CityGML. The level of detail of our system will range from LoD 0 (= our zoning plan) to LoD
3 (= our generated building). Our system doesn’t
generate interior layouts, so the buildings can’t be
entered.
By using CityGML the outcome of our system
can easily imported in other CAD software or viewers, for further visualization or calculations.

DISCUSSIONS
In this paper we discussed the outline of our research to develop a city generator which will generate cities which mimic existing cities.
After finishing the above discussed system we
will expand the system with a module which place
texture on the surfaces. The materialization of the
buildings and roads is also a part of the identity of
the city.
It is too soon to conclude if it is possible to write
rules which capture the identity of a city. We are still
in de phase of the development of the engine. According to the literature it is possible to generate a
plausible city.
To validate the system we need to develop a
number of different rule sets, each set for a different
real-life city. Next step is to generate according to
these rule sets 3D ‘look a like’ cities. We will present
these generated 3D cities to a panel of professionals,
with the question: “Which city are you looking at/
walking thru?” From their answers we can conclude
if our generated cities mimic existing cities or not.
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Abstract. This article is a starting point for the development of experiential urban
co-design interfaces to enhance public participation in local urban projects and to be
also used as a communication and collaboration tool in urban design. It is based on the
previous research involving 3D city models utilized as understandable design interfaces
for the non-technical public (Jutraz, Zupancic, 2011), where we have already explored
different views (pedestrian, intermediate and bird’s-eye view), as well as the means by
which the information obtained from these different views may be combined by shifting
between viewpoints. Previous work was conducted in the “street lab” as well as the
Urban Experimental Lab, which was developed specifically for the public’s participation
in urban planning (Voigt, Kieferle, Wössner, 2009). Presented in this article is the next
step that explores the immersive collaboration environment 3D ICC [1], formerly known
as Teleplace. The environment was developed for efficient collaboration and remote
communication and shifts the research focus towards questions regarding how to employ
both labs as interfaces between the non-technical public and design professionals. As
we are facing the lack of digital systems for public participation and education in urban
design, different digital tools for communication and collaboration should be combined
into a new holistic platform for design. A digital system of tools needs to be developed
that supports the urban design decision-making process and focuses on improved final
solutions and increased satisfaction amongst all participants. In this article the system of
digital tools for public participation, which include communication, collaboration and
education, will be also defined, with its basic characteristics and its elements.		
Keywords. Digital system of tools; collaboration; 3D model; public participation; urban
design.

INTRODUCTION
Urban design is a public collective activity and
through combining different ideas, opinions, etc, we
develop shared urban visions. Schoenwandt (2008)
defines the “third generation” planning theory as the
next step to the rational model of planning, where
“agents” of planning construct a “planning world”,

which exists in the context of an everyday “lifeworld”. Specific exchange among both “worlds” always happens. The collaboration process with its decision support tools presents an experiential urban
co-design interface (technical and social) between
“the planning world” and “the life-world”. This inter-
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face is focused on the experiential mode, wherein
lies the most important perception of place/ urban
design. The collaboration process could be real or
virtual, different according to space and time; real
world or digital representation of the real world
could be compared to the digital city models or
even combined with them and used for simulating
potential future developments.
Public participation is a complex process, where
different representatives of the non-technical public and experts are engaged. Each participant offers
particular knowledge and/or expertise/visual communication ability that can be shared with others
and each one could learn something new from the
other participants. The general public may learn
much through the urban design participation by
simply being present and sharing comments and
opinions. Collaboration is a more important process
than communication alone and can contribute to
lifelong learning in urban design.
The previous research (Jutraz, Voigt, Zupancic,
2011) was done in the “street lab” and in the Urban
Experimental Lab, developed for public participation in urban planning (Voigt, Kieferle, Wössner,
2009), and it aims at developing visual digital 3D
city models to enhance public participation in local
urban projects. It also discusses the problem regarding the diversity of city model views (pedestrian,
intermediate/mid-, and bird’s-eye view) and, consequently, the means by which one can combine information from each view by shifting between different viewpoints. We found that the most suitable way
to present the city model is to show the site from
different views: the pedestrian, mid-, and bird’s-eye
views, while recognizing that 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 big picture to the small
details in both directions, and from the conceptual
to the experiential mode of presentation. Mid-view
can be seen as an interface between the pedestrian
and bird’s-eye views.
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Based on this research, this article focuses on the
interface between the “planning” and “life-world”
and presents the communicational and collaborative tools to be used by the different participants
(Figure 1). This interface presents a digital system of
tools (DST) to facilitate the public’s participation in
urban design, which is most important for the nontechnical publics (politicians, citizens, users, investors), who are the target group of the participation
process; experts present their support and source of
expertise. DST can help by improving the communicational and collaborative process between different participants, in order to develop a shared urban
vision.
Figure 1
Towards a shared urban
vision.

DST should be composed of a set of tools reflecting the needs of the public participation process
in urban design. These tools should support public
participation in urban design by informing, involving and educating people in urban design. DST
should offer to different participants various tools;
participants would choose the tools that would be
the most appropriate for the selected urban design
problem. Only the right combination of various tools
will lead to improved final results. These various
tools include, among others, tools for the presentation of the site, communication, raising awareness,

Figure 2
Tools for public participation
process in urban design (*3D
ICC includes the tools marked
darker).

collaboration, life-long learning in urban design, 3D
city models, and implementation. (Figure 2)
This paper also investigates the potential of using 3D ICC as an interface between “planning world”
and “life-world”. 3D ICC combines several tools,
which are part of DST (Figure 2). It presents an immersive collaboration platform where one can find
different tools for communication and collaboration
[1], e.g. content and application sharing, multi-modal communication in one space, realistic interactions
such as using whiteboards, sketching, etc. The environment consists of different rooms where various
groups of people may meet, share their opinions,
and give presentations. Google Sketch Up models
may also be imported and users may use their avatars to walk through the 3D models. This platform

offers a real-life experience where the user may use
his or her avatar to explore a 3D model and gain a
real impression of the proposed design. As Murphy (2011) states avatars can “help you learn to cope
with similar situations in the actual world”. When you
move around a 3D city model with your avatar, you
are able to adopt this experience and reflect it into
everyday life, and you more easily imagine what urban design proposals would mean for real-life.
This article addresses the positive and negative
sides of 3D ICC, users’ experiences with this tool,
compares 3D ICC with Urban experimental Lab, and
tries to define the benefits and potentials of both of
them for public participation in urban design. Exploring different digital tools for collaboration and
communication in the design process helps us to
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define the characteristics and elements of optimal
DST, as well as to develop appropriate tools for each
stage of the participation process.

EXPLORING 3D ICC: METHODOLOGY
The main research of this article is based on the exploration of the immersive collaboration environment 3D ICC [1], formerly known as Teleplace, now
Terf, developed for efficient collaboration and remote communication. It consists of several “rooms”,
generally two types: the meeting place with whiteboards, where participants can work together,
share information and applications collaboratively,
visualize information, use sticky notes, sketch, modify a document while others wait, and in the other
“rooms” you can import a 3D model of a building
and walk through the building with other participants at the same time as one would in the real life.
It is an online collaborative environment, which offers live/ group chat, video conferencing, and interactive avatars.
In the research presented in this article we
wanted to define characteristics and elements of
3D ICC and the links to the DST (which elements of
DST are missing in 3D ICC, what could be improved,
etc.). At the same time we wanted to evaluate 3D ICC
through user experiences; its positive and negative
sides were also defined. Moreover, through this research, opportunities for using the tool in urban design were identified.
In the first part of this research, we conducted
a survey amongst the students of the AEC Global
Teamwork class of 2012 at Stanford University (PBL
Lab, 2012), headed by Dr. Renate Fruchter, where
the students were asked to use 3D ICC as a support
digital tool in their design processes (from January
to May 2012). The students used the tool for weekly
meetings, instant communication and collaboration
and for the exploration of the 3D model with their
avatar (walking through the model). The main aim of
this research was to find out how the profession is
facing the use of the 3D ICC, and on the other hand
to evaluate the performance of 3D ICC.
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In the second part we were dealing with the process
of urban design in 3D ICC, especially with the options of importing larger 3D models, and the level of
details, which are still possible to be imported in the
3D ICC.

EXPLORING 3D ICC: RESULTS AND
DISCUSSION
3D ICC in architectural design in AEC
Global Teamwork
The survey amongst the students of AEC Global
Teamwork of 2012, based on their experiences with
3D ICC, was answered by 23 students, 15 men and 8
women, mostly between the ages of 18 and 24 years
old and not older than 34 years. They came from different universities all around the world (e.g. Stanford
University, University of Puerto Rico, Bauhaus University, Warsaw University of Technology, University
of Wisconsin-Madison, and University of Ljubljana).
They came from a diverse cultural environment: US
(10 students), Canada (1), Poland (1), Germany (3),
China (2), Iran (1), India (1), Slovenia (2), and Puerto
Rico (2). The AEC Global Teamwork is an interdisciplinary class; the students were architects (2 students),
construction managers (5), structural engineers (9),
life-cycle financial managers (1), MEP (1), apprentice
(2) and owners (3). The team consisted of 6 members, each from a different discipline, which was a
very important part of the design process. 67% of
the students said that 3D ICC helped them by improving the knowledge about the other disciplines.
3D ICC has a huge potential of becoming a really
useful tool for interdisciplinary design and collaboration between team members and investors.
Students very poorly knew any other virtual
world, only 2 of them have used them before. For
most students, this class was their first exposure to
a virtual environment. In addition to 3D ICC, they
knew of only a few of them: Stadia, Second Life, and
Virtual Cube. We could see that virtual worlds are
not really popular among the students. The survey
is based on determining how the profession is faced
with such a tool, how easy it is for using it, does it

Figure 3
Exploring architecture in
3DICC, walking through the
model with your avatar.

aid in the design process, with which problems the
students were faced, etc.
No one had used 3D ICC before the start of the
AEC Global Teamwork class, and also later they used
it rarely, averaging twice a month. Before they used
it for the first time they were looking forward to using it (50%), they liked it from the first moment they
saw it (13%), they didn’t want to use it (13%), they
thought it was an unnecessary additional tool, and
some of them also found it a really difficult tool (8%).
It is interesting to watch the change in students’
opinion about 3D ICC between the beginnings and
end of the AEC Global Teamwork class. At the onset,
most of them (50%) were looking forward to using
it, 3D ICC has been positively accepted by 63% of
students and negatively by 34% of students. After
using it 38% of students changed their opinion: 22%
liked it more and 16% liked it less. The results of the
survey show us that after the AEC Global Teamwork
half of the students liked the digital tool and half of
them didn’t like it. The tool has both positive and
negative impressions as expressed in student opinions about the tool shown in (Table 1).
3D ICC has been used for different purposes:
88% of students used it for walking through the
model, 59 % used it for weekly meetings, where they
shared presentation and information, some of them
also for decision-making actions (35%) and real time
actions like whiteboards, discussions, sketching
(41%). They were exchanging visual- and non-visual
information, voice and text, the information were

available in 3D ICC all the time, and the team members were able to enter the collaboration space in
3D ICC and check the information they needed. The
virtual room was utilized as the collaborative space
where whiteboards were located; you could exchange both kind of information: visual and non-visual, e.g. numbers, density, text. It’s like a real meeting place, where you walk around with your avatar
and synchronously exchange all the information.

Walking through the model in 3DICC
From the architectural and urban design point of
view we can conclude that the most valuable characteristic of 3D ICC is the option of walking through
the model (88% students used 3D ICC for walking
through the model and they liked this function the
most).
40% of students used pedestrian view (the elevation from the ground 1.6m) and 40% the combination of all three views (pedestrian, intermediate,
bird view) for moving through the 3D model. 20% of
students used only intermediate view (the elevation
from the ground 10m). These results could be linked
with the students’ cultural and environmental background: cultural context has a big influence on the
students’ perception and their way of using 3D models - it is especially important what their background
knowledge is, what they are used to, etc. Students
didn’t use the orientation boards in the 3D model
because they didn’t know they could use them, and
they didn’t know exactly how to use them.
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CRITERIA

3D ICC pros

3D ICC cons

Table 1

Type of the tool

Online immersive collaboration
and communication tool.
Closed group of people.
No time, place limits - you can
access it from wherever you
want, whenever you want.

Only virtual, no face to face
collaboration.
Limited access – it is not free.
Needs a really good internet
connection - if one person's
connection is less powerful, the
whole group suffers it and has to
wait. Sound and connection
problems.
You have to arrange meeting in
advance.
There is no list of all the
members of the collaboration
process, you cannot send them
message, only online
participants are in the list.
You can get information only if
you enter the virtual
environment - it requires some
time.
It is useful only at the beginning
of the project.

The critical evaluation of the

Open source/paying
Requirements

Team members
Collaboration process

Type of information

Stage of the project

3D model

3D model - navigation

Communication with physically
co-located team members.
Interdisciplinary collaboration.
Anyone can revise and mark up
documents interactively.
Efficient meeting flow without
changing controls.
You can have multiple
documents up at once.
Combining visual- and nonvisual information.
You can access the information
whenever you want, through the
whole stage of collaboration
process.
The walkthrough helps by
making decisions. It helps
architects, because they
experience their building from
the perspective of a user.
Predefined views.

3D model - details

It helps to experience only
conceptual 3D models.

3D model - importing
models

You can import simple Sketch Up
3D model.

Combining different
tools

Only one tool at the same time:
sharing information or walking
through the 3D model.
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3D model has to be prepared in
specific program (e.g. Sketch
Up)
Problems with navigation,
problems with moving around
with the avatar.
It is good only for the simple
building – more detailed models
don’t work well. Hard to get the
real impression of the building if
you don't have a lot of details.
Problems with importing large
3D models, complex
architectural forms and files
cannot be handled.
Hard to switch between
"walking through the model"
and "sharing information" at the
same time.

3D ICC, based on survey and
personal experiences.

Students pointed out that avatar mostly helped
them to identify scale of building and spaces. 87%
of students think that walking through the building
with your avatar effects the perception of the space
– comparison of avatar size to space.

you cannot imagine the place, and that 3D models
build upon the 2D plans. 2D and 3D drawings need
to be considered concurrently; the 3D model is critical in order to visualize the architectural model.

Evaluation of 3DICC, based on the survey
and own experiences

The Urban Experimental Lab (developed in previous
research work) and 3D ICC both offer many benefits:
the Urban Experimental Lab offers a real experiential
mode by using 3D glasses; 3D ICC is a virtually based
collaborative space for communication, collaboration and designing. The Urban Experimental Lab
requires one to be physically located at a specific
place (the lab is located in Vienna and a user must
be physically present in this lab), whereas 3D ICC is
available anywhere a reliable Internet connection

3DICC offers a variety of functions/elements, and
the most popular functions among the students
were walking through the building (82% students
used it), using sticky notes (76%), sharing information (71%) and interactive avatars (71%).
The connection between 2D plans and 3D models was also discussed. 73% of students claimed that
2D plans don’t illustrate the building sufficiently and
Table 2
The elements of DST and 3D
ICC, based on survey and own
experiences.

The elements of DST
List of participants: name, purpose of being
involved, discipline, …
Text, communication tools - e.g. chat simultaneously
Text, communication tools - forum, blog –
non-simultaneously.
Analysis, presentations.
Aerial photographs with street level imagery.
2D maps.
3D city models, 3D architectural models.
Visualizations, a realistic visual simulations.
Various scenarios.
Planning design aspect.
Experiential design aspect.
Educational module.

CONCLUSIONS

The elements of 3D ICC:
(+) yes; (o) mid; (-) no
(-) There is only list of names of online
members.
(+) Individual and group chat.
(-) You can chat only with the participants
who are online at the same time as you are.
(o) Only if you posted them on the
whiteboards.
(-) No direct link between real-life street level
and 3D model.
(o) You can post them on the whiteboards.
(+) Limits on the size of the model.
(o) Conceptual simulations.
(o) Only one scenario at the same time, but
you could switch between different
scenarios.
(+) Available from the bird view and
intermediate view.
(+) You can experience the site with your
avatar (pedestrian view).
(o) Learning takes place through direct
interaction with other disciplines, there are
no special educational modules
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The characteristics of DST
Online, virtually based, with no geographic /
location or time constraints.
Easy to use.

Easy to navigate 3D models.
Real-time information sharing and multiuser
application.
Understandable for different users with
different knowledge background.
Cost-effective.
Reliable.
Transparent.
Save participants’ time.
Interdisciplinary collaboration.

is available. As face to face collaboration and virtual
collaboration are both really important and strongly
connected, these labs could be seen as support
for effective public participation in urban design.
Moreover, urban planning, which has already been
explored in the Urban Experimental Lab, could be
combined with urban design, as planning is always
connected with design and vice versa.
Positive sides of both Labs should be combined
in a distributed lab. By using both labs, each for a
specific purpose, their weaknesses and potentials
should be improved. Both of these labs should represent a part of the DST and each can offer specific
functions for the larger, overarching DST. These labs,
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The characteristics of 3D ICC:
(+) yes; (o) mid; (-) no
(+) It needs a really good internet connection.

Table 3
The characteristics of DST and
3D ICC, based on survey and
personal experiences.

(+) It needs some basic computer skills (move
around with the avatar, import something on
the whiteboards, share presentations,…). We
didn’t test the lay public.
(o) Participants could have some minor
problems, depending on previous
experiences with navigation in 3D models.
(+) Easy to share information with other
participants, simultaneously.
(+) We tested only professionals; we haven’t
tested lay public yet.
(-) It’s not free, you have to pay for using it;
limited number of participants, only invited
participants can use it.
(o) There could be internet connection
problems, also problems with larger number
of participants and with larger 3D models
(o) Only registered participants could see and
access all the information.
(+) Participants should have more time to
express their opinion.
(+) Different disciplines (architects, CM,
psychologist etc.) collaborate together.
combined with other tools from DST, are essential
for establishing effective public participation in urban design.

FUTURE WORK
Many opportunities are seen for future development and research of DST for public participation
in urban design, such as determining which tools
are the most appropriate for the “life world”, interdisciplinary collaboration between “life-world” and
“planning world”, etc. Future work will be focused
especially on the context of countries with no strong
tradition in public participation, and to the development of DST with the following characteristics:

Functions

Table 4
The comparison of Urban

Public
Urban
Experimental participation
tool, offers a
Lab
real experiential
mode by using
3D glasses.

Experimental Lab and 3D ICC.

3D ICC

•
•
•
•
•

Virtually based
collaborative
space for
communication,
collaboration
and designing.

Space/time
limits
Physically
situated in
Vienna, you
cannot use
it wherever
you want.

Avatar

No space
limits, you
can use it
with good
internet
connection
wherever
you want.

Low-budget development of DST
Free for using (no participation cost)
Understandable for the general public
Easy to use for non-technical users
Available for everyone with regular internet
connection
•
No special hardware/ software requirements
The development of DST will be divided into the following steps:
•
Development of the primary DST: based on the
determination of the stages of the public participation process and urban design process,
and specific digital tools, suitable for general
public use at each stage.
•
The research/ survey among the general public
on different digital tools as part of DST: the survey will be made among three different groups
of the general public, where different levels of
information will be presented - first group: DST
with little information, only final solution will
be presented without additional explanation;
second group: DST with some information,
some proposals and final solution, without additional explanation; third group: DST with detailed information, different proposals and final

•

•

Weaknesses Potentials

No avatar,
Physically
3D glasses,
located in
experiencing one place.
3D model.

Shifting
between
urban
planning
and urban
design.

With your
avatar you
can walk
through 3D
models.

Using for
urban
design
projects, not
only
architecture.

Needs good
internet
connection
and good
software.

solution with major additional explanation
(causes and consequences).
Based on this survey, we will define which tools
are better/easier to use/more understandable
for the general public, and how much information should be presented for effective public
participation in urban design. Each digital tool
will be analyzed and the importance of the
tools will be also defined.
The optimal DST will be developed: it will present the way of simplification of complex situations in modest economic systems with no
tradition of participation.
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Abstract. Crowdsourcing is a new concept for breaking with the traditional hierarchical
model of collaborative design. Crowdsourcing is based on web-based contributions
of individuals in a decentralized digital environment that supports the sharing of
opinions and creative ideas. This article develops the concepts and issues associated
with the possibility of crowdsourcing design as well as discussing its relationship to
prior developments of media environments for collaborative design. Three scenarios
for crowdsourcing in architectural design are developed as a basis for considering
the requirements for the design and function of crowdsourcing media environments in
architectural design.							
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INTRODUCTION
In recent years the term ‘collective intelligence’ and
its potential relationship to ‘collective design’ has appeared widely over a broad spectrum of scientific,
sociological and design studies. In order to adapt
the culture of design to emerging models of social
networking as a potential medium for collectively
creation of design solutions there is a need to explore and understand the potential of ‘crowdsourcing’ to function as a social medium for design. The
following paper makes an attempt to define the theoretical and operative sources of concepts as well
as the developmental issues that might promote
crowdsourcing as the basis for collective design as
an open-source design environment.

CROWDSOURCING: THEORY, CONCEPTS,
ISSUES
Collective intelligence is one of the seminal foundational concepts of this emerging field. It has been
described as ‘universally distributed intelligence’
and as the ‘universality of intelligence’ (Lévy, 1997).
In ‘team-based collective intelligence groups’ the
participants usually focus on achieving a predictable and well-defined outcome. The effectiveness of
such team-based groups in distributed space is usually related to the limitation of the number of participants and the strategies of interaction. New principles were later introduced in order to overcome
such limitations; the provision of command and
control structures were established and supported
by standards, norms and shared language to support the ‘interoperability’ of collective knowledge.
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While psychological studies of collective intelligence were based on observations of human team
behavior, other studies were inspired by evolutionary processes in nature in which shared intelligence
is based on such biological drives as survival and
reproduction (Lévy, 1997). Most well known among
these were those terms such as ‘swarm intelligence’,
an emerging model that was inspired by the behavior of insect societies in nature. Computational models and systems classified as ‘swarm computing’ were
inspired by such instinctive biological behavior.
According to Lévy, collective intelligence can be
characterized by the following three concepts: universal distribution of intelligence, constant enhancement, and coordination in real-time for effective
mobilization of skill. Due to the development and
popularity of the World Wide Web and information
technologies, the Internet today provides a media
environment that accommodates these principles.
Autonomous individuals in a scale-free decentralized environment can freely communicate and interact. The effect of the ‘wisdom of the crowd’ started
to be realized and supported by interactive communication media enabled by the Internet. Among
early examples of the exploitation of Internet media
‘crowd wisdom’ was evident in the study of statistical
phenomenon in areas such as stock markets, political elections, etc. (Surowiecki, 2004).
With the development of Web-based communication in providing means for information exchange of both textual and graphical information,
the crowd-model has emerged as a useful model
for use in decentralized business models. With the
model Web-based commercial companies could interact with the total body of consumers rather than
with specific group members. This phenomenon
is termed ‘Crowdsourcing’. The difference between
crowdsourcing and ordinary outsourcing is that the
task or the problem to be solved can be openly distributed to a body of unknown potential contributors rather than to specific collaborators.
Crowdsourcing is a new concept for breaking
with the traditional hierarchical model of collaborative design. Crowdsourcing is based on web-based
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contributions of individuals in a decentralized digital environment that supports the sharing of opinions and creative ideas. Thus the design of such media environments is among the enabling factors in
crowdsourcing.
Crowdsourcing, or mass participation, has become an emerging model for “online, distributed
problem-solving and production” (Brabham, 2008).
The model has potential for solving scientific problems as well as sourcing new ideas for creative arts
such as music and photography. It has been applied
to e-business exploiting a massive crowd of online
users, for example, in ‘Threadless’ consumers propose creative new ideas for T-shirt design (http://
www.threadless.com); in ‘iStockphoto’ photographers contribute photographed images for an online library of photos (http://www.istockphoto.com);
‘InnoCentive’ connects research organizations with
a global community of potential scientific advisors
in order to support innovation (http://www.innocentive.com); and ‘TopCoder’ organizes competitions to encourage creative software development
(http://www.topcoder.com).
Despite of the immense interest in adopting
crowdsourcing in design, there is a current lack of
adequate conceptual understandings, formal guidelines, and supporting Web-based techniques that
can effectively facilitate the potential of crowdsourcing in design.

FROM COLLABORATIVE DESIGN TO
CROWDSOURCING DESIGN
Collaborative design is relatively well understood
in the literature, and is characterized by small-scale,
carefully structured, professional design teams.
However, while individual designers are generally
conducting reflective practices on their own, the
complexity of the design projects and the influence
of a global economy have created demands to find
solutions for extended needs and changed scale
and modes of design towards the adoption of new
collaborative models addressing the needs of global
practices. Lahti et al. (2003) define design collaboration as a process where designers dynamically com-

municate and work together, aiming to collaboratively establish design goals, search through design
problem spaces, determine design constraints, and
construct a design solution. While individual designers can creatively contribute to the development of
design, collaborative design implies well-organized
teamwork and negotiation that enable individual
designer to effectively collaborate. In fact, design
collaboration depends on collaboration with other
designers within the discipline as well as collaboration with design experts across the discipline. Teamwork and negotiation processes are based on shared
domain knowledge and both intra-disciplinary and
inter-disciplinary expertise.
The increasing popularity of open-source online environments, which may include both social
networking sites and other technically sound environments such as 3D virtual worlds, has significantly increased the participation of both design
professionals and design novices in a wide range of
design activities. Featuring design, modeling, communication and other tools that support online
communities, 3D virtual environments may further
suggest possibilities for the development of digital
design environments for supporting crowdsourcing
beyond current small-scale collaborative design scenarios (Merrick and Gu, 2011).
Open-source online environments are already
a recognized platform for collective intelligence
that emerges from collaboration and competition
among large numbers of individuals. Collective intelligence games such as “I Love Bees” (McGonigal,
2008), and applications such as NASA’s “Clickworkers” (Romero, 2009), have demonstrated the capacity of collective intelligence to solve complex
problems (Maher et al., 2010). Redirecting such
collective intelligence principles in order to accommodate complex design is one way of approaching
the design problem of crowdsourcing design environments. Beyond small-scale collaborative design
scenarios, crowdsourcing design has the potential
to enable large-scale, interdisciplinary participation,
representing different levels of expertise, in addressing increasingly complex and challenging design

tasks and in providing creative solutions. In comparison to collaborative design, crowdsourcing design
can attract a large number of unknown potential
participants representing different levels of domainspecific knowledge, interdisciplinary knowledge
and expertise who may be interested and motivated
to contribute to design.
Understanding the impact of emerging technologies on novel representational media, computational methods, and digital processes (Oxman,
2006) is critical to the development of future media
for crowdsourcing design. Beyond these problems
that affect the design of crowdsourcing design environments, other problems such as authorship are
central in any research on crowdsourcing design.
The understanding and formulation of such complex operative and institutional issues related to
crowdsourcing design are equally critical. However
at this very early stage in the development of designing crowdsourcing media it is essential to begin with providing a theoretical and developmental
foundation. Among other issues, what is required
is the clear definition of the principles of operative
and technological requirements of online environments that can support design activities suitable for
crowdsourcing and provide design environments
enabling crowd participations. Only through the establishment of such enabling conditions will we be
able to foster, motivate and exploit crowd wisdom
in design.

CROWDSOURCING DESIGN:
THEORETICAL FRAMEWORK
While decision-making and problem-solving processes in crowdsourcing can be guided by statistical
results, design as a cognitive activity is characterized
as unique thinking processes. Furthermore, in contradiction to the statistical or optimal outcome that
can be associated with the non-hierarchical collective social intelligence of the crowd, design is a task
domain that focuses on unique and specific representational and operative skill. As such it requires
specific knowledge and skill-media that are based
on accepted representational methods and pro-
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cesses. Importantly, the success is not only based on
these accepted representational methods and processes but also on the unique body of disciplinary
knowledge.
In order to develop a theoretical framework for
crowdsourcing in design a review of the issues and
principles is presented below followed by a critical
analysis of the conceptual, technical and operative
requirements of crowdsourcing design, with references to their impact on the design discipline. Finally we employ these theoretical principles in the
postulation and analysis of various scenarios for the
development of media environments suitable for
crowdsourcing design. While other aspects of design such as the business plan and user motivation
are also of paramount importance, our focus here is
upon the design principles of web-based environments that may enhance and support crowdsourcing design.

CROWDSOURCING DESIGN: SCENARIOS
Virtual worlds are complex, multi-faceted technologies, which may be an ideal base and point of departure for exploring media frameworks for crowdsourcing design. There are many facets of virtual
worlds that may make them relevant for adaptation
to future media environments suitable for crowdsourcing design. These include, among others, components of artificial intelligence, communications
protocols, network organizational structure, graphical simulation tools, design and modeling tools,
persistent object-oriented infrastructure, principles
of economy and governance, and technologies of
user presence and interaction (Bartle, 2004). Recent
studies and applications (Maher et al., 2006; Rosenman et al., 2006) have demonstrated that the combination of design, modeling and communication
tools along with incorporated artificial intelligence
makes virtual worlds suitable platforms for supporting collaborative design, including human-human
collaboration and human-computer co-creativity.
Because of the close relationship between design,
collective intelligence and virtual worlds, there appears a strong possibility of crowdsourcing design
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in 3D virtual worlds. Virtual worlds are also coming
to be recognized as a platform supporting general
crowdsourcing in order to enable a very large number of individuals to develop potential collective intelligence.
Various potential technical approaches and devices to crowdsourcing design such as open-source
social networking, open-source modeling, parametric scripting, and generic open-source prototyping
will be evaluated through the illustrations of series
of design scenarios. The following criteria were selected as critical issues in developing and evaluating crowdsourcing media environments for design.
These will be introduced, discussed and presented
in relation to the presentation and demonstration
of the scenarios. These criteria were adapted from
Maher et al.’s ‘conceptual space of large-scale collective design’ (2010). The ‘type of representational
media’ refers to different technologies that facilitate
various digital representations of the design for supporting different design processes, and the ‘type of
communication modes’ refers to different ways of
co-authoring, co-editing and co-sharing the digital design representations in terms of synchronous
and/or asynchronous communication, in order to
support crowdsourcing design.
In order to explore these foundational issues, we
propose and consider three selected scenarios that
appear to demonstrate promise in realizing certain
of the potential past works in social networking sites
as well as 3D virtual worlds in collaborative design
and adapting them to new media environments for
crowdsourcing design.

Design scenario I: Open-source social
networking
A social network is a social structure made up of
individuals or organizations called ‘nodes’, which
are connected by one or more specific types of interdependency, such as friendship, kinship, common interest, financial exchange, dislike, sexual
relationships, or relationships of beliefs, knowledge
or prestige. Open-source design scenario explores
the use of common social networking technologies

(i.e. Blogging, Facebook, Wiki, etc.) for supporting
crowdsourcing design. It proposes to exploit and integrate existing media in a new consolidation that
potentially amplifies communication in design.
Although some social networking sites also provide synchronous communication tools, the main
communication mode in social networking is asynchronous and is based on shared discourse on textual and image-based representational media that
can also include sound and video (i.e. Youtube, etc.).
For example, Facebook (http://www.facebook.com)
allows users to post content to either their own or
others’ ‘wall’ in the form of text, images or embedded video content. Comments can be made which
directly relate to the posted content. There are a
number of communication methods within Facebook, including private messaging, posting on the
‘wall’ for others to see and comment, as well as an instant messaging feature which allows real-time synchronous communication between users which are
logged on. Within groups or ‘events’ in Facebook, it
is possible for users who are not ‘friends’ (non-group
members) to communicate with each other via commenting on content posted.
Twitter (http://www.twitter.com), is a different
type of popular social networking. In terms of the
representational media, ‘tweets’ are short text based
descriptions, and they can be link to other websites or pages within Twitter. When communicating
in Twitter, users can group posts together by topic
or type by the use of hash tags – words or phrases
prefixed with a #. Similarly, the @ sign followed by
a username is used for mentioning or replying to
other users. If a user wants to repost a message from
another Twitter user, and share it with their own followers, they use the ‘retweet’ function symbolized
by ‘RT’ in the message. In this way, Twitter posts can
directly link to relevant content on other pages.
Departing from those that are more socially oriented is Wikipedia (http://www.wikipedia.com). It is
a web-based, collaborative, multilingual encyclopedia project supported by the non-profit Wikimedia
Foundation. It is widely recognized for the non-expert-driven style of the encyclopedia building mode

and the large presence of non-academic content.
Information on Wikipedia is represented in the form
of referenced text articles, which can be accompanied by relevant images and links to other sources of
information. Keywords within Wikipedia are linked
to more information on that topic within Wikipedia.
The content of Wikipedia is entirely user generated,
where both the information and legitimacy of the
information depend on the mass participation of users who access it. In departure from the style of traditional encyclopedia, Wikipedia employs an open,
“wiki” editing model. Except for a few particularly
vandalism-prone pages, every article may be edited
anonymously or with a user account, while only registered users may create a new article. No article is
owned by its creator or any other editor, or is vetted
by any recognized authority, rather, the articles are
agreed on by consensus. A ‘WikiProject’ is a place for
a group of editors to coordinate work on a specific
topic. The discussion pages attached to a project are
often used to coordinate changes that take place
across articles.
To focus and direct the use of these social networking sites for design purposes, the development
of the communications format becomes of prime
importance. Protocols for naming, classifying, adapting, varying and saving alternative design ideas and
design representations become important in the
development of the design interface. Design evaluation and selection such as voting and other more
detailed performative evaluation techniques might
be employed.
This approach to an eclectic, multi-media design
platform for crowdsourcing design might be considered to provide an open collage-like approach
to design in the visual sense. It would probably be
possible to adapt such an approach to integrated
performative evaluation, e.g. as in various performance indicators in architectural design. The great
developmental challenge is the successful toggling
together of various media in support of important
and highly characteristic design processes and tasks.
Table 1 highlights the characteristics of ‘OpenSource Social Networking’ for supporting crowd-
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Criteria
Types of communication modes
Types of representational media

sourcing design in terms of the two criteria ‘type of
communication modes’ and ‘type of representational media’.

Design scenario II: Open-source modeling
The Open-source Modelling scenario focuses on 3D
design through modelling in web-based online environments. It is far more task-specific than the first
scenario and enables the shared manipulation of
the design. By comparison to the first scenario that
is by-definition more conceptual and suitable to
conceptual design and brainstorming, this second
scenario is highly suitable to specific design tasks,
and collaborative design in more advanced stages
of the design process through user-generated 3D
models. It could also be a means to access solutions
to particular recurring problems in architecture, e.g.
complex plan development, complex geometries,
etc. The term ‘user-generated content’ entered
mainstream usage during the new millennium having arisen in web publishing and new media content
production circles. Its use for a wide range of applications, including news, gossip, general problem
processing and research, reflects the expansion of
media production through web-based technologies that are accessible and affordable to the general public. In addition to these technologies, user
generated content may also employ a combination
of open source, free software, and flexible licensing
or related agreements to further reduce the barriers
to content and skill discovery, building and sharing.
User-generated 3D models – the “user-generated
content’ through 3D modelling in web-based online
environments – differ from general ‘user-generated
content’ such as Wikipedia entries by directly ena-
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Descriptions
The main communication mode is
asynchronous

Table 1

Textual and image-based design
representational media that can also include
sound and video

Networking.

bling shared manipulation of the design either synchronously or asynchronously.
For example, in Second Life (http://www.secondlife.com) and other 3D virtual worlds or 3D
network game environments, the interface is an
animated ‘avatar’ immersed in an online 3D world.
For design, due to the editable nature of some elements of this virtual world, it is possible for 3D explorable representations and manipulations of the
design. The concept of online design collaboration
and participation using the virtual worlds has been
explored by ‘Studio Wikitecture’ (http://studiowikitecture.wordpress.com). Studio Wikitecture is an
open designgroup, composed of a diverse range of
individuals from varying disciplines, interested in exploring the application of an open-source paradigm
to the design and production of both real and virtual architecture and urban planning. Using 3D virtual world platforms such as Second Life, Opensim
(http://www.opensimulator.org), RealXtend (http://
realxtend.wordpress.com), the group has been conducting ‘Wikitecture’ projects to explore the protocols and procedures necessary to harness a group’s
collective intelligence in designing architecture. In
other words, in much the same way as Wikipedia
enables a loose, self-organizing network of contributors to collaborate on textual and graphical
content creation, the Studio Wikitecture group has
been using these projects to develop and trial the
manner by which a group of geographical disperse
individuals can come together to share ideas, edit
the contributions of others, and to determine the effectiveness of proposed design iterations.
Not only is this scenario task-specific, but its
generality and appeal depends very much on the

Types of communication
modes and representational
media of Open-Source Social

Table 2
Types of communication

Criteria
Types of communication modes

Descriptions
The communication mode can be either
synchronous or asynchronous

Types of representational media

3D geometric design representational media
such as digital models

modes and representational media of Open-Source
Modeling.

attractiveness and flexibility of the design environment which is provided, its built-in support, resources and knowledge. This is the case with all three of
the scenarios. However, here the key to open participation is prioritized by a certain level of knowledge
and skill, i.e. 3D model creation and sharing. Given
that this contributes a certain level of the ‘gated’ to
the outsourcing, this is a very important factor to
consider with respect to motivation. In addition, 3D
models as the representational media would potentially provide for detailed analyses, etc.
Table 2 highlights the characteristics of ‘OpenSource Modeling’ for supporting crowdsourcing design in terms of the two criteria ‘type of communication modes’ and ‘type of representational media’.

Design Scenario III: Open-source generic
prototyping
The open coding and scripting of generic design
prototypes can be another important feature for
supporting crowdsourcing design. Similar to Arduino (http://www.arduino.cc), an open-source electronics prototyping platform for creating interactive
objects or environments, generic prototyping platforms for design can be developed.
Generic prototyping are suggested as a new
way to support experimentation and creation of generic design solutions for adaptation and change in
fields such as performance and sustainable design.
Beyond the demands of the interface design of Scenario II, here the problem-definition becomes highly
significant. One can conceive of generic prototypes
as being highly domain specific typologies such as
architectural types, or geometric types. Within such
well-defined areas of typological problem definition, techniques such as parametric design can func-

tion as the medium for open-source programming
of potential solutions to generic prototypes.
Parametric design technology is one example
that can support this approach. It is a design concept that can support generic prototyping. Parametric design focuses on the representation and control
of the relationships between objects. It supports the
creation of complex parametric models of design
(Woodbury et al., 2007). Using parametric design
tools these can be adapted and modified to different situations by performative models of design
(Oxman, 2009). In parametric design systems, design
representations can be shared and communicated
through both scripting and modelling (Aranda and
Lasch, 2008). Aish (2005) proposes two levels of algorithmic thinking. The first level explores geometric subtleties in which equations are established
to describe modeling relationships; the second
level supports ideas of consistency or controlled
unpredictability in large data sets, that is, it supports
emergence of unexplored data in previously unexplored conditions.
Parametric scripting has been proposed to support collaborative design through modules (Davis
et al., 2011) and is an important potential scenario
in supporting crowdsourcing in architectural design. Web sites and forums that share parametric
scripts and modules have become very popular
among the parametric design community. Parametric scripting may become an interesting medium
for crowdsourcing in design within the community
of script-capable parametric designers including
both professionally trained designers and nonprofessional designers who are appeal to or familiar
with this new design medium. Collaborative design
activities in parametric scripting can be supported
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Criteria
Types of communication modes
Types of representational media

through the co-authoring, co-editing and co-sharing of parametric scripts and modules. More importantly, the scripting environments as the new design
medium enable these non-professional designers
to participate in design activities, who might not be
able to contribute to design other wise, because of
their lack of knowledge and skills in mastering other
types of architectural communication and representation. It would also potentially serve to create
an open-source bank of architectural scripts to be
shared within and beyond the profession, and might
become a significant force for the technological development of the profession.
Table 3 highlights the characteristics of ‘OpenSource Generic Prototyping’ for supporting crowdsourcing design in terms of the two criteria ‘type of
communication modes’ and ‘type of representational media’.

CONCLUSION
This paper has explored the potential and significance of the concept of crowdsourcing in design.
Historically this new concept has conceptual foundation and performance evidence in the evolution
of the concepts and phenomena of ‘collective intelligence’ as well as the theories and practices of ‘collaborative design’.
Given the growth of the role of the web-based
online environments, including various social networking sites and 3D virtual worlds, in all aspects
of our daily life, it would appear that the powerful
democratic and socializing forces of communications media will eventually have an impact on the
design discipline. We have proposed that one way
in which web-based online environments may be
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Descriptions
The main communication mode is
asynchronous

Table 3

3D geometric (through parametric modelling)
and algorithmic (through parametric scripting)
design representational media

Prototyping.

adapted to the exploitation of social intelligence in
design is by the creation of media that can support
open, collective, distributed design processes.
In considering the enabling conditions of
crowdsourcing design we have based our proposals upon prior work in the related areas of virtual
environments and in collaborative design. Within
the framework of this background of prior work,
we have developed three scenarios for crowdsourcing in architectural design. Each of these scenarios
has been presented schematically and presents its
intrinsic issues in its potential contributions to its
application as a medium supporting crowdsourcing
design. With this important first step, it is possible to
further explore the following issues, which are the
future directions of our research:
•
Type of communication modes.
•
What are the types of communication modes
that can support crowdsourcing design? What
are the alternatives? How can they be evaluated and implemented?
•
Type of representational media.
•
Generative processes are key characteristics in
design. What kinds of representational media
can support generative processes in crowdsourcing design? How can generative processes be implemented in a crowdsourcing
environment?
•
Structure and dynamics of the crowd.
•
Who is the crowd made up of, and how to formulate the suitable crowd dynamics for effective crowdsourcing design?
•
What types of organizational strategies, structure and control can support the different dynamics in crowdsourcing design?

Types of communication
modes and representational
media of Open-Source Generic

•

How can disparate and distributed individuals
share a language and format that enables them
to act collectively in design to propose, develop, evaluate and refine design solutions?
While this research work is preliminary in nature, we
believe that crowdsourcing design as an emerging
field is of great potential to the future of the profession.
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Abstract. The paper presents the second phase of our research efforts to further
develop a model for interpretation of spatial complexities in urban environments
(IMUSC – Interpretation Model of Urban Spatial Coherence). The model’s central
structure is a result of our former research work being now further upgraded with the
visual component and followed by the initial idea to extend it in terms of the pragmatic
instrument and educational tool for the general public, participating in the process of
urban decision-making. The paper concisely summarizes both theoretical and empirical
phase of our research efforts; we explain the methodology used to gain novel knowledge
regarding the abilities of the general public to decode professional visual messages.
Further proposals are set by embedding the acquired empirical knowledge in the model
structure as well as promote it in terms of a digital educational tool.			
Keywords. Visual presentation; public participation; urban design; interpretation model.

INTRODUCTION
By challenging novel approaches in communicating
spatially related contents to the general public, this
paper reflects and continues our research efforts to
develop a model for interpretation of urban space
(IMUSC – Interpretation Model of Urban Spatial Coherence). The conceptual, methodological and technical establishment of the model stone is a result
of our preceding work (Verovsek et al., 2011) being
now further upgraded with the visual component.
The model is intended as a pragmatic instrument
and educational tool for general public to improve
one’s abilities of recognizing and comprehending
the elements and phenomena that affect actual
use of urban spaces. It implies a stimulus towards
deliberation on decisions to be made with better
comprehension of both the upsides and downsides
(pros and cons) of a particular design alternative in
urban space.

The initial premise of the model (IMUSC) proposes
the mechanism for a traceable linkage between
the basic, mostly visible elements and features in
the urban space, and the three (operational) qualities concerning its actual use, i.e., (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 decoding professional language in terms
of urban design (see e.g. Franz et al., 2005; Ewing
and Handy, 2009; Forsyth et al., 2010; Molotch, 2011,
etc.), and propose a method for identifying/tracing
the contributors that generate the existing situation
in a certain urban space on the other hand. It is an
instrument for increasing comprehensions of spatial
complexities and hence developing common priorities concerning spatial values.
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The model consists of two main parts: the first part
is based on the generalization of spatial complexity
into key spatial elements and simplified but systematic linkage to the operational qualities (which serve
at this point as a numerical output). The second part
of the model is a visual extension of its numerical
outputs, proposing experiential visual presentation
of the essentially pre-defined elements embedded
in the representation of certain location/site that is
at issue.
The visualization extension we tend to further
link to the model outputs automatically, generating
a 2D and 3D representation of the selected location
and its elements, which further presented as a series
of experiential vistas in regard to the place and inputs chosen. Second, our efforts aim at developing
IMUSC to the stage of the integral educational tool
that can be used and managed by the general public involved in the process of urban co-deciding.
The present paper focuses on the second part;
this is a development of the visual extension of the
IMUSC as an upgrade of the model core by means of
both theoretical and empirical approach. Initially a
questionnaire-based inquiry was conducted to gain
novel knowledge on the abilities of the general public (to decode professional visual messages) and to
become better acquainted with its comprehension
skills or preferences for the proposed visual material. Second, three digital mockups are proposed to
demonstrate the visual extension of the model by
applying/embedding the acquired empirical knowledge in the model structure as well as upgrading it
in terms of a digital educational tool to support participatory design process.
The paper first provides a brief insight into the
backgrounds of the model development. It sheds
light upon the theoretical grounds of the research
and shortly describes the empirical methods used to
develop suitable visualisation techniques for participatory purposes. The second part summarizes the
three proposals for the digital upgrade of the model
(IMUSC) and discusses their relevance concerning
further development.
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BACKGROUNDS
When it comes to communication between the
professional (e.g. planners, urban designers, geographers, engineers, architects, etc.) and the general
public, in an attempt to involve the broader general
public in the decision-making process, one is quickly
encountered with the problem of insufficient understanding between these two groups (Rydin, 2007).
We are faced with the Gordian knot of questions
deriving from diverse types of skills, different priorities, values, attitudes, educational backgrounds,
and motivation for participation etc. Especially the
role of education and common priorities concerning spatial values and qualities are a strong factor in
bridging the gap between the expert and lay public
reasoning (Dietz, 2005). The social and psychological
science literature provides us with evidence about
the kinds of values and knowledge people actually
bring to bear in making decisions and also about the
impact of formal/informal education, norms, needs
and other external influences on one’s comprehension of spatial reality (Schultz et al, 2005; Dietz et
al, 2005). It is recognized (Svetina et al, 2011) that
profound acquaintance with spatial complexity can
arouse rational reasoning and converge the different priorities concerning spatial development.
Thus our efforts and the model proposed in its
widest sense are committed to understanding the
cityscape, its societal, economic and environmental
dimension, with a great emphasis laid on the conveyance of interdisciplinary professional knowledge
to a broader public in a form that can enable deeper
comprehension of urban structure and through the
optics that reflect the everyday experiences (Tuan,
1975; Gehl, 1987) with the urban spaces.
In terms of the model IMUSC particular consideration is given to the visual representation of the
interpreted urban patterns and phenomena. Although the conceptual visual language is rational in
terms of professional communication, we deem the
experiential approach in visualization a crucial factor
for the general public to comprehend the sensitivity, qualities or limitations of urban space. By visual
presentations our major attempt is to merge two

Inquiry
principles: first, rousing one’s experiential spatial
percipience that would then assist comprehending
and decoding the visual message (Zupancic and
Juvancic, 2003) and further rule his decisions and
attitude concerning urban spaces (Carmona et al.,
2010); and second, to pledge a certain level of genericity in a visual design that has a potential for
prompt and repeated application in different spatial
circumstances.
Although at times nearly diametrically opposite
principles, they can, combined successfully, soften
the sharp edges between particularly subjective,
intuitive, unique representations of urban spaces
on one hand, and extremely objective, automated
and computerised on the other hand. The tendency
towards merging the described aspects is being derived from our continuous research of the tradeoffs
between the experiential and conceptual visualisation techniques.

In order to use an optimal set of visualization techniques to frame the final visualization extension for
the model, a questionnaire-based inquiry (N=365)
was conducted. The tasks/questions of the empirical survey have been applied to several actual urban
spaces and issues within the city of Ljubljana and
were targeted separately to both, lay and professional (1) public in order to identify their responses
to the visual messages, expressed by different visual
techniques. The image-based questionnaire was
implemented in two different versions (basic and
control group) that were randomly assigned to the
population sample, which ensured the relevance of
the results and assisted with revealing the actual efficiency of each particular technique examined.
Sample population was non-random and was
represented by 365 internet-users who hold an email address and were selected in regard to their
readiness for cooperation. The sample population
had not previously been limited to the specific char-

Table 1
The variables/terms examined
in the inquiry.
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acteristics of the participants; however, additional
classification for the purpose of descriptive statistic
was made in accordance to age, educational field (2)
and degree, place of residence and employment status. In most cases paired t-test was used to compare
statistical means and significance between the basic
and control group.
Particular concern was dedicated to the structure of the questions to avoid biased responses and
the impact of participants’ eventual attitudes and
opinions of the actual places, represented in the
visual material (if recognised). Here by no means
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we neglect the subjective nature of any individual
spatial perception; however experiment-based approach was applied to test the assumptions (related
to effectiveness of visualization techniques) in the
absence of other factors that may influence the participants’ responses.
The variables examined can be clustered in
three foremost groups designated by the main attributes of the modifying terms, these are, modifying the graphic mode, modifying the sequentiality
of the images and revising an approach to add new
information to the basic experiential representation
(Table 1).
Whereas the detailed analysis is beyond the
scope of this paper, we extend this chapter by several examples of the visual material used (Figure1 – Figure 4). Nevertheless, our initial objective, which was
met by the survey results, brings novel knowledge
about the abilities and skills of the general public (to
decode visual messages) – e.g., of how successfully
lay person interpret the conveyed message when
given in a single image (with aggregated information) or a series of images (sequential information);
how successfully a traffic issue in the visual material
is interpreted when being conveyed in a pedestrian
perspective or when supplementary conceptual information are available; what are the expressed preferences of the respondents over the photo-realistic
depiction as opposed to different levels of photo
post-procession; etc. In some cases, our assumptions proved to be consistent with our expectations,
however in others we have encountered a significant
intricacy of the outcomes and the deviations from
the expected results. Such case is for instance a comparison of the benefits gained by supplementation
of the two different conceptual types of information
(a bar chart or a cross-section). Although in most of
the examined tasks the cross-section demonstrated
more accessible information for the respondents,
there have been some unexpected errors made by
the participants when interpreting it in the particular spatial circumstances; especially it proved to be
delicate in estimating the dynamics of the activities
in space, where not explicitly depicted.

Figure 1 and 2
Examining the impressions left
by the different background
techniques and the representation potency of the representations with conceptual
information added (control
group, street profile added);
(Graphics: M. Juvancic).

Suchlike and similar patterns not only brought better acquaintance with participants’ comprehension skills or preferences for the particular visual
techniques, but the inquiry besides enabled us to
identify possible methodological constraints and
difficulties in applying particular visualisation techniques to different types of narratives and a digitalized form.
Figure 3 and 4
Examining the representation
potency of line drawing in
contrary to colour-shaded
drawing (control group, line
drawing) and the potency
of the representations with
conceptual information
added (control group, bar
chart added); (Graphics: M.
Juvancic).

The greatest challenge – addressing each of the
above mentioned structures – is to establish such
software support that can be navigated and managed by the general public (as an application user),
that facilitates quick and intuitive entry of the spatial data, as well as follows the sufficient accuracy
in reconstructing the geo-unit, its elements and
phenomena, while maintaining adequately generalized algorithmic structure to pledge a certain level
of uniformity that enable comparison and recurrent
relevance in different spatial circumstances.
In the current state of research three separate
solutions are proposed (Flip, Vili and Balthazar) due
to the limited means and ICT feasibilities; however,
closer collaboration with the experts in the field of
computing and information science is intended in
our further work to implement both the idea of visual extension and educational application in rational
and integrated digital form.

Flip

PROPOSALS FOR THE VISUAL UPGRADE
OF THE MODEL IMUSC
This section presents three attempts to upgrade
the model IMUSC in terms of an integral, visually
supported educational tool. The later requires at
least the following components: 1) a simple digital interface to import the spatial data and to outline the characteristics of the selected urban unit;
2) a software-based visualization extension of the
model, with corresponding visual forms assigned to
the numerical outputs and; 3) an algorithm-based
engine to place the visual forms in the pre-selected
and reconstructed urban unit.

Our first attempt, we name it Flip, demonstrates the
relationship between the input and the output variables of the model and link their values to the corresponding visual form. It is an attempt to transpose
the model structure from the existing mathematical
form (adjusted to Excel software environments) to
such programming environments that enable assignment and projection of experiential visual forms.
For pragmatic reasons, (i.e. availability of software,
prior familiarity with the program and its basic principles, the possibility of a relatively straightforward
visual-based programming, etc.) software package
GrasshopperRhino was applied for this phase.
Grasshopper is a software tool that utilizes
Rhino 3-D as a modelling platform to develop parametrically controlled models with real time geometric manipulation. The main idea of this platform
proposes the use of modules (e.g. parameters, components, specials) that can be further interconnected into a complex network of relations defining the
design geometry, which usually represented by geometry in Rhino. While parameters can be defined
in a different way, i.e. as curves, surfaces, points,
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numbers, text or vectors, this enabled us to adjust
and express the parameters in a numerical way
and to additionally link them to the external visual
forms. As a parametric tool, grasshopper is numerically driven and as a result, not only is it possible to
modify the form with the numbers, but also to distil
numerical data out from the form that have previously been created [1].
Although the described basic structure of this
software environment is intended for the manipulation of geometric structures in terms of architectural design, it seemed flexible enough to adopt it
for our purpose. It has been tested as a simulator of
the model, on the basis of a limited number of input
variables and a single output parameter (accessibility in regard to 4 different travel modes). Initially a
complete set of input variables was intended to be
passed on to the visual programming language,
however, the final script technically proved to be
too complex in terms of clear/concise structure
and rational managing. The latter had partly been
expected since this software primarily is not aimed
at executing such tasks. Despite the limitations and
due to the other tradeoffs we decided to test the
best opportunities offered to demonstrate the integration of input and output variables, associated
with the predetermined visual silhouettes and its
qualitative and quantitative attributes. The number
sliders were used to define the value (numerical or
descriptive) of each input variable within a certain
range and type and its numerical contribution to
the output value of accessibility (aggregated output parameter) was defined by simple mathematical
functions. The output value was then further linked
to the set of pre-defined visual silhouettes by which
the abstract measure of accessibility can capture visual expressions on the experiential level. Since the
parametric design enables to selectively track and
recall the value of any parameter [2] it was possible
to link the aggregated measure of accessibility by input contributors and their share.
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Vili
While in the case of Flip the visual outputs are defined
and associated by the basic qualitative and quantitative attributes our second attempt Vili promotes their
placement within the selected visual outline (background layer) of the place. To demonstrate this idea
a prototype application has been programmed with
the support of Adobe Director (see Figure 5). The basic
idea of the application proposed represents the principle of recording the input spatial elements and their
attributes by means of the digital library of pre-selected photographs of urban units and a digital library
of optional spatial elements. Each element selected
and placed within the frame of the background layer
(performed by the application user) then affects the
three output values (defined by the model IMUSC)
and generates visual representation in terms of the
qualitative and quantitative trait.
Due to the prior division of the background image layer into a set of geometrical plains, central projection (pedestrian view) is applied for the elements
to distribute within the frames of photography layer.
The horizontal line and the height of the reference
object have to be defined by the application user.
Therefore, the cause-effect variation and modification of the elements within urban unit in a pedestrian
perspective is obtained on one hand and the intuitive and user friendly approach on the basis of visual
appearance is kept by the entry of elements on the
other hand.

Balthazar
While formerly described Flip and Vili represent the
two complementary but separate digital phases of
the model visualization upgrade, Balthazar puts forward their integration into a form with characteristics of integral educational tool for interpreting the
urban spaces. Since the actual design of such digital
application even in a prototype version exceeds our
knowledge in the field of digital programming, the
idea is outlined at the conceptual level. The figure
below (Figure 6) outlines the main phases as they
follow the preparation and manipulation of the visual materials by the app user.

Figure 5
An experimental prototype
interface programming in
Adobe Director ( screenshot).

Figure 6
The concept of the main
phases to be carried out by the
application user (Balthazar).

In the first phase identification of the basic spatial
structure of the selected urban unit is addressed.
It allows the positioning of the built objects within
the layout of selected spatial unit, defining approximate height (e.g. by defining the floors) of the objects and marking off the rough outline of the area
on the grid with the corresponding coordinates. The
second phase addresses the identification of functional or other areas (traffic road, bus lane, cycling
path, sidewalk, lawn, restaurant terrace, etc.) and
the input of additional elements (urban furniture,
greenery, monuments, etc.) from predetermined set
of available elements/features, located in the corresponding library file. In a similar way as in the case of
Vili a set of rules and conflicts among the elements
should previously be defined to avoid placing them
in a way unfeasible to real-world circumstances.
Only a limited set of possible combinations between
the elements can be accomplished. In regard to the
features defined, the third digital phase provides an
estimation of the output values and the corresponding visual forms. This action follows the algorithms
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underlying the model IMUSC and therefore represents the essential part of the application, being followed by a visual representation in the last phase.
Finally, the last digital phase promotes the experiential visualisation of the site. User is allowed to arbitrarily determine one or more standpoints within
the reconstructed plot (conceptual level). The selected points are the basis for a visual presentation in a
pedestrian perspective by means of 2D or 3D computer graphic. In addition, the final visual presentation comprises both the arrangements of the input
elements and the arrangements which generated
consequently to the first; this is by means of generated outputs. Later on the modifications of the input
attributes are enabled and accompanied concurrently by emerging changes in the experiential view
(pedestrian perspective). In this way any adjustment
made in respect to the attributes of the input variables is expressed in the final presentation at the experiential level, which ultimately demonstrates the
cause-effect narrative and therefore provides an interpretation of the relations.

CONCLUSION
The three attempts highlighted in previous chapter
signify the three feasible ideas of how to visually
and digitally advance the model IMUSC to capture
though basic but firm structure and applicability
concerning the interpretation of urban space and
its complexity. It is beyond any doubt that Flip, Vili
or Balthazar represents yet the initial stage in these
tendencies, exemplifying essential structures and
tradeoffs made by their establishment. It is also apparent that demonstrated upgrades have not been
developed in optimal programming environments,
nor can be considered as most rational in terms of
their digital configuration. Nevertheless, we consider them relatively adequate approximations and
outlines of what the model for the interpretation of
spatial reality can combine or correspond to while
capturing the form of a digital educational app.
Ultimately, the interpretation of the urban spaces by means of experience-based visual approach,
suggested by our on-going research, goes beyond
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the mere development of digital applications. The
idea is to expand this research scope not only in
regard to the applicative aspect, but also in the aspects of the underlying empirical, theoretical and
methodological contribution; and this has been to
some extent demonstrated also by the present paper, while combining the empirical and applicative
working phase to meet our initial goals.
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Abstract. In this paper, we will discuss the potentials of affordable Geoweb 2.0
technologies. We will reveal two affordable open-source collaborative mapping
frameworks and explore their potentials, strengths and weaknesses through two different
field implementations in the form of case studies. Reflecting on our experiences with
these cases we will compare the two technological frameworks in terms of participation
and mapping support as well as data security, cross-browser compatibility, interface
customizability, import-export capability and required level of expertise for setup and
management. Moreover, with a designerly lens, we will discuss the levels of design
empowerment in two cases in relation with user profiles and pre-designated contribution
styles. Finally, we will identify open challenges and suggest future directions.
Keywords. Virtual Environments; Collaborative Mapping; Planning; Web 2.0.

BACKGROUND, AIMS AND 		
MOTIVATIONS
Urban planning and design are complex processes
in which the decision makers are not often fully
knowledgeable about the range of factor s involved
as well as the implications of their decisions (Simao
et al., 2009). In this context, it is necessary to promote mutual and sustainable learning in these practices which require constructive conversation and
co-production (van der Veen and Altes, 2011). This
is evidently a challenging task due to the complexity of planning processes and the sheer amount of
stakeholders involved who have various interests
and ideologies, different levels of education and
power.
A significant amount of literature has been dedicated to public participation. The most well-known

classic is “the ladder of citizen participation” by Arnstein (1969) which identified eight levels of participation through the lens of citizen power: manipulation, therapy, informing, consultation, placation,
partnership, delegated power and citizen control. Her
study revealed certain cases where participatory
tools were used (and sometimes abused) by the authorities to create an impression of participation instead of facilitating actual citizen contribution.
Conner (1988), Wiedemann and Femers (1993),
Dorcey et al. (1994), Rocha (1997) have proposed
their updated versions of the participation ladder,
each focusing on slightly different aspects. Conner’s
(1988) point of view was oriented more towards
conflict resolution whereas Wiedemann and Fem-
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ers (1993) aimed at joint decision making; but only
in the final stage of planning. Dorcey et al. (1994)
proposed ongoing involvement and consensus
building as the highest level of participation. Rocha
(1997) placed political empowerment at the top and
atomic empowerment at the bottom of her participation ladder.
Senbel and Church (2011), in a relatively new
study, stressed the importance of design empowerment and proposed a contemporary (and more enabling) version of Arnstein’s ladder. They proposed six
“instances” (six I’s) of design empowerment: information, inspiration, ideation, inclusion, integration and
independence. The highest level of empowerment is
independent design, when residents gain the capacity to create their own plans and visions thus reach
autonomy. This is followed by integration, which involves the coproduction of plans and proposals. Inclusion of the ideas and thoughts of the participants
among other priorities, ideation (ability to generate
and express ideas) about the future, and inspiration
triggering response to an alternative and informing
are the relatively lower instances of design empowerment.
Overall, starting with Arnstein’s ladder proposed
in the spirit of 1968, it is possible to track a shift in
the understanding of participation; towards democratization and greater empowerment and involvement of citizens. This shift is, of course, closely related to the theoretical shift or the “communicative
turn” from rational planning to communicative and
deliberative planning.

Neogeography and WikiGIS
From the perspective of geospatial participatory
technologies, it is possible to track similar layers of
transformation regarding the production and dissemination of geographic information. From topdown to bottom-up, referring to the public participation GIS (PPGIS), from “requested production” to
“voluntary production” - geocrowdsourcing and
finally, towards the wikification of GIS and Geoweb
2.0 technologies (also called neogeography) (Roche
et. al., 2012).
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Relying on a combination of web 2.0-based social
software and information aggregation services,
Geoweb 2.0 technologies stand as a strong alternative to the traditional linear and hierarchical knowledge production methods. They are loaded with
constructivist learning and production principles
applied both in the making of the facilitating opensource environments; and the ways they enable social knowledge construction. In this sense, they are
well positioned to act as a medium for facilitating
dialogue and learning as well as communicative action.
The real power of Geoweb 2.0 comes from the
way it is utilized for the inclusion of knowledge acquired through lived experience or experiential
knowledge; which had been granted less legitimacy
in the past (Elwood, 2006). Through technologies
such as WikiGIS, alternative maps can be created by
the public in an asynchronous and distributed manner to represent abstract forces (urban phenomena)
shaping urban life; urban dynamics which are not
usually accessible to designers and planning authorities (Amoroso, 2010). By this way, multiple perspectives of social groups and organizations can be
dynamically represented and (re)constructed.
Thus, Geoweb 2.0 is more than just a repository
of maps, images and text. It is a strong and sustainable empowering mechanism which invites people
to decide on their future and reflect their individual
point of views.

The Brussels context, aims and scope
Brussels has long been a stage for large-scale urban
development projects initiated by national and international actors. Unfortunately, a significant number of large scale projects realized in Brussels after
the second half of the nineteenth century caused
serious urban problems intertwined with social segregation and cultural differences. A combination of
urban policies lead to the destruction of architectural heritage and the existing natural setting with
a compromising collaboration of the public sector;
a phenomenon also known as “Brusselization” (Lagrou, 2003).

As a result of decades of destruction, the city (and
especially it’s center) has become a historic nonevent without natural references (Loze and Cartuyvels, 2005). Thus, creation, protection, improvement
and creative use of the green areas in the Brussels
Capital Region are of utmost importance.
In the long run, the ultimate goal of the environmental organizations located in the city is to be
able to contribute to the future plans for regional/
educational development and overall policy making
process in a constructive manner. Reflecting on the
topics reviewed above, it is possible to claim that the
inclusion of web 2.0-based collaborative and constructive practices into the planning processes can
potentially improve the quality of the governmental
plans as well as the dialogue between planning actors, and most important inclusion of lay people.
A significant limiting factor for the planning of
the Brussels Capital Region is that the existing traditional GIS tools and information resources are
confined to regional zones due to federalization processes. In contrast, contemporary planning requires
the consideration of the surrounding regions and
areas; and an integrated holistic approach (Duany et
al. 2009). In Brussels, this goal seems to be easier to
achieve through the facilitation of various Geoweb
2.0 mapping services as they provide continuous
spatial information beyond the administrative borders. This fact was one of the major sources of motivation for our study.
Moreover, two of the non-governmental environmental organizations that we have collaborated
with the Brussels Environment Council (BRAL) and
Green Belgium Organization openly expressed their
need for a sustainable deliberative mapping environment. Significant factors for this demand were
the lack of support for social interaction in the traditional GIS systems and most importantly their complexity and their financial and timely costs.
In this context, we have constructed two different Geoweb 2.0 application frameworks and tested
these applications in two different field studies with
the contributions of the NGOs introduced above.

We will begin our study by presenting the two affordable technological frameworks referenced
above. Afterwards, we will introduce our findings
and experiences from the following real-life implementations through which those frameworks
were tested. By discussing these cases, we aim at
revealing some of the potentials of Geoweb 2.0
frameworks. With this purpose, we will discuss their
strengths and weaknesses to serve as a sustainable
empowering tool for the coordination of various actors, expression of ideas on the future and reflection
of individual point of views.

TWO GEOWEB 2.0 FRAMEWORKS FOR
COLLABORATIVE MAPPING
The two frameworks below have initially been proposed as preliminary prototypes as a part of a government supported research project which involves
the development of a virtual environment for the
analysis and evaluation of urban projects (Pak and
Verbeke, 2012). The first framework uses Semantic
MediaWiki as a backbone whereas the second one is
based on a combination of more than twenty opensource content management modules, well-known
JavaScript libraries (such as jQuery and openlayers)
and other custom applications. Both of the frameworks have the potential to be used in all levels of
“design empowerment” described by Senbel and
Church (2011), including information, inspiration,
ideation, inclusion, integration and independence.

Geoweb 2.0 framework 1(proposed in
2010)
In the first setup, the MediaWiki Content Management
system provides the general framework for the collaborative mapping environment (Figure 1). MediaWiki
was preferred because it uses an extensible lightweight
wiki markup language and contains a variety of functionalities including rich content, an editing interface,
search, media library and an application-programming
interface.
The system and the modules are based on free and
open source software (except Google API). GoogleAPI
has been embedded in this system via “Google Medi-
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Figure 1
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aWiki Extension” whereas Google Earth API has been
included via JavaScript. The semantic mapping functionality has been made available through “Semantic
Maps Extension”.
The timelines and concept maps have been connected to related “SIMILE” and “FLARE” visualization libraries using Semantic Results Formats extension.

Geoweb 2.0 framework 2 (proposed in 2012)
The second framework is a result of the findings from
diagnostic of the first framework. It is based on more
than twenty open-source content management modules and other custom applications (Figure 2, on the
next page).
Openlayers serves as the key library and the content management module for creating location based
information as well as complex geocoding and visualization. It provides the ability to connect to any mapping API available, including Google Maps, Bing Maps
and OpenstreetMaps.
jQuery and its user interface (UI) library provide
abstractions for low-level interactions and animation,
advanced effects and high-level, themeable widgets.
Geotaxonomy is used to attach geo information (latitude, longitude, bounding boxes, etc.) to taxonomy
terms. Similar to the first framework, Flare library has
been integrated into the system, this time, through
RDF framework.
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CASE STUDY TESTING FRAMEWORK 1:
GREEN NETWORKS WITH THE BRUSSELS
ENVIRONMENT COUNCIL
This study was specifically initiated for testing the
potentials of framework 1 as a medium for collaborative analysis and planning. The Brussels Environment Council (BRAL) used this framework to develop an extended (unofficial and alternative) version
of the Brussels Green Network Plan.
In February 2011, a specific server has been setup and the web application has been made available to the relevant actors. The BRAL team, consisting
of 6 experts, had specific requests for mapping. They
wanted to be able to use previously created plans,
such as the land use plan, the biological evaluation
map and the older green network plan as a layer to
work on, which can be turned on and off. Moreover,
they demanded to be able to observe their own
plans on the older plans and combine them together as they wish.
The default open source framework and the
Google Mapper extension −in its original form− did
not include this functionality so we had to develop
custom applications and modify the extension to
enable layering and create an “input-output” flow
mechanism. In the modified version, when a user
creates a map and saves it, it is possible to visualize it

logical framework (Pak and
Verbeke, 2012-forthcoming).

Figure 2
The second Geoweb 2.0 tech-
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on any page using the import and export workflow
(Figure 3, on the next page). This system operates
as a geo-RSS feed engine and allows the dynamic
representation of user maps. This means that the
exported maps can be imported and organized into
layers.
One of the most interesting aspects of this study
was the inclusion of crowdsourced information into
the planning process. Specific maps created by gardeners have been made available and used as a basis to discuss the planning of future green networks.
As a result of three months of collaborative
work, a collective map was created (Figure 4, on the
next page). Two alternative views of the study were
exported in both ArcGIS and raster image format,
which can be published one meter high and one
meter wide.
At the end of May 2011, the final plan has been
presented and handed over to the Environmental
Management Institute study office responsible for
the preparation of the green networks section of the

Bi
Bing
Maps
Aerial and
Bird’s Eye

sustainable regional development plan. In this context, the knowledge that has been created through
the collaborative mapping application was officially
transferred to planning authorities. This case can be
considered as a simple “independent design” example (level 6) in the design empowerment scale of
Senbel and Church (2011).

CASE STUDY TESTING FRAMEWORK 2:
ANALYSIS AND DISCUSSION OF THE
GREEN AREAS IN A EUROPEAN CAPITAL
WITH GREEN ENVIRONMENTAL
ORGANIZATION
This initiative has been taken in January 2012 together with the Green Belgium Organization which
manages an educational network of 20.000 youngsters (primary and secondary education age group)
who are members of environment related “clubs”.
In this study, the collaborative mapping application (framework 2) has been used as an instrument
of dialogue between the youth movement of Brus-
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Figure 3
Field Testing Framework 1:
BRAL Green Networks Green
Networks Application.

sels and green area managers (establishing such a
dialogue was essential because of the huge age and
power differences between the related parties). In
this setup, youngsters in Brussels are invited to represent their opinions and ideas using maps (geotags
and polygonal zones), images and text. Moreover,
the managers of green spaces (including the park
wardens and gardeners) also express their ideas and
the problems they face in a similar format. These
two participants can monitor what others think and
write their own review.
Due to the incredible variety of user profiles,
the communication is simplified and channeled towards three major lines: favorite places, dreams and
improvements. In this sense, the scope and content
of the user contributions are focused on specific aspects. All types of content is aggregated and overlaid together on the main page (Figure 5). On the
map, individual categories are represented as special icons and clustered when needed to promote
ease of use.
An important quality is the multi-lingual nature
of the contributions, which have intentionally been
harvested together to encourage the communication between French-speaking and Dutch-speaking
youngsters as well as managers.
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Using the framework 2, it was possible to dynamically generate maps through an import/export flow
mechanism provided as default with the openlayers
library. By this way it was possible to create easy to
understand thematic maps such as “dream maps”,
“favorite maps” and “problem/improvement maps”.
These dynamic maps are seen by the Green Belgium
organization as a basis for establishing a sustainable
reflective dialogue between youngsters and managers. Overall, this case relates to the “information, inspiration, ideation, and inclusion” (Levels 1-4) in the
design empowerment scale of Senbel and Church
(2011). It is still in progress and its first phase will be
finished in May 2012. We will reveal more details and
findings during the conference presentation.

CONCLUSIONS AND FUTURE
DIRECTIONS
In the previous sections, we have introduced two
affordable open-source collaborative mapping
frameworks and briefly shared our experiences on
building two cases. These two cases were different
in terms of the user profiles, pre-designated contribution types, and consequently, the level of design
empowerment (Table 1).

Figure 4
The final Green networks map
overlaid on the green layer of
the land use plan including
the crowdsourced data.

Case 1, BRAL / Green Networks study illustrates a
type of participation in which experts from an NGO
collaboratively develop a serious plan considering
the informal maps created by gardeners and various
official plans. The final product is a serious and independently produced plan which includes analysis
results and specific zones.
On the other hand, Case 2, Green Belgium /
Jeunes Natuurlijk! study is based on a different participation strategy. The users are neither designers,
nor planners. Their contributions are in the form of
ideas, problems and/or preferences. These are intended to be used to improve the quality of management and policy-making through information,
inspiration and inclusion as well as for monitoring
the effects of plans/policies.
However, in both of the cases, it is difficult to
claim a high level of empowerment before the re-

sults of these plans are implemented by the authorities and become evident and observable in real life.
Considering the technological side of the presented cases, it would not be wrong to state that
both of the frameworks performed as reliable platforms for collecting and disseminating geolocation
based information. They ran (and are still running)
with uptimes higher than 98 percent. In terms of
functionality, the maps produced by users can be
seen as a proof-of-concept.
Overall, both of the frameworks allowed customized communication, adjustment of access rules
and communication levels to the user profile. However, the frameworks were found to be significantly
different in terms of mapping service support, data
security, compatibility, their import-export capabilities and the level of expertise required for setup
and management. The first framework fell short on
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Case Study 1
BRAL / Green Networks

User Profiles
User Contribution
Participation/
Design Empowerment
(Senbel and Church, 2011)

Case Study 2
Green Belgium / Jeunes
Natuurlijk
Experts Planners working for Youngsters and City Managers
an NGO
Analysis, Zoning and
Ideas, Problem Consultation
Alternative plan
and Preferences
development
Independent design (Level
Information, Inspiration,
6)
Ideation, Inclusion (Levels 1-4)

almost all of the aspects due to the limiting nature
of the MediaWiki content management system (Table 2).
In conclusion, the two cases presented in our
study can be seen as preliminary examples of giving
a voice to non-governmental organizations, acceptance of user created data as a valid resource and its
inclusion in the planning practices. The proposed

Mapping Service Support

Data Security and Privacy

Designed as an open system

Cross-browser
compatibility
Interface Customizability

Maps Extension- problems
with various browsers
The MediaWiki Skin can be
customized but limited

Additions needed to Maps
extension to enable KML,
GeoRSS Import/export flow
Required level of expertise Basic knowledge on web
applications
(setup and management)
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applications in terms of user
profiles, contribution and
design empowerment level.

technological frameworks supported the subsequent communicative processes and the initial outcomes conformed to the intentions of our studies.
Using Geoweb 2.0 Framework 1, the experts
were able to complete an independent collaborative planning task. However, due to the lack of an efficient native what-you-see-is-what-you-get editing
interface, the (relative) complexity of the Wiki plat-

Geoweb 2.0 Framework 1
Google Maps, extendible to
other map types via
embeddable JavaScript

Import-Export Capability

Table 1
Comparison of two field

Geoweb 2.0 Framework 1
Openlayers comes default
with Google Maps, Bing
Maps, WorldWind,
OpenstreetMaps
Various options to secure
data
Supports all Browsers
jQuery UI provides the
highest level of
customizability
KML, GeoRSS, WKT + UI based
SQL query
Advanced JavaScript, PHP

Table 2
Comparison of the Geoweb
2.0 frameworks according to
their mapping support, security and privacy, compatibility,
interface, customizability,
import-export capability and
the required level of expertise
for setup and management.

Figure 5
Field testing Framework 2:
Green Belgium Jeunes Natuurlijk! Study.

form and the integrated mapping interface, it was
not efficient (Pak and Verbeke, 2012-forthcoming).
For this reason, in its current form, Framework 1 cannot be considered suitable to be used by lay-people
in design empowerment levels which require relatively higher levels of interactivity such as of inspiration, ideation and inclusion.
Different than Framework 1, Geoweb 2.0 Framework 2 provides a highly compatible, customizable
interface with rich mapping support. Therefore, it
may be considered to be better fit-for-purpose in all
design empowerment levels from information to independent design.
In the future, considering the multimodal nature

of the planning processes, creating a new framework
for combining face-to-face activities with computermediated activities to form an integrated planning
process may improve similar practices. Overall, the
ultimate success indicator for similar future Geoweb
2.0 applications will be the extent to which the plans
and messages of the participants are taken on board
by the authorities.
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Abstract. The fuzzy sets theory enables to mathematically process uncertain information
(uncertain data, uncertain relations). Natural language is also capable of dealing with
this type of information. It was this capability of natural language that inspired Lotfi
Zadeh in creating the concept of fuzzy sets. Linguistic fuzzy models are models with
two levels of description: linguistic (intelligible to humans) and fuzzy, i.e. mathematical
(intelligible to computers). They operate on linguistic variables and linguistically defined
functions, rule bases. Substitution of input values into a linguistically defined function,
and calculation of output values are performed through approximate reasoning. The
application of linguistic fuzzy models to the analysis of A. Loose’s architectural work is
described in the dissertation thesis of the present author. The aim of this contribution is to
apply linguistic variables in describing architectural composition.
Keywords. Fuzzy sets; architectonic composition; geometrical analysis; A. Loos villas.

TOOLS OF FUZZY MODELING AND THEIR
APPLICATION TO ARCHITECTURE
At the moment when we start to consider CAAD not
only in its initial stage, i.e., as mere translation of a
geometric model of a building into a computer, but
in a higher stage of its development (Achten, 2007)
where also the expert knowledge on the process of
architectural design should be fed into a computer,
the tools of standard mathematics are no longer sufficient to provide an appropriate model. While the
defining feature of classical mathematics is accuracy,
an important feature of human reasoning is ambiguity of concepts with which a human operates. This
ambiguity of notions that is present in human language is not an imperfection but, quite the contrary,
is a major advantage of human thinking. Essential
features of a very complicated phenomenon can be

described in rather few words. A natural language,
by means of ambiguous concepts, is well suited to
describe relations among the values of variables of
interest, i.e. of behavior, even with very complicated
systems.
The tools of standard mathematics are well applicable in modeling usual physical or technological
systems. However, in modeling very complicated,
especially so-called soft systems (biological, sociological, political, economic systems or, as is the case
here, system of architectural design) the tools of
fuzzy mathematics are more appropriate (Dubois
and Prade, 2000; Zadeh 1965; Zadeh 1975; Talašová
2003). Fuzzy mathematics represents a mathematical tool for conceptualizing uncertainty. The mode-
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ling based on fuzzy mathematics is close to a human
way of thinking. The use of fuzzy mathematics is justified whenever it is necessary to model expertly-set
(often verbal) data or expertly-defined knowledge
(described through natural language) about relations among the values of variables.
A study of A. Loos’s work simultaneously with
the study of the fuzzy sets theory has taken me
to the idea of using the mathematical tools of this
theory to describe compositions of Loos’s buildings, localization of particular elements within these
buildings, and to describe the principles that A. Loos
adhered to while designing his villas. After having
searched the literature, having browsed the Internet, and having consulted with experts on the theory and applications of fuzzy sets, I have reached the
following conclusion. Although there are a number
of applications of the fuzzy sets theory in the field of
architectural work (Oguntade and Gero, 1981; 1983;
Gero and Volfneuk, 1980; Colajanni and De Grassi,
1989; Cao and Protzen, 1997; Koutamenis 2001; Durmisevic and Ciftcioglu and Sariyildiz, 2001; Durmisevic 2002), when compared with other applications of
the fuzzy sets theory the applications in architecture
are not very frequent. The available sources have
not mentioned any use of fuzzy tools in describing
architectural composition, neither have they mentioned any application of a fuzzy expert system to
identify the principles of an architect’s work.

A concept employed – linguistic variables
Linguistic variables are variables (e.g. Size, Shape)
the values of which denote uncertain quantities or
uncertain degrees of a characteristic (“small”, “approximately square”). It is important to note that
the meanings of these words are modeled through
fuzzy numbers, i.e. special fuzzy sets defined on a
given interval of real numbers (e.g. as regards the
floorage of A. Loos’s villas, on the interval of all possible floorage sizes in m2, e.g. [0, 200]). A fuzzy number is represented by a real function (a membership
function) that assigns to each number from the
given interval (e.g. to each size of floorage) a number from the interval [0, 1] with the meaning how
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well the given value corresponds to a given word
(e.g. to what a degree a villa with the floorage of
95m2 is a “medium-sized villa”). The most commonly
used fuzzy numbers in applications are the simplest
ones, so-called linear fuzzy numbers, which are defined through ordered quadruples of numbers x1≤
x2 ≤ x3≤ x4. The interval [x2, x3] represents those
values that are in perfect correspondence with a
given word (e.g. floorage from the interval [100, 130]
certainly corresponds to a medium-sized villa), the
membership function being equal to 1. The values
smaller than x1 (e.g. 70m2) and larger than x4 (e.g.
160 m2) do not correspond to a given word at all
(the membership function being equal to 0 there).
A shift from a zero value at x1 to a unit value at x2
is linear; analogously for the points x3 and x4. Fig. 1
illustrates linguistic scale Floorage of a villa.
The values of linguistic variables, which are used
in linguistic fuzzy modeling, usually form linguistic
scales (e.g. linguistic variable Floorage with values
Small, Medium, and Large). The linguistic scales are
mathematically modeled by fuzzy scales. A fuzzy
scale is a set of linearly ordered fuzzy numbers with
the following special property: the way the membership function of the fuzzy number decreases from
one to zero is analogical to the way the membership function of an adjacent fuzzy number increases
from zero to one. Sometimes the basic elements of
a linguistic scale are not sufficient for a proper description. Then it is better to use some new linguistic
terms derived from the basic ones (e.g. “more or less
medium” or “definitely small floorage” in case of an
enriched linguistic scale, “small to medium floorage”
in case of an extended linguistic scale, or “floorage
between medium and large” for a scale with in-between values).

THE POTENTIAL OF LINGUISTIC
VARIABLES IN A GEOMETRICAL
ANALYSIS OF A BUILDING AND IN
ARCHITECTURAL COMPOSITION
In usual applications, linguistic variables are employed to replace the intervals of real numbers (with
infinite number of values) with their finite represen-

A fuzzy approach to localize an
architectural element within a building

Figure 1
Linguistic scale Floorage of
a villa.

tations, i.e. fuzzy scales. In a large majority of cases
what we have in mind is a linguistic description of
univariate mathematical variables.
The objects that are of interest to architecture
are either two-dimensional (ground plan, facade) or
three-dimensional (villa). In this contribution it will
be argued that linguistic variables can be employed
to localize an architectural object in a plane (an oriel in a facade) or in a space (a room in a house); to
charcterize the shape of an object (oblong or square
shape); and to capture the overall impression of a
buiding (dynamic appearance, open plan).

In geometrical analysis of a building verbal description is useful. Figure 2a takes as an example the
Moller Villa designed by Loos and shows how to
localize an object (e.g. an oriel) within a facade by
means of a pair of linguistic variables “Height” (with
linguistic values Bottom, Center, Top) and “Width”
(with linguistic values Left, Center, Right) whose values are modeled through fuzzy scales on the intervals [0,v] and [0,s], respectively, where v is the height
of facade and s is the width of facade. Figure 2b
shows analogously how to use three linguistic variables to localize rooms within a villa.

A fuzzy approach to determine a shape of
an architectural element
A proportion is defined as a ratio of magnitude
of two or three basic dimensions (height, width,
depth), or as a relation between parts in a whole, or
as a relation between a part and a whole. The wellknown proportion is that of a so-called golden section. Through identical proportions the elements
can acquire the quality of relatedness, association.

Figure 2
a) Linguistic scales Height and
Width describing the facade
of Villa Moller; b) Linguistic
description of disposition of
rooms in Loos’s villa.
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Figure 3 (left)
Linguistic scale distinguishing
shapes of rectangles.
Figure 4 (right)
a) Symmetry of the building;
b) Compactness.

Fuzzy sets can use proportions to provide a rough
description of shapes. In Figure 3a rectangle
(ground plan, window) is described through the ratio of height to width. If the ratio is greater than one,
we have a horizontal rectangle, if smaller than one,
approximately a square. The same principle can be
applied in a three-dimensional space. A building can
be of a horizontal, vertical, or cubic shape.

Figure 5
Concentric vs. sparse facade.

A fuzzy approach to describe composition
of a building
The notion of composition (structure, configuration)
means, in architectural terminology, the configuration of individual architectural elements in a space.
In this sense, the above-mentioned applications of
linguistic variables to describe a building’s geometry
can be subsumed under the analysis of its composition. However, falling under the head of architectural composition is also the overall impression of a
building in relation to its shape and configuration
of individual elements. Notions as compactness of
a building, its symmetry, dynamics, openness vs.
closedness etc. have been introduced (Tichý and
Dvořák, 1986; Krier 1989).
In what follows I will outline the potential of
fuzzy sets and linguistic variables in modeling some
of these notions. The designs of Loos’s villas will
serve as examples.
For example, the measure of façade symmetry
with respect to a vertical axis running through the
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Figure 6
Closedness vs. openness .

center of a facade can be defined as a ratio of the
sum total of areas of all elements and parts in a facade that are symmetric with respect to this axis, to
the sum total of all areas on a given facade (see Figure 4a).

Figure 7
a) Dynamics of the building;
b) Contrast; c) Colorfulness;
d) Structure.

The compactness of Loos’s villas, that contain mainly
rectangular elements, can be defined, for example,
as a ratio of a building’s volume to the volume of the
nearest prism (Figure 4b). (Minor protrusions may be
neglected.)
Another important feature of a building is the
position of windows in the facade. Loos’s facades
possess either concentric or sparse pattern of windows. The type of pattern is determined through the
ratio of window area in the center of the facade to
the total window area (Figure 5).
Other architectonic features, like closedness
and openness, can be assessed in the same manner. The measure of façade openness can be defined
through the ratio of the sum total of all openings to
the total area of the facade. The area of openings of
the street-facing facade of the last Loos’s villa is very
small compared to the total area – the facade gives
a closed impression; on the contrary, the ratio of
openings of the backyard facade of the Moller Villa
is large (Figure 6).
One possibility is to conceive of the degree
of a given quality as a degree of membership of a
building to the fuzzy set of buildings possessing this
quality. The degree of a quality can be expressed
through the points on a linguistic fuzzy scale, so
that instead of the classical degrees of membership we work with the fuzzy degrees of membership
to a fuzzy set of buildings with a given quality. For
example, dynamics is a rather complicated notion
to be measured through a mathematical formula –

the dynamics of a building can be better assessed
expertly by a linguistic value, e.g. “highly dynamic
facade”. This verbal expression will be modeled by a
fuzzy number on the interval <0,1>. That is, instead
of the degree of a quality from the interval <0,1> we
get a fuzzy degree of dynamics – a fuzzy number on
<0,1> (Figure 7a).
Contrast, in architectural terminology, denotes
any difference in a whole or in a detail. It runs
through all components of architectural composition, reflecting their variety and change. We speak of
the contrast of size, shape, location, direction, scale,
proportion, material, color, light etc. We also discern
the scale of contrast, ranging from radical contrast
to nuance contrast. This very subtle minute contrast
represents transition to unity (Figure 7b).
Colorfulness is a very subjective component of
architectural composition. A characteristic feature of
Loos’s buildings is the utmost neutrality of exterior
(white plaster) contrasting with a large variety of
colors and materials of interior that mark individual
rooms. Again, the colorfulness of interior will be assessed expertly (Figure 7c).
Structure is the pattern of interior elements that
are not perceived separately, due to their subtlety,
but have merged into an overall, unified pattern. In
Loos’s interiors we can find a host of distinct materials and structures: roughcast plasters, soft carpets,
greenish Cippolino marble with red and blue and
yellow streaks, precious woods highly polished to
imitate the reflection effect. The surface structure of
Loos’s villas will also be assessed expertly, through
values of a linguistic variable (Figure 7d)

APPLICATIONS
These linguistic variables can be employed directly
in fuzzy rule bases that describe the work of an architect. The analysis of a set of designs of Loos’s
villas in Matlab’s Fuzzy Logic Toolbox has yielded a
fuzzy model consisting of four partly interrelated
bases of fuzzy rules (Talašová, 2011). Figure 8 (next
page) shows the structure and relations among
these fuzzy systems.
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Figure 8
Structure of a fuzzy expert
system .

The first model deals with decisions about the overall appearance of a villa. On the one hand, there
are requirements of a client on the size of the villa
(number of bedrooms, area of living rooms, another
apartment inside the villa), the type of terrain available (sloping, flat), and the overall conception of the
villa (early period in Loos’s work, transitional period,
second period); on the other hand, there are other
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qualities of a villa (ground plan layout and size, number of floors, number of Loosian levels, shape of the
roof, overall shape of the building, its compactness,
façade finish, extent of classicist elements). The
model reflects the relations among these requirements.
The second model deals with size and localization of rooms of the principal living area in a villa

with respect to the overall appearance of the villa
that has already been agreed on (ground plan layout
and size, number of floors). The input variables to
the second model are selected from among the output variables from the first one. This second fuzzy
model describes, through a fuzzy-rule base derived
from Loos’s villas, a relation between ground plan
size and layout and number of floors on one hand,
and size and disposition of rooms in the principal living area on the other. For each room that is situated
on the most important (social) floor in a Loos’s villa,
three coordinates are introduced: x (“left”, “center”,
“right”, “left to center”, “right to center”, “anywhere”);
y (“front”, “center”, “back”, “front to back”, etc.); and z
(a Loosian level of the room or space relative to the
level of the hall, e.g. 0, 1, 2, ..., -1, -2, ...). For a given
overall appearance of the building, this fuzzy expert
system offers alternatives how to design the primary
social floor so as to best suit the specified input.
The third model helps with decisions on the
type of façade. The input variables to this model are
the same as the output variables from the first model. The output variables here are façade symmetry,
its openness, configuration of openings in the façade, their prevailing shape, and presence of threedimensional elements like niches, oriels or balconies
(terraces).
Of relative autonomy is the fourth model that
takes into consideration the overall interior design
of individual rooms, their colorfulness, lightness,
contrast, and surface structure in relation to materials used.

CONCLUSION
The research focus is the application of linguistic
variables in describing architectural work. Beginning
with application of linguistic variables in describing
the shape of objects and localizing an architectural
element in two- and three-dimensional spaces, we
have proceeded to applications in describing the

qualities of buildings in terms of architectural composition. Some of these linguistic variables (Compactness, Symmetry, Contrast, Colorfulness and the
like) were employed in fuzzy-rule bases to capture
the principles of Loos’s villa design.
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Leaving Flatland behind
Algebraic surfaces and the chimaera of pure horizontality in architecture
Günter Barczik
Erfurt School of Architecture, Germany , fh-erfurt.de/arc/digital/, hmgb.net, gb@hmgb.net
Abstract. We argue that the prevalence of continuous flat floor surfaces in architecture
is comprehensible but fallacious, and that this chimaera can be overcome through
studying and employing the sculptural potential of algebraic surfaces which suggest
spatial possibilities that enrich designers’ vocabulary enormously. We continue, deepen
and extend research the basics and early results of which were presented at the last two
eCAADe conferences in Istanbul and Zürich.We present and discuss a university-based
experimental design and research project that demonstrates how Algebraic Surfaces can
drastically amplify the so far only tentative exploration of the possibilities of non-flat floor
surfaces in Architecture.		
Keywords. Algebraic Geometry; Shape; Sculpture; Design; Tool; Experiment;
Methodology; Software.

INTRODUCTION
Algebraic surfaces have until recently been out of
reach for designers as they are the result of complex
mathematical calculations. Today though, the softand hardware exists to make them accessible for
designers. Hitherto literally un-imaginable objects
can now be visualized and manipulated. This in effect means an unprecedented diversity, a cambrian
explosion of shapes (Fig 1). They are geometrically
and topologically highly complex yet very structured, harmonious and sound. Most prominently,
they display many curved parts and are often rather
convoluted. This at first sight appears to make them
rather difficult to use for architecture. Yet humans in
fact have a deep affinity to non-flat surfaces - from
the early beginnings of habitation in caves to the
way undulating parkscapes are inhabited (Fig 2).
Their soft reliefs offer many situations which are
used differently: crests as viewpoints, slopes for re-

laxation or play, swales for gatherings - to name but
a few examples.

NEGLECTING THE NON-HORIZONTAL IN
FAVOUR OF THE HORIZONTAL
Non-flat floor surfaces have so far been mostly ignored by architecture. Indeed, horizontality is held
as a defining quality of successful architecture, most
prominently exemplified, perhaps, in Le Corbusier’s
Domino House Concept which consists of little else
but a series of stacked perfectly flat planes.
We see three main reasons for this negligence:
Firstly, architecture for most of its history sought
to distance itself from nature, to create a contrast
where the man-made stood apart from the found.
Natural environments are almost never perfectly
flat, so flatness became what architecture strove for.
Secondly, flat planes are much easier to build than a
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Figure 1
Examples of Algebraic Surfaces
with complex geometries and
topologies (Eduard Baumann).

controlled non-flatness, especially in the times of serial mass-production where non-flatness would result in unequal parts - a catastrophe for the methods
of serial mass production. Thirdly, a flat plane lends
itself to be used uniformly. Non-flat floor plates differentiate various regions and therefore make it difficult to furnish them. Again, the age of serial mass
production favoured uniformity over differentiation.
Today, all three reasons no longer hold the importance they once had. Instead of averting from
nature to claim a superiority over it, architecture has
started to learn from natural environments, to emulate and amplify their qualities. Serial mass production has been superceded by customized mass production and therefore uniformity by differentiation,
making it possible not only to design and economically manufacture much more complex geometries
than before, but also to design and build manifold

different spatial situations. The differences between
floor, wall and roof, even between envelope and furnishing, can today be dissolved into diversified surfaces that offer a multiplicity of human use.
TH

NON-FLAT SURFACES IN 20 CENTURY
ARCHITECTURE
Slowly, architects have started to exploit the possibilities non-flat surfaces offer. In the second half of
the 20th century, a strand emerged within modern
architecture that seeks to elaborate the potential of
non-flat surfaces, starting with Claude Parent’s idea
of the Oblique and leading, so far, to Kazuyo Sejima’s
and Ryue Nishizawa’s Rolex Learning Centre in Lausanne.
Claude Parent, together with Paul Virilio, in the
early 1960s started to argue for the advantages
of inclined surfaces: ‘The function of the Oblique
Figure 2
Visitors exploring various
ways of inhabitating the Tilla
Durieux Park in Berlin.
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Alejandro Zaera-Polo’s F.O.A. won the competition
for the Yokohama Ferry Terminal with a design that
channeled Parent’s Oblique and da Rocha’s Expo Pavilion into an interwoven topography - although the
finished building did not adress the non-horizontal
potential as decisively as the competition proposal
had. In 2001, Sou Fujimoto proposed his so-called
‘Future Primitive House’ (Fig 4), a complex multileveled space that could be interpretated freely by
its users and built a small prototype version of it in
2008 as the ‘Final Wooden House’.
In 2006, Toyo Ito effectively recreated a version
of da Rocha’s Osaka space inside Mies van de Rohe’s
New National Gallery in Berlin as an exhibition architecture for the ‘Berlin-Tokyo/Tokyo-Berlin’ exhibition,
using a softly undulating topography to create various zones with fuzzy boundaries and juxtaposed an
artificial interior landscape with the rigidity and uniformity of van de Rohe’s building.
Finally so far, in 2010 the Rolex Learning Center
in Lausanne opened, designed and built by Kazuyo
Sejima and Ryue Nishizawa following a competition
win in 2004 - again, like Ito’s exhibition space in Berlin, a large softly undulating topography where various zones of use softly flow into one another without clear boundaries (Fig 5).

Figures 3, 4
Claude Parent‘s inclined planes and Sou Fujimoto‘s‚ “Future
Primitive House“.

makes the parcours possible. Architecture becomes
the carrier of movement; movement is freed from
the restraint of defined pathways; the choice of way
is open. It’s not any more about channelling, but
about dispersal; not any more about restraint but
exploration.’ (Claude Parent, ‘Architecture Principe’,
Fig.03). Towards the end of the 1960s, Verner Panton
designed the ‘Living Tower’, a piece of furniture that
invited various form of sitting and lingering. Shortly
after, Paolo Mendes da Rocha built Brazil’s Pavilion
for the Expo 1970 in Osaka as two vertically opposed
gently undulating topographies, creating a space
that was diversified yet borderless. In 1992, O.M.A.’s
competition design proposal for the Jussieu Libraries in Paris consisted of one single inclined surface
that was wrapped around itself as a continous ramp,
creating a building with many different levels and
yet only one floor. In 1995, Farshid Moussavi and

FIVE-STEP DESIGN RESEARCH
PROGRAM
To study the potential of non-flat and non-horizontal surfaces, we start experimental design projects
with geometries that are unusual to the extreme:
algebraic surfaces with the exotic plastic qualities
described above.
Our program is divided into five steps: generation, interpretation, adaptation, application and production.
First we generate the surfaces via the software
packages Surfer, SingSurf and K3DSurf. All three accept a polynomial as input and output visualizations
or/and 3D models. Surfer is restricted to visualization, but highly interactive. SingSurf and K3DSurf
are not as interactive but generate 3D data that can
be exported as polygon meshes. All programs do

Shape Studies - Volume 1 - eCAADe 30 | 435

Figure 5
Kazuyo Sejima and Ryue
Nishizawa‘s Rolex Learning
Centre building in Lausanne.

not determine the zero-sets of the polynomials by
solving those equations exactly - currently no applicable algorithm for this exists. Instead, they offer
approximations, leading to inaccuracies in the models which occasionally show up as imperfections but
can be smoothened out and repaired via – amongst
others - the Catmull-Clark subdivision surface algorithm available in most mesh modellers and specialized software like MeshLab.
Secondly the surfaces are analyzed in terms of
their geometric properties and interpretated as to
their architectonic potential. The shapes exhibit exotic sculptural situations that so far are unnamed:
connections between different regions that are
neither holes nor tunnels and might be named ‘passages’, self-intersections, singular points that mathematicians call singularities, to name but a few (Fig 6).
In a third step, the algebraic surfaces are adapted, that is modifiyed geometrically to facilitate humans use - i.e. stretched, twisted, compressed. Additionally, they are turned from just surfaces into
enclosures through various operations like for example section with a cuboid or thickening of the
surface until it becomes a volume (Fig 7).
In a fourth step, experimental architectures
are generated by synthesizing the knowledge and
know-how acquired in the first three steps (Fig 8).
The last step consists of printing the designs in
3D. While we use the technology to print only models of the designs, it is rapidly progressing to print
larger and larger objects, the largest at the moment
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exceeding telephone box size. While it is as a matter
of course not satisfactory to see building construction as a matter of simply printing large objects of
a uniform material, for us in our project the printability of the shapes is proof of concept enough
insofar that unprecedented, new and never seen or
touched objects are transported from the intellectual world of mathematics into a tangible physical
reality. (Fig 9)

FUNCTION INSPIRED BY FORM?
The steps we take in the experimental design project changes the common design procedure of
‘Form follows function.’ to ‘Form inspires function’ or
even ‘Function follows form’. At first, this can be understood as a severe restriction of designers’ capabilities, restraining their options to a corset defined
by a given algebraic surface. Yet, we understand our
project merely as acquiring a new vocabulary. And
in any such undertaking, existing new vocables have
to be learned, played and experimented with before
they can become part of the active vocabulary and
used at will and as different situations and problems
of formulation necessitate. This can also be seen in
the way that children learn and get to know new
shapes: nobody is born with a knowledge of eucledian geometry or, for that matter, any shape at all.
Those have to be encountered in the world through
perception and thus build up a spatial vocabulary.
We think that only when one forgets these learning
experiences our procedure, mimicing them, appears
wrong.

Figure 6
Creating, visualizing and analyzing three algebraic surfaces
(Michael Göhlert, Cottbus
University 2011).

Figure 7
Adapting the surfaces into
enclosed volumes (Dana
Kummerlöw [top] and
Christopher Jarchow, Cottbus
University 2011).

Figure 8
Experimental Design projects
based on algebraic surfaces
(Jörg Burkardt and Dana Kummerlöw, Cottbus University
2011).
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Figure 9
3D prints of experimental designs based on algebraic surfaces (Joanna Kollat, Natalia
Kicińska, Ewelina Zróbecka,
Cottbus University 2010).

Additionally, having to find uses for a given geometry provokes thought and forces students - and architects generally - to stretch their imagination and
dare possibilities that they otherwise would be too
timid to explore.
As new shapes are encountered via computerized tools, new possibilities for design are found and
the scope of architectural design widened.

USES FOR NON-FLAT AND NONHORIZONTAL SURFACES: MOVEMENT,
POLYVALENCE AND GRADIENT
THRESHOLDS
We found that humans might use the non-flat and
non-horizontal, but continuously curving algebraic
surfaces in many ways which range from the nonactive, not moving to the active and moving: people
might lounge, crouch, lie, and sit on the surfaces.
Because the complex geometries are ever-changing
and not repetitive, users or inhabitants can find positions which fit their anatomy. Quite opposite from
an adjustable object like an office chair where the
object’s parts can be moved to fit its user’s anatomy,
on the algebraic surfaces the users would move to
find positions that fit them. To put it more succinctly:
It is not the piece of furniture or architecture that is
fitted to the user, but the user finds a position within
the architecture that fits. And because the geometry
offers many different situations, people do find fitting ones. This puts inhabitants into an explanatory role where they have to search, interpret and
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thereby find. Thus, not only are their bodies moved,
but also their minds. Moreover, new uses might be
discovered as users interpret the surfaces in moving
above them, trying out different ways of inhabitating them.
Apart from different degrees of lounging, the
surfaces might be used for various sports: skateboarding, rollerblading, climbing.
The surfaces thus literally become moving: they
motivate bodies to move, minds as well, and interpretations and habits, too.
Additionally, a range of different uses can happen on one and the same continous surface, as the
surface’s shape is continually changing from one
position on it to the next. With different activities
happening next to each other, the surfaces can be
understood as polyvalent (Figs. 10-16).
Moreover, these regions of different use are
almost never exactly demarkated but flow gradually into one another. The threshold between them
is not a line but a gradient. This can lead to a new
kind of multifunctionality or hybrid use where the
different zones are not seperated as i.e. different
floor levels but share common areas of ambivalent
use. The rigid territories of much architecture might
thus be enriched by polyvalent areas with gradient
thresholds - meditative, passive rest nearby fast,
active movement, close and connected but at the
same time separated through the geometry of the
surface.

Figure 10
Inhabitation possibilities for
experimental architecures designed on the basis of algebraic surfaces (Dana Kummerlöw,
Cottbus University, 2011).

Figure 11
Inhabitation possibilities for
experimental architecures designed on the basis of algebraic surfaces (Dana Kummerlöw,
Cottbus University, 2011).

Figure 12
Inhabitation possibilities for
experimental architecures
designed on the basis of
algebraic surfaces (Stefanie
Otto, Cottbus University,
2011).
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Figure 13
Inhabitation possibilities for
experimental architecures
designed on the basis of
algebraic surfaces (Stefanie
Otto, Cottbus University,
2011).

Figure 14
Inhabitation possibilities for
experimental architecures
designed on the basis of
algebraic surfaces (Susann
Seifert, Cottbus University,
2011).

Figure 15
Inhabitation possibilities for
experimental architecures
designed on the basis of
algebraic surfaces (Susann
Seifert, Cottbus University,
2011).

440 | eCAADe 30 - Volume 1 - Shape Studies

Figure 16
Inhabitation possibilities for
experimental architecures
designed on the basis of
algebraic surfaces with a climbalbe surface texture (Marlies
Schneck, Cottbus University,
2011).

To supplant the different useabilities of the surfaces,
their materiality would have to change gradually,
too - between rough and sleek, hard and soft as sitting, as would be fitting to the various imaginable
functions (Fig 16).

we are optimistic: if it took almost half a century for
Claude Parent’s early provocations to mature into a
building like SANAA’s Rolex Learning Centre, what
spaces will we inhabit in days to come in the light of
the suggestions shown here ?

CONCLUSION
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tentative and provocative, to open up new ways of
understanding the shape of space and how it might
benefit its occupants.
Although some of what we present in this paper
might appear to be far-fetched or even nonsensical,

Barczik, G, Labs, O and Lordick, D 2009, Algebraic geometry
in Architectural Design, in Proceedings of the eCAADe
Conference, Istanbul, Turkey, pp. 455-464
Barczik, G 2010, Uneasy Coincidence ? Massive Urbanization and New Exotic Geometries with Algebraic Geometries as an Extreme Example, in Proceedings of the
eCAADe Conference, Zürich, Switzerland, pp. 217-226
Johnston, P 1996, The Function of the Oblique: The Architecture of Claude Parent and Paul Virilio 1963-1969,
London
Marquez, CL 2011, El Croquis #155 Sou Fujimoto, Madrid
Migayrou, R 2010, Claude Parent: L’oeuvre construite,
l’oeuvre graphique, Paris
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Recursive Embedding of Gestalt Laws and Shape
Grammar in the Weaving Design Process
Rizal Muslimin
Massachusetts Institute of Technology
Abstract. The occurrences of structural weaving patterns, ranging from the architecture
st
built in the 12th century to the contemporary building designs of the 21 century,
have been anachronistic and geographically dispersed. This suggests that some of
these patterns may not have been transferred from one culture to another but instead
have emerged locally from other existing plaiting. This paper explains why, despite
geographical limitations, these designers have developed similar designs to each other, as
well as proposes a framework to computationally improve the synthesis of new weaving
designs based on our visual perceptions.
Keywords. Shape Grammar; Gestalt; Weaving; Cognition; Architecture.

INTRODUCTION
This research propose computational design framework to visually reasoning how these designers inspired by weaving and developed similar designs,
as well as propose way to improve their visual affordance to synthesize more design variations.

THEORETICAL COMPARISON
In investigating these questions, this research
uses Gestalt Laws (Wertheimer, Koffka, and Kohler,
1920s), a series of laws that describe how humans
organize visual elements subconsciously into
groups or unified wholes in order to recognize objects, and Shape Grammar (Stiny and Gips, 1971), a
computational design method for analyzing and
synthesizing designs by embedding and calculating
shapes with a set of visual rules.
Although some of their shape operations are
similar each other, their goals are fundamentally different: Gestalt Laws attempt to resolve ambiguity
among shapes [1] while Shape Grammar embraces
it. For instance, when two Gestalt Laws conflict with
each other in the interpretation of a shape [ ][ ][ ]

(e.g. three squares by closure laws, or two columns
and two half-columns by proximity laws), Gestalt
Laws will choose only one interpretation at a given
time (Katz, 1950). In Shape Grammar, both interpretations are valid since they can be flipped back and
forth (Stiny, 2006).
To gain paradoxical benefits from the two theories, the study frame Shape Grammar with Gestalt
Principles, as well as look at Gestalt Law with Shape
Grammar perspective.

Shape grammar in the law of Prägnanz
While Part and Whole are ambiguously linked in
Shape Grammar, the Law of Prägnanz attempts to
solve this ambiguous relationship by reconstruct the
“whole” from the “part”. Figure 1 shows how shape
grammar constrained in Gestalt Laws.
•
Shape Atomization: In the algebra of shape,
Gestalt Law recursively unify smaller shapes
as “Parts” into new atomic shapes that have
the simplest and most stable forms (according
to Koffka), called “Wholes”. This atomic shape
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•

•

tends to unify from a discrete point, into a discrete line, then a discrete plane and eventually
into a discrete volume (fig 1a).
Shape Figuration: In the algebra of U , U
12
13
and U , shape boundaries (e.g. planes with
23
lines and volumes with both planes and lines)
are not tightly bound to their content, since the
boundaries of shapes are also shapes (Stiny,
2006). According to Gestalt’s Law, the boundary binds together with its figure in order to
unify the closed contour figures and separate
them from their surroundings (fig 1b).
Shape Constancy: In Shape Grammar, transformation works for both embedding, to match
the initial shape in different ways, and design,

•

to transform the embedded shape into a new
shape. Gestalt Law, on the other hand, uses
transformation to return the two-dimensional
retinal image (proximal stimulus) back to its
original shape in the real world (distant stimulus). For example, fix a triangle that distortedly
projected on our retinas (fig 1c).
Line Reduction: Gestalt’s grouping mechanism tends to unitize a set of lines into one
maximal line. This includes merging a set of
overlapping lines, segmented lines or a missing
line back into one maximal line. Accordingly,
in larger sub-divided shapes, Gestalt Laws will
unify them into one shape with the reduction
rules (fig 1d).
Figure 1
Shape grammar principle constrained in the Gestalt laws.
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The law of Prägnanz in shape grammar:
whole-part ambiguity
Shapes formed by Gestalt Law’s reconstruction of
“good” and “stable” shapes (i.e. regular, singular, and
unified) may become unstable in Shape Grammar’s
ambiguity while also preserving the basic property of the Laws. Figure 2 shows an example of how
Shape Grammar sees different types of symmetrical
shapes, continuous shapes, closures, etc.
•
Symmetry: Gestalt Law would perceive an area
between two symmetrical shapes as a figure.
Shape Grammar on the other hand would see
different symmetrical figures generated by different axes of symmetry’s location other than
the horizontal and vertical axes (e.g. rotational,
dihedral, rotor-reflection and other symmetries) (fig 2a).
•
Continuity: Gestalt Laws tend to maintain
the smooth continuity of a certain curve or
linear composition rather than break them
apart. However, in Shape Grammar, as long as
the curve shares the same boundary with another curve, they can be linked together as one
continuous shape. In addition, other types of
continuous shapes might exist in different dimensions by reversing the boundary rule x →
-1
b (x) (fig 2b).
•
Similarity: Gestalt’s Law of Similarity would
group several shapes that look similar. Yet, unless the meaning is explicitly defined, the term
“similar” remains ambiguous in Shape Grammar and can therefore lead to different kinds of
shape groups. For instance, it can group shapes
according to similar rhythm/composition’ rather than similar color (fig 2c).
•
Closure: Gestalt’s Laws attempt to link disconnected lines to close contour figures. In Shape
Grammar, other types of close figures may be
generated from the boundaries of the disconnected lines (fig 2d).
While these four Laws of Pragnanz have a certain
degree of ambiguity that can be exploited nondeterministically in Shape Grammar, the other two,
the Law of Proximity and the Law of Common Fate,
are more absolute and deterministic. The Law of

Proximity measures the distance among shapes and
group those that are close together (fig 2e). The Law
of Common Fate delineates shapes that appeared to
have the same directionality (fig 2f ). Thus, it is difficult to explore the ambiguous aspect from these
quantitative parameters and conditions. Nevertheless, these six laws can work collaboratively with
each other (See Desolneux, Moisan and Morel, 2006
about Partial Gestalt and Global Gestalt).

EXPERIMENT: VISUAL-WEAVING
ROUTINES
Weaving requires a complex physical and visual coordination of the weaver’s perceptual apparatus, as
well as sufficient knowledge of material properties
and haptic experience (Muslimin, 2010). However,
visual perception can continue to play important
roles outside of physical weaving activities. For
instance, in studying a woven-basket design, the
weaver may mentally reconstruct the weaving process by looking at the center-bottom of the basket,
since they commonly start weaving from that point
(Miebach, 2011). Additionally, the weaver might
have an interest in discerning the hidden geometry
by changing his or her focal point when fixating on
the interwoven surface (Gerdes, 1986).
To understand how the designer is visually inspired by another’s weaving design; we limit our
focus solely on the visual event during weaving activities, in the absence of physical feedback such as
the properties of the material, hand coordination
and haptic experience. The materials are the shapes,
and the tool for weaving the shape is the visual perception driven by Gestalt Laws and Shape Grammar. Using a two-dimensional plaiting pattern, the
experiment is conducted in three phases. First, the
weaving pattern is reconstructed using the Law of
Prägnanz. Second, Shape Grammar calculates the
pattern without applying meaning to the shape.
Third, both Gestalt Laws and Shape Grammar are
switched back and forth to generate new weaving
shapes.
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Figure 2
The law of Pragnanz in shape
grammar.

Gestalt laws on recognizing weaving
geometrical properties
In this example, Gestalt Law chronologically recognizes the symmetrical figure among the lines, and
then continuous law applied together with closure
law to connects the lines and adds shade to the contoured figure (fig 3a, 3b and 3c). Then, the Gestalt’s
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Constancy is then applied to indicate the interweaving mechanism (fig 3d). The resulting over and under perception is defined as an overlapping schema
on a local scale (x < t(x) or x is under t(x)), which
can be further expressed as a reciprocal schema on
the global scale (i.e. A > B > C > … > A) (after Knight,
2010).

Figure 3
Weaving recognition with the
law of Pragnanz.

The three-dimensional weaving properties of the
shape (e.g. the overlapping yarns) remain intact in
the perception, even in an incomplete woven shape
(fig 3a). In addition, when the line-weight increases,
the perceived figure does not change, since it may
still be perceived as three horizontal and three vertical white yarns instead of six horizontal and six vertical black yarns or a nine white-rectangle composition (fig 3e).

Shape grammar calculation on weaving
pattern
The non-deterministic aspect of Shape Grammar in
this experiment ignores any weaving-related meaning of the shape. For practical reason, we constrained
the number of emergent shapes by applying reduction rules from figure 1d to get a finite number of
several maximal lines (fig 4a)(notes that the possible
line compositions from these maximal lines remain
enormous). The same reduction rules can also apply to planes by investigating some possible atomic
shapes in U (e.g. rectangle and square) as initial
12
shapes used to produce new shapes (fig 4b and 4c).
Combined together, the lines and planes can recursively generate various compositions (fig 4d and 4e).

However, as these shapes are not bounded by any
particular meaning, they remain abstract and do not
yet embody weaving properties.

Gestalt grammar: forget → remember;
remember → forget
This experiment recursively uses Shape Grammar to
forget any meaning of weaving on calculating the
shape and Gestalt Laws to recall weaving properties
of particular shapes.
Figure 5d shows the use of Shape Grammar in
applying reduction rules from figure 1d to obtain
four maximal lines, and then use the overlapping
rule from figure 3d and 3e to recall the reciprocal
schema from the Gestalt Laws experiment. We can
also assign different initial shapes with the same
schema. For example, the overlapping schema can
be repeated again on the pinwheel shape in the
figure 5b. Figures 5c and 5d use the same process.
Moreover, this modular component can later be
made continuous by recalling the hidden line on the
interlaced area from the Gestalt schema (fig 5e).
This recursive Gestalt grammar can go even further with Shape Grammar parametric schema. Rules
in figure 5a, for instance, can be derived parametri-

Figure 4
calculating the shape in shape
grammar without binding
weaving properties.
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Figure 5
Switching Shape Grammar
and Gestalt Laws on and off
to generate various weaving
properties.

cally by modulating its rotation angle and the location of the rotation axis (Muslimin, 2010). The resulting shapes in figure 6 shows the recurring of some
woven construction in architecture (also known
as Reciprocal Frame, Popovic 2008) from the 900s
to the present derived from the same parametric
grammar from figure 5a.

R
 esults
The experiment confirmed the pivotal issue from
both theories, which is the deterministic aspect of
Gestalt theories to construct the whole from the
part, and the non-deterministic aspect of Shape

Grammar that may exclude the Whole-Part hierarchical system. The first experiment shows a strong
cognitive property of three-dimensional weaving
that remains in its two-dimensional appearance,
which may explain some similarity of weaving patterns in architectural construction as seen in figure
6. The second experiment with Shape Grammar
generated more emergent shapes. However, with
the absence of meaning (e.g., the overlapping and
the reciprocal attribute), they do not embodying
weaving properties. With the combined method of
using both Shape Grammar and Gestalt principles
recursively in the third experiment, a number of

Figure 6
Pattern derivation(sources for
the top image of each pattern:
[2] and Popovic, 2008).
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new emergent shapes that still maintain the physical
property of weaving can be retrieved.

DISCUSSION
This paper has demonstrated the role of Shape
Grammar in leveraging the capacity of Gestalt principles to recognize object in different way. This, in
turn, highlights the non-deterministic value of the
Shape Grammar method in the design process. As
exhibited in figure 6, Gestalt principles and Shape
Grammar can visually reasoning some architectural
weaving designs with one interpretative rule.
As mentioned above, this experiment focuses
exclusively on the visual aspect of weaving without
constraints from the properties of the material and
tactile experience, which are inseparable from visual
perception in weaving. Further research to include
these physical parameters would be a valuable addition to this study.
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Abstract. This paper presents an analysis of Jardim São Francisco, a low-income
housing development in São Paulo, Brazil, using shape grammar as an analytical method.
It is part of an ongoing research that aims at analyzing the different types of sitting in
low-income housing developments and their consequences for public spaces. The final
objective is to propose a design method that allows designing better quality urban spaces
in this type of development.
Keywords. Low-income housing; urban design; shape grammar.

CONTEXT OF RESEARCH
Along the twentieth century, the housing shortage
problem in Brazil has progressively increased, as a
result of industrialization, demographic explosion
and the intensification of migration of the population from rural to metropolitan areas. Solving that
problem has been a major objective of the government in the past years, with lots of investments and
many specific programs, such as the widely known
“My house, my life”. There has been a lot of debate by
the National Department of Housing, the Ministry of
Cities and many graduate programs about low-cost
construction systems, minimum area requirements,
and even about location of housing developments
in relation to city centers. However, research on social housing in the country has focused primarily
on the analysis of public policies and novel housing construction systems, while few studies have
emphasized the importance of the design of public
spaces in these projects. In most housing developments one sees either the typical image of repeated

identical houses along streets, or dense apartment
buildings. Most solutions used are still based on obsolete approaches to sitting, which results in communities not just visually boring, but also lacking
quality public spaces.

OBJECTIVES
This ongoing research aims at analyzing the different types of sitting in low-income housing developments, and their consequences for public spaces.
The final objective is to propose a design method
that allows obtaining better quality urban spaces in
these developments.
In the analytical part of the research, the following projects will be analyzed: Malagueira, in Évora,
Portugal, designed by Alvaro Siza in 1977; a housing
development in Mexico city, Mexico, designed by
Christopher Alexander in 1976; and Jardim São Francisco, – in São Paulo, Brazil, designed by Demetre
Anastassakis, in 1989.
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Figure 1
Plans and 3D models of the
corpus.

This paper presents an analysis of Jardim São Francisco, a low-income housing development, aiming
to assess the design method used to obtain a satisfactory result in defining the internal layout of the
housing units as well as the configuration of public
spaces. Shape grammar was used as an analytical
methodology to understand the underlying compositional logic of a section of this large development
(Section VIII), which is located in the eastern part of
São Paulo City, in Brazil.

DESCRIPTION OF THE CASE
The housing project Jardim São Francisco, Section
VIII, was the result of a national competition for
the construction of social housing in the city of São
Paulo in 1989. The winning team was coordinated
by architect Demetre Anastassakis. This part of the
development occupies an area of approximately
10.000 m2, with 154 dwellings. The sitting includes
hierarchical open spaces, ranging from the most private to the most public, breaking the traditional spatial forms used in typical housing projects in Brazil,
based on the concept of individuality of the house,
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yet articulated with collective spaces. A limited
number of different house plans are combined in
different types of clusters, forming semi-open courtyards that promote community life (Figure 1).
This village-like structure, characterized by a
complex network of spaces, also considered the
possibility of expansion of the houses over the years,
according to the resources and needs of families.
Aiming to combine the cost-reduction with
principles of comfort and beauty, the project aimed
to combine groups of townhouses asymmetrically,
with access in different levels and small semi-public
courtyards (Figure 2).

Figure 2
Urban sitting of Jardim São
Francisco housing complex.

The public space in the Jardim São
Francisco
The concept of the houses in Jardim São Francisco
was based on the idea of an embryo module built
with brick masonry, a local material and construction method, and some basic rules used in the composition and expansion of the houses, which provided flexibility. This compositional system, which
was based on a simple architectural program (living room, kitchen, bathroom and two bedrooms)
resulted in seven different types of houses. The occupation of the ground followed a system of rules
aimed at the minimum change in the topography,
adapting buildings, gardens and public spaces to
the existing topography. The objective was to create
a structure characterized by a strong territorial definition (inside/outside) and increased permeability of
the spaces, with a variety of shady areas and sunny
places. The different spaces have different qualities
in terms of ventilation, lighting and visual privacy.

SHAPE GRAMMAR
The formalism known as shape grammar was first
started from a paper published by Stiny and Gips in
1972, in which foundations of what would become
the most important algorithmic approach to design
were established.
Since its invention by Stiny and Gips, the use of
shape grammar has grown exponentially, involving
an increasing number of examples of applications
and research problems. Shape grammar consists of
a method of generating forms based on rules and
has its origin in the production system of the mathematician Emil Post and the generative grammar of
Noam Chomsky. Over the years, shape grammar has
been used in several applications to solve design
problems, allowing the generation of alternatives
from an initial shape, through the use of recursive
application of compositional rules (Duarte, 2007;
Knight, 2000; Celani et al, 2006).

Figure 3
Vocabulary of shapes for the
housing units and rules.
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2.

3.

4.

Spatial relations – Then, spatial combinations
between the primitive shapes of the vocabulary are established.
Rules - From the spatial relations, transformation rules of A → B type (when find A, substitute for B) are defined. These rules can be either
additive or subtractive.
Initial shape – To start the application of the
rules, it is necessary to select an initial shape,
belonging to the vocabulary of shapes.

Figure 4
Derivations of houses A, B, C,
and D, and generation of new
houses.

DEVELOPING THE GRAMMAR
The shape grammar formalism was used in order to
analyze this housing development, to understand
the methodology used in the design process and
to develop proposals for similar cases. In this shape
grammar, we studied the housing units, their grouping to form clusters and the sitting of the clusters.
The following part describes each of the grammars
developed:

Housing units
A shape grammar is developed from the definition
of the following elements (Celani et al, 2006):
1. Vocabulary of shapes - For developing a grammar, first, it is necessary define a finite set of
primitive shapes that will compose the grammar. These shapes might have two or three dimensions.

The houses of the Jardim São Francisco low-income
housing development are characterized by plans
with simple combinations of rectangular rooms,
specially developed to make construction easier,
since they were built under a scheme of collective
effort. However, the simplicity of the forms does not
mean monotony, as the different possible combinations allowed a variety of types. The future dwellers
were able to discuss their ideas with the architects
Figure 5
Rules for generating clusters
or blocks.
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responsible for the design. Seven different types of
housing units were developed. The corpus of analysis in this research considered just 4 of them - R1, R2,
R3 and R4. The plans are combinations of rectangles
in two-dimensions, whereas the clusters are combinations of housing units in three-dimensions.

Alleys

5. Vocabulary of shapes for the housing units
The vocabulary is composed basically of two types
of oblongs with two standard sizes: 3.00 m x 4.50 m
x 2.50 m (width x depth x height) and 3.00 m x 3.00
m x 2.50 m (Figure 3).

COMPARISON WITH OTHER LOW-INCOME HOUSING DEVELOPMENTS

6. Spatial Relations / Rules
The spatial relations refer to the possible ways of positioning the set consisting of oblongs side by side
or one over the other, meeting the following conditions:
•
The upper floor area should be less than or
equal to the area of the ground floor.
•
The minimum ground floor area shall be 4.50 m
x 6.00 m.
•
The maximum number of floors is 2.
The grammar developed can generate all the houses
of the corpus of analysis and propose new designs,
thus demonstrating its effectiveness and potential
(Figure 4).

Housing clusters and courtyards
For the composition of the clusters (or blocks)
formed by housing units, the rules are 2D (Figure 5),
with the following restrictions (Figure 6, next page):
•
Maximum number of houses per block - 4 units.
•
Maximum number of floors - 3.

Courtyards
The rules for generating courtyards are defined using pre-defined distances between blocks, ensuring
circulation - rules Rc1 and Rc2 - and the creation of
public spaces in the housing complex.
To generate a courtyard, it is necessary to insert
up to 6 perpendicular adjacent clusters (Figure 7,
next page).

To generate the alleys of Jardim São Francisco housing development, 4 rules (Ra) were created that define different distances between the clusters. The
distances range between 1.50 m and 3.00 m (Figure
8, next page).

As stated above, the analysis of Jardim São Francisco is part of a larger study, aiming to analyze
several case studies of low-income housing developments in Brazil and abroad. In this section, a preliminary comparison between Jardim São Francisco,
Malagueira development - designed by Alvaro Siza
- and Mexico housing complex - designed by Christopher Alexander - is presented.
The urbanization of Malagueira, located in Évora
- Portugal, was designed by Alvaro Siza and includes
1200 dwellings. It has been built from 1977 until today. This housing development has more than 35
different plants, all of them lined up with the streets.
Jose Duarte (2007) used the shape grammar formalism to analyze this project, identifying the design
rules subliminally followed by Siza and his collaborators in the development of these houses. This method allowed the definition of a generative system to
create customized houses that belong to the same
language. In this case, the use of grammars focused
on the internal organization of houses and did not
aim at defining the organization of public spaces,
which, in this case, was relatively simple, based on
houses lined up along streets.
The housing project developed by Christopher
Alexander and his colleagues in Mexico, built in
1976 with collective effort, differs from Siza’s project
because in this case the housing units are organized
in clusters, thus creating more fluid and diverse public spaces between them. This approach resulted in a
greater variety of urban spaces and their appropriation by the dwellers, as well as better adaptation to
the topography. According to Alexander (1985): “…
before they come to the stage of laying out their hous-
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Figure 6
Derivations of blocks and
generation of new blocks.
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Figure 7
Rules for generation of courtyard and derivation

Figure 8
Rules for generating alleys.
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es, they must first play a role in laying out the common
land between their houses, so that this public unit of
space, this common land which leads into their houses,
is not some abstract mechanical thing, done for them
by the city or by a developer, but is itself unique and
personal to all the families, a collective expression
of their will, a permanent part of the world which is
uniquely ‘theirs’.”
Jardim São Francisco housing development
has, on the one hand, the rule-based character of
Malagueira, but on the other hand the complex
public space system of Alexander´s project, organized in “villages” that follow the topography of the
land, with permeable public spaces and a diverse set
of houses, courtyards and squares.
The analysis of case studies showed that the
shape grammar method allowed to identify the existence of combinatorial systems in the design of the
houses created by Alvaro Siza and Demetre Anastassakis and present in the urban sitting of Jardim São
Francisco housing complex.
The situations in which it was possible to detect
the existence of underlying rules of combination
have a complexity and/or geometric variety that result in greater diversity of spaces and consequently
of urban situations, however, without overly burdening the design process and construction, as there
are repetitions, even though they are “disguised”.

DISCUSSION
This research has shown that the shape grammar
method allowed to verify the existence of combinatorial arrangements in the projects analyzed. Therefore, this method can be considered a viable and
efficient strategy to generate new designs. It allows
to obtain a variety of options from a relatively small
number of parts that can be rooms - in the case of
a shape grammar to define the housing unit design
- or blocks/clusters of houses/apartments, considering the scope of urban sitting.
Although neither Alvaro Siza or Demetre Anastassakis used an explicit shape grammar to develop their
social housing projects, ithis method presents itself
as a good strategy for understanding the underlying
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logics of these designs, generating new compositions with much better quality of internal and public
spaces, and, thus, allowing greater diversity of urban
areas in low-income housing developments.
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Abstract. GENE_ARCH is a Generative Design System that combines Pareto Genetic
Algorithms with an advanced building energy simulation engine. This work explores
its integration with a Shape Grammar, acting as GENE_ARCH’s shape generation
module. The urban patio house typology is readdressed in a contemporary context, both
by improving its energy-efficiency standards, and by rethinking its role in the genesis of
high-density urban areas, while respecting its specific spatial organization and cultural
grounding. Field work was carried out in Marrakesh, surveying a number of patio houses
which became the Corpus of Design, from where a Shape Grammar was extracted. The
computational implementation of the patio house grammar was done within GENE_
ARCH. The resulting program was able to generate new, alternative patio houses designs
that were more energy efficient, while respecting the traditional rules captured from the
analysis of existing houses. After the computational system was fully implemented, it
was possible to complete different sets of experiments. The first experiments kept more
restrained rules, thus generating new designs that closer resembled the existing ones. The
progressive relaxation of rules and constraints allowed for a larger number of variations
to emerge. Analysis of energy results provide insight into the main patterns resulting from
the evolutionary search processes, namely in terms of form factors of generated solutions,
and urban densities achieved.
Keywords. Generative Design Systems; Genetic Algorithms; Shape Grammars; Patio
Houses; Energy Efficiency.

INTRODUCTION
This paper describes the integration of GENE_ARCH,
a Generative Design System based on genetic algorithms and a detailed energy simulation program
(Caldas, 2001; Caldas 2008), with Shape Grammars
(Stiny, 1972). The goal of this research is the development a computational system for generating nov-

el urban and housing designs, able to optimize the
environmental behaviour of design solutions, both
in terms of thermal and lighting conditions, while
respecting the formal structure of a coherent Corpus
of Design.
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The Marrakesh Medina patio houses have been chosen for this experiment for several reasons. First, the
complexity and diversity verified in the architectural
corpus was attractive because most housing configurations emerge from a systematic application of
the rules and constraints that define the core of this
typology. Second, the Medina and its patio houses
represent an intrinsically interrelated structure linking the urban and building scales, which can not be
dissociable from each other. Third, the intricate relation between urban fabric, patio houses, and the
progression from the public realm to private space
that emerges from it, imprints in the urban space
some fundamental ideas that may be applicable to
contemporary design contexts.
In order to capture the urban and architectural
complexity present in the site, it was necessary to
develop two shape grammars: an urban grammar,
and a patio house grammar. While the urban grammar has been described in detail elsewhere (Duarte
et al., 2006a), this paper focuses mainly on the housing scale, addressing the traditional patio house of
the Marrakesh Medina. The objective is to create a
new generative system able to optimize the environmental behaviour of this typology, in terms of
human comfort, while preserving its essential cultural and formal features.
In previous work, GENE_ARCH has proven to be
capable of incorporating constraints that allow the
translation of architectural intentions into a com-

puter-based system (Caldas, 2008). In this paper, the
object of GENE_ARCH will expand from the architecture of a single building to the complexity of an
architectural typology. The objective is to demonstrate, through the formulation of a parameterized
methodology, how to implement the formal structure and syntax of a given architectural typology
into a software like GENE_ARCH.
The proposed methodology consists of five
stages. The first stage is the architectural analysis of
the Corpus of Design, to characterize the typology
under study. The second stage establishes a prototype model that synthesises all the essential features
of the architectural corpus, from which any particular spatial configuration can be derived. The third
stage establishes the rules and constraints applicable to the transformation of the prototype model
into a particular housing configuration. In the fourth
step, all variable parameters, rules and constraints,
as established in the previous step, are coded into
the system. Finally, in the fifth stage, the objective
functions that will guide the evolutionary-based optimization processes are established.

URBAN AND HOUSING CONTEXT
Zaouiat Lakdar is one the oldest zones of the Marrakesh Medina. Its urban and architectural patterns
suggest a well-defined and coherent architectural
corpus, making it an adequate subject for this research. The urban fabric is composed mostly of patio
Figure 1
Left - Zaouiat Lakhdar, plan of
the area under study. Center
– example of a patio house.
Right - example of a derb.
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Figure 2
Urban Shape Grammar. Left:
Partial derivation of the existing urban fabric of Zaouiat
Lakhdar. Up right: the shape
grammar interpreter. Down
Right: Physical model for a
new urban solution for the
Zaouiat Lakhadar perimeter.
Source: Duarte et al., 2006a.

houses, where the patio serves as the main source
of daylight and natural ventilation to the interior
spaces. Contrarily to western urban configurations,
where buildings gain access to natural light and
ventilation by means of windows that open into
streets, in this case streets can be reduced to a minimum width, and act mostly as physical access to
houses. The exceptions are the main public streets,
which connect housing quarters with major public
spaces or buildings. From those streets, there is a
ramification of the street network into semi-public,
partially-covered corridors (derbs), that will eventually lead to the private space of the houses. This
gradient between public and private space is a main
characteristic of this particular urban structure. The
reduced area dedicated to streets and public spaces
makes its construction density surprisingly high for
the typical building height of the houses, of only
two floors.
The Marrakesh Medina patio houses have been
chosen for this experiment for several reasons. First,
the complexity and diversity verified in the architectural corpus was attractive because most housing
configurations emerge from a systematic application of the rules and constraints that define the core
of this typology. Second, the Medina and its patio
houses represent an intrinsically interrelated structure linking the urban and building scales, which
cannot be dissociable from each other. Third, the intricate relation between urban fabric, patio houses,
and the progression from the public realm to private
space that emerges from it, imprints in the urban
space some fundamental ideas that may be applicable to contemporary design contexts.

Urban shape grammar
Figure 3
House Grammar Basic Pattern. Decomposition of the
patio houses basic formal
structure into patio (gray),
galleries(light blue) and rooms
or ‘bayts’ (blue). Right, ground
floor; Left, upper floor.

grow between the first lots, which in turn will allow
the placement of new lots. This loop process is repeated until the whole urban area is filled [Figure 2].
The urban grammar is open-ended and nondeterministic, meaning that alternative rules and
parameters can be applied in different steps of the
derivation process, being able to produce different solutions for the same urban area. In previous
work (Duarte et al., 2006a), a partial derivation of
the existing urban pattern was developed. A computational tool (Shape Grammar Interpreter) that
implemented the urban shape grammar of Zaouiat
Lakhdar was also developed, with some results presented in Figure 2.

PATIO HOUSE SHAPE GRAMMAR
While an initial house grammar development has
been presented elsewhere (Duarte, 2006b), in this
paper the data collected was subject to a renewed
and more complex analysis, due to specific issues
related to the creation and implementation of the
generative processes required by GENE_ARCH. From

A bottom-up approach was used for developing the
urban grammar, emphasizing the notion of growth
inside a known boundary (Duarte et al., 2006a). The
rules establish the incremental expansion of derbs,
starting at specific entry points, and guiding the systematic insertion of lots. Lots that have a direct access to the streets are placed at an early phase of the
grammar. After this step is completed, more derbs
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Figure 4
Tree houses of the corpus (left)
and their House Grammar
formulation (right). The areas
in dark blue belong to the
third ring, not included in this
study.

this second analysis, new relations, constraints, patterns and rules emerged.
For the elaboration of the shape grammar of
the Marrakesh Medina patio house, a site survey
was performed for the eight houses that compose
the Corpus of Design (Dar 27, Dar 33, Dar 73, Dar
Dounia, Dar Frances, Dar Charifa, Dar Hannah and
Dar Foundouk). Through the corpus analysis, it was
possible to establish a basic pattern formed by three
rectangular rings around the inner patio, in two
floors [Figure 3].
The inner courtyard, quadrangular or slightly
rectangular, is the agglutinating space of the patio
house, where all social activities take place. A direct
relation can be found between the social and economic welfare of a family, and the size and architectural ornamentation of the patio. All rooms open
to the inner patio, and it is from the patio, through
the galleries, that one can access them. The patio is
normally surrounded by galleries, an important element in the architecture of Moroccan patio houses.
Galleries act not only as a buffer space to the more
private bayts, but they also provide horizontal circulation to the second floor, and valuable shading for
façade openings in the lower floor.
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Around the patio, the first ring corresponds to the
galleries, the second one to the rooms (bayts), and
the third one to additional rooms. The third ring was
excluded from this study, since it is used mostly for
adaptation of the rigid patio house scheme to site
specificities, and is only considered within the Negotiation Grammar. The two inner rings may have one,
two, three or four sides.
For the development of the grammar, a dimensional analysis was undertaken in order to extract
architectural proportions - like the ratio between
length width of patios - and the dimensional intervals for some important variables and parameters, in
order to insure that the grammar results are within
the architectural morphology of this typology.
One of the goals of this project was to be able
incorporate the several features, complexities, and
possibilities that characterize the Marrakesh Medina
patio houses typology. Because Genetic Algorithms
support the evolutionary search mechanism of
GENE_ARCH, this system requires the implementation of a generative process with specific characteristics. Caldas (2008) established the key features and
methods to the elaboration of a generative process
within GENE_ARCH: first, a basic shape (prototype

model) has to be established, accounting for the occurrence of all possible architectural components in
it (i.e. walls, skylights. etc.), and for all the possible
transformations they can suffer; second, constraints
and variable parameters of the basic model are established, to limit and guide the possible transformations that can occur. Constraints applied to the
variable parameters are the means to implement
the architectural features that can stylistically characterize the different solutions generated.

3.

SHAPE GRAMMAR LINK WITH GENE_
ARCH
The proposed methodology to integrate GENE_
ARCH with the housing shape grammar is:
1. Prototype Model - Departing from the basic
pattern formulated for the House Grammar, a
hypothesis for a basic model that synthesises
the patio houses basic architectural structure
was established. This model followed in many
aspects the House Grammar, but had to include other aspects to allow for the emergence
of new solutions. The initial model also has to
be flexible and elastic, in terms of its geometric behaviour, to ensure a wide variety of solutions.
2. Variables - Several features of the prototype
model formal structure are chosen to be variable. Their behaviour is constrained by previ-

4.

ously defined rules. The variables allow the
derivation of different solutions from an initial
model.
Rules and Constraints - Rules impose constraints to the variation of the prototype model
assigned variables. From the corpus analysis,
one can turn explicit the implicit rules underlying in the corpus common architecture. It is
through the rules and constraints that are imposed to the basic model that one can ensure
that instances that emerge from the generative
and optimization process can be characterized
as patio houses from the Marrakesh Medina.
Objective Function - Finally, an objective function is determined to guide the generative and
optimization process. The proposed fitness criteria and search mechanism of the GA selects
several solutions from each generation. Selected solutions characteristics will be propagated
to the next generations, and the evolutionary
process continues towards the optimization of
the objective function, until final solutions are
reached.

CORPUS ANALYSIS
The analysis done for GENE_ARCH integration was
threefold: volumetric, spatial layout and elevation
composition.

Table 1

Patio dimensions and rations

Patio dimensions and ratios

Patio houses

Wpatio (m)

Lpatio (m)

Rpatio (Lpatio/Wpatio)

DAR 27

5,50

7,00

1,27

DAR 33

5,50

9,40

1,70

DAR 73

3,60

4,10

1,14

DAR CHARIFA

9,03

9,03

1,00

DAR DOUNIA

10,71

8,04

0,75

DAR FRANCES

7,80

8,00

1,03

DAR HANNAH

6,87

6,01

0,88

FOUNDOUK

6,60

6,60

1,00

found in the corpus.
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Figure 5 (left)
Implicit double symmetry
in Dar Charifa. Left: original
ground floor. Right: Minor
changes that have to be
applied to restore full double
symmetry.

Volumetric analysis
Table 1 shows patio dimensions and ratios in the
Corpus. The patio dimensions include the first ring
(galleries). Thus the insertion of the first ring will
subtract from the width and the length of the patio. The patio has a vital relevance in the structure
of the house, and determines the dimensions of all
the other spaces. It is possible to find a proportion
relation between the width (Wpatio) and the lenght
(Lpatio) of the patio. This ratio (Rpatio) is crucial for
assessing the right proportions in the houses that
will be generated by GENE_ARCH. The depth of the
first ring (galleries) typically varied between 1m and
1.9m, depending on the patio dimensions.

Spatial layout analysis
Three key types of rooms are considered: the bayts;
the entrance hall and the staircase. The entrance
hall, in most cases, is located at a corner. The staircase is always in the same wing of the entrance hall,
or in its perpendicular wing. The space between
corner rooms is generally occupied by one or two
rooms.
In terms of plan layout, a tendency for a double
symmetry between corner rooms can be observed.

Figure 5 shows that even in cases where this double
symmetry is not explicit, it is possible, with minor
changes, to establish the double symmetry pattern.
Double symmetry also exists in the partitioning of
the second ring. Finally, room partitioning in both
floors tends to be similar, due to structural constraints imposed by traditional construction types.

Figure 6 (right)
Second ring patio elevations.
Right: ground floor; Left: upper
floor.

Patio elevation analysis
The name of each patio elevation, in the context of
this analysis, is given in Figure 6, showing the nomenclature used.
Patio elevations are fundamental in the partitioning of the second ring, because it is from them
that the access to rooms takes place. The elevations
have in most cases only three openings. There is a
clear tendency for symmetry in the formal composition of each elevation. The axis of symmetry is located in the middle of each patio elevation and the elevations are composed by a central opening and two
lateral ones. The lateral openings can assume two
distinct positions. The first position is at the corner.
The second position can be located in the first quarter of the patio length. It is the interior room layout
that governs openings positioning. If a corner rooms

Figure 7 (left)
Positioning of the patio
elevations lateral openings
and its relation with the
internal layout of the second
ring. Left: First position - Dar
Frances, Elevation 8. Right:
Second position - Dar Frances,
Elevation 1.
Figure 8 (right)
Double symmetry between
patio elevations. Left: complete double symmetry in Dar
Charifa. Right: incomplete
double symmetry in Dar 33
(it lacks the yellow marked
window to become perfectly
bi-symmetric).
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Figure 9
The three elevations types
derived from the Corpus,
with corresponding plan
partitioning.

From this analysis, it was possible to establish three
different patio elevation patterns. Figure 9 shows
the relation between each elevation type and the
correspondent wing partitioning. Considering
that rooms always have access from the elevation
openings, Elevation Type I occurs when the corner
rooms are in the same wing. Type II happens when
the wing has no corner rooms and is divided in two
rooms. Finally, the Type III elevation is a derivation of
Type II but with only one room in the corresponding
wing.

Figure 10
The Prototype Model. Left:
Floor plans with room nomenclature. Center: Perspective
of the model. Right: Exploded
Axonometric.

belongs to the wing, the correspondent patio elevation will have lateral openings positioned in the first
position, and becomes a door into that room. If not,
the lateral openings will assume the second position
[Figure 7].
The patio elevations also have a tendency for
double symmetry between them, with facing elevations being identical, as illustrated in Figure 8.

PROTOTYPE MODEL
The prototype model is like a ‘rubber building’ that
can be further sculpted by the GA-based search
process. Figure 10 shows the Prototype Model that
results from a simplification from the more complex
house shape grammar. This model is a two-storey
house where the height of each floor is the same

Figure 11
Parametric Patio Elevations.
Left: Parametric Elevation
A - to be applied when the
wing has corner rooms. Right:
Parametric Elevation B - to be
applied when the wing does
not have corner rooms.
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(3,70 m). Each floor contains four galleries, which
compose the first ring, and four wings, that will
structure the second ring. Each wing can contain a
maximum of two rooms between the corner rooms,
adding to a maximum of 24 rooms contemplated
in this basic model. However, this number does not
match the room the maximum number of rooms
that can be generated , which will always be smaller,
due to the number of openings available in each patio elevation.
Two types of parametric elevations can be as
signed to each wing, depending on the corner
rooms layout. Each one has three openings, which
are also parametric. Figure 11 shows the parametric
patio elevations. Parametric Elevation A is applied
when the wing has two corner rooms and generates
Type I Elevations. If the wing does not have corner
rooms then Parametric Elevation B will be applied. It
is from this elevation that Type II and Type III Elevations can be derived.

EXPERIMENTS
Initial experiments were performed using the shape
grammar with all the constraints, as derived from
the Corpus analysis. The goal was to determine if it
was possible to improve the energy performance
of the buildings, within the same constraints, or if

Figure 12
From left to right: Random
solutions Rand 1(#5), Rand
2 (#17); Generated solutions
Gen1 (#1), Gen2 (#4), Gen 3
(#16).

the constraints were so limiting that no significant
improvement could be achieved while applying
them. Variables were: patio dimensions and proportions, house dimensions, space layout and type of
elevation (interrelated), dimensions of windows and
doors, existence or not of galleries (ground and first
floors), and gallery depth. Patio proportions were
within the grammar limits, and so were minimum
and maximum dimensions for each element, from
general house dimensions to windows and doors.
In terms of galleries, in the ground floor all four galleries had to exist, to serve as access to first floor
rooms, but the first floor galleries were allowed to
exist or not. In case they existed, their dimensions
followed the grammar rules.
A second set of experiments involved relaxing
some the constraints imposed by the traditional so-

Figure 13
Solution Gen2. Top: Exterior view, showing the south
overhang, and plan. Bottom:
Larger glazing areas face
south (shaded by overhang)
and north. Three-room wings
thus also become south and
north. West elevation has only
slits as the lateral openings.
Figure 14
Solution Const 1, with
constraints relaxed. 1): Exterior
view, showing overhang in all
directions. 2) plan. 3) North
facade at the end of the
patio. 4) South facade at the
opposite end of the patio, with
fewer openings.
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Lighting
(kWh)

Heating
(kWh)

Cooling
(kWh)

Total Energy
(kWh)

Area (m2)

EUI (kWh/
m2)

Rand 1

4396

2872

21775

34272

159

215

Rand 2

3839

2432

23709

35174

132

266

Gen 1

16940

11195

37044

77341

533

145

Gen 2

11781

8909

28780

58846

389

151

Gen 3

14009

9759

33264

67905

467

145

Const 1

6741

11781

24120

50350

328

154

Table 2
Energy needs for random
and best solutions (Gen and
Const1), following the same
shape grammar rules.

lutions and allowing more freedom to the system.
New constraints permitted larger patio ratios (ratio
between length and width), up to 2:1, allowing for
longer and slimmer patios. The need for double symmetry in opposing elevations was suppressed, what
is significant in environmental terms (for example,
south and north facades can have significantly different requirements). However, the requirement for
space layout double symmetry was kept. The maximum window/door width was increased to be as
large as the wall where it stood, minus two gallery
depths, instead of having a limit fixed by the grammar. Finally, the houses were additionally allowed
to have only one storey. This last case is the one displayed in this paper.
Three groups of GENE_ARCH generated patiohouse solutions are presented in Figure 12, with the
north direction facing upward. The first group, to
the left of the image, are random solutions (Rand),

randomly selected from the initial solutions generated by the GA. The second group (Gen), to the
right of the image, consists of solutions, keeping
all the constraints from the existing medina patio
houses. The solutions shown are the best designs
from three separate runs of GENE_ARCH. The third
group (Const) are solutions resulting from relaxing
the constraints imposed by the traditional solutions
and allowing more freedom to the system, and will
be shown in Figure 13.

ANALYSIS OF RESULTS
Solutions were analyzed in three different ways: 1)
Visual inspection, with renders and movies; 2) Energy analysis; 3) Analysis of shape characteristics.

Visual Inspection
Figure 13 displays solution Gen 2 in greater detail.
The patio has a ration of 1.29, as the depth of the

Figure 15
Left - Energy Use Intensity
(energy per unit area) for the
random and best solutions
(Gen and Const1). A 61% average reduction was achieved,
while respecting the shape
grammar. Right: Cooling is the
most significant end use, in
all cases.
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Figure 16
Left: Area of random and
generated and constrained solutions. Right: Despite having
different areas, all generated
solutions (Gen1, Gen2,Gen3)
were found to have the same
Form Factor of 0.29.

rooms is 4.1m. There is only one overhang in the
top floor, which is facing south. The south and north
facades are similar, as imposed by double symmetry rules. GENE_ARCH makes the elevations with
the most percentage of glazing those facing south
(shaded and north), thus orienting the building
so that the wings with three rooms are south and
north too. Due to the rules that relate the design of
the elevations with the spatial layout, the wing with
three rooms must also be the one that has three
doors, and thus a larger percentage of openings. In
the wings that have only one room (east and west,
where shading is more difficult and the risk of overheating is higher), the central opening is larger, and
the two lateral ones are just slits in the wall.

In solution Const 1 [Figure 14], the system takes advantage of the relaxation of constraints. It generates
a 2:1 patio ratio, higher than previously allowed.
Because the 1-storey volume with the wider patio
provides less self-shading, it created galleries to all
directions. Since double symmetry is no longer imposed for the elevations (even though it is for the
space), it creates larger openings to the north, which
only get direct sun at fewer hours of the year, and
shade appropriately the south facade, also providing it with smaller openings.
Initial visual inspection also showed that generally, the main feature that immediately emerges is
that the solutions have a much larger size, in relation
to the initial ones (which are closer in this aspect
to the existing houses, as seen in Figure 1), even
though the overall proportions remain similar.

Length

Width

Area

Plot size

Table 3

Rand 1

10.1

9.8

159

100

Patio-house dimensions and

Rand 2

10.4

9.6

132

99

plot size.

Gen 1

22.0

18.9

533

415

Gen 2

15.4

16.7

390

257

Gen 3

18.0

18.8

466

338

Const 1

29.6

18.9

328

558
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Construction Index

Patio Ratio

Form Factor

Rand 1

1.6

1.1

0.35

Rand 2

1.3

1.1

0.40

Gen 1

1.3

1.3

0.29

Gen 2

1.5

1.3

0.29

Gen 3

1.4

1.1

0.29

Const 1

0.6

2.0

1.16

Table 4
Construction index, patio ratio
and form factor of the several
solutions.

Energy analysis
Energy analysis was based on the following assumptions: in the context of the Marrakech Medina, poor
environmental design would not result in energy
consumption, but in human discomfort, as there
would be no systems to consume energy. However,
it is rather complex to compare solutions in terms of
discomfort conditions. It was then assumed that the
offset between comfort conditions and actual conditions in the building could also be expressed in
terms of how much energy would be required into
the building to make it comfortable, both in terms of
heating, cooling and lighting.
Results are shown in Table 2. Final results are
expressed in Energy Use Intensity (EUI, in kWh/m2),
which means energy consumption per unit area, so
that solutions can be comparable despite their differences in area (since area was not a constraint in
these experiments). On average, the found solutions
reduced energy needs by an average of 62%, while
complying to the same shape grammar rules [Figure
15]. The best solutions generated by GENE_ARCH
have very similar EUI levels.
The reduction in energy use intensity was
mostly achieved by reducing the cooling loads in
the houses. As can be seen in Figure 16, a reduction
in the percentage of cooling loads was very significant, improving from representing about 80% of the
total loads for achieving comfort conditions (cooling, heating, lighting), to only 60%. That means the
best designs are more robust in terms of resisting
to overheating, even if that stress is still the highest,
due to climate characteristics. On the other hand,
lighting loads increased from 15% in the random

solutions to 25% in the generated solutions (Gen),
showing that the houses also became a little darker,
in the process of protection from overheating. That
does not happen with solution Const 1, where the
high form factor (relation surface/volume) promotes
better daylight use. Heating loads also increased
form 9% in the random solutions, to 17% in the Gen
solutions, and 28% in the Const 1 solutions (here the
increased form factor working to its disadvantage),
given the low night temperatures felt in desert-like
climates.

Shape analysis
In order to understand the solutions that GENE_
ARCH was proposing, another level of analysis was
introduced, regarding the geometrical and formal
characteristics of the proposed designs. The first
observation was the general increase in size [Figure
16]. However, that area increase corresponded to a
similar Construction Index (relation between plot
area and built area), and to similar construction density levels. Thus, a significant conclusion is that it is
possible, in this type of urban fabric, and respecting
the strict rules of the grammar, to decrease energy
consumption levels by 60%, without decreasing
construction density. It implies that high densities
can be achieved with reasonable energy performance, by resorting to a patio-house based urban
solution. Nevertheless, the significant increase in
overall building dimensions was a concern.
In terms of the generated solutions (Gen), the
patio proportion ratios remain very close to the
random solutions, and showed no impact in the
energy consumption of the solution. The factor that
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most closely correlated with the decrease in energy
consumption of the Gen solutions was Form Factor.
In fact, all Gen solutions had a Form Factor of 0.29,
even though they have rather different appearances
[Table 4 and Figure 17].
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Abstract. This article focuses on the use of both shape grammar and space
syntax as tools to identify and encode the principles and rules behind the
adaptation of existing houses to new requirements. The idea is to use such rules
as part of a transformation grammar-based methodology for the rehabilitation of
existing dwellings. The developed grammar is a specific grammar to inform the
rehabilitation of a particular type of building in Portugal – “rabo-de-bacalhau”.
In this article the goal is to explore how the “rabo-the-bacalhau” transformation
grammar can be transformed in a general rehabilitation grammar in
order to inform the rehabilitation of various types of housing buildings.
Keywords. Multifamiliar housing building; shape grammars; transformations; housing
rehabilitation.

INTRODUCTION
The goal of the presented research is to rehabilitate
the existing housing stock to meet the new needs of
dwellers in the current information society and the
consequent need for the integration of Information,
Communications and Automation Technologies
(ICAT) in living areas. The outcomes of the research
are the definition of design guidelines and a rehabilitation methodology to support architects involved
in the process of adapting existing dwellings, allowing them to balance sustainability requirements and
economic feasibility with new dwelling trends such
as the incorporation and updating of ICAT and the
need to solve emerging conflicts affecting the use
of space prompted by the introduction of new functions associated with such technologies.
In addition to defining a general methodology
applicable to all the building types, the study focuses on a specific type, called “rabo-de-bacalhau”
(“cod-tail”), built in Lisbon between 1945 and 1965

for which a specific methodology has been generated. Both shape grammar and space syntax were
used as part of the rehabilitation methodology as
tools to identify and encode the principles and rules
behind the adaptation of existing houses to new requirements.
This article focuses on the use of the specific
transformation grammar to inform a general transformation grammar capable of encoding the principles and rules behind the adaptation of different
types of existing houses to new requirements.

SHAPE GRAMMAR AND SPACE SYNTAX
Shape grammars were invented by Stiny and Gips
(1972) more than thirty years ago. They are “algorithmic systems for creating and understanding designs
directly through computations with shapes, rather
than indirectly through computations with text or symbols.” (Knight 2000) The process generated by shape
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grammars is not a deterministic one since it enables
multiple designs to be generated, based on a single
language but determined by different choices.
Space syntax was conceived by Bill Hillier and
Julienne Hanson in the late 1970s as a tool to help
architects understand the role of spatial configurations in shaping patterns of human behaviour and
to estimate the social effects of their designs. In their
theory, space is represented by its parts, which form
a network of related components.
In this research, shape grammar is used as a
tool to define the methodology for rehabilitating
existing types and space syntax as a tool to evaluate spatial properties of the existing and proposed
dwelling designs. The combination of a shape grammar with an analysis tool such as space syntax offers
the possibility of producing rehabilitation projects
that conform to the requirements stipulated by the
inhabitants and the specifications set by the architect. In this context, space syntax is used to determine the universe of valid solutions generated by
the grammar and to validate them in terms of social
properties.

TRANSFORMATION GRAMMAR FOR
HOUSING REHABILITATION
We propose a new type of shape grammar, called
transformation grammar that was developed to
adapt existing dwellings to new requirements. As
shape grammars, a transformation grammar is a set
of rules that apply step-by-step to existing shapes to
generate a language of designs. The proposed transformation grammar is a type of shape grammar that
enables architects to transform dwellings, instead of
generating new ones, in the same design language.
Within this context, the concept of transformations in design explored by Terry Knight in her study
on stylistic changes in different periods was used as
a starting point (Knight 1989; 1994). This work, however, proposes a different approach, in that it aims
not to understand how rules evolve from a original
“rabo-de-bacalhau” grammar through an adapted
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“rabo-de-bacalhau” grammar but the principles and
rules that enable original dwellings to be adapted to
new design that meet new lifestyles.
Also work done by Colakoglu (2005) explores a
grammar that induces a type of transformation since
it includes both the rules for generating traditional
Hayat houses and the rules that enable the generation of these type of houses but conforming to
a contemporary context. Again, our work does not
aim to infer rules from the original dwelling layouts
neither rules to design new contemporary adapted
“rabo-de-bacalhau” dwellings but to transform the
original dwellings into new ones.
The proposed transformation grammar enables
a rehabilitation solution for a given dwelling to be
generated based on compositional principles defined by transformation rules. These rules are derived from knowledge acquired in previous stages of
the process.
The transformation grammar is parametric because of the variety in the shapes and dimensions
of the rooms found in existing dwellings. By using
parametric rules we can encode varying features
of shapes so that a greater variety of shapes can be
matched to the left-hand side of the rule and then
be transformed by the right-hand side.
In addition to the shape of an architectural
space, which is defined by the position of the construction components, it is essential to consider the
functions that will be carried out there. This implies
that if we want to apply a shape grammar to architecture, functional predicates have to be introduced
into the language of the grammar, otherwise we
may be considering an architectural problem as if
it were a “shape game” (Mitchell, 2008: 197). Thus
the activities that may take place in a space or the
function for which it was conceived are inseparable
from the design process. These spaces and relations
constitute “predicates to satisfy” (Mitchell 2008: 212)
and their design requires rules able to relate shape
to the position in space of the functional attributes.

“Rabo-de-bacalhau” transformation
grammar
To define a housing rehabilitation it is first necessary to determine both the functional and ICAT programmes for specific family profiles and, secondly,
carry out the rehabilitation work by adapting the
programmes to the existing building and vice-versa.
These tasks are proposed to be systematised within
a general rehabilitation methodology which encompass two steps (Figure 1).
However, the use of a specific case study allows
the methodology to be extended further. By using
a specific building type, a transformation grammar
can be developed for this particular building type,
therefore producing a specific methodology for
“rabo-de-bacalhau” rehabilitation. This part of the
rehabilitation methodology encompasses also two
steps.
Prior to the first step in the general methodology a knowledge database was created, which contains the knowledge required to perform the proposed rehabilitation: domestic groups; functional
housing requirements; ICAT. This data constitutes
the knowledge database for the methodology rep-

resented on (Figure 1). With this knowledge and a
set of algorithms and rules which determine how to
act on the information, a particular dwelling can be
rehabilitated for a particular family.
Considering the general methodology two
steps are needed: i) gathering data of the household
profile and the description of the existing dwelling;
ii) using the household profile to determine the ideal functional programme for the dwelling – following Pedro’s (2000) and Duarte’s (2001) work on the
housing programme – as well as the ideal pack of
ICAT functions.
To go further in the transformation of a “rabode-bacalhau” dwelling two more steps are needed: i)
the definition of the adapted functional programme
and the adapted pack of ICAT; ii) the description of
the layout of the adapted dwelling and of the ICAT
elements. To perform these two steps the existing
dwelling, the ideal functional programme, and the
ideal ICAT pack are used to derive a description of a
compromise or adapted solution based on the existing dwelling. Since the solution is influenced by the
existing morphological structure, it is necessary to
transform the description of the ideal solution ob-

Figure 1
General and specific rehabilitation methodology.
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Figure 2
Different ways of representing rules: left - using lines
(walls); middle - planar
surfaces (rooms); right - nodes
(abstraction of rooms) and
arcs (connections) forming
graphs. Besides the dimension
conditions (shown in the
image), there are functional
conditions that are not shown
as they are the same in each of
the three hypotheses.

tained with the two steps of the general methodology into the description of the adapted solution.
The proposed grammar is a compound grammar defined in three algebras U02, U12 and U22
and is augmented by labels in the algebra V02 and
weights in the algebra W22 (Figure 2).
Different ways of representing dwellings and the
transformation rules of the proposed rehabilitation
methodology were considered for the current grammar. Traditional floor plan, spatial voids and graphs
representation are used as a compound grammar
to manipulate complex problems in the transforma-

Step
-1
0
1
2
3
4
5
6
7
8

tion rules (e.g. area, existence of windows, shape,
among others) (Figure 2).
The last stage of the rehabilitation methodology
for “rabo-de-bacalhau” dwelling includes two steps,
first the chosen of an appropriate dwelling and
then the adaptation of the dwelling. The adaptation of the dwelling includes 10 steps listed in (Table
1). These steps may be divided into three different
stages, firstly the preparation of the design (step -1),
secondly the functional adaptation of the dwelling
(step 0 to step 7) and thirdly the integration of ICAT
components (step 8). At the end of each step there is

Action
Preparing the floor plan
Define kitchen / according to the chosen strategy
Assignment of hall
Define private area (if functional programme has 2 or more
bedrooms, if not go to step 3)
Define social area (if functional programme has 2 or more
bedrooms, if not go to step 2)
Define circulation
Define service area
Define storage spaces
Adapt shape
Integrate ICAT
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Rule number
-1.1 to -1.5
0.1 to 0.6
1.1 to 1.2
2.1 to 2.19
3.1 to 3.17
4.1 to 4.5
5.1 to 5.4
6.1 to 6.5
7.1 to 7.7
8.1 to 8.13

Table 1
Steps of the "rabo-de-bacalhau" transformation grammar
which have to be followed to
do the adaption of a dwelling.

Figure 3
On the left a sample of an
original dwelling; on the
right several possibilities of
transformation generated by
the transformation grammar
(four transformations according to strategy 2, one transformation according to strategy
1 and one transformation
according to strategy 3).

a rule which changes to the next step if the previous
conditions have been met.
The proposed methodology seeks to produce
rehabilitated designs that are “legal projects” because they are in the transformation language and
“adequate projects” because they satisfy the a priori
set of user requirements. (Duarte 2001) According
to Duarte, a grammar applied to an architectural
problem must satisfy two functions: it must create
or transform an object within a specific language
and it must create objects that satisfy requirements
stated at the outset. (Figure 3) shows several dwelling layouts based on the same original dwelling and
that fulfill different a priori set of user requirements.

General transformation grammar for
housing rehabilitation
This research proposes both a general methodology
that can be applied to different building types as
well as a specific methodology developed from the
previous one but specific for the “rabo-de-bacalhau”.
The methodology developed is a general rehabilitation methodology because it can be used in different building types by applying the main steps of the
methodology. Although, when all the steps of the
methodology are applied it is a specific methodology applicable to the “rabo-de-bacalhau” building
type.

In order to fully apply this methodology to all
the multifamily housing building types the shape
rules as to be revised and all the specific aspects of
“rabo-de-bacalhau” buildings has to be generalized
so that a larger scope of buildings could be reached.
In the definition of the transformation grammar
rules were divided into different groups according
to the nature of the work involved: i) rules for the
assignment of functions to rooms; ii) rules for permuting room functions; iii) rules which add walls to
enable rooms to be divided and wall openings to
be eliminated or reduced; iv) rules which eliminate
walls to enable rooms to be connected or one room
to be enlarged; v) rules for changing the stage in the
derivation; vi) rules for preparing the floor plan; vii)
rules for integrating ICAT elements.
These groups of rules were used for “rabo-debacalhau” buildings. Nevertheless, they reflect all
the types of actions involved in rehabilitation works
which means that all the major aspects of rehabilitation works are already implemented in the grammar.
Considering that the major aspects of rehabilitation
works are already implemented in the grammar its
generalization as to do, in an initial phase, with a
more complete and embracing parameterization of
shape.
A generalization of the grammar would begin
by the use of the same general framework of rules
and then proceed to the integration of specificities
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of different building types – considering different
construction constrains, different functional organizations, among other parameters.
The development of a more general transformation grammar is done by extracting from the “rabode-bacalhau” grammar its methodological structure
and rule types and using this information in the definition of a more general grammar that can be applicable in the development of other specific transformation grammars (Figure 4).
However, this generalization of the grammar
as to consider some aspects that allows the rehabilitation of other building types. The integration
of knowledge about different construction methods will lead to different demolishing/constructing
restrains and the analyses of the functional characterization of other buildings may lead to more strategies of rehabilitation as well as to different hierarchies within the grammar structure.

As for the “rabo-de-bacalhau” transformation grammar, a more general transformation grammar will
encompass three different stages: the preparation of
the design (step 1); the functional adaptation of the
dwelling (step 2 and 3); the integration of ICAT components (step 4). For each one of these steps there
are specific types of rules which are applied to each
one of the expressed requirements: constructional,
spatial, and topological, among others. For “rabode-bacalhau” dwellings the rules where designed to
answer its functional and constructional restrains. If
different buildings are to be rehabilitated using the
same transformation grammar some changes has to
be implemented. (Figure 4) shows what steps and
rules of the general transformation grammar can
be fully used and stresses which of them need to be
update to accommodate differences for each one of
the different building types.

Figure 4
Framework for the general
transformation grammar
with the sequence of steps
and types of rules and the
specificities that have to be
introduced when generalizing
the grammar to other types of
buildings.
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Step 1 of the transformation grammar is the preparation of the floor plan in order to begin the dwelling
transformation. The rules included in this step enable the following actions: i) generating a compound
representation by adding dots, arcs and surfaces to
the floor plan (these actions will enable the generation of different forms of representing spaces); ii)
adding labels to the existing rooms (labels are used
to characterize rooms); iii) adding weights to the
existing walls (weights are used to characterize the
construction system). The existing rules for “rabode-bacalhau” buildings include all the possibilities of
compound representation as well as all the classifications required for the labels. Weights were use to
define the constructional constraints and materials
of “rabo-de-bacalhau” buildings. When addressing
different constructional constraints and different
materials and systems other weights have to be defined to incorporate e.g. concrete walls (instead of
columns), light partition walls and non loadbearing
brick walls, among others.
Step 2 of the transformation grammar consists
on the assignment of functional areas to the existing areas of the dwelling. The “rabo-de-bacalhau”
grammar starts by locating the kitchen and, in accordance with the chosen strategy, the kitchen can
be assigned to two different positions. According
to this specific grammar, after assigning the kitchen
position the next step is the assignment of the function hall. When other building types are to be transformed other sequences of assignment functional
areas need to be defined and validated.
When it is necessary to make adjustments to
spaces Step 3 is activated. This step includes rules
that allow for 5 types of actions with various possible effects: connecting spaces; separating spaces;
creating or changing circulation; expanding spaces;
changing the position of a door by eliminating and
then adding a wall. However all the defined rules for
“rabo-de-bacalhau” dwellings may be applicable to
other dwelling types, some new rules may need to
be added in order to correspond to specific geometries or morphological requirements. These new
rules may be integrated in the general grammar be-

cause they are abstractions of geometries and they
can be applicable to more than one building type.
Step 4 allows for the integration of all the major technology devices needed for the domotics
system. Although the aim of the previous steps was
to transform a dwelling using rules that work with
the existing elements, Step 4 intends to integrate
new elements into an already defined dwelling and
therefore uses rules for adding devices. As the conditions to incorporate technologies relates to the
room’s functions and the wall’s positions, the use of
this rules in different building types is also possible.

DISCUSSION
Unlike traditional rehabilitation processes executed
on an individual case basis for each family/dwelling
combination, this article proposes a methodology
to support a process which clarifies decision-making
and speeds up the project. The benefit of the proposed methodology is its ability to impose a very
precise and systematic form of intervention.
The use of a transformation grammar as a tool
for transforming existing dwellings enables shape
transformation to be managed within dwellings to
create a systematic and methodical process that can
encompass all the valid transformation rules for a
given dwelling.
This article shows an application of a transformation grammar to a specific building type - “rabode-bacalhau” - as well as some approaches to the
use of the transformation grammar in a general context of rehabilitation.
The generalization of the transformation grammar would use the same general framework of
rules and integrate specificities of different building
types, e.g. considering different construction constrains and different functional organizations.
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Abstract. Grammar formalisms for design come in a large variety, requiring different
representations of the entities being generated, and different interpretative mechanisms
for this generation. Most examples of shape grammars rely on labeled shapes, a
combination of line segments and labeled points. Color grammars extend the shape
grammar formalism to allow for a variety of qualitative aspects of design, such as
color, to be integrated in the rules of a shape grammar. Sortal grammars consider a
compositional approach to the representational structures underlying (augmented) shape
grammars, allowing for a variety of grammar formalism to be defined and explored. In
this paper, we revisit and explore an exemplar shape grammar from literature to illustrate
the use of different grammar formalisms and consider the implementation of rule
application within a sortal grammar interpreter.				
Keywords. Shape grammars; color grammars; sortal grammars; implementation.

INTRODUCTION
Grammar formalisms for design come in a large variety (e.g., Stiny, 1980; Stiny, 1981; Carlson et al., 1991;
Heisserman and Woodbury, 1994; Duarte and Correia, 2006), requiring different representations of the
entities being generated, and different interpretative
mechanisms for this generation. Shape grammars
also come in a variety of forms, even if less broadly.
Most examples of shape grammars rely on labeled
shapes, a combination of line segments and labeled
points (in two dimensions) (Stiny 1981). However,
even in the original conception of shape grammars
(Stiny and Gips, 1972), an iconic shape (made up of
curved lines) serves the role of non-terminal marker
rather than labeled points, and a colored infill of the

resulting shapes is considered part of the generative
specification, though not of the shape grammar.
Next to labels, other non-geometric attributes
have been considered for shapes. Stiny (1992) proposes numeric weights as attributes to denote line
thicknesses or surface tones. Knight (1989; 1993)
considers an extension to the shape grammar formalism that allows for a variety of qualitative aspects of design, such as color, to be integrated in
the rules of a shape grammar. Though not specific to
colors, the resulting grammar is called a color grammar and notions of transparency, opacity and ranking are introduced to regulate the behavior of interacting quality-defined areas or volumes.
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In all of these examples, the augmented shapes have
been derived from shapes of spatial elements by associating symbols, labels or other qualitative aspects
to the elements, under a shape-attribute relationship. In sortal grammars (Stouffs and Krishnamurti,
2001), shapes may be either the object or the attribute in the relationship, or both (or neither, though
such examples do not constitute spatial grammars
as such). Sortal grammars utilize sortal structures as
representational structures, where sortal structures
are defined as formal compositions of other, primitive, sortal structures, termed sorts.
In this paper, we revisit and explore an exemplar
shape grammar from literature to illustrate the use
of different grammar formalisms from among shape
grammars, color grammars and sortal grammars and
consider the implementation of rule application
within a sortal grammar interpreter.

AN ALGEBRAIC COMPARISON OF SHAPE
AUGMENTATION FORMALISMS
Stiny (1991) defines shapes as finite arrangements
of n-dimensional hyperplane segments of limited
but non-zero measure in a k-dimensional space, k ≥
n. The notation U denotes the algebraic set of all
n,k
such shapes; U , also written as U if k=2 is unam1,2
1
biguously understood, refers to an algebra of shapes
made up of line segments in two-dimensional space.
In three dimensions, a shape grammar could include
points, line segments, plane segments or even volumes. If a shape consists of more than one type of
spatial element, it belongs to the algebra given by
the Cartesian product of the algebras of its spatial
element types (Stiny, 1991), e.g., U × U refers to an
0
1
algebra of points and line segments. The same is said
to apply for the specification of labeled points or labeled shapes; given a set L of symbols, which may be
empty, we can define an algebra V = U × ℘(L) of
0
0
labeled points, where ℘(L) denotes the power set of
L, and an algebra V = U × V of labeled shapes.
1
0
While it is attractive to consider each of these
examples, formally, as a Cartesian product of algebras, whether composed of two shape algebras or
of a shape algebra with a non-spatial algebra, the
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latter as suggested for labeled points, there is a fundamental difference between how these Cartesian
products behave in both cases. An algebra of points
and line segments, U × U , is not significantly dif0
1
ferent from an algebra of line segments and points,
U × U , that is, the Cartesian product over shape al1
0
gebras could be considered commutative, U × U ≡
0
1
U × U . However, an algebra of labeled points, U ×
1
0
0
℘(L), cannot be considered equivalent to an algebra
of “pointed labels,” ℘(L) × U . Firstly, the association
0
of labels, or other qualitative aspects of design, to
shapes under a shape-attribute relationship is not of
a symmetric kind. Secondly, the operations of shape
computation do not necessarily distribute over both
algebras in the way they do over a Cartesian product of spatial algebras only. In the latter case, given
two shapes each consisting of a line segment and a
plane segment, the sum of both shapes is the Cartesian product of the sum of both line segments
with the sum of both plane segments. In the case of
colored shapes, the sum of two line segments with
different colors that spatially overlap cannot be considered to be the sum of both line segments with a
color that is the sum of both individual colors. This
only applies to the common segment; any other
segment that belongs to only one of both shapes
has to retain its original color under a proper algebraic model.
Stouffs (1994), instead, suggests a different
mathematical formalism for shapes augmented
with qualitative aspects, considering a characteristic function to a shape, similar to the definition
of half-spaces in constructive solid geometry. The
range of the characteristic function is then dependent on the aspect considered to augment the shape.
For example, in the case of weights, the range may
+
constitute the set of positive real numbers, R , in the
case of colors this may be a 3-dimensional additive
color space and, in the case of labeled shapes, for a
given set of labels L, the range of the characteristic
function is ℘(L), the power set of L. Summing qualitative aspects then reduces to adding characteristic
functions over the same range together and shape
computation distributes once again over the Cartesian product.

Sortal structures (Stouffs, 2008), as underlying sortal
grammars, are defined as formal compositions of
other, primitive, sortal structures, termed sorts. Each
sort defines an algebra over its elements. Similarly to
shapes and shape attributes in the context of shape
grammars, the algebra of a sorts is specified through
a part relationship on the elements of this sort, with
the algebraic operations of addition, subtraction,
and product defined in accordance to this part relationship. The part relationship also explicates the
match relation (or interpretative mechanism) underlying a sortal algebra and grammar. Composite sortal
structures derive their part relationship from their
component sorts through the formal compositional
operators defined over sorts. These formal compositional operators constitute a co-ordinate, disjunctive
relationship, as in the Cartesian product of two spatial algebras, and a subordinate, semi-conjunctive
relationship, as in the Cartesian product of a spatial
algebra and a qualitative aspect algebra.
The central problem in implementing grammars is the matching problem, that of determining
the transformation under which the left-hand-side
of the rule forms a part of the shape/entity under
consideration. Since the part relationship of a sortal
structure is derived from its component sorts, most
technical difficulties of implementing the matching
problem only apply once for each (simple) sort. As
the part relationship can be applied to various kinds
of data types, recognition algorithms can be extended to deal with quite arbitrary data representations,
on condition that what constitutes a transformation
can be properly defined. Considering the application of a grammar-based approach to a generative

problem, a sortal structure can be composed and,
where necessary, component sorts developed, the
corresponding grammar formalism explored for the
given problem, and the sortal structure and grammar adapted to fit the specifics of the problem.

REVISITING AN EXEMPLAR SHAPE
GRAMMAR
To illustrate this process, let us consider an example of a shape grammar that is reminiscent of Stiny
and Gips’ (1972) original generative specification
of including a material specification in the form of
painting rules. The example is taken from Stiny’s
“Computing with Form and Meaning in Architecture”
(Stiny, 1985) and concerns a grammar composed of
three rules: the first rule creates a square from an initial marker, the second creates a rotated square inscribed within the original square, and the third rule
removes the marker (Figure 1). The marker, a point,
moves from one square to the next to guide the generation. The painting rules, though not explicated,
consider an alternating infill of the squares in black
and white.
Considering a grammar formalism that allows
for colored plane segments, next to (labeled) points
and line segments, a grammar can be constructed
that incorporates the painting rules in the generation of the overall shape. Let us start by considering
a color grammar for this purpose. Each square in the
rule set is specified as a plane segment (also denoted region (Knight, 1993) or field (Knight, 1989)) rather than a collection of four line segments. A color
is associated to each plane segment; the possible
color values are limited to black and white. In color

Figure 1
A grammar composed of three
rules, generating recursively
inscribed squares (redrawn
from Stiny, 1985).
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grammars, overlapping colored plane segments
are handled formally with rankings (Knight, 1993);
here, an “opaque” ranking is suggested where any
colored plane segment that is added in a rule application covers any part of a colored plane segment
already in the design (Figure 2). The first rule creates
an initial black square. The second rule, inscribing
a rotated square into an existing square, is distinguished into two different rules: the first applies to
a black square, inscribing a white rotated square, the
second applies to a white square, inscribing a black
rotated square. The last rule, removing the marker,
is also modified: the square is removed from both
the left-hand-side and right-hand-side of the rule, in
order to avoid having to specify two separate rules,
one for a black square and one for a white square.
However, this modifies the grammar (and its resulting language of designs) in that the last rule now directly applies to the initial shape, without the need
for Rule 1 to apply first. Instead, splitting the last
rule into two as mentioned above, will ensure that
Rule 1 must always apply before the marker can be
removed (when considering an initial shape consisting only of one or more markers).
Instead of using a color grammar, the same language of designs can be achieved using a shape
grammar of weighted plane segments, next to (labeled) points and line segments, where the (numerical) weight is interpreted to denote a surface tone
(Stiny, 1992). However, the rules as specified in Figure 2 cannot be considered to apply without modification. Overlapping weighted plane segments

are handled formally by considering a partial-order
relationship on weights, corresponding to the lessthan-or-equal relation on numeric values: assuming
higher numeric values for darker surface tones, coincident plane segments with different tones combine
into a plane segment with the darkest tone, even
though it assumes the same plane segment with
other, lighter tones. As such, only Rule 3 (from Figure 2) would apply to a white square but both Rule 2
and Rule 3 would apply to a black square, as a black
square assumes the same square with a lighter, e.g.,
white, tone. This problem may be resolved by also
considering a tone for the marker point, more specifically, the opposite tone of the respective square
(Figure 3). While a black square assumes the same
square with a white tone, a white point will not assume the same point with a black tone, and vice
versa. As a consequence, the last rule, removing the
marker, necessarily, also needs to be split into two
rules, one considering a white maker point, the other a black marker point. Adding a black, respectively,
white square, to both the left-hand-side and the
right-hand-side of the rule ensures once again that
Rule 1 must be applied to an initial shape consisting
of one or more marker points before any marker can
be removed.
Sortal grammars, as a grammar formalism,
encompasses both shape grammars (including
weights) and color grammars and, thus, both versions (Figures 2 and 3) of the grammar generating
recursively inscribed squares with alternating infill
can be defined as a sortal grammar. However, any
Figure 2
A color grammar generating
recursively inscribed squares
with alternating infill. A white
segment is indicated by a
lightly drawn outline in order
to distinguish it from the
background.
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Figure 3
A (weighted) shape grammar generating recursively
inscribed squares with alternating infill. A white segment,
or point, is indicated by a
lightly drawn outline in order
to distinguish it from the
background.

implementation of a grammar interpreter necessarily introduces additional constraints with respect
to rule application, requiring further modifications
of the rules constituting the grammar. For example, the first rule (creating an initial square) may
apply over and over again in a single derivation as
the same marker (with the exception of the possible differentiation in tone) moves from one square
to the next, inscribing, square. In addition, the first
rule is non-deterministic as a single point maps with
another point in an infinite number of ways, considering both variations in rotation and scaling. An
implementation must allow for indeterminate rule
applications in order to allow Rule 1 to apply. The
same may be said about Rule 2 (in both versions);
the combination of a point and a co-planar plane
segment is also an indeterminate case for subshape
recognition (Krishnamurti and Stouffs, 1997). Specifically, if a match is found for the left-hand-side
of Rule 2, any reduction in scaling (considering the
same rotation and the same translation with respect
to the marker point) yields a potential match. In two
dimensions, a determinate case requires either two
distinct points, a point and a non-collinear line, or
three distinct lines not all concurrent in one point.
Therefore, in order to make the rules considered
above deterministic, either an extra (marker) point,
or an extra non-collinear (marker) line segment
should be added to each rule. Alternatively, the existing marker point may be replaced by three (or
four) marker line segments. However, in this case,
symmetry should be avoided in order to ensure that

the derivation always proceeds in the same direction (angle of rotation).

A SORTAL GRAMMAR INTERPRETER
In order to test these ideas, an implementation of a
sortal grammar interpreter is being developed for
use within the Processing programming environment [1]. While various shape grammar interpreters
have been developed over the years, most are limited to labeled shapes and/or do not fully support
subshape recognition. The SortalGI sortal grammar
interpreter library [2] developed for the Processing
environment currently allows for points and line
segments (with associated stroke tone and stroke/
line thickness), plane segments (with associated fill
tone), labeled points (the label can have an associated stroke tone), and labeled line and plane segments
(similar to line or plane segments but with additional
associated label). Fill tones can either be specified as
a numeric weight or as an enumerative value with
ranking (conform the specification of a color grammar). Only determinate cases of rule application are
considered so far.
Figure 4 illustrates the specification and application of a sortal grammar generating recursively inscribed squares with alternating infill. It uses a square
outline of four marker line segments to ensure determinate rule application. Except for the first rule’s
left-hand-side, which matches the initial square shape, one of the marker line segments is shortened to
inhibit symmetry so as to ensure that rule application always proceeds in the same way (always rota-
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Figure 4
A sortal grammar using
marker line segments and
enumerative tones, generating
recursively inscribed squares
with alternating infill. Line
segments are drawn dashed
where they coincide with the
boundary of a plane segment.
A white plane segment is
distinguished by a lightly
drawn outline.

ting the inscribed square in the same direction). The
final rule (to remove the marker lines) still applies
to the initial shape, though if applied would leave a
small line segment. Table 1 (top) presents the sortal
structure underlying this grammar, consisting of line
segments with associated stroke thicknesses and
stroke tones (“strokedLines”), and plane segments
with associated enumerative colors “black” and “white” with “opaque” ranking (“filledShapes”).
Table 2 (left) provides an extract from the Processing code, illustrating the initialization of the
SortalGI engine (with the specification of the enu-

merative color values) and the specification of Rule
2. The left-hand-side of the rule specifies the four
marker line segments as well as the corresponding
black plane segment. The right-hand-side of the rule
replaces the four marker line segments and adds the
inscribed and rotated, white plane segment. Stroke
values are specified conform to the Processing environment: 0 represents black and 255 represents white. Within the SortalGI library these are converted
to 255 and 1, respectively, in order to adhere to the
expected partial-order relationship on tones (darker
tones containing lighter tones). Note that the ranking of enumerative colors, or other qualitative de-

sort strokeWeights : [Weight](10);
sort strokes : [Weight](255);
sort lines : [LineSegment];
sort strokedLines : lines ^ strokeWeights ^ strokes;
sort fills : [Enumerative]({“black”, “white”});
sort shapes : [PlaneSegment];
sort filledShapes : shapes ^ fills;
sort processingShapes : strokedLines + filledShapes;
sort strokeWeights : [Weight](10);
sort strokes : [Weight](255);
sort points : [Points];
sort strokedPoints : points ^ strokeWeights ^ strokes;
sort lines : [LineSegment];
sort strokedLines : lines ^ strokeWeights ^ strokes;
sort fills : [Weight](255);
sort filledShapes : shapes ^ fills;
sort processingShapes : strokedPoints + strokedLines + filledShapes;
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Table 1
Definition of the sortal structures for the sortal grammars
illustrated in Figure 4 (top) and
Figure 5 (bottom). Sorts are
specified by a characteristic individual (enclosed within square brackets) with zero, one
or more arguments (enclosed
within parentheses). Sorts are
composed with the ‘+’ operator (specifying a co-ordinate,
disjunctive relationship) and
the ‘^’ operator (specifying a
subordinate, semi-conjunctive
relationship).

sign aspects (in color grammars), on the other hand,
does not adhere to a partial-order relationship. Similarly, the requirement for any sort to define an algebra does not strictly apply to enumerative sorts; while
it is a sufficient condition for the composition of sortal structures, it is not a necessary condition.
Figure 5 illustrates an alternative specification
of a sortal grammar generating recursively inscribed
Table 2
Examples of rule specification
using the SortalGI library
in the Processing environment: (left): using marker line
segments and enumerative
tones; (right) using marker
points and numeric weights
for tones. The declaration of
SortalGI functions mimics as
much as possible the declaration of similar Processing
functions.

final String BLACK = "black";
final String WHITE = "white";
final String[] names = {BLACK, WHITE};
final float[] values = {0, 255};
// initialize the SortalGI engine
sgi = SortalGI.initialize(this, names, values);
// specify Rule 2
SortalRule r2 = new SortalRule("r2", "Black
rule");
r2.beginLHS();
sgi.stroke(0);
sgi.strokeWeight(1);
sgi.line(0, 0, 75, 0);
sgi.line(0, 0, 0, 100);
sgi.line(0, 100, 100, 100);
sgi.line(100, 100, 100, 0);
sgi.noStroke();
sgi.fill(BLACK);
sgi.quad(0, 0, 100, 0, 100, 100, 0, 100);
r2.endLHS();
r2.beginRHS();
sgi.stroke(255);
sgi.strokeWeight(1);
sgi.line(0, 25, 56.25, 6.25);
sgi.line(0, 25, 25, 100);
sgi.line(25, 100, 100, 75);
sgi.line(100, 75, 75, 0);
sgi.noStroke();
sgi.fill(BLACK);
sgi.quad(0, 0, 100, 0, 100, 100, 0, 100);
sgi.fill(WHITE);
sgi.quad(75, 0, 100, 75, 25, 100, 0, 25);
r2.endRHS();

squares with alternating infill. It uses two marker points to ensure determinate rule application. Only the
initial shape (and the left-hand-side of Rule 1) remains composed of four line segments.
Table 1 (bottom) presents the sortal structure
underlying this grammar, consisting of both points
and line segments with associated stroke thicknesses and stroke tones (“strokedPoints” and “stroked-

// initialize the SortalGI engine
sgi = SortalGI.initialize(this);

// specify Rule 2
SortalRule r2 = new SortalRule("r2", "Black
rule");
r2.beginLHS();
sgi.stroke(255);
sgi.strokeWeight(3);
sgi.point(75, 0);
sgi.point(100, 0);
sgi.noStroke();
sgi.fill(0);
sgi.quad(75, 0, 100, 75, 25, 100, 0, 25);
r2.endLHS();
r2.beginRHS();
sgi.stroke(0);
sgi.strokeWeight(3);
sgi.point(56.25, 6.25);
sgi.point(75, 0);
sgi.noStroke();
sgi.fill(255);
sgi.quad(75, 0, 100, 75, 25, 100, 0, 25);
r2.endRHS();
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Figure 5
A sortal grammar using
marker points and numeric
weight tones, generating
recursively inscribed squares
with alternating infill. A white
plane segment, or point, is
indicated by a lightly drawn
outline.

Lines”), and plane segments with associated (numeric) surface tones (“filledShapes”). Table 2 (right)
shows the corresponding initialization of the SortalGI engine and the specification of Rule 2 within the
Processing environment. The left-hand-side of the
rule specifies the two marker points as well as the
(inscribed, rotated) part of the black plane segment
that will be replaced with a white segment. The right-hand-side of the rule replaces the two marker
points and adds the inscribed and rotated, white
plane segment. The stroke tone of the marker points
is always opposite to the fill tone of the plane segment, in order to ensure that rules only match as expected, notwithstanding the fact that a black point,
or plane segment, assumes a white point, or plane
segment, respectively.

formations can be distinguished). At the same time,
sorts can be ranked according to their dimensionality, as either discrete, linear, planar or spatial. As such,
a greedy algorithm can be developed that will focus
its attention first to sorts with the lowest combination of dimensionality and transformational degrees
of freedom and on adjacent component sorts under
the (subordinate, semi-conjunctive) attribute relationship. For example, in the sortal equivalent to the
algebra V = U × V of labeled shapes, labels will be
1
0
considered first, followed by the points they are associated to. The matching of these points will naturally be restricted by this association. Only if (labels
and) points are insufficient to determine the matching transformations, then line segments will also be
considered.

Implementation issues

CONCLUSION

Developing a sortal grammar interpreter requires the
matching problem to be solved independently of
the specific sortal structure over which the grammar
is specified. Different sorts may allow for different
transformations, such as similarity transformations
for spatial information and case transformations
for text-based information. In order to avoid an exhaustive search over all sorts for potential matches,
both transformations and sorts are ranked by pertinence. Transformations can be ranked according to
their degrees of freedom (e.g., seven for a similarity
transformation: three translational, three rotational
and one (uniform) scaling; zero or one for case transformations as only a discrete number of case trans-

Sortal grammars support varying grammar formalisms, allowing the user to explore alternative
formulations of the same grammar, yielding the
same design language. The SortalGI sortal grammar interpreter supports such exploration within
the Processing environment, though requires some
programming (or scripting) experience from the
user. Additional support for ellipses, arcs, volume
segments, textures for plane segments and various
other compositions, such as labeled line and plane
segments may still be added to expand the exploration space. The SortalGI library can also be used
outside of the Processing environment, allowing for
the development of graphical user interfaces to sup-

486 | eCAADe 30 - Volume 1 - Shape Studies

port grammar development and exploration using
the sortal grammar formalism schema. The ability to
explore different grammar formalisms to achieve the
same design language may yield new research questions about advantages and disadvantages thereof
and the appropriateness of a particular grammar
formalism for a design problem or, even, a family of
design problems.

REFERENCES
Carlson, C, McKelvey, R and Woodbury, RF 1991, ‘An introduction to structure and structure grammars’, Environment and Planning B: Planning and Design, 18(4), pp.
417–426.
Duarte, JP 2005, ‘A discursive grammar for customizing
mass housing: the case of Siza’s houses at Malagueira’,
Automation in Construction, 14(2), pp. 265–275.
Heisserman, J and Woodbury, R 1994, ‘Geometric design
with boundary solid grammars’ in JS Gero and E Tyugu
(eds), Formal Design Methods for CAD: Proceedings of the
IFIP TC5/WG5.2 Workshop on Formal Design Methods for
CAD, Tallinn, Estonia, pp. 85–105.
Knight, TW 1989, ‘Color grammars: designing with lines and
colors’, Environment and Planning B: Planning and Design, 16(4), pp. 417–449.
Knight, TW 1993, ‘Color grammars: the representation of
form and color in design’, Leonardo 26(2), pp. 117–124.
Krishnamurti, R and Stouffs, R 1997, ‘Spatial change: continuity, reversibility and emergent shapes’, Environment
and Planning B: Planning and Design, 24(3), pp. 359–384.
Stiny, G 1980, ‘Introduction to shape and shape grammars’,
Environment and Planning B: Planning and Design, 7(3),
pp. 343–351.
Stiny, G 1981, ‘A note on the description of designs’, Environment and Planning B: Planning and Design, 8(3), pp.
257–267.
Stiny, G 1985, ‘Computing with form and meaning in architecture’, Journal of Architectural Education, 39(1), pp.
7–19.
Stiny, G 1991, ‘The algebras of design,’ Research in Engineering Design, 2(3), pp. 171–181.
Stiny, G 1992, ‘Weights’, Environment and Planning B: Planning and Design, 19(4), pp. 413–430.
Stiny, G and Gips J 1972, ‘Shape grammars and the gen-

erative specification of painting and sculpture’ in CV
Freiman (ed), Proceedings of IFIP Congress71, North-Holland, Amsterdam, pp. 1460–1465. Republished in OR
Petrocelli (ed), The Best Computer Papers of 1971, Auerbach, Philadelphia, pp. 125–135.
Stouffs, R 1994, The Algebra of Shapes, PhD dissertation,
Dept. of Architecture, Carnegie Mellon University, Pittsburgh, Pa.
Stouffs, R 2008, ‘Constructing design representations using
a sortal approach’, Advanced Engineering Informatics,
22(1), pp. 71–89.
Stouffs, R and Krishnamurti R 2001, ‘Sortal grammars as a
framework for exploring grammar formalisms’ in M
Burry, S Datta, A Dawson and J Rollo (eds), Mathematics
and Design 2001, Geelong, Australia, pp. 261–269.
[1] www.processing.org
[2] www.sortal.org

Shape Studies - Volume 1 - eCAADe 30 | 487

488 | eCAADe 30 - Volume 1 - Shape Studies

GRAMATICA
A general 3D shape grammar interpreter targeting the mass
customization of housing
Rodrigo Correia1, José Duarte2, António Leitão3
IST - UTL Portugal, 2FA - UTL Portugal.
1
rodrigo.correia@ist.utl.pt, 2jduarte@fa.utl.pt, 3antonio.menezes.leitao@ist.utl.pt

1,3

Abstract. This paper presents a general 3D shape grammar interpreter named
GRAMATICA and illustrates its use for the implementation of several shape
grammars, including the one used in the design module of a specific shape grammar
for mass-customized housing, called DESIGNA. The underlying shape representation,
generation and control are discussed. The resulting shape grammar interpreter tries to
support designers’ ways of thinking and working by acting as a bridge between shape
grammars, the formalism that captures a design process, and a CAD application, for
post-processing the computed design. This bridge is implemented by Rosetta, which
ensures portability among different CAD applications.
Keywords. Grammar interpreters; mass customization; housing; Malagueira; Siza.

INTRODUCTION
Shape grammars are generative systems based
on rules that allow capturing, creating, and understanding designs. They are based on the production systems of Emil Post (1943) and the generative
grammars of Noam Chomsky (1957). Shape grammars work directly with shape computations rather
than through symbolic computations (Knight 2000),
where a shape is conceived as a finite collection of
maximal lines (Stiny 1980). Designs are created by
recursively applying a set of rules to an initial shape
until a design is completed or no more rules can be
applied. In general, several rules can be applied to
any given shape, thus producing many different designs.

Parametric shape grammars can generate an even
greater variety of designs by allowing the shapes
to which rules are applied to have parameters. Even
though this increases flexibility, it entails a more
complex implementation mainly because the number of design solutions that a system can produce
becomes extremely large, if not infinite.
Emergence is the ability to recognize and, more
importantly, to operate on shapes that are not predefined in a grammar but emerge, or are formed,
from any parts of shapes generated through rule applications (Knight 2000).
Shape grammars were developed by Stiny and
Gips (1972). From this original work that illustrates
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the application of shape grammars for interpreting
and evaluating works of art (Knight 2000) spawned
a broader range of shape grammar theory and applications. Parametric shape grammars (Stiny 1980),
color grammars (Knight 1989), grammars with
weights (Stiny 1992), description grammars (Stiny
1981), structure grammars (Carlson et al. 1991), attributed grammars (Brown et al. 1994), and parallel grammars (Stiny 1991) are examples of research
studies in the field of shape grammars. Shape grammars have been applied in areas, such as, Architecture, Engineering, and Product Design. Examples of
applications include Queen Anne houses (Flemming
1987), Marrakech Medina urban form (Duarte et al.
2007) and coffee makers (Agarwal and Cagan 1998).
To automate the application of shape rules,
researchers have concentrated their efforts on developing shape grammar interpreters. Previous
summaries (Gips 1999; Chau et al. 2004) show that
these researchers have focused on representations
of shapes and algorithms for subshape detection
and emergence, user interaction, and integration
into the design process. Examples of shape grammar interpreters include the works of Gips (1975),
Krishnamurti (1982), Flemming (1987), Chase (1989),
Heisserman (1991), Tapia (1999), and Jowers and Earl
(2010), among others.

GRAMATICA
Because current computer systems are implicitly
symbolic, a shape grammar interpreter that is implemented in these systems needs to represent a shape
symbolically. This section describes (1) the underlying data structures which GRAMATICA uses to represent shapes and labels, (2) the mechanisms used
to control the application of rules to shapes, (3) and
how the system generates and decides what rules to
apply at a given time. Finally, GRAMATICA is evaluated as a means to implement several shape grammars and we show how a designer can use GRAMATICA in his creative process.

Shape representation
In order to represent a shape, GRAMATICA explores
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the work of Heisserman (1991) regarding logical
reasoning about solids using first-order logic. Heisserman uses a split-edge data structure to represent
solids which is a graph-based boundary representation. This representation allows the specification of
clauses for matching on conditions of solid models
and the generation of modifications to those solids.
The split-edge data structure is a variation of the
winged edge structure to represent polyhedrons
(Baumgart 1972). With split-edge, each edge is separated in two edge-half structures. One face and one
vertex are associated with each edge-half, and each
edge-half is associated with its other half.
In GRAMATICA, shapes are represented using the
halfedge data structure provided by CGAL [1], a
library for efficient and reliable computational geometry algorithms and data structures used in the
academia and industry.
Similarly to Heisserman, GRAMATICA shapes are
represented as a set of vertices, edges, facets, and
incident relations between them. This means that,
in both data structures, topology is represented as
a graph where the nodes are topological elements
and the arcs represent the adjacencies between elements.
Contrary to the split-edge data structure, where
an edge is split in two, halfedge breaks an edge in
two opposing halfedges. One halfedge is associated
with its incident vertex and facet, and also with its
next, previous, and opposite halfedges. All these
incident relations allow the shape to be queried efficiently and easily.
Also similarly to Heisserman, GRAMATICA uses
euler operators (Baumgart 1975) to ensure a valid
topological construction, thus avoiding invalid topologies, for example, a facet with a hanging edge.
However, unlike Heisserman, GRAMATICA uses
multiple representations for numbers and geometric calculations, allowing users to choose between
different degrees of precision and speed. With the
highest numerical precision, GRAMATICA avoids
common problems associated with rounding errors.
However, GRAMATICA always uses exact queries,
meaning that geometric tests are always correct. For

example, checking if a point lays on one side or the
other of a plane will not be affected by numerical
imprecision. This means that numbers are tailored
for speed, but all geometric queries sacrifice execution time and storage space over exactness.
Given the graph representation of a shape and
its geometry, labels are directly implemented in the
elements of a shape by means of a hashtable, associating key-value pairs. In general, labels are used
to distinguish elements of a shape by associating
non-geometric data with any topological elements
of shapes. Labels could also be used to restrict rule
applications by imposing specific conditions on the
shape generation.
In summary, a shape in GRAMATICA is represented as a stack of layers where (1) the bottom layer
contains topological information relating facets,
halfedges, and vertices with each other, followed by
(2) the layer of geometric information that is associated to each vertex, and, finally, (3) the layer of labels
where non-geometric information is associated to
the topological elements of a shape. All these layers
are managed by Rosetta (Lopes and Leitão 2011),
that abstracts the use of CGAL and allows the visualization of the designs in different CAD tools.

Shape generation and rule representation
Using a rule system to implement a shape grammar interpreter poses several issues mainly how
to control the order in which rules are applied. For
example, a designer who uses the interpreter to implement a given grammar will end up using specific
mechanisms of the rule system, such as, labels or
the salience property, to tune the application order,
even though these mechanisms were not developed to this end.
GRAMATICA takes a different approach by looking at the shape grammar as a state-space: each
state encodes a particular design and each shape
grammar rule is encoded as a transition operator
that moves from one state to another. The application of the shape grammar to a given design can
then be seen as a search in the state-space for a path
that connects the initial state to some goal state.

This path encodes the sequence of shape grammar
rules that, starting from that initial design, leads to
the final design.
In general, the specification of the initial state is
direct, as there is usually an initial design available.
However, the specification of the goal state is much
more abstract as, in general, we know some of the
properties that it must possess, but not its actual
shape. This means that, in practice, the goal state is
described by a predicate that is true only when all
the properties of the intended final design are satisfied.
There are several different strategies for finding
a path in the state-space that connects the initial
and final states. In order to understand these strategies, it is important to realize that, in most cases, it
is impossible to actually generate the entire statespace because the application of shape grammar
rules is a combinatorial problem with an enormous
number of possibilities. In fact, for the majority of
problems, the number of states grows exponentially with the number of transitions and, due to
memory limitations, this means that searching the
space-state must be done incrementally, by generating the space-state as the search proceeds. In
order to do this, the transition operator becomes a
generator: its application to a given state generates
the “next” state, that is, the state that represents the
design that results from the application of the corresponding shape grammar rule. The application of all
possible transition operators to a given state is then
called the expansion of that state.
In general, all search strategies are based on the
recursive expansion of states, from the initial to the
goal state, and the order in which the states are expanded determines the search strategy. However,
when the goal state is reached, it might be necessary to know which path was followed. To this end,
each state is enriched with additional information,
namely, which state and which transition operator
were used to generate it. This enriched state is called
a node and the exploration of the state-space entails
the corresponding enlargement of the graph connecting these nodes. In this graph, the edges corre-
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spond to the transition operators (i.e., shape grammar rules) that were applied to a node to produce its
descendants. Expanding a node entails expanding
the corresponding state followed by the creation of
a node for each generated state.
GRAMATICA follows the approach we have just
described. In GRAMATICA, each shape grammar rule
is encoded as an expansion operator that represents
the transformation of a design. Each operator has
two parts, known as antecedent and consequent.
The antecedent describes the design to which the
operator applies, while the consequent describes
the design that results from the application of the
operator. In practice, to minimize the number of
operators that must be written, each operator uses,
instead of a consequent, a set of consequents, i. e.,
a set of possible designs. Given that this set is computed during the search of the state-space, it is possible for this set to be empty, meaning that the specific operator could not make the transition from a
given state. Other operators, however, might be able
to compute such transitions.
For illustrative purposes consider the following example (see figure 1). The shape grammar rule
states: if in a given design there is a shape that resembles a rectangle then this shape can be transformed into a different design where the rectangle
is divided in two parts, where one of the parts has
a height that is 1, 2, or 3. In GRAMATICA, we encode
this rule by defining a transition operator whose
antecedent checks that a rectangle is present and
whose consequent is a set of three designs, one for
each possible height.

Figure 2 presents a different example where the
shape grammar rule states: if a facet is found in a
given design, transform this facet into a pyramid
with the apex at some perpendicular distance from
the centroid of the facet.
One possible design from recursively applying
this rule to a given facet in a tetrahedron is presented in figure 3.

Figure 1
Shape grammar rule vs.
GRAMATICA operator.

Figure 2
Simple 3D shape grammar
rule.

Figure 3
Application of a shape grammar rule.

Figure 4
Sequence of shape grammar
rule application with parameter variation.
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Figure 4 presents the sequence from initial shape,
a tetrahedron, to the final design after applying the
rule of figure 2 to all the facets of current shape and
changing the parameter d at each application of the
rule.
Given that different search strategies can be
used and that their success (or failure) depends on
the specific problem one is trying to solve, GRAMATICA does not force a particular search strategy and,
instead, it provides three different ones: depth-first,
breadth-first, and A*. Depth-first search explores a
complete path of the state-space graph before exploring another path. Breadth-first search explores
all paths with length n before advancing to length
n+1. A* search ranks paths according to the cost
from the initial state to the current state, and the estimated cost decides the best state to expand based
on a function that adds the cost how close a state is
to the goal plus the cost of getting from the initial
state to the current state.
In fact, GRAMATICA allows designers to define
their own search strategies or, alternatively, to specify a particular order of rule application. This is shown
in the next section.

EVALUATION
The main focus of this section is the implementation
of a shape grammar for mass customization of housing. However, we will start by describing a much
simpler grammar that generates ice-rays, as a demFigure 5
Original (simplified) ice-ray
shape grammar rules.

Figure 6
One possible sequence of
ice-ray shape grammar rules
application in GRAMATICA.

onstration of the features of GRAMATICA, namely,
maximal lines representation, emergent shapes, and
order of applicable rules.

Ice-ray grammar
Ice-ray grammars were first formalized by Stiny
(1977) using a shape grammar (see figure 5) as a
means to describe the design of Chinese lattice.
Figure 6 shows the result of the above shape
grammar for ice-ray, a rectangle as the initial shape,
and the sequence 3, 2, 4, 3, 4 for the application of
rules. This example shows that GRAMATICA is handling a shape representation as maximal lines. For
example, the shape detected as F (see figure 6) the
right edge is composed by the segment of line a
and b and not only the segment of line a or b. Another interesting feature is the capability of shape
recognition as showed again with shape F that was
matched with rule 3. For this to happen, the rule
needed to encode not only the topological information but also the geometric information, such as,
edge length and the angle between edges.

Mass customization of housing
Mass-customization allows high-quality housing
at affordable costs by relying on computer-aided
design and manufacturing that does not depend
on exhaustive repetition. This approach overcomes
a common problem faced by designers of dealing
with the design of large developments, for example,
the difficulty of designing several different houses in
a common style and the cost of building them without benefiting from economies of scale.
In this paper, we focus on solving this design
problem using a discursive grammar, a rigorous
mathematical model for the generation of forms according to a housing brief. From a technical point
of view, a discursive grammar (Duarte 2005) is composed of a description grammar, a shape grammar,
and a set of heuristics. For each rule in the shape
grammar, there is a corresponding rule in the descriptive grammar, so that the shape evolves by rule
application and its design description is continuously updated. Heuristics are used to guide the applica-
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tion of rules, for example, to select or limit the rules
that can be applied at each step of the generation
or to evaluate and select the entities that are closer
to some pre-established goal. This allows discursive
grammars to generate designs that are not only formally valid but are also semantically correct.
From the operational point of view, the discursive grammar is formed by two independent, but
compatible, grammars, linked in sequence. The former is a programming grammar, already discussed
in Duarte and Correia (2006) that is encoded as a description grammar, formulating a housing brief constrained by user input and a set of regulations. The
housing brief is then used as input to the designing
grammar exemplified bellow, which is encoded as
a description grammar and a shape grammar tied
together. These grammars compute a house design
so that its description matches the housing brief.
For experimentation and evaluation purposes, we
use realistic grammars: the programming grammar
follows the rules of PAHP - the Portuguese housing
program and evaluation system, while the designing grammar encodes the rules laid out by the architect Álvaro Siza for the design of the Malagueira
houses, an award-winning project that is under construction since 1977.

For illustrative purposes, we will only describe two
simplified rules layed out by Duarte (2005), which
divides the lot into different spaces. Figure 7 shows
such rules.
Each of these shape grammar rules was encoded in GRAMATICA and, starting from an initial lot, a
search process finds different solutions for its division into spaces. This search process is illustrated in
Figure 8 where one can see the different transitions
that connect designs and possible designs with only
two different rules.

CONCLUSION AND FUTURE WORK
In spite of several decades of research, there is still
a lack of shape grammar interpreters, particularly,
those that can handle three-dimensional shapes.
By using a sophisticated and extensible geometric
kernel to represent shapes in combination with customizable precise numeric operations and correct
shape predicates, we provide GRAMATICA, a very
flexible and generic shape grammar interpreter.

Figure 7
Original (simplified) mass
customization shape grammar rule.

Figure 8
Derivation tree, applying rules
of figure 7 to an initial lot.
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In this paper, we described the most significant
research related to shape grammars, and we presented the fundamental features of GRAMATICA,
demonstrating its usefulness in dealing with different problems, both in two dimensions, as well as in
three dimensions.
Emergence is still a hot topic of research, particularly, for shape grammars. In general, emergence
can be very empirical and it is up to the designer to
tell what and how the system recognizes as emergent. In the end, GRAMATICA provides the basic
tools and some techniques to implement emergence of shapes. There are plans for linking CGAL
to a graph transformation system and thus simplify
the description of rules and allow better support to
emergence.
In summary, while there’s still work to be done,
e.g. user interfaces, emergence, GRAMATICA provides the means (shape representation) and the
tools (shape generation, search control, and visualization) to develop shape grammars.
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Abstract. This paper presents a concept of origami as a form-generator for a structural
system that allows deployability for structures with large spans. The presented approach
studies the embedded kinetic possibilities of folded structures and focuses on a parametric
modelling process that allows evaluating the structural performance of different types
of the same origami family in order to optimize the geometry for a given scenario. The
workflow between scripting based form generation – within Rhinoceros and Excel – and
LS-DYNA is presented in detail. In addition to that the question of scalability from a thin
microstructure to a thickened roof structure is discussed in the context of an architectural
project.
Keywords. Parametric modelling; form finding; origami; LS-DYNA; scripting.

INTRODUCTION
This paper presents the concept of bio-origami as a
form-generator for large-scale deployable architectural structures. Applications of origami and folded
structures have been promoted in the past successfully for engineering solutions by researchers such
as Robert J. Lang. In architecture, the concept of the
fold echoes in Rem Koolhaas and Peter Eisenman,
who understand folding as an aesthetic and programmatic technique in a series of projects such as
the Educatorium in Utrecht, Netherlands built 1997.
Foreign Office Architects (FOA) has explored the potential of structural folding (for example with the
Yokohama Terminal in 2002). But the folds in these
projects don’t focus on the deplorability of a struc-

ture, but rather explore frozen states.
The paper reviews different types of bio-origami—with special focus on kinetic and structural
properties—and discusses the problems of producing these forms at the building scale with special attention to static and dynamic stability. Starting with
research on leaves, petals and insect’s wing a catalogue of their different tectonic and kinetic systems
has been investigated in order to develop a new
range of physical systems generated on the basis of
biological analogies. The research explores the question if principles extracted from a microstructure are
fully or partially applicable at a larger scale in order
to discover new and innovative structural systems.
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Figure 1
diagram of folding mechanism, earwigs.

APPROACH
In the first phase the research started with the selective, but truthful, modelling of the organism’s
system of principles of folding in nature as found in
the leaves and insect’s wings, segments of earwigs,
grasshoppers, crickets and praying mantis. Following a Saussurean approach (1868) the research categorizes wing types and leaf types according to their
ability for duplicature and modes of duplicature
(transversal and longitudinal types).
In the second phase technological, artificial
equivalents are proposed in different configurations

as quasi-prosthesis based on origami folds indexing valley and mountain folds, pleats, reverse folds,
squash folds, and sinks. The research does not only
focus on folding processes between retracted and
deployed states, but also on the in-between states
of the system.
In phase 3 models and principles were transferred into the construction of new architectural
systems in consideration of different scales and
scalability. Here a structural feedback between
parametric modeling software and structural evaluFigure 2
diagram of folding patterns of
leaves (left), analogue models
(right).
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ation software has been developed through vb.net
scripts. A special complexity arises through the data
transference between grasshopper and LS-DYNA.
While grasshopper and Rhino primarily operate with
independent NURBS surfaces, most model analysis
is performed through triangulated meshes, and in
the case of LS-DYNA polygonal meshes. The structure of the architectural systems was maintained
through rigorous conversion for structural analysis
over time. In the last phase prototypes developed
through digital fabrication and their structural properties are tested.
In phase 3 and 4 the material selection and manufacturing strategies for origami-inspired architecture are of special importance. Due to the kinematic
requirements for fabrication and deployment of the
action-origami structure, materials with high elongation and/or low stiffness were considered. The
consideration for manufacturing of the full-scale
origami led to the consideration of mold-able, foldable materials suitable for use outdoors. The material used for the initial structural modelling was PETG
(glycol-modified polyethylene terephthalate), a
thermoform-able, flexible material. Also considered
were stiffened fabric structures, described in more
detail below.

ORIGAMI TYPES
Origami is the Japanese art of paper folding (from
ori meaning “folding”, and kami meaning “paper”).
In traditional origami, folded structures are created
by the use of a single sheet of colored paper that
is often, but not always, square. But there are also
types created from multiple sheets of paper: modular origami combines a number of individual origami units, which are each folded from an individual
sheet of paper. Other types such as wet folding introduce curvilinear structure to origami.
A lot of these origami designs are not older than
50 years and were made possible through new techniques. As mentioned before, one of the most important origami researchers is the physicist Robert
J. Lang, who has not only contributed many publications on folding techniques, but also developed

applications for engineering problems ranging from
air-bag design to expandable space telescopes.
A classification of origami types is difficult, since
the field is developing in different trajectories. According to some origami specialists there are over
80 types of origami. One of the recent types is the
Miura fold which has been invented for large solar
panel arrays for space satellites by Japanese astrophysicist Koryo Miura. A folded Miura fold can be
packed into a very compact area, its thickness restricted only by the thickness of the folded material.
The fold can also be unpacked in just one motion by
pulling on opposite ends of the folded material, and
likewise folded again by pushing the two ends back
together.
The selected type of Miuri-Ori pattern as a twodimensional deployable array can be characterized
as rigid origami, because it shares the following
properties:
1. The folding pattern is deployable and can be
folded from a single sheet of paper. Or in a reverse definition, the pattern can be flattened to
a structure that is planar.
2. During the entire process of deployment the
faces and the edges of each element stay planar: all regions of the paper remain flat and all
crease lines stay straight.
3. The joins/folds act as hinges.
Interestingly these characteristics are very architectural, because they translate to the use of planar
building components that interact through hinging.
Also the aspect of repetition allows developing a
modular system for connection elements.

CASE STUDY
A concept for a deployable roof system has been developed based on Miura-ori leaf-folding patterns for
the Toyota Stadium in Aichi Prefecture, Japan and is
presented as a case study. Research from L. Mahadevan and S. Rica (2005) has shown that hornbeam
leaves in the process of blooming show a natural occurrence of the Miura-ori pattern. The Miuri-ori pattern has been selected for the case study, because of
its ability to function in a rectangular boundary as

Shape Studies - Volume 1 - eCAADe 30 | 499

Figure 3
geometric permutations of
Miura-ori pattern.

a surface structure with two-sided support. A folding system based on insect wings would require to
re-think the existing structure, since their folding
mechanism tend to function in radial configuration
with one-sided support, which was not the aim of
this research project, but might be very interesting
to explore. One example of a fan-like type is the Miller Park stadium in Milwaukee, which uses two radial
mega-structures to create an enclosure.
Retractable roofs for sport events usually try to
achieve the following architectural purposes:
1. Creation of a climate-controlled enclosure in its
unfolded version
2. Compactness: When the roof is in use, it should
be as immaterial and invisible as possible

PERMUTATIONS AND THE ORIGAMI
TRUSS
Geometric permutations of this origami roof concept, generated using Rhino/Grasshopper are generated and the geometric permutations are tied to
large-deformation structural analysis using LS-DYNA. LS-DYNA input is generated from the geometry
using Grasshopper and vb.net scripts. The explicit
finite element method used by LS-DYNA is selected
for this problem due to the large deformation of the
origami structures and the post-buckling response
exhibited by some of the permutations.
The simulations demonstrate the difficulty in
finding full-scale forms that can deploy in one dimension as required for the Toyota Stadium roof,

Figure 4
diagram of the origami truss.
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Figure 5
geometric principles.

and yet remain stiff enough in the transverse direction to span the opening. The concept of an “origami
truss” is presented as a solution to stiffen the origami
skin, and still allow for the kinematic movement
necessary to accommodate the roof.
The origami truss includes the continuous surface along with stiffened elements that follow the
creases of the origami. The connections at the end
of the elements, which coincide with the vertices
of the origami surface, are envisioned to rotate, so
that the truss will deploy with the surface. A subset
of the transverse elements within the truss must telescope (i.e., elongate and shorten) during actuation
of the truss, and must therefore lock axially once the
deployed structure has reached it open or closed
position. The origami surface and truss can be envisioned as a stiffened sail, with the non-telescoping
members constructed as battens within pockets

created in the origami surface, and the telescoping
members as nested round tubes equipped with an
external locking mechanism.
Still it has to be asked, if all properties from a
paper-thin structure can translate 1:1 to a large
scale structure. Trautz and Kuenstler (2009) investigate different possibilities of 4-fold mechanisms for
folded plate structures and they show that restrictions apply to scalability of 4-fold plate structures,
and that all four hinge translations need to be uncoupled.
The stiffened sail option seems to have advantages. It creates a hybrid system of flexibility and
rigidity, where the interaction of rigid members and
the flexible membrane panels allow to achieve the
architectural criteria. Such a system is closely oriented on the studied precedent in nature where thin
membranes are reinforced by veins and ribs.

Figure 6
diagrams of data management within grasshopper/
vb.net for polygons.
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Figure 7
geometric principles of Miuraori pattern.

GEOMETRIC PRINCIPLES OF THE
MIURA-ORI PATTERN
The rotational kinematics of the Miura pattern can
be described as follows. The individual facets are
defined by the parallelogram that results from the
folding pattern. One parallel set of opposite edges
of the parallelogram are parallel to the global coordinate system X-axis and remain parallel to this system as the pattern folds and unfolds (see Fig. 5). The
second set of edges is at 45 degrees to the global
X-axis when the pattern is completely flattened. As
the pattern begins to fold, this second set of edges
rotates around to also become parallel to X, and the
pattern morphs out of the plane and takes on a Z
thickness. It is the Z thickness that gives the pattern
structural possibilities, viz, the depth to span some
distance over the X and Y coordinates. The span capacity is dependent on the depth Z, which can be
thought of as inversely proportional the percent de-
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ployment, where zero percent deployment is completely folded and 100 percent deployment is completely flat. The span capacity is also dependent on
the boundary conditions at the ends of the pattern,
and on the flexural stiffness of the folded material at
the folds.
In the application at the Toyota stadium, it is
clear that two edge boundary conditions would be
considered pinned, and the two opposite edge conditions would be free. The pinned boundary conditions allow for the pattern to link with the two main
trusses on the stadium roof, and the two free edges
allow for the pattern to deploy and un-deploy. The
structural analysis proceeded using two different assumptions for the boundary conditions. In the first
case (see line A-A in Fig. 5),the origami pattern acted
as a simply supported truss as the points along this
line lie along the Z=0 plane. In the second case (see
line B-B in Fig. 5), the pattern is supported at a set of

Figure 8
data preparation for LS-Dyna:
1 panel centre, 2 single edge, 3
double edge, 4 6-legged node.

nodes that are offset in Z, giving the pattern significantly more structural stiffness. Though the second
case is preferred structurally, it is difficult to imagine
a realizable boundary condition at the main trusses
that achieves fixity in X, while allowing movement in
both Y and Z.

SETUP OF THE WORKFLOW BETWEEN
EXCEL AND LS-DYNA
Initial methods for constructing a parametric, animated Miura-ori pattern were carried out in the
Grasshopper plugin to Rhino. This method was

chosen for rapid development of a working model.
The model was constructed from planarization of
points to form a module. The module was then mirrored and rotated across reflection planes to create
a larger assembly. The use of Grasshopper made the
surface relationships more explicit. This was useful
in developing a mathematical model of the basic
Miura-ori pattern in Excel.
Structural analysis in LS-Dyna requires a different model than Rhino can produce. While most 3D
modelling software packages can export some type
of triangulated mesh, LS-Dyna uses a polygonal

Figure 9
Miura-ori pattern evaluated in
LS-DYNA.
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mesh data structure. The conversion from individual
NURBS polygons into an integrated polygonal mesh
data structure required several layers of point geometry extraction and recombination, causing the
Grasshopper model to respond slowly. In addition,
each planar face was subdivided at the edges to allow material control of the corners to simulate material fatigue at the valleys and folds. This process was
tedious using the existing Grasshopper methods,
but again revealed more explicit methods for our
mathematical model. The addition of these subdivisions substantially increased the complexity of the
model and decreased the interactivity.

STRUCTURAL EVALUATION IN LS-DYNA
The structural analysis proceeded as follows: A
given instance of an origami pattern was generated in Rhino/Grasshopper. Then three versions of
this geometry, representing three levels of deployment, approximately 25%, 50%, and 75%, were used
to generate the LS-DYNA files. The Rhino facets were
partitioned into regions that along the boundaries
and at the interior of the facet. In this way, the rotational requirements at the edge of each facet could
be accommodated in the finite element model by
decreasing the thickness of the material along the
edge, thus approximating the continuous linear
hinge that is necessary for the deployment of the
origami pattern. For this initial study, the material
selected was a thick rigid polymer, PETG (polyethylene terephthalate) which is known to have good
optical and engineering properties, including high
elongation, which was felt to be necessary due to
the bending requirements at the boundary edges.
Initially, the thickness of the PETG was taken as 25
mm away from the boundaries and 5 mm along the
boundary.
The models were then analyzed under their
own self-weight in LS-DYNA. Gravity loads were applied slowly, using the standard explicit formulation
within LS-DYNA. The Z reaction forces were plotted
against the central span Z displacement, to determine whether the response was linear. In this plot, a
linear response would indicate a stable geometry. In
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many of the origami simulations however, especially
those at the higher levels of deployment, the structures lost stiffness indicating a buckling within the
origami structure. In general, this buckling occurred
at load stress level well below the material strength,
indicating that the problem was one of stiffness and
not of strength. This behaviour identifies the extent
to which the origami could be deployed and still retain its shape under gravity loads. In most cases, this
was below the 75% level of deployment.

DISCUSSION
The case study proved to be successful to understand geometric and structural behavior and limitations of the Miura Ori pattern through a parametric
modeling approach. It can be concluded that the
logic of Grasshopper and LS-DYNA have proven to
be not sufficient flexible for the researching structure and geometry in real-time. The second approach through excel as a purely mathematical
process has shown to be more successful in terms of
data management, but lacks a visual interface that
would allows to work on design and evaluation almost simultaneously.
Architecturally and structurally other folding
patterns could be studied that would result in more
structural surfaces such as catenary curves. This
would require thinking about different type of folds
within one segment to achieve different types of
surface curvature.
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Abstract. The concept of describing and analyzing architecture from a fractal point of
view, on which this paper is based, can be traced back to Benoît Mandelbrot (1981) and
Carl Bovill (1996) to a considerable extent. In particular, this includes the distinction
between scalebound (offering a limited number of characteristic elements) and scaling
objects (offering many characteristic elements of scale) made by B. Mandelbrot (1981).
In the first place such a differentiation is based upon a visual description. This paper
explores the possibility of assistance by two measurement methods, first time introduced
to architecture by C. Bovill (1996). While the box-counting method measures or more
precisely estimates the box-counting dimension D of objects (e.g. facades), range
b
analysis examines the rhythm of a design. As CAD programs are familiar to architects
during design processes, the author implemented both methods in AutoCAD using the
scripting language VBA. First measurements indicate promising results for indicating
the distinction between what B. Mandelbrot called scalebound and scaling buildings.
Keywords. Box-Counting Method; Range Analysis; Hurst-Exponent; Analyzing
Architecture; Scalebound and Scaling objects.

BACKGROUND
Scalebound and scaling objects
Benoît Mandelbrot (1981) who is often called the
father of fractal geometry made a distinction between scalebound objects and scaling objects while
at same time taking into account its special significance for buildings. As their main features, examples
of the first group display a limited number of characteristic elements of scale that are clearly distinct
in their size. In architecture this e.g. corresponds to
buildings of the so called International Style (if at all
applicable to a style), with width and height of the
whole representing the elements of scale. Moreover,

scalebound objects offer a limited number of smaller
components that are distinguishable in their size including windows and doors. As a result, the whole
and its parts can be perceived from a certain distance without any difficulty (though this nevertheless depends on the overall size of the building). Furthermore such buildings neglect elements that are
of smaller size than the human scale.
In contrast, scaling objects display many characteristic elements of scale that cover many different
sizes flowing into each other (some of them are even
smaller than human scale). As a consequence, single
elements can hardly be distinguished any more. In
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absence of a typical distance the observer has to
move closer, which brings different elements of size
into focus. Besides, examples of this second group
display characteristics close to fractal geometry, although there are some limits with natural objects as
well as with manmade objects like buildings. Those
limits concern the range for which fractal characteristics are valid. There the upper bound depends on
the outline similar to the canvas of a painting which
limits the painting itself. The lower bound, in turn, is
defined by material, handling by tools or construction and economic constraints similar to the restrictions of painting by the size of a brush stroke or
palette-knife (Mandelbrot 1981).

Fractal geometry as a source for
analyzing art and architecture
Analyzing objects from the point of view of fractal
geometry includes observing different parts and different levels of scale, respectively. This is achieved
e.g. with a photograph as a two-dimensional representation of a real object by cutting it into pieces
each of which is looked at separately (Mandelbrot
1981). The results of such an observation are diversified: Some objects offer the same degree of details
on each piece, while others strongly vary with a
visual description ranging from nearly empty parts
to diversified ones. In this context affinity to fractals
is represented by those examples where cuttings
are similar to the whole, which means that they offer similar characteristics. Parts need not be identical scaled down copies but should reflect the whole
in their characteristic appearance (so they are then
called statistically self-similar). In case of architecture
this essentially means that each component should
mirror the whole, a feature which architects including F.L. Wright intuitively strived for (Evers 2006).
Analyzing self-similar objects, however, results in
the observation that parts of interest (areas where
something can be seen) and those of lower interest
(where little information is presented) are alternating. Furthermore when zooming in on parts of interest, the same picture emerges: areas of interest
alternate with nearly empty ones. This concept has a
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high affinity to nature, where trees, mountain ridges,
bushes, courses of rivers, clouds or coastlines display
such property.
B. Mandelbrot (1982) basically argues that fractal art is close to nature and, as humans are familiar
with such forms, fractals seem to be more easily accepted than forms that are close to the smooth Euclidean geometry. In doing so artwork is not copying natural forms but imitating their rules. These
rules are found in characteristics taken from fractal
geometry, e.g. self-similarity, roughness and fractal
dimension. At this point consequently the question
arises, how such an affinity to the fractal concept
can be measured in architecture. Self-similarity of
facades for instance may be detected by computer
programs analyzing proportions of the whole and
its parts. This includes elements that stretch forward
like balconies, openings like windows and finally
ornaments or forms inherent to material, reaching
from the scale of general view down to the scale of
smaller details. Due to intersections and overlaps,
programming this particular analyzing tool is not
trivial. Fractal dimension or more precisely its adequate box-counting dimension on the other hand
is based on an algorithm that is easy to implement.
With the so called box-counting method different
scales are analyzed putting boxes or, which can even
be handled more easily, a grid (consisting of boxes)
over the object of interest (similar to pieces of a photograph). This particular manageability is then the
reason why – for the moment – the authors’ focus
of fractal analysis lies on the box-counting method.
Nevertheless up to now only a few researchers have
applied this method to architecture. Some of these
results will act as reference values for the author’s
own measurements (Bovill 1996; Ostwald et al. 2008;
Vaughan et al. 2010).

MOTIVATION
Two methods of estimating fractal
dimension
The fractal dimension Df can be interpreted as the
dimension of self-similarity of an object (Deussen
2003). Furthermore, it offers a possibility to compare buildings by their characteristics in terms of
visual complexity. There are certain methods for
measuring Df, two of which C. Bovill (1996) introduced into architecture. The first one is called boxcounting method determining the box-counting
dimension Db, which is equivalent to Df (Mandelbrot 1982). This method enabled C. Bovill to demonstrate the differences in complexity between
the main facade of Robie House by Frank Lloyd
Wright and that of Villa Savoye by Le Corbusier.
Since then this method has been applied to facades nearly exclusively by only a few researchers (e.g. Vaughan et al. 2010, Ostwald et al. 2008).
The second is called range analysis for measuring
the Hurst-Exponent H of a given rhythm in a floor
plan. C. Bovill (1996) described the functionality
of this method using Willits House by Frank Lloyd
Wright.
The author implemented both methods in
AutoCAD using the programming language visual
basic for applications (VBA). This has up to best
knowledge never been done before, except that
the box-counting program basically represents
further development of a previous version by the
author. In this paper, both programs are analyzed
with regard to their suitability as instruments for
characterizing architecture, considering, in particular, finding a tool that supports the distinction
between scalebound and scaling buildings. The
benefit of integrating the measurement methods
in a CAD-software is to allow architects an estimation of box-counting dimensions Db and the
Hurst-Exponent H, respectively, of their designs
directly in a tool they use during their design process. Furthermore certain parameters can be handled on one’s own to detect and limit their influence.

THE FUNCTIONALITY OF THE
COMPUTER-PROGRAMS
Using VBA for AutoCAD
The fractal dimension Df of architecture or more
precisely the box-counting dimension Db of facades
and the Hurst-Exponent H of a rhythm in floor plans
are rarely found in literature. Furthermore, up to
now programs for evaluation have been examined
separately from their application. The fact that programming and analyzing is done by one person offers the possibility of interaction with the program
itself in order to restrict certain influences arising
from the respective method and especially from an
evaluation of architecture. This includes control over
the size of empty space around the measured two
dimensional illustration of e.g. a facade, the range
of box-sizes that provides stable estimates of Db, the
reduction factor of box-size and the positioning of
the grid over the analyzed illustration (Foroutanpour et al. 1999). Embedding the algorithm in AutoCAD also offers additional advantages. One results
from using vector-based graphics instead of pixel
graphics. In this case, the resolution of the picture
has no influence on the result. Another advantage
is that vector-based designs by architects can immediately be analyzed with regard to the characteristic
value of Db or H, respectively.

The box-counting method in detail
With the box-counting method the smallest number
of boxes that covers an object is identified, while the
box-size approaches zero. The box-counting dimension is then defined as the limes of the log(counted
boxes that cover the object) divided by the
log(reciprocal of box-size). Due to the absence of infinite time that is needed for calculating the number
of boxes with infinitely small size, the value can be estimated by the trend occurring with larger box-sizes.
This is important for architecture that is strictly speaking not fractal but offers fractal characteristics only
for a certain range of scales. Consequently the trend
within this range is of interest defining a characteristic value (or range). The algorithm of the simplified
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box-counting method starts with a grid (instead of
single boxes) laid over a two dimensional representation of a real object, for example, an elevation plan
representing a real facade. The grid-size (reciprocal
of number of boxes at one row) again derives from
adjusting a certain number of boxes for the smallest plan side. Then only those boxes of the grid are
counted that contain relevant parts as in terms of architecture the outline and openings. In the next step
the grid-size is reduced and those boxes covering
the curves and lines of the plan are counted again.
After several steps the results are printed in a double-logarithmic graph with the log(counted boxes)
versus log(reciprocal of grid-size). Finally the slope
of the regression line represents the average boxcounting dimension for a certain range of grid-size.
The measurement method contains several parameters. Finding out their impact on the result and,
as a consequence of that, minimizing their influence
on the computer-program for estimating the boxcounting dimension in AutoCAD allows the user to
adjust them. This is done by a user form including
the following points:
1. The number of iterations defines the steps of
how often the box-size is reduced by one half.
2. By changing the enlargement factor the user
adds a different percentage of empty space in
relation to the smallest side around the image.
3. The number of steps in between determines the
reduction factor of the box-size between one
half.
4. The number of boxes of the smaller side defines
the initial grid-size.
5. A number of displacements can be realized in xdirection as well as y-direction. As the algorithm
looks for the smallest possibility of covering an
image with a certain box-size, accuracy should
be improved by analyzing different startingpositions. They are related to the empty space
around the image and the number of displacements.
6. One additional box can be added, if the empty
space amounts to more than one half of the box
size.
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Furthermore apart from automatically drawn rectangles that indicate the choice, the minimal outline
and the enlarged measuring field, the results can be
visualized as well. For doing so two different options
are available: either all grids with their covered boxes are visualized or just the largest and the smallest
one.

Range Analysis
Range analysis as another tool for estimating architecture has rarely been tested. With this method
the distances between axes (on a separate layer)
determining the design are at first translated into a
step-function. Then for different scales of view, the
respective average values of the largest differences
of distances (maximum fluctuation range) are analyzed, whether they correlate with each other or not.
This is done by transforming the data into a doublelogarithmic graph with log(maximum fluctuation
range) versus log(scale) (Figure 1). The result may
offer either no relationship or it signals a trend, i.e.
there is a power law relationship. If a relationship
exists, this is indicated by a coefficient of determination near one for the average Hurst-Exponent H
defined by the slope of the replacing line. As floorplans are rather experienced by a sequence of
rooms, expressed by a rhythm of walls, this seems to
be a good addition to the box-counting method that
is rather suitable for facades. Therefore the method
has been embedded in AutoCAD as well. The connection to the fractal dimension Df and H is finally
given by (Mandelbrot 1982):

Df=2-H				(1)

RESULTS OF THE BOX-COUNTING
METHOD
The suitability of the box-counting method is tested
by analyzing strict self-similar fractal curves of which
the self-similar dimension ds can be calculated. As it
does not matter which measurement is used for calculating the fractal dimensions are all leading to the

Figure 1
Range Analysis: (Left top)
Main axis; (Left bottom) Step
Function resulting from a
planning rhythm, divided into
four and eight pieces. (Right)
Double logarithmic Graph
showing H=0.19 (D=1.81).

Figure 2
Fractal curves: (Left) Koch
Curve: from top to bottom:
nd

initiator, generator, 2 iterath

th

tion, 6 iteration; (Middle) 5

Iteration of Minkowski Curve;
th

(Right) 5 iteration of Sierpinski Gasket.

same value (Mandelbrot 1982), both Db and ds are
equal. Constructing a strict self-similar curve, such as
the so-called Koch Curve, one starts with an initiator that is replaced by a generator defining the basic
construction rule. The generator which determines
e.g. the Koch Curve consists of four identical scaled
down pieces of the initiator representing a line of a
certain distance (Figure 2 left). In the next iteration
every new line is replaced by the same rule and so
on. The equation

ds=log(N)/log(1/s)			(2)

in which N is the number of pieces and s the reduction factor, finally determines the self-similar dimension ds. For the Koch Curve, this is ds=1.26. In order
to generate different fractal curves with different
numbers of iterations the author programmed a Lindenmayer system in VBA for AutoCAD as well.

Results of measuring the koch curve
In more precise terms the Koch Curve specifies
only the result after infinite iterations, which cannot really be represented in a drawing. Therefore
the following measurement using the box-counting
method is based on an intermediary result of the
basic algorithm representing only 6 iterations (this
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respectively corresponds to a curve made up of
4^6=4096 single lines). The adjustments of the initial experimental arrangement include a reduction
factor of one half, a starting box-size determined
by two boxes of the smaller side, a white space of
one percent of the smaller side and 12 reductions.
Calculating the slope of the regression line for all 12
data points finally defines the average box-counting
dimension D for this particular range. With 1.19 it
b
deviates from d by 5.72%. Regarding the doubles
logarithmic graph more closely it can be observed
that the left two data points fluctuate before the
th
straight part between the third and 8 step indicates a trend (connecting scale and number of
covered boxes to each other). After that, for the last
four data points the curve changes its direction to
a slope of approximately 45 degrees (Figure 3 left),
which corresponds to a box-counting dimension
Db of 1.04. This implies that from a certain grid-size
on, only the single one-dimensional lines are measured, out of which the one presented starting of the
Koch Curve (with 6 iterations) is constructed. However, for the first straight part Db equals 1.27, with a
calculated difference from ds of only minus 0.65%.
Furthermore, for this arrangement a coefficient of
determination very close to one (0.999) indicates a
significant correlation. Consequently, the lower and
higher bound of the range is determined by the area
where data points are following a trend. This is in

turn characterized by a coefficient of determination
near one, which means that data points are close to
the regression line in the double logarithmic graph.

Influences
Comparing the previous measurement with an initial
construction after 8 iterations (the resulting curve is
then made up of 4^8=65536 single lines) using the
same adjustments shows how the range of correlation is enlarged (Figure 3 right). On closer analysis
of the double-logarithmic graph this time only the
first two data points deriving from the two largest
grid-sizes fluctuate to some amount from the regression line, while the others are almost placed on
it. Excluding these two points and the last one (deriving from smallest grid-size) finally improves the
deviation from ds by then being only minus 0.35%
(Db = 1.266). The larger range of correlation results
from the influence of the relationship between the
smallest detail of the object and the smallest gridsize. In the first case (6 iterations) the length of the
distinguishable straight lines equals 6.3 units, with
the smallest grid-size being 10.6 (for Db=1.27), while
in the second case (8 iterations) these are 0.7 and 1.3
units, respectively. Following from that, the smallest
grid-size should be greater than the smallest detail.
Different measurements of fractal curves (more
precisely of their initial constructions) indicate some
variety affected by influences of white space (in
Figure 3
Box-Counting Dimension:
(Left) Koch Curve with 6
iterations Db =1.27 for range
340 units to 10.6 units.(Right)
Koch Curve with 8 iterations
Db =1.266 for range 340 units
to 1.3 units.
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percentage), the number of displacements and the
degree of fineness given by the number of steps in
between. However, with Koch Curve (8 Iterations),
Minkowski Curve (7 Iterations; figure 2 middle) and
Sierpinski Gasket (Figure 2 right) additional steps
in between do not improve the results, but extend
measurement time. The same is true with changing
the position, which seems to have an even negative
impact. As a consequence starting values for a first
overview are recommended as follows:
1. Number of iterations depends on the smallest detail on the plan, as the smallest grid-size
should not fall below its size.
2. The set enlargement factor equals one percentage.
3. With initial adjustment there are no steps in
between.
4. Two boxes at the smaller side define the starting grid-size.
5. Initial adjustment is performed without displacements.
6. No additional box is added (would enlarge the
white space as well).
In the double-logarithmic graph the straight part
of the data curve then visually defines the initial
range of coherence, with a calculated coefficient of
determination close to one (greater or equal 0.998).
Subsequently for this particular range more detailed
measurements with different adjustments achieve
several results. Finally the average box-counting dimension and its bandwidth act as a characteristic.
With Koch Curve (8 Iteration) this is 1.26 to 1.27 (d
s
= 1.262), with Minkowski (7 iterations) this is 1.47 to
1.5 (d = 1.5) and with Sierpinski Gasket (8 Iterations)
s
this is 1.56 to 1.58 (ds = 1.585).

RESULTS OF FACADES
Analyzing facades with the help of the box-counting
method yields a great diversity of results. The southeast elevation of Villa Savoye (1930) by Le Corbusier
e.g. does not display one clear linear part of the data
curve, leading to the assumption of a weaker correlation. But on closer observation two different areas
become prominent. The first range reaches from 0.6

to 4. meters with a box-counting dimension around
1.66 indicating a higher visual complexity. However,
then an area from 1.0 meters down to 0.03 meters
with an average box-counting dimension around
1.25 follows. This result underlines the tendency of
modern architecture towards a clear expression with
details on small scales being reduced to a minimum:
After higher complexity at the beginning, the data
curve quickly flattens, but remains constant. This
particular break-point may also be the reason for
different results given in literature (Vaughan et al.
2010).
In contrast to that, Peter Behrens’ Turbine Factory in Berlin (1910) displays a strong correlation for
a wider range of grid-sizes reaching from 0.2 meters
up to 7.0 meters with box-counting dimensions between 1.64 and 1.68. This is similar to starting values
of Villa Savoye but for a wider range of scales, both
up and down (the facade width being twice the
size). With 1.63 a slightly smaller average value is obtained for Robie House by Frank Lloyd Wright, which
confirms other measurements (Ostwald et al. 2008,
Lorenz 2011). This time grid-size ranges from 0.4 to
8.7 meters. Considering that on a smaller scale window design comes into focus, which is not shown on
this particular plan, the range even extends below
0.4, underlining the architect´s effort for consistently
providing further details from large to small scale. In
turn the measurement of the south east elevation
(the smallest facade width of presented examples)
of Gerrit Rietvelds’ Schröder house (1924) indicates
strong correlation for a smaller range from 0.04 to
1.8 meters with values between 1.48 and 1.55. This,
however, shows that even at first sight smooth modern architecture may offer complexity for smaller
scales.
The results are presented as box plot showing
the median, the lower and upper quartile (defining
the area of 50% of data points), the largest observation and outliers (Figure 4 left). Moreover, facade
widths define the scale of each building and their
relation to range of box-sizes (Figure 4 left). To express a clear statement still more measurements for
each building are, however, necessary. Nevertheless,
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Figure 4
Results of measurements:
(Left) Range of box-counting
dimension. (Right) Range of
box-sizes and facade widths
of facades.

up to now the results indicate that scaling buildings
like Robie House display a wider range of correlation with a higher average value. In contrast to that
the rather scalebound building Villa Savoye offers a
break-point, with a restricted area of a higher value
followed by an area of an average value close to one.

CONCLUSION
Box-counting and range-analysis as
instruments of comparison
Both the box-counting method (for facades) and the
range-analysis (for rhythms of the floor plan) offer
a possibility to measure architecture with regard
to its visual complexity. Thus Db and H provide a
computable value for comparison and, as a further
consequence, for classification with respect to what
B. Mandelbrot called scalebound and scaling buildings. However, a couple of measurements have to be
done with the box-counting method for each building, before it is possible to state the characteristic
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roughness over a range of scales. In any case, for
comparison the result of measurement has to include the range of box-counting dimension Db and/
or fractal dimension Df=2-H, the range of box-sizes
and/or the maximum fluctuation range in meters,
and finally a coefficient of determination close to
one (Figure 5).

OUTLOOK
In comparison to the vector based measuring programs presented in this paper, both methods will be
implemented in NetLogo (an agent-based programming language and integrated modeling environment) looking for differences in comparison to pixel
graphics. By not referencing on already existing similar programs this means one maintains the possibility of interacting and using the same adjustments of
parameters. Furthermore, another focus will be put
on the automation of finding the range of significant correlations for standardizing the comparison
of the results. Finally, different measurements will
be performed with both, the box-counting method
and the range analysis, on outstanding buildings of
the twentieth century looking at the consistency
between facades and rhythm, but also in order to
be able to compare various buildings. Another possible field of application concerns the comparison
of buildings with their natural or man-made neighborhood. This means that the visual complexity of
a mountain ridge behind the building or a wood
nearby is evaluated and compared with that of the
building itself (Bovill 1996).

Figure 5
Important values for comparison of buildings.

REFERENCES
Bovill, Carl (1996), Fractal Geometry in Architecture and Design, Birkhäuser, Boston , Mass.
Deussen, Oliver (2003), Computergenerierte Pflanzen: Technik und Design digitaler Pflanzenwelten, Springer, Berlin.
Evers, Bernd (2006), Architekturtheorie: Von der Renaissance
bis zur Gegenwart, Taschen, Köln.
Foroutan-pour K., Dutilleul P., Smith D.L. (1999), ‘Advances
in the implementation of the box-counting method of
fractal dimension estimation’, Applied Mathematics and
Computation, Volume 105, Issue 2-3, pp 195-210.
Lorenz, Wolfgang E. (2009), ‘Fractal Geometry of Architecture – Implementation of the Box-Counting Method in
a CAD-Software’, Computation: The New Realm of Architectural Design, eCAADe 27, pp. 697-704.
Lorenz, Wolfgang E. (2011), ‘Fractal Geometry of Architecture – Fractal Dimension as a Connection between
Fractal Geometry and Architecture’, Biomimetics – Materials, Structures and Processes: Examples, Ideas and
Case Studies, Springer, Berlin, pp. 179-200.
Mandelbrot, Benoît B. (1981), ‘Scalebound or scaling
shapes: A useful distinction in the visual arts and in the
natural sciences’, Leonardo, Vol. 14, No. 1, pp. 45-47.
Mandelbrot, Benoît B. (1982), The Fractal Geometry of Nature, W. H. Freeman, New York.
Ostwald M.J., Vaughan J., Tucker C. (2008), ‘Characteristic
Visual Complexity: Fractal Dimensions in the Architecture of Frank Lloyd Wright and Le Corbusier’, Nexus VII:
Architecture and Mathematics, 7, pp. 217-232.
Vaughan J., Ostwald M.J. (2010), ‘Refining a computational
fractal method of analysis: testing Bovill’s architectural
data ‘, New Frontiers: Proceedings of the 15th International Conference on Computer-Aided Architectural Design in
Asia, CAADRIA, pp. 29-38.

Shape Studies - Volume 1 - eCAADe 30 | 513

514 | eCAADe 30 - Volume 1 - Shape Studies

Simulation, Prediction,
and Evaluation

Simulation, Prediction, and Evaluation - Volume 1 - eCAADe 30 | 515

516 | eCAADe 30 - Volume 1 - Simulation, Prediction, and Evaluation

Study on an Architect-Oriented Workflow for Freeform
Surface Design Tools
3

Chengyu Sun ,Junchao Lu ,Qi Zhao
3
College of Architecture and Urban Planning at Tongji University, College of Civil
Engineering at Tongji University
1
2
http://www.linkedin.com/profile/view?id=45915005, http://www.linkedin.com/profile/
view?id=173198028
1
2
3
ibund@126.com, guagua_continued@hotmail.com, zhao_emily@126.com
1

2

1,2

Abstract. For most architects, it is not easy to transform their freeform designs into
buildable constructions without precise knowledge on a specific material and its
construction process. A workflow is introduced in this paper and it could be adopted
by architects concerning the works of predicting the tiling results in the earliest design
stage. The workflow involves pre-processing which could help architects design rational
surfaces, thus saving a lot of work in the paneling process later on. The physically based
modeling engine will simulate the constraints of a pre-selected material and therefore
ensures a feasible result. The post-process involves visual feedback of the result as well
as data formatting which help to establish a seamless connection between construction
processes.								
Keywords. Pre-process; material specification; construction simulation; evaluation.

INTRODUCTION
Although CAD tools of this new era have made the
process of building complex geometry much easier
for architects, it is still hard for architects to control
the built quality of their freeform surface. Without
enough knowledge on a specific material and its
construction process, architects have to pass their
freeform model to engineers or façade developers to continue the paneling process, which leaves
their designs out of control. As a case study on a
built freeform project near Suzhou Creek in Shanghai, China (Figure 1), the final paneling surface with
RHEINZINK system was totally distorted from what
the architect proposed. The sealing line, the directions of two neighboring patterns, and patch positions are far from satisfactory.
There are some unpublished paneling algorithms that are kept as business secrets in real
projects such as in some practices done by Gehry

Technology. Some intro can be found in various papers such as Digital Surface Representation and the
Constructability of Gehry’s Architecture(Shelden,
2002). More introduction of their practices can also
be found on their website [1]. The existing published
algorithms on the paneling problems come in two
ways. Kangaroo, developed by Daniel Piker (2011) a
plugin for grasshopper on the Rhino platform uses
a bottom-up method. The internal physics engine
deals with different forces and can generate good
paneling results most of the times, though the engine is not only targeted for the paneling problems.
The Evolute tool developed by the Evolute team [2]
is the other way round. The internal engine uses a
top-down method and it’s really fast.The engine is
targeted for the paneling problem and deals with
many possibilities. However, almost all the paneling
engines today don’t take the material properties
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and constructions techniques of the selected material into account. The result may be quite expensive
or even unbuildable. In practice, the material has to
be selected before paneling begins and many constraints of the material have to be considered during
the paneling process. The features of the material
weigh much in the real workflow.
In this study, a new workflow is introduced,
which is expected to bridge the gap between architects and the specific material-oriented knowledge
and also serve as the framework for tool development. These will help to generate more buildable
paneling results and assist architects to take back
the control on their freeform surface design. The
research is supported by the Fundamental Research
Funds for the Central Universities, and Laboratory
for Historical Architectural Diagnosis and Ecological Reconstruction Technology, Key Laboratory of
Ecology and Energy-saving Study of Dense Habitat
(Tongji University), Ministry of Education, China.

RESEARCH
A complete workflow
Many existing workflows only focus on the paneling
computation. As a complete solution to deal with
the practical problems, it’s necessary to include PreProcessing, Material Assignment and Post-Processing into this workflow. (Figure 2)

Pre-Processing
Pre-Processing acts as a rationalization process
before the paneling computation. In many cases,
freeform surfaces can be rationalized into a combination of several rational surfaces such as cylindrical surfaces and conical surfaces. These surfaces are
defined with easy mathematical functions which
could simplify the process of paneling computation.
Furthermore, this helps the architect design rational
surfaces in the first place, which provides possibilities to control the sealing line as well as the directions of neighboring patterns in the initial design
stage.
Pre-Processing includes zoning and refitting.
The surface should be zoned into several areas according to the curvature variations before the refitting begins. The refitting is a process of surface
approximation using rational primitives and there
are many existing algorithms to choose from. Good
references can be found in Variati. In the case of
the above project, the original design surface is divided into five zones according to their similarity to
the primitives. Zone 1 is refitted with a semi sphere.
Zone 2 islike a part of a cylinder. Zone 3 is refitted
with a plane with a little bending. Zone 4 can be
deemed as a developable surface with limited curvature and Zone 5 can be approximated with an extruded surface along a single rail. (Figure 3)
Figure 1
The southeast façade of the
project.
Figure 2
The introduced workflow.
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Figure 3
The freeform surface is divided
into five zones with their
primitives refitted.
Figure 4
The RHEINZINK Flat-Lock
panels and the paneling test
in the factory lab.

Figure 5
The process of material assignment in this case
a. Define type of joints as
hinge joints.
b. Set angle constraints on
these joints.
c. Define rotation constraints
on these joints.
d. Set deviation tolerances on
these joints.

Material Assignment
Material Assignment ensures a precise simulation of
a certain material, thus improving the feasibility of
the final result. The characteristics of a defined material give rise to many constraints in the fabrication
and assembly process. These constraints are often
neglected in the paneling process which may cause
unbuildable results. In the workflow, the material
property and construction tolerances are taken into
simulation via ways of converting them into geometric constraints, so called physical behaviors in
the physics engine. In this case, the same RHEINZINK
Flat-Lock panel system is used again. The extent of
curvature and stagger using such panels is surveyed
through experiments before establishing the model
in the computer. (Figure 4)

The joint between two neighboring panels act as
a hinge joint in the computer physics. In the established physics model, the neighboring panels are
joined using hinge joints. However, in the real cases,
the maximum kink angles between neighboring
panels are constrained to a limited angle because of
the tectonic requirements of this type of panel. As
you can see from the second illustration, the angle
constraints are further applied to the model. The
flanging of the panel allows for limited rotation and
translation happened between neighboring panels.
The rotation can be simulated via act of hinge joints
while the translation can be imitated by the softness
between neighboring panels which is actually a limited deviation. (Figure 5)
As you can see, the process of material assignment is the process of transforming physical behaviors of the real material into its corresponding behaviors in the physics engine.

PANELING
Recent advances of paneling algorithm incorporate
the merits of both discrete local and continuous
global optimizations, such as mentioned in Paneling
Architectural Freeform Surfaces(Eigensatz, Kilian,
Schiftner, Mitra, Pottmann and Pauly, 2010) on the
problem of reusable molds and the optimization of
conjugate directions in Designing Quad-dominant
Meshes with Planar Faces (Zadravec, Schiftner and
Wallner, 2010). In this case, the paneling algorithm
get the constraints from a predefined material li-

Simulation, Prediction, and Evaluation - Volume 1 - eCAADe 30 | 519

brary. To ensure a precise simulation of the constraints, the simulation based modeling technique
is used, which will allow the algorithm strictly follows those constraints extracted from the database
as well as some common rules (You are not expecting panels penetrate through your design surface)
to provide the most accurate result which assembles the real world cases. The ideas are inspired by
Physics-Based Generative Design (Attar, Aish, Stam,
Brinsmead, Tessier, Glueck and Khan, 2009) as well
as a very good introduction in Baraff and Witkin’s
(1997) Siggraph 97 course notes called Physically
Based Modeling.
After assigning joints and constraints in the previous process, the subdivided primitives are to be
dropped onto the design surface. The advantage of
the refitting the freeform surface into various primitives in the pre-processing stage is that the primitive
is a good starting point for the dropping process.
Paneling on these primitives are far easier than
paneling the corresponding freeform surfaces. The
dropping translation vectors are determined by the
relative position between the corresponding primitive and the design surface. The collision detection
algorithm isalso applied between the design surface
and all the panels. (Figure 6)

Figure 6
Process of dropping the primitive onto the design surface.

Moreover, as for a fast and stable simulation, a good
time step should be set according to different scenarios. As you can see, the paneling process can be
illustrated using the following four steps. (Figure 7)

Post-Processing
Post-Processing includes visualization and data
management of the paneling result. It’s helpful for
the architects to evaluate the quality of the paneling
result as well as exchange information in the team.
As a complete set of solution, visual feedbacks of
the resultant geometry are included as well as some
works related to construction drawings such as numbering and dimensioning. It’s also possible to export
the statistics shown in the viewport to a neatly formatted excel sheet, which is usually a prerequisite to share
the result with the construction engineers. (Figure 8)

Figure 7
Four steps of the paneling
process.
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Figure 8
Further processing of the
paneling result as assessment
of the quality as well as for
construction purposes.

A COMPARISON
The advanced algorithm developed by the Evolute
Geometryand available function in theirEvolute
Pro rhino plugin is a truly revolutionarysolution to
optimize the discretizationof the freeform surface.
The above sample surface is paneled with Evolute
Pro Academic version and the result is quite even
and smooth. However, the Evolute Pro tool is un-

able to simulate the construction tolerances while
paneling, most resultant panels are not in the same
size. Though the smoothness generated by the introduced workflow is no match for the results generated by the Evolute Pro, but it still conforms with the
construction techniques while creating most panels
with exactly the same size. (Figure 9)

Figure 9
Paneling solution generated
by Evolute Pro Academic and
the introduced workflow.
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Figure 10
The whole workflow.

DISCUSSIONS AND CONCLUSION
Though being capable of simulating the material
properties, the workflowrelies heavily on the material testing and it cannot be wrapped into a software
package to simulate general materials. However, the
value lies in this new way of paneling which could
reduce the cost by making more panels come in the
same size while still be buildable.
The workflow proposed here will provide architects with an efficient way to design freeform surfaces. The whole workflow can be illustrated by the image below [Figure 10]. Pre-Processing and Material
Assignment help architects do a rational design with
buildable results. This will not only add to the precision and performance of the paneling algorithm,
but also provide more controls for the architects

on the sealing lines and the directions of neighboring patterns in their initial design stage, which may
enhance the esthetic quality of the paneling result.
Physically based paneling ensures a better simulation of the constraints applied in the assembly
process. It’s a workflow for designing architectural
freeform surfaces with more control, less cost, and
better quality. Currently, the Pre-Processing and
Post-Processing have been built already, and the
material-assignment process is in test to involve
more complex geometries. Part of the paneling engine has been built already to incorporatefour joint
types and constraints. More constraint types and
soft body simulation is under development and
more test has to be done to ensure the engine could
work stably.
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FUTURE WORKS
Two things are on the schedule of the development.
One is enhancement and tuning of physics engine
to make it better cope with all sorts of paneling
problems. The other is more about the efficiency.
Currently, the collision detection runs on multi-core
CPUs, as the most computational intensive part
of the whole process, the optimization on the performance using CUDA technology will be the best
choice. These future developments will allow a more
stable and instantaneous feedback of the paneling
result.
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Abstract. During a design process, few methods allow designers to evaluate if and
how the future building will match and affect its intended use and its intended users.
Computer simulation techniques have focused on prediction of human behavior in built
environments in order to overcome this lack; nevertheless, their applications are limited
to representation of specific behavioral aspects while a reliable representation of building
response to actual use is still missing. Based on current developments in the video game
industry, the research described here aims to establish a new approach to simulating
human behavior in buildings, centered on a clear definition of use scenarios as specific
structures of active entities called Events. They provide information about occurrences
happening during the use process in terms of Actors involved, Activities performed
and Space where the event takes place. Equipped with AI engines, events control and
coordinate the actors’ behavior during the simulation, representing their interaction,
cooperation and collaboration.						
Keywords. Building use simulation; event-based model; human-built environment
interaction.

RATIONALE
In his 1959 seminal book, S. E. Rasmussen symbolically compared the architect’s role to a gardener,
waiting for his/her design to become alive - “flourish” - in order to see if it will be a success or a failure.
What Rasmussen (and others) had in mind was the
importance for designers of fully comprehending
how a future building will respond to its users and
their activities. Still, few methods exist that can help
designers to really understand how their design
choices and decisions will affect future users life and
activities. Norms and regulations, past experiences
and analysis of already built environments can support designers by providing some idea of how the
future building will be experienced but, because
buildings are unique products, this picture is neces-

sarily vague and uncertain (Maggi, 2009; Amendola,
2009).
The difficulty of predicting future users’ behavior is a huge obstacle to reaching a successful design
result: unlike other design products, buildings cannot be fully understood without knowing how and
by whom they will be used. Many well-known buildings, such as the Pruitt-Igoe plan by Yamasaki or the
Unité d’Habitation by Le Corbusier, considered Architecture’s masterpieces, have failed terribly in trying to meet the needs of their real users.
Human spatial behavior in built environments is
a highly complex phenomenon, difficult to predict
and to generalize. When a human being is placed
within an environment, s/he processes a wide spec-
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trum of information, makes a large number of decisions and performs conscious and unconscious
actions relating not only to the purpose of his/her
behavior but also context at the same time. As direct
consequence of such complexity, a large amount of
knowledge about human-built environment interaction is needed in order to provide a reliable representation of such phenomenon. Several disciplines
of study, including cognitive science, ergonomics,
environmental psychology, and social sciences, have
focused on specific aspects of this interaction, and
much potentially useful data is already available.
Yet the lack of integration and formalization of such
knowledge in reliable, computationally accessible
structures, make it almost unavailable to architectural designers.
Further increasing this complexity is the nondeterministic nature of human behavior itself, which
is heavily context-dependent (on such aspects as
culture, education, role in society, customs, and beliefs), due to which every human being behaves very
differently from others given the same event and
same built context.
Human response to a built environment includes its perception, the ergonomics of its use, the
impact of its intervention within human social systems, and its interpreted meaning. It is probably the
most difficult aspect of performance to evaluate and
to predict before construction. However, in the final
analysis, it is the most important one, because a successful human response to the built environment is
the essence of successful design (Steinfeld, 1992).
The research described in this paper aims to
partially cover this shortcoming through the development of a computational simulation approach,
able to represent the phenomenon of building use
associated with specific, ad hoc design solutions. A
first implementation of this modeling technique has
been focused on representing human behavior in
healthcare facilities, using as reference the functioning of a hospital’s nursing ward.

STATE OF THE ART
In all design stages it is highly important to fully understand how the future building will be used and
the its related interaction with its intended users.
Despite this importance, few methods exist that can
predict and help to evaluate this type of building
performance during the design process. Currently,
the assessment of the use quality of building response to future users’ behavior and well-being is
left to the insight and experience of designers, who
must use their own, often biased and incomplete
knowledge to imagine, try to foresee how the building will be used and felt (Perin, 1972).
Norms and regulations are used to represent,
in a generalized way, knowledge about buildings’
human-related performances in the design process.
Although dominant and influential (Koutamanis and
Mitossi, 1996), the ‘normative approach’ has shown
several limitations in its application to architectural
design. In many cases, buildings in use do not work
as intended. Some of their features perform better,
some worse, some differently. Norms are generalizations, and their static and rigid representation
of average human behavior are ill-suited to the
uniqueness and context-dependence of humanbuilt environment interaction, and to the dynamics
of human behavior phenomena.
The increasing power of computing and the introduction of simulation-based approaches in other
disciplines related to building design (such as structural or energy engineering), have promoted developments of new methods to predict human behavior in built environments. Although simulation
techniques have shown their broad potential when
applied to representation of complex systems and
phenomena (Martin, 1968; Kalay, 2004), their application to human-building interaction have been
limited to representation of only some well-defined
aspects of human behavior in buildings, such as pedestrian circulation, fire egress and crowd dynamics.
Despite the advancements in such directions, other
simulation models aimed to general representation
of building use are still missing.
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Among different simulation approaches, AgentBased Modeling is currently the most widely used in
research and practice. It is based on single, autonomous, objective-driven behavioral entities called
agents, which can make decisions and act appropriately when provided with information concerning
the status of the environment surrounding them.
However, the Agent-Based modeling paradigm
seems to actually fail when applied to the representation of cooperation and collaboration among
agents (O’ Sullivan and Haklay, 2000), which is the
prevalent activity of human behavior.

EVENT-BASED MODELING
Looking at the limitations of “pure” agent-based
systems, and at contemporary advancement in Artificial Intelligence application in game industry, the
research described in this paper aims to provide a
different approach to simulating users’ behavior in
a building, based on clear representation and simulation of the use processes, rather than on autonomous, sometimes arbitrary behavior of individual
agents generated by their own specific set of rules.
We call these cooperative processes “Events.”
In our modelling approach, events are a representation of how one or more people interact with a
system – in our case a built environment – to reach
objectives defined by their specific tasks and objectives.

Similarly to their use in game industries and researches, events in building design can be considered plausible narratives that describe the impact of
the built environment on activities and life of future
users. They are not a direct prediction of how the
people will behave in a future building, but rather
a knowledge-base necessary for such prediction, to
be modified and adapted by local, specific circumstances. Events can be derived from data gathered
during contextual enquiry activities in different
ways, such as direct observation of similar, already
built cases (POE), previous knowledge formalization,
hypotheses reviewed by actors usually involved in
such kind of use case, etc.
Combined into sequences, which we call “scenarios,” events are representations of the phenomenon of buildings-in-use, in terms of discrete activities, involving a number of users, and performed in
specific spaces and time. In the formalization of a
scenario, events can be considered as milestones:
entities that are structured and connected to each
other in order to represent, step by step, what happens in the building.
The use of events as main entities in modeling
the building use process is the core of the proposed
representation approach. Our choice to move from
objects/agent-centered systems to an events-centered system is crucial and directly related to the
objectives of the model, namely - to provide reliable
and complete data about building in-use.

Figure 1
A scenario represented as
sequence of event entities,
providing information about
actors involved, activities
performed, and location in the
building.
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To formalize events and scenarios, we combine three
type of information: who are the users involved in
such occurrence (the Actors), what are the tasks they
perform (the Activities), and in which physical part of
the environment the event occurs (Spaces).
These types of information cannot be simply
grouped into structures, because they represent
heterogeneous and independent domains of data.
Each of them acquires a specific meaning depending on its grouping into the assembly. In order to
manage these structures of data we have developed
the event structure: the three-way, specific combination of Actors, Spaces and Activities (Fig. 1). An event
entity provides a specific context that allows the
combined Who, What and Where information to be
interpreted in a meaningful manner.
Events entities have been formalized by philosophers such as Heidegger (1962) and Kim (1976) as
“phenomenological entities” in which are present
both abstract, ontological meanings and concrete
existences generated by their effective occurrence.
In post-occupancy evaluation processes, events
are easily recognized: they are a direct consequence
of single users’ behavior, guided by their personal
tasks and objectives, composed by a complex system of decision/action processes in order to achieve
such objectives in a continuous process of affecting
and being affected by the environment and by other
users’ behavior. For instance, if some people plan to
sit down around a table, each of them will observe
the table and the other people’s behavior, evaluate
them and then choose their own chair, which in turn
influences the other people’s behavior.
Agent-based modeling has focused on the
computation of such process of decision/action. Although extremely powerful in theory, it is incapable
of dealing with the difficulty of representing such
group-cognitive and collaborative decision-making
processes in a reliable way. Consequently, all its applications in the field of building design have been
limited to very specific aspects of behavior (such
as in fire egress simulation), in order to reduce the
amount of complex “reasoning” necessary for each
actor/agent. None involve complex group decisions,

where a representation of human spatial behavior
needs to comprise not only single actor’s actions,
but also cooperation and collaboration among different people. In principle, this can be done using an
agent-based system, but this would be an extremely
hard task and far exceed the purpose of our simulation, as each agent will need to process, in real time,
the impact of its actions on other agents, read their
reactions, and re-process its own actions, etc.
Our approach circumvents this problem by taking advantage of the virtuality of the simulation:
whereas in the real world, intelligence is province of
humans alone, in a virtual world simulation we can
assign computing intelligence also to non-human
entities, such as events. Hence we can equip with
AI (artificial Intelligence) not only actors, but also
the events entities themselves, and assigning them
direct control over all the objects (actors, spaces, furniture etc.) of which each event is comprised, during
the specific time of occurrence. The advantage of using this virtuality feature is the possibility to build a
higher level of computing to control the coherence
of the simulation of use process, and to overlap it to
a light agent-based system (Fig. 2), in which agents
have AI tasks related only to some local aspects of
behavior, such as path-finding, obstacles avoiding,
events triggering.
The event entity behaves like a sort of movie
director, managing and coordinating single agents/
actors behavior during a scene, but leaving to them
a low level of adaptation (interpretation) to such
direction. Returning to the example of a meeting
around a table, in our approach there will be an
event entity, called “people meeting in a conference
room”, which takes control of the actors involved,
evaluates their status and the status of other objects
in the built environment, and defines each actor’s
behavior.
As a matter of fact, this reduction of complexity
into manageable chunks leads to less individuality
and less arbitrariness of single behavior, but we consider this limitation acceptable for a simulation of a
building use scenario. In the sense that rather than
looking for a representation of all the complexity of
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Figure 2
Artificial intelligence distribution in the event-based model,
conceptually and in Virtools
scripting level.

the real world, our aim is to predict the mutual influence between a design solution of a built environment, and specific, well-defined use case scenarios.
At the same time, some degree of adaptation of the
phenomenon is still provided using multiple choices
inside events, multiple events’ paths and also some
local agents’ decisions in order to actually see how
the use scenario will ‘fit’ in the built environment.
Furthermore, as already shown by research in game
industries, event-based model does not have to be
considered as an alternative to agent-based systems, but as a possible augmentation of them. The
balance between agent and simulation depends on
the purpose of the simulation, and on the necessary
degree of autonomy of actors involved.

SIMULATION CONCEPTUAL MODEL
A simulation model is essentially a system stategenerator. It consists of two prime components
(Haylor 1969):
1. A static component that represents the state
of the system, including all the entities that comprise the system (objects, actors, spaces and their
exogenous and endogenous variables), and the relationships among them;
2. A dynamic component that represents changes (how the system moves from one state to another). It is where the system is activated: where the
simulation algorithms are run, generating changes
in the states of the objects. This component is typically associated with a visualization mechanism.

Figure 3
The simulation conceptual
model.
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According to such structure, the proposed model
consists of two parts, a knowledge base to provide
hypotheses about both use scenario and built environment, and a simulation environment to actually
simulate use phenomena (Fig. 3).
The knowledge base represents data and concepts about the system of entities comprising the
building (spaces, building components, furniture,
equipments); the people who will populate it (workers, visitors) and the process of use (events and scenarios).
Each entity is defined by a specific set of property slots representing its attributes and its status,
and by a set of relational rules that expresses its influence and interdependence with other entities. We
build and manage this knowledge base by means of
ontologies. The choice of an ontological model gives
us the possibility of representing all the different
heterogeneous entity classes (scenario, events, objects) in a homogeneous form, and to make explicit
all the related semantic and the relations among
them. In addition, the ontology-based system allows
for the creation of specific instances with property
specific values, defining discrete objects and con-

necting them to the simulation level. To build the
knowledge base and represent this semantics, we
have chosen to use the ontology modelling system
Protégé, a Java-based open source ontology editor
and knowledge-base framework (Fig. 4).
The simulation environment is where the process of use is actually computed, simulated, and
visualized. Inspired by the latest advancements in
the video game industry, we chose to use a game
engine for this purpose.
A game engine consists of two parts: a 3D
graphics simulator, and a manager level for entities
and behaviors: the first part defines the place where
the entities (people, building and all the physical
objects) are graphically represented in a 3D space
where we can observe the objects’ dynamics (people’s behavior, objects’ movements and transformations, etc.) while the simulation is running. The second part is where entities’ and behaviors’ data and
scripts, necessary to actually run the simulation, are
allocated. In this component of the game engine,
each entity is associated with a system of property
slots and related values that will be changed and
updated in real time during the simulation. For inFigure 4
Scenario and events representation by means of ontologies
in Protégé.

530 | eCAADe 30 - Volume 1 - Simulation, Prediction, and Evaluation

stance, if a person is moving through a corridor, his
spatial coordinates and speed properties will vary at
each time frame.
To represent and visualize the users and their
activities in a 3D simulation environment we chose
Virtools, a video game engine developed by Dassault Systèmes, integrated with compatible Artificial Intelligence libraries. Like other game engines,
it is designed for fast rendering, and can represent
dynamic activities and embedded intelligence in
the moving objects, which can be made contextdependent (Fig. 5).

HOSPITAL WARD CASE STUDY
To test and validate the proposed approach, a first
implementation has been developed using as case
study the simulation of the functioning of hospital nursing wards. Their relative complexity on one
hand, and their straight-forward, standardized use
Figure 5

pattern on the other, make them advantageous for
our research, since they provide a comprehensive,
and agreed-upon, data set against which the model
can be tested. As a first step, a double scenario has
been developed in order to test typical activities in a
small hospital ward, and the occurrence of an emergency in a random patient’s room. As shown in figure 6, the same use scenario has been later applied
to two different space layouts, to test their capacity to improving or hindering operational activities,
patients control by nurses, accessibility in case of
emergency, etc. [1, 2].
Our research group is currently applying the
same approach to other hospital departments under construction. A use scenario is being developed
by means of data collection in similar, already-built
hospital departments. The objective of this implementation is to simulate the functioning of the future building, and then compare it with its real functioning after its realization.

Scenario simulation in Virtools

CONCLUSIONS

game engine.

The research described in this paper aims to develop a simulative approach to predict how a building
will affect and be affected by future users’ behavior
and activities. At the core of this simulation is a clear
definition and representation of a use scenario, an
operational narrative which represent the step-bystep performing of activities in a built environment.

Figure 6
The testing phase of two different layout configurations.
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These adaptive narratives are built using events entities, provided with distributed AI engines, controlling actors’ behavior during the simulation.
This approach reduces representation complexity of human behavior and limits the emergence
phenomenon, limitations we consider acceptable
for the purpose of our research. The proposed model offers a more manageable and coherent representation of modalities of mutual affection between
building environment and its future use (and users).
At the same time, it allows representation of cooperation and collaboration among different people
who use the building.
Predicting if and how a building will match its
intended process of use before its actual construction will have a positive impact on the design process. It will allow designers to evaluate this kind of
building performance and, if necessary, to intervene
to solve emergent usability problems, critical points
and inconsistencies. In the same way, a better comprehension of specific building use phenomenon
will give designers the possibility to provide and directly evaluate different solutions, improving quality
and liveability of the final product.
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Abstract.This paper discusses the potential of emerging digital representations of
built environments coupled with agent-based modelling (ABM). A new set of urban
transportation data is provided as an input which is the electric vehicles (EVs) population
of one of the UK metropolitan areas. The study is a part of a PhD research that focuses
on investigating computer-aided software to develop a virtual route for electric mobility
in the North Sea Region. An overview of agent-based simulation platforms is discussed.
Electric mobility system has particular paradigms that differ from conventional urban
transport systems; a comparison is presented followed by the recommended approach of
integrating the two techniques (visualization and simulation). Finally, the architecture
of agents’ algorithm within the EVs network is presented through a case study of virtual
Newcastle-Gateshead model.						
Keywords. E-mobility; electric vehicles; simulation; agent based modelling; virtual city
models.

INTRODUCTION
This paper discusses mainly two computer-based
techniques for real-time electric mobility simulation
in urban areas: (1) simulation and (2) visualization. In
this context, visualization is the digital representation of urban environments from aerial view maps
to the more accurate city plans produced to the 3D
virtual city models (VCM) (Horne et al., 2007). In the
planning context, the advent of computer aided
design (CAD) and three-dimensional (3D) modelling shaped the way in which we can better create
and simulate metropolises (Thompson and Horne,
2006). Vehicular simulation is one of the simulation
applications that depicts mobility system, analyzes,
and studies its characteristic to procure reliable real-

istic results (Paruchuri et al., 2002); its output analysis is a very relevant step in simulation approach (Ali
et al., 2007) where it is sometimes integrated with
other models e.g. energy, air quality, noise, etc. The
world now is approaching green and smart urban
transport means to reduce caused Co2 and green
house gases (GHG) emissions. Low carbon emissions vehicles, electric and hybrid, are considered to
be the optimal means of alternative transport that
would eventually reduce the emissions hence save
the environment (Logica, 2011); (Strahan, 2012). As
any other phenomenon, the electric mobility (e-mobility) pattern has to be studied in order to analyze
the current state of the users and determine needs
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and demand for potential future users. Integrated
models that combine e-mobility system with other
models, have been simulated before for particular
marketing and environmental studies e.g. energy
model (Acha et al., 2011), market penetration (Zhou
et al., 2011), power grid (Kintner-Meyer et al., 2010),
customer choice (Mueller and de Haan, 2009). The
paper tries to address the following set of questions:
•
What are the common and extraordinary paradigms between conventional and electric mobility systems?
•
What are the possible approaches to represent
micro-dynamic mobility system?
•
Is it viable to utilize 3D city models to simulate/
present e-mobility system?

ENVIRONMENT AND TRANSPORT
SECTOR
Transportation and logistics is the engine for economic growth. It is crucial to move goods, people
around the countries, and allow accessing employment, services, leisure activities and socialize with
wider communities (HMGovernment, 2011). It also
allows businesses to expand and create wealth and
employment. However, it is, the internal combustion
engine vehicles (ICVs) type (Herbert, 2011)considered as a major contributor to GHG, and hence has a
considerable carbon / environmental footprint emissions. In recent years, the environmental burden of
urban road traffic has been worrying governments
and authorities of developed countries(OLEV, 2011).
A projected look into the future indicates a higher
population growth rate, and increasing urbanization
trends where the automobile population is growing
at a much faster rate (Garling, 2001). Accordingly,
researchers, policy makers, and many governments
across the OECD countries (IEA, 2011) have focused
on low carbon emissions vehicles industry and market considering alternative means of transportation
(IMechE, 2000) e.g. hybrid, electric, hydrogen/fuel
cell(Herbert, 2011) because of the expected depletion of fuels (Wee et al., 2012).

URBAN DATA VISUALIZATION- 2D
PLANS TO 3D CITY MODEL
Urban data has been used before within the two
different forms of digital representation: two dimensional (2D) and three dimensional (3D) in numerous
applications. With a particular attention to 3D, the
extensive available urban settlements data nowadays of developed countries has emerged opening
new channels for more applications: town planning, architecture, microclimate investigations or
telecommunication(Carneiro, 2008). As per a very
recent survey was conducted, there are up to 1036
virtual city models worldwide; this indicates the
increasing development of digital representation
technology (Morton et al., 2012). The representation
of geometry and topology of 3D objects memorizes
the shape and configuration of the city. The challenge in visualization is to present it in an uncomplicated way while keeping it on an acceptable level
of details and density (Thompson and Horne, 2006).
Wang (2005) has mentioned that researchers started
managing and presenting geographic information
using true 3D representation and forms of analysis
of the built environment and present the outcomes.

SIMULATION MODELLING
Simulation modelling has passed through different
stages of development to replicate social sciences
(Troitzsch, 1997), (Figure 1) shows the present study
focus.
Simulation has been widely used in social sciences (Wang, 2005) and the occurrence of its collective phenomena always attached researchers;
For simulating real-time network, simulation solution will better fit due to the occurrence of state
changes over time, discrete events and discontinuous equations where by using analytical solutions,
the time factor is not considered as outputs functionality depends on the input (Borshchev, 2004).
Simulation provides solutions whilst considering a set of rules e.g. equations, mathematical equations/from theories (Lombardo and Petri, 2004),
flowcharts (Borshchev, 2004) Cellular Automata (CA)
(Lombardo and Petri, 2004).
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Microscopic simulation provides detailed environment of vehicles movement and facilitates coupling
Intelligent Transportation Systems (ITS)(Burghout,
2004).

Vehicular simulation
Vehicular simulation as one of the advanced simulation applications that is capable to simulate mobility population, behavioural characteristic, and direct
and indirect interactions while allowing a better understanding of astronomical observations (Helbing,
2011). This type of simulation can be achieved via
two different approaches; mathematical (centralized) or behavioural (de-centralized) approaches
shown in (Figure 1). In centralized approach, carfollowing laws and scheduling techniques are used
which are not generic and can not portray many
traffic phenomenon, facets, and behavioural characteristics. On the contrary, de-centralized simulation is more sensible to population behaviour
being simulated (Doniec. A, 2008). Hence, the pre-

sent study falls under this approach by employing agent based modelling (ABM) to develop a
spatial intelligent agents (Narzisi, 2008). Agents in
such modeling, maintain preference, act differently
(Summala, 2005), be opportunistic and anticipate
situations(Björklund and Åberg, 2005).

Agent based modelling-ABM
Agents sense and act upon their environment,
try to fulfil a set of goals in a complex-dynamic
environment(Schelhorn, 1999). They involve both
goals and constraints forming and emerging the
overall complex network (Frank, 2001). Independent
perceptions and individual decisions are taken and
virtually presented (Li et al., 2006). Agents work together to find the best solution for a problem(Chen,
2009), learn from their experience and adapt tobetter suittheir environment (North, 2010). (Tables 1
and 2) introduce a collection of simple and intuitive
ABM platforms.

Figure 1
Present study area of researchdotted line arrow shows
the employed approach to
simulate new phenomena.
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Platforms

Simulation
Technique
Single processdiscrete-event, ABM

Simulation Environment

VISSIM

Discrete simulationobject oriented
programming-OOP

Anylogic

Hybrid (ABM,
Discrete event System Dynamics)

Vehicular model: Blocks:
(1) Infrastructure
(2) Traffic (Vehicles)
(3) Control
Pedestrian model:
(1) Fixed routes
(2) Dynamics routes
(3) Dynamic Assignments
Classes: 1- Environment (
main), 2- Agent (People)

Swarm

Agent and
individual based
modellers
Discrete time stepsmulti-agent
programming

MASON

NetLogo

RePast

Application

Table 1
ABM platforms’ tech-

Layers: 1-Agents and the
schedule, 2- Fields

swarms, collections,
actions, schedules,
observers
Layers:
1- Network- Link segments
2- Nodes ( intersection)
3- Control Features
Discrete time-OOP,
Environment ( main class)
scheduling. Multiple and Agents( layers):
computational
1-Properties(Topology)
agents and
2-Networks (Transport)
personality trait
3-Diffusion models (info)
modelling

Vehicular simulation using ABM was applied in 1998
by (Trannois et al., 1998) where it was an adoption
of the well-known blackboard system for planning
agents’ action within the simulation environment.
The second significant trial was by (Paruchuri et al.,
2002) where they created autonomous agents making own decisions using fine-tuning parameters. According to Doniec at al. (2008), the first model was
not presenting autonomous agents’ behaviours

Intensive computational
applications ( large
group)
Realistic driving and
pedestrian behaviour.
Microscopic and traffic
operation

Several ABM applications:
agents can be
:consumers, vehicles,
equipment, products, or
organizations
RePast, Ascape and
MASON creator
Education purposes, short
time simulation, local
intersection of agents and
grid environment
Social network and
dynamic models

and the second one was having limitation due to
the supervised and controlled situation by external
centralized process. Doniec et al. (2008) developed a
more realistic behavioural model by simulating drivers’ behaviour in real simulator depicting their local
autonomous behaviours while applying opportunistic and anticipation traits. Our study continues on
investigating the appropriate technique to simulate
EV population. A hybrid model that combines meso-
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niques, environments, and
applications(Railsback et
al., 2006); (Luke et al., 2005);
(Doniec. A, 2008).

Table 2
ABM platforms pros and cons-

Platforms
MASON

(Railsback et al., 2006); (Luke
et al., 2005); (Doniec. A, 2008).

VISSIM

Anylogic
Swarm

NetLogo
RePast

Pros
Fast execution speed, clever, high
complex problems, good user
interface, generate graphs and
charts
2D and 3D visualization suite, GIS,
fast, high complex problems, good
functionality of traffic flow,
measure of effectiveness (MOE's)
reports.
Fast, code writer, drag and drop,
GIS, high/ medium complex
problems
Clever, stable, well organized, clear
conceptual basis, clear separation
of graphical interfaces and the
model.
Less programming time and error
checker
Fast, GIS, high complexity,
advanced UI, geographic and
network function

scale (emergantbehaviour of infrastructure usage)
and micro-scale (related to individual charging behaviour) using decentralized ABM while adding artificial intelligent (AI) rules and learning algorithms
to find the system evolution (Lombardo and Petri,
2004).

EV MARKET IN BRIEF
In Europe and with a particular strategic focus on
private and non-commercial electric cars, the total
number of registered cars can indicate the level of
market penetration. In the first half of 2011, the total EVs registrations were 5,222 (JATO, 2011) which
depicts the EV niche market that is in a real need of
expansion and creation of conditions for growth for
the mass adoption (Graham-Rowe, 2012). The market is hampered by many factors e.g. cost, range,
capacity, visual appeal (Graham-Rowe, 2012) speed,
and lack of recharging infrastructure integration
(Garling, 2001); (Hatton et al., 2009). The higher up-

Cons
3D display only , non-standard and
sometimes has confusing terminologies,
problems in interface and programming
Mathematical models are behind the
modelling (check centralized approach)

3D display only, poor visualization,
medium complex ABM problems
medium execution speed, minimum
complex problems, incomplete
documentation, weak error handling,
No 3D, no GIS, slow, minimum complex
problems, and no reproducibility
No 3D, no built-in method to randomize
orders among agents

front price of EV compared to conventional car is
one of the considerable barriers by potential users
(Garling, 2001); nevertheless, the degree of urban
geography, market maturity and infrastructure have
their effects on market growth (JATO, 2011) as well.
However, the roll out of intelligent infrastructure,
creation of innovative service models and changes
in consumer behaviour are all positive transformations that indicate that it is a growing market (Beeton, 2011) with a positive effect on climate change
(Herbert, 2011)
Several factors pertinent to EVs’ battery range
appear to influence users’ anxiety during driving;
known as Electric Vehicle Range Anxiety- EVRA (Nilsson, 2011). It is believed that this anxiety hinders the
EV market expansion (DfT, 2011). EVRA basically exists due to the short full-electric range the EVs have
(HMGovernment, 2011). Full-electric range is the
maximum distance a vehicle could travel without
a need of charge (Eppstein, 2011). Therefore, it can
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Paradigms
Problem class

possible
Applications

Solution
Source of Date
Aim
Market and R&
D
development
Simulation
Environment
Layers/
Classes

Conventional (non EV) Mobility
Congestion, traffic management, air
quality, noise, and fuel usage,
finding solutions to decrease the
number of usage
- Planning and policy makers
- Traffic impact assessment
-Parking and pedestrian studies
- Sensitivity analysis
- Traffic safety
- Forecasting and controlling traffic
- Optimizing traffic flows
ABM, CA, both, or geo-simulation
(Not analytical)
Theories, Artificial Intelligence (AI),
interviewed and surveyed persons (
driving pattern)
Shortest path propagation
Different platforms, integration of
different approaches and
applications
Simulations were conducted with
different structure:
A- Layers:
(1) Physical layer
(2) Mental layer
(3) Feedback layer
(4) Condition layer
B- Layers:
(1) Reference layer
(2) Route feature layer
(3) Event layer
C-Cellular Automata:
(1) Estate (fixed)
(2) Agent (non-fixed)
D-Classes:
(1) Environment(2) Agents
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E-Mobility
Infrastructure integration, charging
habits, energy usage, market
penetration (Well-to-wheel studies),
EVAR, finding solutions to decrease
CO2, increase market uptake
- Social and Engineering Sciences
-Daily dairies (Charging behavioral
characteristic)
-Planners and Policy makers
-EV and batteries manufacturers,
technology providers
-Renewable energy, R&D.
ABM for IF THEN rules, complex spacetime, and computational tasks of
collective agents (Not analytical)
Interviewed and surveyed EVs early
adopters and market stakeholders in
addition to AI, IF then rules, etc.
Nearest charging point
Niche market. Little literature focusing
on integrating EV simulation with other
applications (not urban planning)
Layers/Classes:
(1) Simulation environment ( network,
city topology and charging points)
(2) Autonomous Agents ( Vehicles
showing battery states)
(3) rules (mathematical, activity based
or AI)

Table 3
Conventional (non-EV)
mobility and e-mobility comparison: (Arampatzis et al.,
2004); (MVA, 2011); (Burghout,
2004); (Hall, 1997); (Benenson
and Torrens, 2003); (Bazzan,
2005); (Ali et al., 2007); (Jiang,
2000); (Ali and Moulin, 2007B);
(Fellendorf, 2010); (Chiu et al.,
2005); (Lombardo and Petri,
2004); (Balmer et al., 2008);
(Narzisi, 2008); (Element
Energy Ltd, 2009); (Arampatzis
et al., 2004); (Bell et al., 2000);
(Paruchuri et al., 2002);
(Doniec. A, 2008); (Bishop and
Gimblett, 2000); (Acha et al.,
2011); (Wang, 2005).

Interactions
Route Choice
Routes of
Evolution
Rules
Routes Type
Choices and
Decisions'
Factors
Mobility Mode
choice
Agents goals
Reactive
Agent's brain
(key Traits)
Behaviour
Key
Components
Emerging GIS
Visualization
GIS- 3D
Visualization
ITS Strategies
Integration
Multi Agents

More direct interaction with agents
More interaction with the environment
Travel time, distance, and cost
Travel time, distance, and battery state
1-Theories
Knowledge based findings and IF THEN
2- Knowledge based findings
rules (if required ) to apply more rules
(Activity based approach)
related to battery state and availability
3-Artificial Intelligence (IF then)
of charging posts
Real-time path searching-routes/ sub-routes
Time, mode, location
O-D matrix, time granted, full-electric
range, charging location/time (initial
battery state, and power capacity)
All modes of vehicles - Battery
One mode / simulation: e.g. Private
Capacity is N/A
cars with different batteries capacities
Macro and Micro goals
Selfish principle in reaching goal,
Selfish principle in reaching nearest
fine-tuned parameters (speed, gap
charging within vicinity, check state of
between vehicles, queuing, collision battery, charging time, parking lots.
detection, and brake.
Speed, gap, lanes, and brake are N/A.
Vehicles traits/flow in traffic (route)
Charging behaviour (profile)
Roads, intersections, traffic lights,
Vehicles and battery type and capacity,
pedestrians, vehicle's speed and size no. of users, charging points
Possible, works as repository of the data and user interface
Required for better presentation
Example: recreational areas visitors'
Gap in the literature - lacks technical
movement, traffic impact analysis
depth and temporal detail
Message signs, transit signals
Nearest charging point is considered
priority, corridor alternative analysis, based on location and availability
control techniques
reported by NAVSAT.
Traffic:1- Network (destinations and
EV: 1-Network destinations, roads, and
roads) 2-Vehicles, 3-Control
parking lots)2-Charging points,3Vehicles, 4-Batteries, 5-Drivers

be said that providing accessible and high visible
charging network (hard and soft infrastructure (Beeton, 2011) generates interest amongst consumers
and encourages uptake (Element Energy Ltd, 2009).
Towards developing a unified ecosystems and smart
cities, investigating and predicting the consumers’
response is a significant challenge EV marketers are
facing (Beeton, 2011); (Strahan, 2012)
In vehicular simulation (Valverde and Sol’e,
2002) and particularly in the context of EVs, it is
very interesting to study and analyse emergent be-

haviour. This behaviour is a collective macro-scale
behaviour coming from the bottom-up (Crooks
et al., 2008) and resulting of agents’ coordination
(Morton, 2011); (Bonabeau, 2002) (Li et al., 2006).
EV patterns or clusters have different nature from
normal vehicular patterns. To simulate such pattern,
we need to understand its nature and parameters
so that we can set the right configuration and have
reliable simulation outcomes. A wide range of applications and research studies have focused on the
conventional mode of transport and traffic man-
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agement using micro-scale simulation to present a
specific phenomenon. Whereas, little literature was
dedicated to EV population and particularly those
are focusing on planning and policy making area.
An overview of the main paradigms of e-mobility
system has to be declared and studied to better understand the system hence better develop the simulation environment and agents’ architecture. The
following (Table 3) is considered as one of the main
steps of the process of simulating EV population. It
summarizes the paradigms of conventional mobility
and the extraordinary paradigms of EV mobility systems and it is followed by authors’ observations.
As it can be observed from (Table 3), EV population is not entirely a new type of simulation compared to conventional mobility. They have lots of
common and mutual parameters; whereas, the first
has some unique parameters that signify its simulation nature. This reflects that EV population is a
sub set of the conventional mobility data. The mutual paradigms are clear and recognized e.g. roads
network layer, some of the agents’ behaviours and
traits, goals scale, visualization and GIS purposes,
and the way the ABM is structured. Unique paradigms e.g. battery state, charging preferences, number of destinations, and parking areas exist due to
the differences in simulation aims and targets. For
an example, both EV and non EV can be typically
replicated within a conventional mobility simulation
where network and controlling rules will be applied
to both similarly. Since the vehicle type is not an influential parameter that may affect the simulation
results, the EV will not be recognized as a low carbon vehicle in this particular simulation. However, in
other applications pertinent to air quality and noise
where the vehicle type affects the study, EV would
be recognised as it would completely differ in environmental and acoustical statistics (Hodges and Bell,
2011). The present study targets social scientists,
policy makers and planning authorities, who are
concerned with the EVs hard and soft infrastructure.
In this case, the vehicle type is a major influential
factor of the simulation as the outcomes of the simulation would assist in the EV urban planning and

infrastructure processes. Drivers’ charging behaviour
should be depicted and analysed after running different scenarios (number of users, charging points
locations..etc); such behavioural characteristic needs
distinctive setup. Thus, we can conclude that EV
population is a small part of a large group; depends
on the application and the end-users’ requirements,
the simulation setup changes accordingly.

INTEGRATING SIMULATION WITH
VISUALIZATION FOR E-MOBILITY
SYSTEM’S STUDY
The aim of this study is to investigate the potential
integration of simulation and visualization techniques to better represent EV population in metropolitan areas. We are witnessing a long history
of the development of simulation, 3D visualization
and also geographic information system (GIS) in research and practise. However, the integrative uses of
these techniques are still in early stages. For urban
environments and transportation systems planning and policy making, the importance of spatial
visualization, VCM, lies in its potential for improving
the quality of decision-making (Wang, 2005). VCMs
help presenting large amount of data , identifying
patterns (Ware, 2000) and presenting interdependencies hence better understanding (Helbing et al.,
2000). VCM is based on CityGML data format which
is a profile of GML3. CityGML implements an interoperable, multi functional, multi-scale and semantic
3D city model. It supports several levels of detail
(LoD) as identified by Kolbe et al. (2005) which start
from LoD 0, the coarsest level and it contains two
and half dimensional digital Terrain (Terrain surface:
foremost geographic object and a base of 3D space
in VCM (JIN et al., 2005)), to LoD4 which is detailed
architectural models including interior and furniture. 2D maps and plans with occasional prospective views and static images presentation technique
has been used for urban-planning purpose (Wang,
2005). Planners primarily work on a 2D analytical
mode (Pietsch, 2000, Orford et al., 1999). However,
for the purpose of the study, a VCM with LoD 2
which presents building textures, networks and infrastructure would perfectly suit.
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Towards better spatial planning and micro-dynamic
network outputs, the integration of 3D visualization
and simulation modelling can represent the dynamics within a realistic visual environment (Figure 2)
instead of non-visual approaches such as text and
tables (Wang, 2005). In order to represent mobility system, three ways of integrating simulation and
visualization techniques can be considered: (1) 2D
visualization of ABM simulation, (2) 2D simulation
presented in 3D environments (simulation is draped
on a 3D Terrain surface) or (3) simulation in a 3D
modelling environment.
Since the integration concept has proven its importance and vitality,the guidance in choosing the
approach to be employed, is the capability of the
simulation platform and how good it would accommodate 3D visualization. Following the evaluation
of the platforms presented early this paper, and on
the purpose of the present study, the selected platform should be reliable and capable to simulate behavioral characteristics of drivers, give same results
with less effort, simplify the simulation environment
configuration and provide more flexibility in changing simulation parameters and future situations.
VISSIM platform showed good results in terms
of 3D visualization. From literature, it has been utilized before to simulate traffic and it has proven success in merging traffic simulation with 3D modeling
(Nomden et al., 2009). However, due to the unique
nature of EV population as observed from (Table
3), EVs simulation will not require massive traffic
and complex network data as an inputs. A more
agent-based oriented platform in modeling would
get more credits and higher preference. Anylogic is
ABM platform in the first instance, accommodates
hybrid problems (if needed), requires less coding
(code writer) and has an interactive simulation environment which facilitates having IF THEN rules and
AI algorithms via JAVA coding. Built-in logic, state
charts options and API (Application Programming
interface) would perfectly facilitate modelling EV
population with less coding effort.To conclude, integrating simulation outputs with 3D modelling is the
recommended approach for simulating EV for urban

planning purposes. 2D simulation to be conducted
in ABM platform (AnyLogicis recommended for its
capabilities), exported, draped in VCM creating spatial dynamic interaction model.
Finally, we can now clearly clarify the five main
steps needed to develop the EV Agent (EVA) simulation: (1) understanding the nature of the system, (2)
evaluating available platforms and selecting appropriate one for the study focus, (3) developing agent’s
architecture, (4) simulating the population using
appropriate platform, and finally (5) integrating the
simulation with VCM. The setup, configuration, and
environment of the simulation is a multi criterion
decision:
•
Simulate micro-dynamic large-group simulation (vehicular movements).
•
Fast execution time, stable, interactive and reliable agent based modelling;
•
Requires less coding for adding IF THEN simulation rules.
•
Has a 2D and can be coupled to realistic 3D
visualization solutions( Figure 2);
•
Accepts GIS in case of geo-simulation is required.
•
Can simulate societal and behavioural models;
•
Has an API collects and extracts real-time information, exports to 3D visualization suite ( if
needed for visualization purposes).

CASE STUDY: NEWCASTLE-GATESHEAD
AREA
The chosen focus area is the inner urban core of
one of the UK North East metropolitan areas, Newcastle upon Tyne, was selected as the research pilot study. The simulation input data is based on
the real information about EV drivers and their usage which is provided by CYC back office (C(harge)
Y(our) C(ar), 2011), EV local service provider for the
UK North East region. The selection criterion of the
case study is based on meeting two conditions: (1)
Active in EV market and (2) leading in the 3D visualization techniques. Newcastle has proven success
in providing initiatives and schemes for low carbon
emissions vehicles. It is leading the North Sea region
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Figure 2
Simulation and visualization diagram showing flow
of data.

in promoting EV market. Since 2009, Built Environment Visualization Centre at the school of the Built
and Natural Environment, Northumbria University
in collaboration with Newcastle City Council and
Gateshead Council has been developing the virtual
Newcastle-Gateshead (VNG) to be used for planning
and various different applications.

The artificial brain development of EV
drivers’ agents
The ABM simulates each (EV) battery as an autonomous agent which makes its unique decisions by
daily planning (O-D matrix) and finding charging
points(Elbanhawy et al., 2012). The following points
summarize agent’s attributes and model assumptions:
•
Simulation path: EV agent starts defining the
Origin-Destination(O-D).
•
Update time-interval: On a daily basis.
•
Route Choice/Decisions: Daily basis, and at
every destination, the agent chooses its path
with new destination(s), checks the EV battery

hence charging schedule.
Battery states: 0%, 30%, 50%, 70%, 90% (depends on domestic charging).
•
No. of possible destinations: 3 destinations /
day ( based on average miles/ day).
•
Charging scenarios: (1) Domestic (2) At work,
(3) On and off street (public)(Elbanhawy et al.,
2012).
The model outcomes will be calibrated by the information about real-world usage provided by CYC.
The correlation factor between the simulation and
real Newcastle-Gateshead will be monitored. Eventually, more information is to be added and simulated while validating and calibrating the model before
trying different states.
•

CONCLUSION
This study aims at investigating the paradigms of emobility system. An overview showed the common
and extraordinary parameters and configurations
between conventional and e-mobility systems. Emobility is quite a distinctive pattern to be simulated
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by micro-dynamic ABM where an emergent behaviour to be observed as an output. The simulation has
five main stages that start with scanning the market
and understanding the EV mobility nature, to selecting appropriate platform, to developing agent’s architecture, to developing the simulation modelling,
to finally analyzing it and giving recommendations.
Recommendations and observations shall depict
the current state of the infrastructure network and
individual travelling patterns and charging behaviours. For perfectly fitting the purpose, 2D simulation is to be conducted via ABM platform and to be
integrated with 3D city model. This would help presenting the phenomenon hence better analyses opportunities for planners and policy makers.
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Abstract.This paper presents Architectural software Tool for Structural Analysis (ATSA)
which is designed as a software bridge between architectural and structural software
programmes. It has been developed at university in cooperation with architects and
structural engineers, intended to make their interdisciplinary cooperation more efficient.
ATSA is aimed to provide structural analysis of drafts created by an architetct in the
early stages of design in order to enable the architect to understand the mechanical
responses of the structure to loading, and thus optimise it creatively through an intuitive
form-finding process.							
Keywords. Design tool development; interactive structuralanalysis; architectengineer
collaboration; intuitive form-finding;generative design.

INTRODUCTION
The early stages of design are the most creative
phase of the architectural process. During this
phase, the architect creates a large number of drafts
to be considered for further development of his design, he develops an understanding of environmental characteristics, hedetermines the geometrical
limitations of his design. The architectural software
tool for structural analysis (ATSA), we have been developing, will supply architects with an insight into
the structural behaviour of their drafts, providing
information on strain, stress, displacement, rotation,
reactions, forces, and moments. Using this information, architects can understand form and forces in a
designed structure and intuitively react to any manipulation of the design.
This intuitive form-finding process is similar to
the ESO (Evolutionary Structural Optimisation) optimisation method. However, this method uses an artificial intelligence algorithm to solve form changes,
which allows it to fully automate the form-finding

process.The similarity between these two processes,
especially their synergy, has recently become the
subject of several research projects (Holzer, 2005;
Burry, 2005; Buelow, 2009). An examination of the
synergy between the intuitive process of architectural designing and an artificial intelligence algorithm in the early stage of design is a long-term goal
of our research. One step towards achieving this
goal is the development of ATSA.

EXISTING ARCHITECTURAL SOFTWARE
TOOLS FOR STRUCTURAL ANALYSIS
The existing architectural software offers different
approaches to structural analysis. These software solutions mainly differ in their method of creating the
structural analysis model, the related graphical user
interface GUI, workflow and demands for calculation
of structural analysis (time-consumption).
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The complex physical geometry of
analytical models
The simplest and most common solution is the direct export of the architectural design model from
the design modeller into an external structural
analysis software programme usinga universal geometric file format (OBJ,IGS, etc.) However, when the
complex physical geometry of the model form is
exported using an ordinary geometric file format
it does not contain enough information(such as
boundary conditions, material properties, cross-section) necessary for structural analysis.
Therefore, it is necessarily to manually input addition information in the analysis software (in practice this is often the structural engineer’s task), making it impossible to automate the analysis process.
Furthermore creating a structural analysis model
identical to the complex geometry of the design
model is also more time demanding for calculation
of the analysis. This method alike techniques used in
our original interdepartmental collaboration, due to
the time-consuming analysis is not suitable for verification of the large number of drafts produced in
the early stage of design.

Dual geometry of design and analytical
models
More sophisticated solutions are now available
based on the creation of the dual geometry of both
a design and analytical model, BIM tools being one
such example (Revit, Archicad, Allplan, etc.). These
tools dealing with interdisciplinary collaboration
belong to often discussed issues nowadays. Thanks

to the archetypal nature of the design model, during its creation it is possible to automatically generate a simplified, schematic geometry against the
background, representing an analysis model, which
decreasestime consumption.
Generated analysis model can contain all relevant information for structural analysis and therefore it can be analysed inexternal structural analysis
software (Scia Engineer, Robot Structural Analysis,
FEM-Design, etc.). The aim of BIM is to develop a
standardized universal file format IFC [1],to ensure
data compatibilitybetween architectural and structural software. According to currently available resources, we can assume that in this workflow the
architect is not expected to provide his immediate
response to structuralmechanical responses (strain,
stress, displacement, etc.), because the IFC file format does not provide him with the necessary analysis feedback.
In BIM, apparently, it is the structural engineer
who adjusts the design modelbased on structural
analysis.The design model is a communication
bridge between a structural engineer and architect.
The architect receives the structural engineer´s response to analysis in the form of changes made in
the design model. Then, the architect may choose to
incorporate those changes or further changes into
his model.

Schematic geometry of analytical models
The method we propose is based on an architect´s
direct response to the results of the structural
analysis. The architect creates anschematic analysis
Figure 1
a) architectural design model;
b) structural design model;
c) structural analysis model.
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Figure 2
a) original workflow;
b) proposed workflow.

model directly in the design modeller. Using ATSA
the model can be automatically analysed against
the background andresults are displayed back in the
modeller. With each change in the model, the process isrepeated automatically.
Creating an analysis model and inputtingthe
necessary information is done in the design modeller interface using the plug-in. Direct creation of an
analysis model provides better control and makes
it easier to change drafts. Model analysis runs in an
external programme, so the model is first exported
into the adapted VTK file format [2]. After it is analysed the results are saved in it and the file is loaded
into the modeller.
A very similar method of approach to structural
analysis is the Karambaplug-in [3]. Unlike our solution, Karamba uses an internal library for analysis,
and so it does not use any file format. The Karamba
plug-in was released during the development of our
ATSA and the similarity ofbothsoftwareconfirms that
our development is moving in the right direction.

ARCHITECTURAL SOFTWARE TOOL FOR
STRUCTURAL ANALYSIS (ATSA)
ATSA is designed as a software bridge between existing architectural software and structural software
programmes being developed at university. It is
intended for making interdisciplinary cooperation
within the university more efficient. Our objective is
also to apply ATSA in architectural practice.

Modules

functional Interface between Design And mechanical response Solve)[4] which ensures automation of
the process of structural analysis on the structural
engineer´s side. It is a pre/post-processor which receives, and based on parameters processes data between the architect and selected structural analysis
software. This sophisticated data processing makes
it easier for an architect to create an analysis model
and facilitates the subsequent interpretation of the
analysis results.
Currently there are two available options for
structural analysis software: OOFEM[5] and SIFEL [6].
Both of them use Final Element Method (FEM). Both
have been developed at the university under the
GNU GPL license. As a part of our research OOFEM
has been enhanced by adding some new elements
and functions. The modularity of ATSA allows (if
necessary) further structural analysis software to be
added.
On the architect´s side, modules are being developed as plug-ins that extend existing architectural software. They make it possible to create an
analysis model in the modellers which are preferred
by architects. Modules extending architectural software can be added and thus enhance the variety of
ways of to create architectural designs.
In designing this tool, we have focused on its
adaptability and its future expandability. That is why
the modules are being developed under GNU GPL
v3licence. This will allow more experienced users to
customize the tool to solve more specific problems.
Adapting the tool helps to extend its functions.

The heart of the tool is the module MIDAS (Multi-
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Figure 3
ATSA modules, functional
scheme.

Implementation
Communication among ATSA modules is performed
via the VTK file format mentioned above. Its data
structure is designed to work with MIDAS meeting
structural calculations requirements as well as architectural requirements to represent analysis outcomes. Rules for file content and data structure are
defined in the interface (OOP interface). This interface has to be implemented by each ATSA module to
provide module cooperation. It is the only condition
that has to be met when creating any new custom
module. This interface is thus designed to be easy
to implement and versatile. The chosen file format is
easily readable and editable even for people (plain
text file). But the ATSA interface is not necessarily
dependent on a single file format. It is possible to
implement new formats following the same rules or
even to share data in computer memory. However
communicating data via computer memory would
not permit the possibility of analysis archiving or file
sharing among different users.

ARCHITECTURAL ATSA MODULES
Each developed ATSA module represents a different approach to the architectural design process.
It offers different possibilities and serves different
goals. While the Struct module is mostly used for
®
fast manual drafting of 2D schemes in AutoCAD like environments, Donkey is usually implemented
in more complex and potentionally more interesting

generative design processes. A specific moduleto
serve specific needs, Robo.dexemplifies a simple implementation of ATSA.

Robo.d
“Digital design is now fully assimilated into design
practice, and we are moving rapidly from an era of being aspiring expert users to one of being adept digital
toolmakers.” (Burry, 2012).
Architects are creating innovative designs with
custom created tools. With these custom tools they
are able to accomplish better productivity and design control. Robo.d [7] is a specific tool which was
developed in Java to design a fluid-form structure
for the sculpture GDF-141 by Federico Díaz(Díaz,
2010). The whole sculpture was built from small
plastic spheres, using automated robotic arms. In
this project Robo.d generated simple text files for
the MIDAS module which then passed geometry
data to structural analysis software. Outputs were
given in VTK file format, which could be inspected
in the freely available VTK viewers (Paraview, MayaVi). Therefore it was not necessary to implement an
analysis output display inside Robo.d. The shape of
the sculpture was adjusted according to the resulting analysis, avoiding any critical tension inside the
structure
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Figure 4

Donkey

GDF-141, structural analysis

Donkey [8] has been developed for Rhinoceros´
plug-in Grasshopper. Grasshoper is agenerative
modelling software currently popular with architects. With Grasshopper architects can create complex parametric models of innovative constructions
which can be structurally analysed using Donkey.
Donkey is an interactive tool providing fast analysis
feedback after the initial model has been changed.
This interactivity is a great advantage mainly in the
form-finding process. Donkey´s expandability allows
developers to adopt specific construction solutions.
An example is a student project by Martin Císař designing sports hall roof structure [9], which was inspired by Leonardo da Vinci’s bridge design. Donkey
was used to analyse the roof structure which helped
the architect to find the optimum shape of the structure in its cross section. In the project we met the
challenge to solve very special joint connections in
the construction, which was solved by adding new
feature to the Donkey module.

results.

Struct
Struct is a macro written in LISP designed to work
®
inside applications like AutoCAD and its alternatives. Struct is being developed and tested mainly
in 4MCAD which is based on IntelliCAD. Unlike other
advanced ATSA modules Structis meant to be used
by architects working manually in these conventional applications. They are thus able to receive outcomes of preliminary structural analysis inside the
CAD environment where they are used to working
every day.Simplified structure schemes are used as
an analysis input and its outcomes are usually represented as a new geometry with exaggerated shift
of construction nodes. In this way different design
schemes can be quickly compared to each other.

®

Figure 5
Sports hallroofing, formfinding process.
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DISCUSSION
While working either on real or academic projects,
architects are usually not able to receive any feedback as to the quality or feasibility of construction
in their drafts. Many design alternatives are quickly
created and it would be very difficult or almost impossible for a structural engineer to evaluate them
all. The main difficulty is incompatibility of interdisciplinary design data. This is usually handled by timeconsuming manual model cleaning and adjustment.
In consequence, structural engineers prefer to
analyse only a few project alternatives. The development of ATSA solves the problem of data incompatibility and allows for the automation of the structural
analysis process. The whole process becomes considerably less-time consuming, freeing a structural
engineer from routine repetitive work and enabling
him to devote himself to more efficient, hands-on
consulting on designs. The architect obtains a degree of independence which helps him to design
with more self-confidence and to create more daring and ingenious design alternatives. These design
alternatives are also pre-optimised for later design
stages. This does not mean that alternatives would
be cut down to the simplest or cheapest options but
it should help architects to back up and further develop their creative ideas.

CONCLUSION
In the digital toolmakers era we present our approach to the development of a universal interdisciplinary tool for structural analysis. We show how
to ensure its interactivity, future expandability, and
general versatility in other applications. Thanks to
the ATSA tool architects receive information about
the behaviour of structures, which can be used in
their creative form-finding process. Our research
concerns the natural process of form optimisation
in student and professional projects, in order to
better understand the needs of architects for structural analysis and representation of results. To meet
architects’ needs we plan to implement artificial
intelligence algorithms (AI) into the ATSA tool and
use them to eliminate routine repetitive work and

to help with the interpretation of complicated analyses. We also intend to utilize the unique features of
AI algorithms in the design process to increase its
productivity and enhance its accuracy without disrupting creativity. Our aim is to satisfy demands for
automation. However, we want to avoid fully automatic optimisation where the author loses control
over the form-making process. The synergy between
the intuitive process of architectural design and
precision of artificial intelligence algorithms should
enable one to produce works which represent the
identity of their authors.
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Abstract. Performance-based design approaches typically use iterative simulation as
a way of exploring design variants. For such approaches, the speed of execution of the
simulations is critical to enabling a fluid and interactive design process. This research
proposes an iterative simulation design method where simulations are configured to run
in two modes: in fast mode, simulations produce less accurate results but due to their
speed can be applied successfully within an iterative refinement process; in slow mode,
the simulations produce more accurate results that can be used to verify the performance
improvements achieved using the iterative refinement process. A case study is presented
where the proposed method is used to explore performance improvements related to levels
of incident illuminance and incident irradiance on windows.			
Keywords. Iterative; design; refinement; simulation; Radiance.

INTRODUCTION
Visual Dataflow Modelling (VDM) (Janssen and Chen
2011) has becoming increasingly popular within the
design community, as it can accelerate the iterative
design process, thereby allowing larger numbers
of design possibilities to be explored. Modelling
in a VDM system consists of creating dataflow networks 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. VDM is now also becoming
an important tool in performance-based design approaches, since it may potentially enable designers
to explore and refine design possibilities through
an iterative process of parametric variation coupled with performance simulation (Shea et. al. 2005,
Coenders 2007, Lagios et. al 2010, Toth et. al. 2011,
Janssen et. al. 2011).
In order for the process of iterative refinement
to be effective, it is critical to set appropriate trade-

offs between simulation speed and simulation accuracy. In order for simulations to be used fluidly
and interactively, execution time must be kept to a
minimum. However, the accuracy of the simulation
is often inversely related to the speed of execution.
Fast simulations produce low-accuracy results, while
slow simulations produce high-accuracy results.
This paper proposes an iterative simulation
design method that overcomes this problem by
calibrating simulations to run both in a fast and
less accurate mode and in a slow and more accurate mode. The fast mode simulations are used to
enable designers to apply iterative refinement in a
fluid and interactive manner, while the slow mode
simulations are used to verify the performance improvements achieved using the iterative refinement
process.
In order to demonstrate the proposed method, a
case-study experiment has been conducted, where
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the method is used to explore design variants for a
large residential project consisting of over a thousand units. Design variants are evaluated based on
visible daylight and radiant heat (including sunlight)
incident on the surface of the windows of residential
units.

SIMULATION NODES
Visible daylight is measured as illuminance, which is
the visible light incident on the surface, and is meas2
ured in Lumens/m or Lux. Radiant heat is measured
as irradiance, which is the electromagnetic radiation
2
incident on the surface, measured in Watts/m . Both
illuminance and irradiance are calculated using the
simulation program Radiance [1].

Radiance simulations
Radiance is a collection of programs that perform a
variety of related tasks. The main input file for Radiance is the RAD file that describes the scene to be
simulated. 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, the user can specify sensor points in the
model and then use the rtrace program to measure
illuminance or irradiance at these points.
When the octree is generated using the oconv
program, the radiance description of the sky dome
can be included. Different skies need to be generated for the illuminance and irradiance simulations.
For the illuminance simulation, standard CIE overcast sky is required, as this is the worst case scenario
for calculating daylighting. This sky is not affected

by the position of the sun, and as a result it is time
independent. The illuminance that is calculated will
then represent the actual Lux value for the worst
case scenario.
For the irradiance simulation, rather than focusing on the worst case, a cumulative approach is
needed whereby the irradiance incident on a particular point throughout the year is added up. In addition, irradiance is of course time dependent as it is
affected by the position of the sun. One option for
calculating cumulative irradiance would be to generate skies for multiple points in time and then to
run multiple simulations. However, a more efficient
approach is to create a cumulative annual sky from
a climate file (Robinson and Stone 2004). The irradiance results from a single simulation run using such
a cumulative sky would then represent cumulative
irradiance for the whole year.
For generating the standard CIE overcast sky
for the illuminance simulations, Radiance includes
a program called gensky[2]. For generating the cumulative annual sky, a program called GenCumulativeSky[3] is used. This program produces cumulative
annual skies in Radiance format from EnergyPlus
weather files [4]. The sky is discretized into 145
patches using a method devised by Tregenza (1987)
and the Perez luminance/radiance distribution
model (Perez et. al. 1993) is used to determine the
radiance of each patch, according to the information
from the climate file. Figure 1 shows both the standard CIE overcast sky and the cumulative annual sky
used in this research.

Figure 1
Falsecolor image of the standard CIE overcast sky generated
by gensky (left) and the cumulative annual sky generated
by GenCumulativeSky (right)
using the EnergyPlus weather
file for Singapore.
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Radiance VDM nodes

•

In order to support a user-friendly integration of
Radiance into the design workflow, VDM nodes
were created for an advanced procedural modelling
system called SideFX Houdini [5]. These nodes link
Houdini with the various Radiance programs and
the GenCumulativeSkyprogram. For more information on the development of these nodes, see Janssen et. al. (2011). For this research, the nodes were
further developed to allow users to create a sky via
three methods: by using the gensky program, by using the GenCumulativeSky program, or by loading a
sky description file.
The main simulation node executing oconv and
rtrace has two inputs: one for the model geometry
and one for sensor grids. The first input is for inputting the geometry. The node will translate each
Houdini polygon to a Radiance primitive of type polygon. The polygons expected to have custom attributes to define the material, and the node will extract
the values of these attributes when generating the
Radiance input file.
The second input of the Radiance node is for
inputting sensor grids. When the rtrace simulation
is run, the simulation results will be copied to the
sensor points within Houdini as attributes. This then
means that the results from an rtrace simulation can
be graphically displayed inside Houdini, using coloured surfaces.

Simulation parameters
In terms of speed, rtrace will tend to take significantly more time to execute than the other programs
such as oconv, gensky, and GenCumulativeSky. The
settings for the rtrace parameters are therefore critical when it comes to the trade-off between speed
and accuracy.
The Houdini node provides parameters for specifying certain key rtrace parameters relating to ambient lighting, namely [6]:
•
Ambient bounces (ab): the maximum number
of diffuse bounces computed by the indirect
calculation. A value of zero implies no indirect
calculation

Ambient accuracy (aa): the approximate error
from indirect illuminance interpolation. A value
of zero implies no interpolation
•
Ambient resolution (ar): The maximum density
of ambient values used in interpolation. Errors
will start to increase on surfaces spaced closer
than the scene size divided by the ambient
resolution
•
Ambient divisions (ad): The error in the Monte
Carlo calculation of indirect illuminance will be
inversely proportional to the square root of this
number. A value of zero implies no indirect calculation
•
Ambient super-samples (as): Super-samples
are applied only to the ambient divisions which
show a significant change
A detailed explanation of these parameters is beyond the scope of this paper (see the Radiance
documentation for more information). However, it
should be noted that perhaps the most important
parameter is the ambient bounces. The number of
bounces may vary from 0 to 8, with higher number of bounces producing more accurate results
but also in much higher computation times. Since
the sky is modelled as ‘glow’, it will only take part
in Radiance’s indirect lighting calculation, which is
only performed when ambient bounces is set to 1
or more. Since the only light is coming from the sky,
then a value of 1 is equivalent to calculating only
direct and diffuse light, but ignoring any reflected
indirect light.
For the ambient accuracy parameter, a lower
value produces more accurate results with slower
execution times. However, note that if no reflected
indirect lighting is calculated (as is the case when
the only light is coming from the sky dome and the
ambient bounces parameter is set to 1), then this parameter can be set to 0, as it will not have any effect.
For the final three parameters, higher values will
generally produce more accurate results but with
slower execution times.
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CASE STUDY EXPERIMENT

Design exploration task

The case study experiment will focus on the Interlace, a large residential project designed by OMA
[7] and currently under construction in Singapore.
The design consists of thirty-one apartment blocks,
each six stories tall. The blocks are stacked in an interlocking brick pattern, with voids between the
bricks. Each stack of blocks is rotated around a set of
vertical axes, thereby creating a complex interlocking configuration. An example is shown in Figure
2, where 6 blocks are stacked and rotated to form a
hexagonal configuration.

For this research, an exploration task has been defined, in which the designer is required to minimize
the number of windows receiving either low illuminance or high irradiance. The designer will carry
out this exploration task via a process of iterative refinement, whereby a parametric model is built and
the parameters in the model are gradually adjusted
in order to try and improve performance. Each iteration of parametric adjustment by the designer
is followed by a simulation of design performance,
and if performance improves then the parametric
changes are kept. Using this approach the designer
may gradually be able to improve performance of
the design.
For this task, the parametric changes that can
be made by the designer have been constrained to
the rotation of the blocks and the addition of sun
shades. Block rotation a change that affects global
configuration, while sun shading is seen as a change
that affects only local configuration. In order to constrain the task, other possible changes, such as the
stacking of the blocks and the position and size of
balconies were not considered. However, it is noted
that the iterative approach used in this research
could also be expanded to include such parameters.
In order to test the iterative approach, a Houdini
model of the design was built that included all significant exterior features including walls, windows,
inset balconies and protruding balconies. On the
interior, most of the detail was omitted and only
unit walls were included. The resulting model had
a total of approximately 47.5 thousand polygons, of

Each block is approximately 70 meters long by 16.5
meters wide, with two vertical axes of rotation spaced
45 meters apart. The axes of rotation coincide with
the location of the vertical cores of the building,
thereby allowing for a single vertical core to connect
blocks at different levels. The blocks are almost totally
glazed, with large windows on all four facades. In addition, blocks also have a series of balconies, both
projecting out from the facade and inset into the facade. A typical floor plan is shown in Figure 3.
The OMA design has stacked the 31 blocks into
22 stacks of varying height, and has then rotated the
stacks into a hexagonal pattern constrained within
the site boundaries. At the highest point, the blocks
are stacked four high.

Figure 2
The process of rotating the
brick pattern. The diagram
on the left shows 6 blocks
arranged in a straight line,
while the diagram on the right
shows the same six blocks
folded into a hexagonal
pattern.

Figure 3
A typical floor plan [8].
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Figure 4
The original design. The plan
on the left shows the root
node and the branching
structure. The model on the
right shows windows with low
illuminance in dark grey, and
windows with high irradiance
in light grey.

which about 7800 were windows. These windows
were grouped into four types: living room windows,
bedroom windows, kitchen windows, and utility
windows. For the performance exploration, it was
decided to focus on the living rooms and bedroom
windows only, which totalled 5250 windows. The illuminance and irradiance incident on each window
was measured at just one point in the centre of the
window. Therefore, for each iteration, illuminance
and irradiance was to be measured at 5250 points in
the model.
For the exploration task, target thresholds were
set for both illuminance and irradiance. Windows
falling either below the illuminance threshold or
above the irradiance threshold were considered to
be undesirable, and therefore in need of improvement. The aim of the exploration task was to reduce
the total number of undesirable windows. These
thresholds were mainly used as a simple way of
summarizing relative performance, so that the designer was able to quickly assess whether improvements has been made.

Parameterisation of the model
In order to allow the designer to fluidly and interactively make changes to the rotation angles of the
stacks of blocks, the blocks need to be parametrically linked. Looking at the arrangement of the blocks
in plan in Figure 4, it is evident that the configuration is actually a branching hierarchical structure,
with a central root and three branches.

This type of branching structure can be modelled
within animation tools such as Houdini using objects that have parent-child relationships. In the plan
in Figure 4, the root node is indicated by the larger
dot and is the parent of three block stacks: s1, s5 and
s10. Each of these three stacked blocks is the start
of one branch. The parent-child linking relationship
means that any transformation applied to an object
will automatically also be applied to all the descendants. The designer can therefore freely explore different rotation combinations without having to worry
about the stacked blocks becoming disconnected.

Iterative simulation design method
The key step in the iterative simulation design method was the executions of the simulations. Calculating the illuminance and irradiance at a high level of
accuracy can be very time consuming, and therefore
very disruptive for the designer.
For obtaining accurate results, the following Radiance ambient settings were used: ab=4, aa=0.15,
ar=2048, ad=516, and as=516. Using these settings,
the illuminance simulation took 8 hours and 30 minutes and the irradiance simulation took 13 hours 50
minutes making a total of 22 hours and 20 minutes.
The computer being used for running the simulations was a typical office computer: a 2.4GHz dualcore processor with 8GB RAM running 64 bit Windows.
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The simulation results showed that within the existing design, a significant portion of windows had
either low illuminance or high irradiance. The illuminance and irradiance patterns on the facade
were also seen to be very varied and hard to predict due the complex massing of the building, and
also due the effects of protruding balconies shading windows below. The iterative simulation design
method was therefore deemed to be appropriate for
exploring options with fewer undesirable windows.
However, due to the excessive simulation time, an
iterative simulation design method was developed
where each simulation was configured to run in fast
mode and in slow mode. The aim was to reduce the
total simulation time of the fast version to below
two minutes, but to ensure that the results from the
fast and the slow mode simulations still correlated
reasonably well. This would then allow the fast simulation to be used as a driver for the exploration process.
The iterative simulation design method was divided into three main phases: calibration, iteration,
and verification. In the calibration phase, the fast
mode simulations are set up and configured in order
to ensure that appropriate trade-offs are achieved

between speed and accuracy. In the iteration phase,
the fast mode simulations are used within the iterative refinement process in order to explore design
variants with improved performance. Finally, in the
verification stage, both the initial design and the final design from the iterative process are evaluated
using the slow mode simulations in order to verify
the performance improvements. The three phases of
the iterative simulation design method are shown in
Figure 5.

The calibration phase
For the calibration phase, a series of Radiance simulations were executed with parameter settings that
favoured speed over accuracy. In all cases, the ambient bounces parameter was set to 1 and the ambient accuracy parameter was set to 0. This therefore
meant that no indirect reflections were calculated
which significantly reduced the execution time. For
each of these simulations, Microsoft Excel was then
used to plot the trend-line between the fast and
slow mode simulation results, and to calculate the
2
R correlation coefficient (or the coefficient of determination). Table 1 shows the results for these experiments.

Figure 5
The three phases of the
iterative simulation design
method.
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Table 1
Table showing the execution

Radiance rtrace ambient settings

Illuminance
T
R2
92s
0.8892
49s
0.8892
32s
0.8875

2

time (T) and R correlation for
a range of different ambient
light settings for the Radiance
rtrace simulation.

ab=1, aa=0, ar=2048, ad=512, as=512
ab=1, aa=0, ar=1024, ad=256, as=256
ab=1, aa=0, ar=512, ad=128, as=128

2

Based on the execution time and R correlation
results, it was decided that for both the fast illuminance simulation and the fast irradiance simulations, the second set of settings from table 1 would
be used. These settings allow the simulations to be
executed in under 1 minute each, and also maintain
2
an R correlation of close to 0.9.
The final step in setting up the fast simulations
was to map the results from the fast simulation using the linear trend-line equation. Microsoft Excel
was used to obtain the linear trend-line equation,
which was then transferred back to Houdini, where
it was used to map the results from the fast simulation. This option for mapping the simulation results
was provided as part of the Houdini node. In effect,
this mapping of the fast simulation results adjusts
the trend line so that it passes through the graph
origin at 45 degrees.

Irradiance
T
88s
53s
36s

R2
0.8841
0.8839
0.8796

The iteration phase
Within the Houdini environment, the total number
of undesirable windows for both illuminance and
irradiance were continuously displayed to the designer as both numeric totals, and as coloured polygons within the three-dimensional model. Once the
designer had made a set of changes to the model,
they were then able to trigger the simulations to
re-execute. After two minutes, once the simulations
completed executing, both the numeric totals and
the coloured polygons would be automatically updated, thereby giving fast feedback to the designer
as to whether their changes resulted in better performance.
The exploration process was set up as a two
stage process. In the first stage, the rotation parameters were iteratively explored. For each iteration, the
designer would identify a particular cluster of windows with low illuminance, and would then make a

Figure 6
The design modified in order
to reduce the number of windows with low illuminance.
The plan on the left shows
how the branching structure
has been modified to try
and increase the openness
between the branches. The
model on the right shows windows with low illuminance in
dark grey, and windows with
high irradiance in light grey.
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small number of changes in order to try to reduce
the obstructions for those windows. In some cases,
such changes would indeed improve the situation,
but in other cases, the changes would cause deterioration in performance in some other part of the
design. At this stage, the focus was on reducing the
number of windows with low illuminance, as this
was deemed to be a more challenging task. However, the designer also kept a check on the number
of windows with high irradiance, since changes that
improved illuminance often also resulted in higher
levels of irradiance. The final design for stage 1 is
shown in Figure 6.
In the second stage, the best solution from the
first stage was selected and the addition of solar
shading devices was then explored with the aim of
reducing the number of windows with high irradiance. For the rotation parameters, the changes were
applied manually, since there were only 22 set of
stacked blocks. However, for the windows, the manual approach could not be used since there were
thousands of windows. An automated approach was
therefore created within Houdini whereby shading
devices were parametrically generated for the windows with high levels of irradiance. The depth of
the shading devices was varied in relation to level
of irradiance on the window. In this case, the iterative process was used to explore the relationships
between the depth of the shading devices and the
level of irradiance on the window. As with stage 1,
the designer also kept a check on the number of
windows with low illuminance, since the addition of
solar shading devices reduced illuminance levels in
some cases.
It was found that in the first stage, the reduction
of the number of windows with low illuminance was
difficult to achieve. The number of low illuminance
windows was reduced through an iterative refinement process consisting of 18 iterative steps. In the
second stage, the windows with high irradiance
were more easily solved using additional sun shading devices. During this stage, the number of high
irradiance windows was reduced in 6 iterative steps.

The verification phase
In order to verify that performance had indeed been
improved, the initial design and the final design
were evaluated using the slow mode simulations
and the results were compared. Note that the goal
of this verification was not to compare the results
from the fast mode simulations with those from
the slow mode simulations, but rather to measure
the actual performance improvements that were
achieved through the iterative refinement process.
2
Despite good R correlations of close to 0.9, the results from the fast mode simulations could not be
used as an objective measure of performance. Instead, the fast simulation modes were used only as a
way of measuring relative performance, and within
the iterative phase were used as a driver for the exploration process.
The slow mode simulation results show that the
total number of windows with low illuminance and
high irradiance have been reduced by 8% and 32%
respectively. This confirms that the performance was
successfully improved using the iterative simulation
design method.

CONCLUSIONS
This research aimed to explore the trade-off between speed and accuracy when applying iterative
simulation approaches to complex designs where
the size of the digital models typically becomes
large, and as a result execution times for simulations
may become prohibitively slow.
This research has explored an approach in which
simulations are run in two modes: fast mode and
slow mode. An iterative simulation design method
has been developed consisting of three phases:
in the first phase, fast mode simulations are calibrated by setting appropriate trade-offs between
speed and accuracy; in the second phase, the fast
mode simulations are used to iteratively refine the
design in response to performance feedback; lastly,
in the third phase, the performance improvements
achieved through the iterative refinement process
are verified. The application of the proposed meth-
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od to a complex case study of a large residential
design demonstrates the feasibility of the approach.
Future research will focus on further exploring
how the proposed approach can be applied to a
wider range of simulation tools, including structural
simulations and energy simulations.
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Abstract. Physics-Based Modelling can be considered as an alternative approach
to geometrical constrain-based modelling for form-active material systems such as
gridshells. Here we explain a vector-based method that works in R2 and R3 to determine
momentum forces at the node level, which can easily be implemented into (existing)
particle systems and - together with the simulation of tension and compression forces can be used to model the behavior of such material systems.
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Figure 1

INTRODUCTION

Left: Established Design

Through the parametric extension of CAD software,
computer-aided modeling has gained a lot of attention within the architectural design community in
recent years. This interest is understandable from
the perspective of a designer who is seeking a formal exploration of geometric shapes. Unfortunately
any strictly geometric method renders itself to be
unsuitable for the design of force-active material
systems. Here, form is inseparably connected to the
material characteristics of the system and the forces
applied to it.
In Architecture, well-known examples of built
material systems include tension-active structures
such as cablenets & membranes (Otto and Schleyer,
1962). Similarly bending-active structures (Knippers
et. al., 2010) such as gridshells (Walser 2011; Otto
et. al., 1964) require a different approach in terms
of computer-aided design: In order to investigate
their forms, the designer needs to incorporate actual
physical behavior into his design model (Figure 1).

framework for the design of
force-active material systems.
Right: Proposed extended
design framework.

Historically, the development of physical form finding techniques arose out of the inability to capture
the behavior of such material systems in drawings,
plans and sections (Gaß, 1990). Today we are facing
a similar dilemma: Due to their inherent geometric
nature, the computer-aided design tools we as designers are so familiar with seem to be inappropriate for the design of form-active structures. Even
though sophisticated methods for the simulation
of structural behavior exist (Fröhlich, 1995), they are
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has on the interrelation between the designer and
the model.
On the example of the design of a bending-active structure, we compare the physics-based modeling approach to a parametric modeling approach
based on physical form finding experiments.

EXAMPLES OF PHYSICS-BASED
MODELING IN ARCHITECTURAL DESIGN

seldom implemented into the design modelling Environments.
The inaccessibility of engineering-oriented simulation software renders itself often unsuitable for
design variation as it requires a relatively large set
of input parameters to run and specific knowledge
about materials, structural systems and loading in
order to operate (Figure 2).
The linearity of current “modeling and simulation” strategies, where geometric form is determined
prior to a subsequent steps of analysis is unsuitable
from a designer’s (with an interest in force-active
systems) perspective.
In the following paragraphs, we look at an alternative modeling approach to the previously
mentioned geometric constraint modeling, namely
physics-based modeling. After explaining the functionality and some of the noteworthy architectural
implementations of this technique, we highlight
benefits and limitations. We look at recent (software-) developments and furthermore we aim to
explain the repercussions this alternative technique

Physics-Based Modeling (Eberly, 2004) is a wellestablished field within the scientific research of
computer science. In general Physics-Based Modeling describes the construction of dynamic models
of animated objects and computing their motions
via physical simulation. Physics-based modeling
implies that object motions are governed by the
laws of physics, which leads to physically realistic
animation. One of the most noteworthy early contributions in the field of Physics-Based modeling
with a strong connection to tension-active systems
was Baraff and Witkin’s presentation at the 1998 Siggraph conference (Baraff and Witkin, 1998). Many
principles described in this paper were adopted for
the development of numerous Physics-Engines and
led to the development of various computational integration methods which form the core of any physics engine (Eberly, 2004; Gibson and Mirtich, 1997).

What are particle systems?
Particle systems, a term first coined by William T.
Reeves in 1983 (as he worked to create the “Genesis”
effect at the end of the movie, Star Trek II: The Wrath
of Khan), are a simple implementation of a physicsbased model. They have been used as a device for
design exploration within many architectural projects, but not often as a device to mimic real physical behaviors. A particle system can be considered a
collection of independent objects, often represented by a simple shape or dot. It can be used to model
many irregular types of natural phenomena, such
as explosions, fire, smoke, sparks, waterfalls, clouds,
fog, petals, grass and bubbles.
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Figure 2
Flowchart depicting the
process of setting up a FEM
analysis for buckling simulation of linear spline beam
elements in ANSYS - too many
steps for quick assessments
with knowledge of specific
material parameters.

Figure 3
Reference: 2D-Simulation of
buckling in Processing with
Verlet Integration (Source: C.
Williams).

Implementations of particle systems in
architectural design environments
When John Ochsendorf (together with Axel Kilian, Barb Cutler, Erik Demaine and Marty Demaine)
conducted the Workshop “Exploring Gaudi’s World”
[1] in 2004 it was noteworthy for the fact that it was
the first time that a collaborative effort was made
to utilize a particle system to explore architectural
systems such as catenary networks, that previously
depended on building elaborative physical models
(Gaß, 1990). The Particle System utilized was very
simple, yet led to remarkable results. (Kilian and
Ochsendorf, 2005)
While the Particle System written for this class
was never published, a lot of other Particle Systems
and physics engines were developed for Processing.
The developers of these engines did not build these
engines with an architectural user group in mind,
yet their functionality is not limited to mere simulation of visual effects, as the MIT workshop showcased already.
Within a particle system there are various types
of forces, a very common one being the spring-force.
Usually these forces act between a set of 2 particles
either pushing or pulling them together. In 2009
Chris Williams has published a Verlet integration
based Processing sketch [2] that is able to simulate
bending behavior by implementing method to calculate the internal force at each node of a buckling
linear beam element (Adriaenssens, 2005) (Figure 3).
The same forces and integration method (as well
as 3 others) have been incorporated by Daniel Piker

[3] into his freely available Plugin “Kangaroo” [4] for
Rhino Grasshopper [5]. Even though none of the
benefits of the object-oriented framework a platform such as Processing provides, the tool has been
very positively received by the GH-User community
and is under constant development.
In parallel there has been an increasing interest
in the development of novel simulation techniques
such as the Thrust Network Analysis (Block and
Ochsendorf, 2007). At the same time the relationship of Cullman’s method of graphic statics to parametric design are being explored (Lachauer et. al.,
2011).
While the previous research focusses on abstracting structural dependencies into vector-based
analytical models, there have been also attempts to
implement real-time physics as part of a generative
design process. (Ramtin et. al., 2010)
What all of the simulation tools (except the analytical ones based on graphic statics) have in common, is that they form another layer between the
designer and the model. This additional layer is on
the one hand necessary to simulate the physical behavior of the system. On the other hand, it makes it
difficult to produce meaningful results for the inexperienced user, because the designer’s judgment is
not only challenged by decisions on form, but also
structural behavior and materiality. The question,
how a certain parameter such as a springs stiffness
relates to a “real” physical materials stiffness cannot
be answered without an in-depth knowledge of the
mechanisms of the specific physics engine as well
as the general limitations that apply due to the high
degree of idealization for the sake of speed and efficiency commonly implemented in most physicsengines.
We have expanded Chris Williams’ 2-dimensional Processing sketch into a 3D simulation environment in Processing and conducted a set of comparisons between the out-of plane buckling behavior
of thin physical rods (mechanical splines) and the
simulated model.
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Figure 4 (left)
Euler cases 1-4: Simulation
of generic formal behaviour
based on node constraints.
Figure 5 (right)
Euler’s elastica figures, Tabula
IV.

SIMULATION OF GENERIC FORMAL
BEHAVIOUR VS. SIMULATION OF
SPECIFIC MATERIAL BEHAVIOUR
“Simulation” in the context of architecture is often
referred to the precise simulation of physical properties by means of CAE software. “Structural simulation” aims to calculate, visualize and communicate
the distribution of stresses within a given geometry under external loads. “Formfinding” is a term
that was developed as part of the investigations of
lightweight structures and focusses on similar topics
with the difference being that geometry is allowed
to undergo large deformations in the process of
simulation. These large deformations have led to the
development of numerous simulation algorithms.
What the previously outlined CAE-oriented
structural simulation models have in common is
that they depend on a (virtual) material input (e.g.
wood), which is then linked to further software-immanent information such as young’s modulus and
non-linear behaviour under stress. Combined with
geometric information such as cross-sectional data,
this input is used to simulate material Behaviour
(with regards to deformation) under external loads.
An alternative to the simulation of form based
on the (specific) material behaviour is the simulation of (generic) FORMAL behaviour. This method is
less precise in the sense that it does not account for
specific material properties such as deformation, deflection, failure, stresses etc., but it is never the less
as accurate, because all material things share certain

formal behaviour when exposed to external loads
(Figure 4).
Example: The catenary is a generic formal description of a (physical) chain acting under gravity
and tension. Here, material is not essential to simulate formal behaviour, as the mathematical description of the catenary does not need any material
input to compute. It has been shown, that ParticleSystems can be used to approximate the behaviour
of catenaries and networks thereof.
This way of “form-finding” presents an interesting approach to the design of form-active systems
from a designer’s point of view: As form and geometric behaviour can be simulated using positions
rather than information about material and geometry. Therefore, the simulation can be run with very
few input parameters while maintaining accuracy.
This makes them appealing from a designer’s perspective who is interested in formal explorations
without knowing every detail of the final design yet.
Opposed to highly specific structural simulations,
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this lack of precise inputs poses a challenge to the
designer, because the few simulation parameters
(e.g. a spring’s stiffness) do not link as directly to specific physical material properties - here the designers expertize is required or the modelling environment needs to be refined as the design progresses.

PHYSICS-BASED SIMULATION OF FORM
What the catenary is to tensioned systems and
compression-active systems, is the elastica (Levien,
2009) to bending-active systems. At least it has the
potential. It has not been investigated to similar extends yet within the architectural design community
and there are less examples of built bending-active
systems in architecture compared to cablenets and
compression-active vaults.
A characteristic form of the elastica is its “droplike” shape, when the two ends of a elastica with l>0
meet (Figure 5).This characteristic shape prohibits
the use of explicit mathematical descriptions (where
every value x has 1 associated y value ONLY).
Here, we would like to “skip” the step of the
mathematical description of the elastica (Levien,
2009) and focus on the physics-based model - an expansion of the particle-system already proven to be
successful for the design of tension-active systems,
expanded by an additional vector that at accounts
for bending force.

In such a system, the curve is discretized into line
segments, which act as springs. If we stopped here,
we would have a virtual chain model. What needs
to be added in order to approximate an elastica in
R2 is an additional force vector at each node. It has
been shown how to calculate this momentum vector based on the angle at each node (Adriaenssens,
2001).
Another very effective way to determine this
vector in R2 has been implemented by Chris Williams in Processing. The length of the vector at each
node, that forces the curve to flatten, is twice the
distance between the node’s current position to the
midpoint of both of its neighbors (Figure 6 and 8).
Because three nodes are always coplanar (lie
in the same plane), it is acually possible to expand
this model from R2 to R3. Experiments show that the
overall form of a spatial elasica curve can now be approximated. Yet the twist of the curve is not simulated as no force is transferred from one line segment to the next. While it would be relatively easy,
in programming terms, to achieve this - and there
have been numerous publications in the Computer
Graphics Industry on the topic of modelling elastic
deformations of linear elements recently (Gibson
and Mirtich, 1997) - we would like to promote an alternative approach:

Figure 6 (left)
Vector-based approach to
determine momentum Vector
(M) at any node (B) in a finite
element elastica model.
Figure 7
Qualitative comparison
between simulation result
(left) and physical model (ABS,
2mm circular cross-section,
L=700mm).
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Figure 8
Visualization scheme for
analysis of momentumvectors. (Needs arbitrary curve
as input).

It is not the intended goal of a physics-based modelling design tool for architectural application to
capture any material property perfectly and simulate it in real-time. Rather the existing engineering
solutions have shown that the amount of input parameters necessary to run precise simulations is a
hindrance for some designers in early stages. The

success of the hanging chain model and its virtual
counterpart, the spring-based particle system, is its
simplicity. As it is a simulation of generic behaviour
(things fall down / hang down) rather than specific
material properties, it becomes a design tool (Figure 7). The previously described method is a simple
expansion of the successful, yet radically simplified
Figure 9
Spatially deformed elastica,
constrained at endpoints (Top,
Front, Left view).
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Figure 10
Geometric polyline model and
reference nodes for comparison (left) and selected polyline
(right).

spring-based particle system based on Hooke’s law.
The “stiffness” of a material is represented by an
additional vector of a particle-based spring system.
In a chain of springs, this vector acts on each particle
and tries to align it with its two neighbors.
Similar to the four generic Euler cases we now
have a design framework, for linear elements
that buckle under compressive load. We achieve
this without the simulation of any specific material property, but through approximating the formal
shape a buckling element WANTS to take. Through
piecewise discretization into sets of three nodes,
this mechanism works in R2 and R3 (Figure 7 and
9). It might be, that in the real word, due to crosssectional dimensions and material choice the formal
design goal of such a simulated element cannot be
achieved, but this is not a limitation of the design
tool. Rather the design space is more focused, by
implementing a generic material behaviour in early
design stages through embedded formal behaviour. This behaviour is generic and therefore true for
all stiff/material (similar to the Euler case). Through
further refinements during a design process, the
designer can customize the tool and limit the simulated shapes to match the material characteristics of
a chosen material and Crossection.

Advantages
The advantages of the above described method
of expanding a spring-based particle system by an
additional vector that is able to simulate bending
resistance for linear elements are first of all that de-

scribed mid-point method is very simple to understand - even from a designer’s perspective. Furthermore it is also because it is vector-based, relatively
easy to visualize in tools such as processing. This
does not mean it could not be realized as a purely
numerical calculation. This flexibility is another important advantage in terms of how the method
could be adopted and embedded into larger (more
material specific) simulation frameworks.
Another important aspect is that we have
shown that a regular spring-based particle system
can be expanded by an addition force simply by
adding another vector to each particle and updating its position. While this aspect per se is not surprising, as it formulates the basis of how a particle
system works, we would like to highlight the flexibility. This means we can start to add even more vectors, e.g. for self-weight, once we have determined
more specific materials and geometries of our simulated system. As a sandbox for the development
of a particle-system processing has proven to be
very versatile as it not only provides vector-classes
combined with graphical output in an accessible
object-oriented programming language. It also
features an integrated update function via the void
draw method that lends itself for the simulation of
dynamic systems. This is a great advantage over arguably more accessible node-based graphical user
interfaces such as Grasshopper for Rhino, or Generative Components, that are built to run once and
update based on user interaction. Physics-engines
in the form of Kangaroo and some other Plugins that
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Figure 11
Comparison between
reference node positions in
geometric model (left) and
physics-based simulation
model (right).

are built on top of parametric design packages such
as Grasshopper benefit from their accessibility, yet
lack the ability to start “sequenced” simulations (do
this, THEN do that), something that becomes quite
crucial, when looking at construction sequences of
force-active structures.

Disadvantages
As with any Particle-System, there is the question
how the simulated data translates into the realworld. As forces are determined based on node positions, the simulated shapes have actually much
more in common with the diagrams in force equilibrium known from Graphics statics that with the
colorful visualization of van-mies stresses that are
often seen from analysis carried out in FEM-Simulations. Because of the lack of “real” material properties
and dimensions, the room for interpretation of the
simulation is more difficult and leaves more room
for speculation. The designer’s task is to use this generic simulation of systemic behaviour and carry out
further development in the software, to make it suit
his needs. This task is individually different and cannot be the same for every simulated system.
The challenge is to understand something that
behaves like a physical object on the screen, isn’t
linked to a material framework such stiffness, mass
or self-weight. At least in the current state, where
for example the “weight value” for a node is usually
set to “1” for computational costs. Also, while some
might argue, that a particle system that is acces-

sible via source-code in processing is a flexible and
extendable base, most designers still find it inaccessible.

CASE STUDY
The ICD/ITKE Pavilion 2010 was a bending-active
shell structure. It was built with the use a script, that
generated the entire geometry based upon a carefully controlled polyline model (Figure 10). The geometry of the polylines determined the overall geometry of the pavilion and was calibrated through
extensive material tests. We wanted to test an alternative computer-based model for determining
the pavilion’s geometry in real-time based upon the
physics-based modeling approach, described prior.
Comparing the locations of the reference nodes,
we found that the above method is able to simulate
the geometry of a representative cross-section and
could very well serve as an alternative modeling
strategy in terms of precision compared to the geometric model (Figure 11). Yet the effort to set up such
a physics-based model and the time it takes to calculate it might render it unfeasible for such simple
structures such as the pavilion. Also, some precautions have to be mad to ensure, that all the elements
buckle into the correct directions (same as with
physical experiments). Because of the low curvature
of the bent elements in the original pavilion, it was
not only valid, but actually very effective to use a bspline interpolation for these regions and constrain
the geometric variations to the limits determined
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Figure 12
“Kink” in elastica model: by
linking the simulation to
geometric information such
as crossectional values and
variations thereof, more
articulated geometries can
be produced directly within
the parametric modelling
environment.

through physical material tests. Other, more complex bending-active structures, such as gridshells
with 2-dimensionally deformed elastic lattices and
spatially deforming elements, might benefit more
from this alternative modeling approach. The same
can be said for more from such an approach, yet the
above described benefits are applicable to this model as well and we are carrying out tests, to compare
whether the abstract physics-based model is able to
represent the actual physical geometry more closely
(deformations under self-weight, openings,...) than
the idealized geometric model did.

CONCLUSION
Numerical methods that depend on the understanding of mathematical syntax and methods such
as integration and matrices are difficult to read for
a designer with a common architectural educa-

tion. Vector-based methods for force simulation are
more accessible by someone, who is used to produce visual output such as drawings, diagrams and
sketches. As part of particle systems, these vectorbased methods have been successfully applied as
equivalents of physical hanging-chain models and
for the simulation of tension-active structures such
as cablenets and to a certain extend - membranes.
By incorporating additional vectors to account
for bending-resistance, self-weight and other forces, the simulations can be further developed from
merely behavioral systemic simulations toward specific material- and geometry-driven real-time force
diagrams that help the designer to develop forceactive material systems and connect to far more advanced simulation environments that are necessary
for the development of architectural systems on
larger scales.
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OUTLOOK
The above described physics-based modeling strategy with linear elastic springs including springs for
the simulation of bending resistance should not
be measured against scientific simulations - rather
these simulations resemble real-time force diagrams
similar to the reciprocal diagrams. In these diagrams,
developed as part of the scientific field of graphics
statics, forces are drawn as vectors - exactly as done
here. In graphic statics, the requirement for the calculations to be correct is that the sum of all vectors
of a system need to equal 0. This leads to a closed funicular polygon in the reciprocal diagram of a static
system.
Here the system is dynamic, which means that
we allow the positions of the nodes to change in
order to (almost) converge to force equilibrium.
As seen in other dynamic relaxation processes, the
speed at which the process converges depends on a
variety of parameters and can vary largely depending on the skill and knowledge of the designer.
Despite this immanent parallel to the scientific
calculations carried out graphically in graphic statics, here, in the computer-based processing sketch,
we do not read force vectors as real external forces,
which are directly linked to factors such as selfweight, which are determined by material choice
and geometry. This obvious extension can be next
step of developing a more “architectural” physics
based simulation - also for bending active systems.
Another approach could be to not only balance external and internal forces by solving for a
force equilibrium via vector-addition, but to look
at the more material-specific internal stresses, this
produces. Here an approach could be to introduce
material-specific non-linear springs which’s stressstrain curve is directly linked to a specific material
characteristic.
Also a more direct interaction between a parametric design software and the simulation tool
(similar to Kangaroo for Grasshopper) could be realized- this would allow to link geometric information
to the simulation parameters and vice versa (Figure
12)..

The simulation of bending in the described framework is limited. The twisting that occurs by bending
an element in R3 is not accounted for. It could be developed in another step, or we introduce interpolated b-splines (that have the information about twist
embedded as part of their frenet frame) through the
particles that serve as a feedback.
While we have shown a simulation of a linear
element, the framework allows to expand the simulation to 2-dimensional spring networks investigate
the behavior of plate-like elements.
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Abstract. The paper discusses an interdisciplinary exchange between parametric design
and acoustic simulation. It reviews a strategic development of temporary dynamic
structures that can be manipulated by intersecting variations of formation in generative
architecture with acoustic simulation. The research investigates drivers that interface
knowledge between parametric design, structural engineering and fabrication, interaction
design and acoustics, and theatre and performance. It reviews the simulation of a
temporary theatre installation into an existent industrial hall, whereby different formation
of a modular structure are explored, and the acoustic effects of this installation are
evaluated in relation to an enhancement of the audiences spatial and acoustic experience.
The research goes beyond the morphological, aesthetic or structural values that have
become key aspects of contemporary digital architecture, and relates them to the field of
auralisation (forecasting acoustic behaviour). In that manner, the simulation and analysis
of a future (material, spatial) objects is developed through the communication of an
interdisciplinary team, thus exploring synergetic qualities of the physical and the digital.
Keywords. Computational design; generative geometries; acoustic simulation.

INTRODUCTION: DESIGNING SPACES
FOR PERFORMANCES
The design of spaces for the temporal arts, such as
theatre, musical concerts, or dance performances,
responds to performance criteria in a manner that
is strongly affected by an understanding of space
as a responsive, adaptive, immersive environment.
Consequently, their programmatic, aesthetic, structural and acoustic requirements differ from spaces
that are less responsive, or more anchored in ‘static’
organizations, such as residential or commercial
architectures. Integrating acoustic performance

at an early design stage is critical for the design of
temporal art spaces. Yet more often then not, such
design is developed in consecutive order; from initial design objectives, to structural engineering, to
an acoustic evaluation; with feedback on acoustic
performance usually given after completetion of
design; and limited interdisciplinary exchange informing design iterations that would become a parameter to other disciplines. In contrast, this paper
reviews a design process in which design relation-
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ships are established in conversation by architect,
structural engineer and acoustic engineer – and in
intersecting areas of computational design: generative design and design visualisation, acoustic
analysis, structural analysis, and spatial acoustical
forecasting (auralization). Such an interdisciplinary
approach can help to bridge gaps between areas of
expertise, and to investigate the potential for novel
architectural solutions of performative, responsive,
immersive environments.
In the temporal arts, specifically the strategic
development of dynamic structures challenges the
exploration of design relationships, due to varying
aspects of performance relative to context. While
the theatrical performance refers to actor and narrative, performativity in responsive environments
refers to space itself reacting to context impact. Yet
performance can also be understood as the continued incorporation of diverse parameter contingencies (material, technical, geometric, programmatic,
social and economic) that can potentially inform an
interdisciplinary exchange and collaboration. The
present paper discusses the proposal for a temporal
arts space where different formations of a responsive surface are deployed in a ‘staging’ of architectural space; a theatrical space that continues to emerge
under aspects of spatial and sonic experience. Here,
performance is two-fold; a performed theatrical
sequence in a spatial installation that equally ‘performs’ in correspondence with the performance of
an actor within space. This understanding of spatial
and acoustic performance reviews architecture as a
cultural expression that derives its lifespan from the
reflective ability to address a change (Grosz 2001).
Specifically in the context of performative cultures,
the acoustic consequences of generative and structural form variations open architectural space to material interaction, human perception and affect.
This paper outlines an initiative for research on
acoustic consequences of performative structures
with the key aims: to design, deploy and evaluate
simulations of and prototypes for real locations; and
to interface digital technologies in a theatre/performance environment. In an interdisciplinary commu-

nication, different research expertise, interests and
agendas are brought to the project and inform the
design. The research address thus synergetic qualities of the physical and the digital, for a culturally
end experientially rich environment.

BETWEEN PARAMETERS AND ANALYSIS:
GENERATIVE DESIGN
The advancement of digital technology has impacted a wide span of areas that intersect in the field of
architecture, leading to a specialisation in software
programs that address design, analysis or simulation
of existing or future spaces. Hence, design processes
are computational, interdisciplinary and iterative.
By this we mean that: it is computational because it
applies computer software to develop design variations; it is interdisciplinary in the analytical tests and
simluations that are used to verify criteria and parameter sets in design; and it is iterative in the continued optimisation of formal solutions informed by
interdisciplinary input. Through computational design, a parallel investigation through different digital data sets is enabled. More importantly though,
this provides a language that is apt to approximate
formations and variations through parametric and
algorithmic descriptions. These descriptions follow
a system logic; the logic of a mathematical framework whereby the end result is undefined but its
rules are explicit, and diverse, a complex assembly of
parts that are associative in their formal dimensional
and material definition. Performativity (Kolarevic,
2005) and new performative space (Liu, 2009) have
increasingly become of interest to architectural design.
During the last decade, the system logic of computational design has fostered a number of interdisciplinary approaches that inverstigate perrformative
strategies, such as of emergence in architecture and
biology (Hensel, Weinstock, Menges, 2004), or of
(self ) formations shared between architecture and
structural engineering (Otto, 1960). Yet computational design also allows a strategic development of
acoustic performance by way of interaction; through
generative design and acoustic analysis in digital
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models, it enables a ‚reverse engineering’ process
that drives generations of design solutions under a
continuous information flow between the design of
a space and the effects that space causes: that is, a
modelling of dependencies between spatial formation and acoustic behaviour becomes possible.
While such reverse engineering applied between computational generative design and acoustic simulation can lead to a different understanding
of spaces for the temporal arts, this field has not yet
been widely explored. An interdisciplinary exchange
usually connects computational design to either
structural engineering (Tessmann, 2008), or acoustic theories (De Bodt, 2006), however, no expansive
research combines a multidisciplinary approach in
which 3D modelling software is deployed to review
the acoustic effects of generative design. We can
design and generate exchange files engineering,
analysis, and simulation software. A spatial-acoustic
paradigm can be addressed through iterative analysis interfacing: the generative digital design as realm
of strategic design; the structural analysis realm as
area of construction; and the acoustic analysis as an
arena of the immersive experience. This research explores transfers between the virtual/digital into the
real/constructed by introducing 3D modelling and
scripting software (MCNeel Rhino and Grasshopper),
3D structural analysis and simulation (Grasshopper/
Kangaroo, SpaceGass or R-Stab), and acoustic analysis (B&K Odeon or AFMG EASE), in order to provide
a platform upon which different partners of collaborative design team can exchange, and design
together.

PROJECT DESCRIPTION:
CONFIGURATIONS
The project (‘Musical Chair’, Rosengren-Fowler/
Blyth) is designed as a canopy, inserted as a secondary smaller volume within the expansive volume of
the existing industrial hall, providing a sense of an
enclosed space (Figure 1).
The potential of theatre and performance in
a temporary setting (as opposed to more static, or
fixed theatre and concert environments) is subject
to simulation between a real and projected environment. How can generative design reflect acoustic
criteria? Interdisciplinary design collaborations can
support the forecasting of dependencies between
spatial formations and acoustic performance, as
discussed via the following case study. The context
of the research is an invited design project for Sydney Festival 2012, undertaken with students of the
Master of Digital Architecture Research, Faculty of
Architecture, The University of Sydney. The project
investigates a temporary theatre installation for a
former machine workshop (Turbine Hall) of Sydney
Harbours shipping dockyard, Cockatoo Island.
The ability of an audience to understand lines
delivered by actors is essential to any performative
space. Performers equally rely on the acoustics of
such space to listen to each other, and to listen to
their own voice reflected back from stage surfaces
and surfaces enclosing the audience. In a condition
of non-amplified performance (as is the case in theatre settings, or in common public and semi-public
spaces such as museums, community halls, hotel
lobbies, etc), speakers will adapt their voice project-

Figure 1
Theatre Space with Acoustic
Performance: ‘Musical Chairs’ .
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ing into space. A successful acoustic performance is
a base condition for good performative arts spaces.
Due to the hall’s materiality (hard surfaces: concrete floors, spatial trusses, and large volume), the
present space poses a real problem for vocal performance that arises due to the lack of early sound
reflections supporting the direct sound for the audience, and with no acoustical stage support for the
performers. For that reason, the formation of a serial
module that can act as sound reflectors in the areas
of performance is used as a strategy for design. The
proposed performance space would be suitable for
between 400-600 attendants, seated in an ally theatre configuration. The structure is suspended over
stage and audience area, and formed by a multitude
of elements that can be manipulated to individually
respond in movement to different formations. The
design is latent in the sense that it can express dif-

ferent spatial settings, and induce different acoustic spaces of varying qualities. The resulting surface
resembles aesthetically a swarm that rises from the
ground plane to hover above, enveloping the audience within a volume of elements and strings.

ANALOG/DIGITAL MODELS:
PARAMETRIC VARIATIONS,
MECHANICAL ENGINEERING
The canopy’s different modes of movement were
simulated by deploying the system logic of swarm
behaviour. The design follows standard swarm criteria that prevents ‘flocking’, or in this case accumulation, by implementing rules of separation (avoid
crowding neighbours, short range repulsion); of
alignment (by strings, steering towards neighbours);
and of cohesion (steering towards average levelled
position of neighbours, long range attraction). While
Figure 2
Surface formations by leveling
9 actuator points (GH variations) .
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Figure 3 (left)
Structural engineering: surface and kinetic mechanisms
(i, ii) .

these rules administer the relative positioning of individuals in a field to each other, they are used here
to produce theatrical shapes.
Transferred to a ‘neutral’ surface, these rules
inform a 3D modelled through module repetition
(McNeel Rhino) and scripted (Grasshopper) through
actuator points, in order to manipulate the individual movement of elements, and to equalize an
overall deflection of the surface itself. Depending
on the position of each actuator that release or pull
the surface relative to the overall hanging system, a
total number of 9 acuators is sufficient for producing 9 different formations for the canopy structure
(Figure 2).
The revision of the system through analogue
mechanical engineering translates the digital form

studies into analogue formations: through a complex system of lacing and kinetic mechanisms responsive to levers. Similiar to the digital model, the
mechanical model uses a system of pivoting members that each control the curve of a particular direction. In contrast to the digital model though, the
computational prompt that combines different elements needed to be replaced here with a complex
series of stringing, and two mechanism that draw
together the former digital actuator points. For the
analog prototype, the Turbine Hall is devided by
rows of elements run across its width. Vertical cable lines (x 2) per element are positioned at each
element’s end point. In order to calculate varying
distances between elements, a grid is projected to
a double curved surface, and the centrepoints of
elements are then measured to determine intermediary spaces between individual elements when
strung together.
The diagram (Figure 3) shows three different
strings connected through mechanism (i) and (ii). All
connection points on the mechanisms are situated
as to enable curve, inverse of curve, and all transient
stages in between. Again, 9 main shapes can be created with the two mechanisms, which both have
three basic positions: positive, 0 and negative. By
combining these three positions of the two mechanisms, all shapes can be produced in a real, physical
environment. Initially explored as analogue scale

Figure 4
Analog model studies intersecting scripted behaviour
and kinetic mechanism.
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models with PVC heat-bended panels hung from
strings (prototype 1:20), the final design uses standard industrial plastic chairs hung from suspension
wires supported by a light steel-frame structure disclosed in the steel-frame trusses of the existent hall
(confirmed in prototype 1:1).
The resulting nine main formations orchestrate
a synchronized movement of performing bodies
and performing chair canopy that is used to create
dramatic emphasis; levels of acoustic and theatrical
intimacy can be formed through movement; altering compression and expansion of space to enhance
the dramatic language of the performance. Most
importantly, these spatial formations result in considerably different acoustic performances (Figure 5).

ACOUSTIC ANALYSIS: THE SOUND OF
STRUCTURE AND SPACE
The acoustic characteristics of a space play a significant role in its users’ experience. This is particularly important where the acoustics of the space
are intrinsically tied to the activities intended for it.
Specifically in the environment of performance, the
spatial temporal characteristics (stage setting), the
population of the space (by audience and actors)
and the basic spatial settings (the theatre box) act
as varying, interchangeable criteria that influence a
user experience visually, acoustically and experientially. Physical models to understand acoustics have
been used since the 1930s (Barron 1983). In the late
1960s computer simulation was introduced as a viable simulation technique for architectural acoustics
(Krokstad, Strom, and Sorsdal 1968), and early simulation software rendered indirect sound using mirror
images or ray tracing. Today, it is more common to
use a hybrid of both techniques (Vorländer 1989).
Computer acoustic simulation of spaces allows a
communication between architectural and acoustic
designers, whereby different configurations can be
explored, and beneficial and unfavourable features
identified in a proposed design at early stages. In a
typical acoustic simulation process, an acoustic designer will receive a three-dimensional computer
model prepared by an architect, which can be sim-

Figure 5 (right)
Overview of performative
manual for Temporal Arts
Space.

plified and run through to an acoustic simulation
package. The most common techniques for acoustic
computer simulation are mirror image and ray tracing, or a hybrid of both techniques, whereby several
acoustic parameters can be obtained from the simulation including reverberation time and measures of
the speech intelligibility within the room.
Several acoustic parameters can be obtained
from the simulation including reverberation time
and measures of the speech intelligibility within
the room with results matching those of real spaces
(Bork 2005). Additionally, the simulation allows to
create first-hand experiences for auditioning a range
of possible spaces, using a technique that has been
termed “auralization.” These auralizations allow us
to listen to a room with a great deal of accuracy before the room is built, and has been more precisely
defined as follows: “Auralization is the process of
rendering audible, by physical or mathematical modeling, the sound field of a source in a space, in such a
way as to simulate the binaural listening experience
at a given position in the modeled space.” (Kleiner,
Dalenback, and Svenson 1993). The application of
advanced digital technology allows in this manner
not only a simulation and thus forecasting of spatial
or structural requirements, but also a control over
the interdependencies between form and structure
as a result in spatial effect: acoustic simulations can
be deployed to create auralisations, whereby the
design team can listen to a room prior to its construction, thus provides offering an accessible way
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to present acoustic parameters. Furthermore, in the
subsequent iteration process reverberation times
can paralleled with structural and spatial formations,
thus allowing a shared design result informed by
structural engineer, acoustic designer and architect
in conjunction.

ACOUSTIC SIMULATION (DOME VS
SADDLE)
Paralleling the generative design and mechanical
engineering, acoustic simulation was undertaken
to add acoustic parameter to the previous aesthetic
and structural values; in order to identify the formation able to provide the most effective acoustic
environment. One of the most common parameters
used to describe spaces acoustically is reverberation
time (defined as the time in seconds required for
a sound to drop in level 60 decibels from its initial
value, with 60 decibel considered as the level that
sound heard at a medium sound pressure level must
fade to become inaudible). Reverberation is highly
dependant on space configurations, partition positioning, material finishes, audience area size and
position. In spaces with higher absorption (typically
softer finishes), sound will decay rapidly; in those
with lower absorption (typically harder finishes),
sound will decay slowly. As is the case with the Turbine Hall, its hard surfaces result in high reverberation times, ie inappropriate acoustic performance
for speech performances. As a departure point, an

increase of density of early reflections will also increase the speech intelligibility in the Turbine Hall
(the ability of a listener to understand the words being transmitted either directly by a human source
or over a sound reinforcement system). The nine
configurations all share the characteristic of not
completely enclosing and isolating the stage and
audience areas, but differ in acoustic characteristics
that influence the acoustics within the performance
space. The proposed spatial configuration are thus
directly analysed for their potential improvement of
the existent acoustics of underlying space.
Two configurations were compared in advance
of construction via a computer simulation of sound
propagation, whereby a direct interdisciplinary exchange was enabled by transferring the original 3D
modelling data (McNeelRhino/Grasshopper: .3dm
files exported as .3ds) to acoustic analysis (Odeon).
Their acoustic performance was measured by digitally referencing both the canopy fomation, and the
greater hall in relation to each other. Two envisioned
configurations, termed “Dome” and “Saddle”, were
compared in advance of construction via a computer simulation of sound propagation, and will be
discussed in the following. Acoustic performance
was measured by digital modelling- the strategy
references both the immediate chair canopy and
the greater hall. Given a three-dimensional model of
the space, an acoustical model can be constructed
for examining what will happen to a virtual sound

Figure 6 (left)
‘Dome’, 3d modelling and
acoustic analysis.
Figure 7 (right)
‘Saddle’, 3d modelling and
acoustic analysis.

Simulation, Prediction, and Evaluation - Volume 1 - eCAADe 30 | 583

source located on the stage. To simulate sound
propagation, the source is made to emit a number
of sound particles that support the desig by a visual
forecasting of the acoustic behaviour. Each sound
particle behaves as a ray, reflecting specularly from
surfaces, in the same manner as light rays reflect
from mirrors. The number of sound particles is specified by the user and distributed randomly within a
spherical radiation pattern. With enough particles
(usually in the thousands), an approximation to a
spherical radiation pattern is achieved. In addition,
an auralisation, the sonic forecast of these two specific formations, was undertaken.
In the ‘Dome’ formation (Figure 6), sound rays
expand in time. Its panels are spaced apart, so that
large amounts of sound rays escape to the hall. This
configuration thus does not provide much benefit
for the audience or performer because the introduction of early reflections by the panels is minimal. The
auralisation revealed that sound was lost by the relative distance between panels.
In the ‘Saddle’ formation (Figure 7), sound rays
reflecting from the panels reach the audience earlier, because modules are closer to each other, allowing less sound to escape and dissipate uselessly with
the larger hall enclosure. The auralisation revealed
that sound was enhanced by the relative adjacency between panels, and enhanced reverberation
(which could be further enhanced by a change from
the reflective plastic material, to a padded or textile
surface).
In order to evaluate the influence of the suspended surface on speech intelligibility in the audience area, the acoustic Early Energy Fraction or
D50 was chosen as an appropriate metric. D50 is a
measure of the ratio of energy arriving within the
first 50 milliseconds divided by the total reverberant
energy. D50is a good indicator of the proportion of
early reflections that aid in making a speech sound
clear and louder and late reflections that would
commonly muddle the speech sound. The minimum
D50 value for acceptable speech intelligibility is 0.5
in the frequency bands between 500 and 2000 Hz.
Results obtained from the modelling of the empty

Theatre

D50 500-2000 Hz

Table 1

Turbine Hall Empty

0.48

Acoustic analysis and com-

Dome Configuration

0.59

Saddle Configuration

0.66

Festival Theatre, Chichester

0.65

Crucible Theatre, Sheffield

0.72

Barbican Theatre, London

0.71

hall and the two configurations, and compared to
values for existing theatres demonstrate improvement and general performance of space, see table.
It should be noted that for this initial investigation
only the structure configuration was taken into account. The performance of the space could be further enhanced with changes in materials to specific
surfaces within the hall.
On a more general level, the acoustic simulation showed that a change from the empty hall to
the ‘Dome’ configuration, and finally the ‘Saddle’
configuration will give progressively better acoustical support for performers. In extend of a performative benefit, the research could thus outline that the
proposed structure serves several advantages; it
provides an enhanced performative backdrop by an
actual responsive installatio; and it offers different
theatrical settings that - in specific formation - improve the acoustic qualities of the space.

CONCLUSION
The interdisciplinary exchange of expertise and data
transfer via digital software allowed the team of
structural engineers, acoustic designers and architects to sync their knowledge, and to shortcut design in iterative progression. This allowed the review,
design and testing of a wide range of criteria for
the spatial and acoustic qualities of a performance
space, resulting in better performances, spatial enhancement and sensual experience through the interfacing of computational design and acoustic simulation. The research agenda developed around the
project conversations provided us with a research
platform that has started to integrate relevant de-
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parison of performance.

Figure 8
Sensual experience of the performative surface (prototype
1: 2, based on children’s chair).

sign questions arising between generative design,
acoustical simulation, and in further projects also
structural analysis. The research proceeded through
the various, yet combined software of computational design, meachnical engineering, and acoustic
analysis that allowed an improved spatial management and a better spectator experience in performance environments.
Design process, acoustic analysis and auralisation were used to improve the sound of space in
relation to the audience, and in identifying the formation able to provide this improvement. In paralleling digitally derived variations and analogue mechanical prototypes, the project employed a ‘reverse
engineering’ process in which the acoustic forecast
provided the main parameter of operation and form
definition. The immediate benefits of such methodology can be framed as advanced design and
enhanced process between knowledge realms, but
more importantly a deeper understanding of the
acoustic consequences of performative structures;
the sound of a future architecture.
Through direct investigations of forms responsive to contextual changes, fluid situations and
spatial experiences, the research connects the requirements of architecture as that which enables
theatrical performances, but it also opens on the
possibilities of intuitive design, spatial perception,
and social interactions (Figure 8). By reviewing the
interfacing of prior disconnected disciplines of digi-

tal architecture, structural engineering and acoustical science, the paper has reviewed an interdisciplinary approach that spans between generative
design, structural engineering analysis and acoustic
analysis to investigate temporary architecture solutions. The research hereby also forecasted future
communications and transfers; team design and collaborative approach that will continue to increase
through shared software communication in diverse
team situations of today.
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Abstract. This paper explores the sonic characteristics of urban spaces, with the
application of apprehending acoustic space and form theory. The theory defines auditory
spaces as acoustical arenas, which are spaces defined and delineated by sonic events.
Historically, cities were built around a soundmark, for example, the resonance of a church
bell or propagation of a calling for prayer, or a factory horn. Anyone living beyond
the horizon of this soundmark was not considered citizens of that town. Furthermore,
the volume of urban sonic arenas depends on natural. Digital simulation is necessary
to visualize the ephemeral and temporal nature of sound, within a dynamic immersive
environment like urban spaces. This paper digitally analyses the different morphologies of
old cities and forms of growth in relation to the sound propagation and ecological effects.
An experiment is conducted with the aid of an ancient North-African city model, exposed
to a point cloud agent system. By analysing how the sound propagates from the known
soundmark through the urban fabric, with the wind pressure interference; the paper
compares the theoretical concept of soundmarks and the known perimeter of the ancient
city
Keywords. Urban Public Spaces; Aural Design; Auditory Arena Simulation; Soundmark.

INTRODUCTION AND RELEVANCE
It may be argued that sound is essential to define
the environment surrounding the human species
(Sound: Exploring a Character - Defining Feature of
Historic, 2007). Therefore, it does not come as a surprise that humans adapt to their acoustic environments as their early ancestors adapted to nature and
the significant differences between aural and olfactory horizons. In architectural and urban context,
the term aural design is a reverse adaptation, where
the parameters of the physical phenomena of sound
are employed to form their built environment. This
paper analyses the urban morphology and growth

basis its hypothesis on aural space and form theory.
The argument is that there is a direct relationship
between the acoustical ‘signature’ of a city and how
its inhabitants form their environment (Thompson,
2002).
The study case examined in here shows that,
among other delineating and directional factors of
a city’s growth, significant urban sounds have a similar relationship. It is important to note that this not
a discussion of Islamic architecture history. However,
cultural parameters, spatial awareness, and soundmarks theories will be concisely examined to draw
deductions that help the overall research. Finally, an
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A listener can receive information through various
auditory channels when multiple sonic events exist within their acoustical horizon. The connection
is contingent upon the sonic properties, proximity,
and the broadcasted information. These phenomena exist at many scales, from intimate, personal,
conversational, to urban scales. An arena’s volume
depends on the reverberation and frequency of the
sound and the acoustical properties of the physical
space. The volume of the acoustical space is contingent upon interference factors, the presence and
strength of other acoustical arenas or wind interference (Blesser, et al., 2006) (Figure 1).
acoustic simulation visualizes the mathematical delineation of the sonic factors that define the urban
growth. The ancient town of Damascus is chosen as
a study case for developing the simulation model,
for its minimal factor variance.

THEORETICAL CONTEXT
Firstly, in order to define an understanding of how
acoustic events may affect urban growth morphology, the theoretical context will be defined. Spatial
awareness and the parameters that define the shape
and size of an acoustical space will be discussed.

Acoustical space and form theory
Auditory Spatial awareness is a neurological conscious and unconscious reaction to spatial acoustics,
which has three stages: detection, recognition, and
consciousness. When a receiver /Listener detects the
physical sound waves transformed into neural signals as a sonic event. Awareness is cognitive process
transforms the raw sensation triggering a visceral
response in an elevated state of mental and physical
awareness. Thus, detection is a raw biological property, while recognition and consciousness are contingent upon environmental exposure. When a sonic
event is powerful enough to be heard by a group of
listeners, an acoustic arena is formed. Anyone unable to aurally detect this source is considered beyond the boundary of the arena. Thus, an acoustical
arena is a volume centred on a sonic event.

Urban sonic arenas
Urban arenas have significantly large diameters.
Not only is the volume contingent upon the sonic
property of the source, but also depends on natural
and technological parameters. Geological formations can act as sound barriers or sound conduits.
For example, steep terrain would cast large sound
shadows, while valleys propagate a target sound
across large distances. Vegetation is another auditory demarcation parameter. Grass reduces the
sonic reflectivity of the ground and trees absorb airborne sound waves, casting large sound shadows.
Thick vegetation at the outskirts of a town stops the
propagation of any sonic event; essentially, delineating the urban auditory arena and aligning it with the
visual boundary. Conversely, bodies of water act as
sound reflectors increasing the size of the urban arena. While, high windshield factors and turbulence
along coast lines cause high interference, shrinking
the urban auditory arena (Blesser, et al., 2006).

Soundmarks
Soundmarks, like town clock, church bell, or prayer
calls, occur in central locations of cities. People living
beyond the acoustical arena of this soundmark were
not considered citizens of that town. Individuals
subjected to the same set of sonic events recognize
these sounds and how they link the community’s activities guided by distinct ideas infused in the built
environment, regardless of their gender, age group,
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Figure 1
This is a diagrammatic image super imposes various
sonic connections established
within a social space, over
the Luncheon of the Boating
Party, by Pierre Auguste
Renoir. (1880-81).

Figure 2
Mediterranean wind patterns
diagram (Sound absorbing
properties of different density local acoustic materials,
2010).

racial background, or socio-economic status (LaBelle, 2010). The earliest time pieces in Europe, 14th
century, were invented to inform monks that mostly
relied on the hour glass for morning prayers. Most of
these early clocks became community centrepieces
that were developed to sound bells at appropriate
prayer hours (The Middle English word clok from the
Dutch and German words for bell) (Levine, 2006).
Similarly, prayer calls in the old Islamic cities were
time telling sonic events that pre-existed any time
piece. A side from its link with one of the five pillars
of Islam, this sonic event had social and political significances (Bianca, 2000).
All humans experience a phenomenon that defines a specific sonic event as a soundmark, namely,
‘Programmable music’. This is similar to Synesthesia
(Synesthesia is neural connection anomaly between
the visual cortex and other cortices; where they do
not fully disengage), the perception through one
sense can stimulus another (Turrell, 2002). For example, a sound can trigger an associated thought
that the brain tries to create, by comparing visual
patterns with aural ones (Campen, 2007). Humans
that have lived within an urban setting can identify
certain rhythms and frequencies with transportation, or high-pitched sounds with alarms and sirens.
In these cases, the sonic event indicates time and
social event.

North-African parameters
Ancient North-African cities have the clarity of a
scientific experiment due to the minimal variables.
Visibility is constant across the region due to its location on the flat valleys created by the drag of the
tectonic plates. The terrain is either fertile or desert, surrounded with a large desert defining clear
borders around the habituated areas (Gunz, 2011).
Wind pattern remain fairly constant throughout the
North-African and Mediterranean region. Western
and North-western winds predominate most of the
seasons at variable speeds; average from 10 Km/h in
the summer to 30 km/h during winter (2007) (Figure
2).
Traditional Islamic cities did not have formally
institutionalized planning resulting in amorphic patterns if growth emerging around built archetypes.
Friday Mosques, embedded in a frame work of central markets fulfilled the institutional functions. Thus,
there is no specific morphological growth pattern
to Islamic cities, developing according to site constraints, community size, economic resources, and
building materials. This research will compare the
resulting edge with the acoustical arena centred on
the soundmark. The study case is the North-African
city, Damascus (Bianca, 2000).
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Figure 3 (left)
One sonic event located above
a fully reflected surface.
Figure 3 (right)
In a bounding box with fully
reflected interior surfaces.
The side views show how the
acoustical coloration changes
the form of the arena.

Damascus retains the inner morphological affinities
of earliest Arab cities. When appropriated, Damascus
was planned per Roman traditional town planning;
strict grid layout with main axial roads. With the Islamic adaptation, the grid no longer became the
factor governing the morphology of public spaces
or residential districts. The main roads started to secede into smaller pedestrian parallel paths around
small market structures. Privacy was the driving factor creating a broken flow through successive hierarchal streets, usually ending in a courtyard (Islam
qualifies the private sphere of the family as “harm”
which means sacred, both inviolable and ritually
forbidden to strangers) leading to inward-oriented
autonomous units form around court yards (Bianca,
2000).
All traditional communities centred on religious
beliefs materialise their environment to reflect the
individual perception of the universal truth. It is important for the residents to hear the prayer call from
within private residential districts. This research ar-

gues that the Friday Mosque minaret’s location and
built typology makes the muezzin’s voice a defining
factor the city’s boundary.

COMPUTATIONAL MODEL
The mathematical logic employed to develop this
model examines sound as wave disturbance in a
medium. Damascus is located at sea level; where
the atmospheric pressure is constant and the speed
of sound is 340.29 m/s. The prayer call broadcasted
from the mosques resembles a hypothetical scenario, where the sonic event occurs in an unbound homogeneous media with no physical obstacles. Directional sonic waves radiating uniformly from a point
source are the only detected sound. The sonic event
energy has power P, with a corresponding spherical acoustical arena of radius r. The periphery of the
sphere, i.e. delineation, is where the power divided
by the spherical surface area, P/(4πr2), equals to the
least sound level aurally perceived.
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Figure 4
Sonic Event Equations: More
than one arena can determine
the form and size of the neighboring arenas.

Indirection sound waves occur when the waves reflect off a surface. (Figure 3-left). There are two factors (with corresponding formulas) in play, namely,
the absorption and reflection of the sound when it
comes in contact with a surface. Acoustical coloration occurs when sound waves are reflected off a
surface. If a sonic event occurs near a more articulated surface, the acoustical coloration would be
complex. In the case of Damascus, reflectivity of the
landscape and vernacular rammed earth building
materials’ absorption coefficient is approximately
0.5 (Sound absorbing properties of different density
local acoustic materials, 2010). The density of the
urban fabric creates tight spaces resulting in sharp
reflections that intensify coloration and amplify
the sonic connection (Blesser, et al., 2006)(Figure
3-right).
If two sonic events of similar powers (P1=P2) occur in space (at points C1 and C2, respectively), their
attenuation periphery will be of equal radii (r1 = r2).
The sonic arena formed around each one is defined
as follows. The arena associated with the event at C1
(C2) is delimited by the surface S12 that lies on the
plane bisecting the line connecting C1 and C2, in addition to the dissipation periphery S1 (S2). When one
sonic event increases in power P1 the arena grows in
volume, encroaching into the less powered P2 sonic
event’s arena (P1 > P2). In this case, the radius of the
attenuation peripheries will be unequal (r1 > r2) such
that (r1/ r2)2 = P1/ P2. The boundary between the two
arenas S12 will be defined by the surface (ρ1/ρ2)2 =
P1/ P2. It could be shown that the separating surface
S12 lies within the lens-like volume that is common
to the two spheres (Figure 4).
Basic Particle Swarm Optimization (PSO) algorithms integrating these vectors simulate sound
wave propagation here in. Each particle migrates
from the its initial position (sonic event) through
three-dimensional search space, adjusted by adding forces as vectors with different magnitudes and
directions; such as sound wave propagational direction, gravity, and wind trajectory. The velocity vectors drive the optimization process that replicates

the cognitive component (The cognitive component resembles individual memory of the position
that was best for the particle (Engelbrecht, 2005))
of each particle and socially exchanged (The social
component resembles the group norm or standard
which individual particles seek to attain (Engelbrecht, 2005)) information from the particle’s neighbourhood (Engelbrecht, 2005). The acoustical arena
delineation is the culmination effect of all the position update of the particles until the magnitude of
the acting vectors equals to zero.
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Figure 5
Visualization of a prayer-call
(Soundmark) acoustic arena
(Left: plan) (Right: View due
East).

CONCLUSION
This acoustic simulation visualizes the delineation
of acoustic arenas centred on soundmark. Directional Northwest winds create pressure differences
deforming the acoustical space centred on highest
point of the minaret. The observed acoustic arena’s
volume approximately aligns with the city’s parameter. Using ecological and sonic data sets, the mathematical computation model prove to have a relation
with the growth morphology of Damascus (Figure
5). Computational tools allow for mathematical and
visual evaluation of auditory arenas. In exploring
the sonic characteristics of urban spaces through
acoustical space and form theory, we can analyse
the different morphological growth of cities. Further
experimentation for other types of cities that may
have emerged from church bells and post-industrial
fog horns can further validate this hypothesis. Comparing modern city morphologies with technological data sets help us understand how this phenomenon is linked with urban tissue morphology.
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Abstract. In this paper we propose an open source design tool that allows designers to
easily conceive, evaluate and design the full auditory experience of a building, based on
a digital three-dimensional model. A guiding principle has been the dynamic nature of
the configuration of sound sources and listeners. Hence, a system is created that enables
sound sources as well as listeners to be defined as moving entities. Furthermore, the
ability exists for listeners, in their own movements and interactions, to generate sounds
as well. In the system, proposed in this paper, ray-tracing is used to simulate the spatial
acoustics. The paper discusses the considerations regarding several implementation
choices and regarding adoption of the tool in the architectural design process.
Keywords. Auditory perception; Architectural design; Acoustics; Simulation;
Auralisation.

INTRODUCTION
Solutions for conceiving a first-person visual impression of the experience of architectural designs
are widely available. The ambition exists amongst
designers to construct narratives that present the
sequence of experiences in a building (Bermudez,
1995). The auditory experience makes up for a large
part of the narrative and emotional quality of the
architectural experience (Blesser and Salter, 2006).
Solutions for the evaluation of the architectural
acoustics are available. Examples of such tools are
CATT-Acoustic [1], Autodesk Ecotect [2], EASE [3]
and Odeon [4]. However, these are dedicated to provide static impressions, leaving out the active role
of the beholder in engaging architecture. Furthermore, these solutions are geared towards theatre
and auditorium development, or geared towards
other settings in which the demands on functional
acoustics are explicitly stated. Yet, the auditory ex-

perience of our everyday architectural environment
demands attention from an aesthetic perspective as
well. Therefore we propose a tool that allows designers to easily conceive, evaluate and design the full
auditory experience of a building, based on a digital
three-dimensional model. The workings of the tool
in relation to the architectural design process have
been examined by a case study design of a hypothetical congress centre. Furthermore, the results of
the acoustics simulation have been compared to formulas that describe acoustics on a statistical level.

THE AURAL EXPERIENCE OF
ARCHITECTURE
Firstly, the gamut of auditory phenomena that are of
importance for the experience of architecture needs
to be defined. When a building is experienced, the
progression of aural experiences can provide ten-

Simulation, Prediction, and Evaluation - Volume 1 - eCAADe 30 | 593

sion and harmony, similar to how regular instrumental music can evoke emotions.
The architect designs a building to house several functions, each of which comes with a distinct
vocabulary of sounds. The materialisation of spaces
and their shapes determine how these vocabularies are articulated. By connecting different spaces
and by creating a routing the architect dictates the
progression of phrases as they are perceived when
moving through the building.
Furthermore, by navigating in space, the visitor
functions as a personal mixing device, mixing the
configuration of sound sources around into a personal experience. But, simultaneously, the visitor becomes an active element in the musical composition
as a building provokes sounds from its beholders,
such as footsteps, slamming of doors and conversational mutter. In presently available solutions these
latter aspects are often neglected.

E.A.R: EVALUATION OF ACOUSTICS
USING RAY-TRACING
To incorporate the aforementioned aspects of the
auditory experience of architecture in a design
tool, a system had to be designed that, on the one
hand, evaluates the acoustics of a space, based on
its shape and materialisation. On the other hand, a
system that does not neglect the active role of the
beholder: firstly, the freedom to move and thus to
shape the perception of the configuration of sound
sources. Secondly, the freedom to create sounds
oneself. In the system, proposed in this paper, raytracing is used to simulate the spatial acoustics.

Rationale behind ray-tracing
Ray-tracing is a method to simulate the propagation of emitted energy from a source. The technique
is well-studied to synthesise visual images from a
three-dimensional scene, but can also be used to
determine the acoustical behaviour of a room (Vorländer, 2008).
The use of ray-tracing for auditory evaluation
is, from a purely physical stance, not entirely correct. To treat sonic energy as individual rays leaves

some phenomena, such as diffraction, not to be
reproduced. In the visual domain, due to the small
wavelength, these phenomena are not apparent in
everyday scenarios, but in the auditory domain, especially for lower frequencies, phenomena like diffraction can be quite prominent.
Nevertheless, we have opted for a ray-tracing
solution for several reasons. Most importantly, in
the design tool we propose we are not interested in
a scientifically correct solution, but rather aim to offer a perspective from an artistic viewpoint. Furthermore, ray-tracing is easy to implement. It is able to
reach a solution in a limited time. It is able to reproduce some of the most prominent auditory spatial
phenomena. And lastly, most of the future end-users
of the software are already familiar with ray-tracing,
for example by producing visual renderings.
Furthermore, with some trickery, ray-tracing as
an algorithm can be enabled to incorporate phenomena like diffraction just as well. For example,
diffraction could be modelled by automatically
appending fins along the bisector plane of edges,
around which diffraction would likely occur. These
fins would then bend the direction of rays that pass
through them (Vorländer, 2008). However, at the
time of writing, these additional measures are currently not implemented in the ray-tracing solution
as it is presented.

Implementation details
The overall process of the ray-tracing solution is
divided into three steps. Firstly, impulse responses
are calculated using ray-tracing for every sourcereceiver pair that is defined. The impulse responses
represent the decay of sonic energy over time at
the location of the listener. Because air-absorption
and material properties differ per wavelength, the
impulse responses are calculated independently for
several frequency ranges. The next step is the convolution process, in which the sound that is being
emitted is processed to incorporate the acoustical
response of the room. To match original input signal to the frequency ranges, for which an impulse
response has been generated, a band pass filter is
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used to filter out the relevant frequencies from the
original input signal. The final step consists of adding all convoluted sounds into a single final result, as
it would be perceived by the listener.
Figure 1
Artistic impression of the raytracing algorithm

Ray-tracing is a probabilistic method that converges
to a consistent solution by increasing the number
of rays being traced. See Figure 1 for a graphical
representation of the method. In this figure rays
are traced from the source in the lower left corner
to the listener in the lower right corner. Depending
on its properties, materials contain a specular and a
diffuse reflection component. This defines to what
extent rays bounce of, of the material, in a random
direction. At the location of the listener the rays are
collected, which explains the local increase in ray
density, as seen in the illustration. Figure 2 shows the
resulting impulse response. Given the room dimensions, which are roughly 90 by 90 by 30 meters, it
takes over half second for the sound to travel from
the source to the listener. The impulse response is
used to transform the dry input signal into the convoluted output signal. Both are presented in Figure
3, but note that the output is normally not appended to the input signal, as is used here for illustrative
means.

Contrary to existing solutions, a guiding principle
has been the dynamic nature of the configuration of
sound sources and listeners. Therefore, both sound
sources and receivers have to be able to be defined
as moving entities. This is accomplished by breaking down the movement of both into several keyframes. For every key-frame an impulse response is
generated. As the sound from the source progresses,
while moving from one key-frame to the other, the
impulse response, which is used to convolute the
emitted waveform, is interpolated between the two
consecutive impulse responses.
The ray-tracing solution is a stand-alone application written in C++ to benefit from the increase in
performance by compiler optimization and multithreading and the availability of libraries for the Fast
Fourier Transforms for the convolution process. The
Graphical User Interface of the application has been
created as an add-on for the open source threedimensional modelling application Blender [5]. The
add-on has been written in Blender’s native scripting language Python. The extensible plug-in architecture of Blender allows for a tight integration with
the architectural modelling workflow to ease the iterative design process of alternating modelling and
auralisation. Furthermore, by extending Blender, a
large potential user-base is obtained that is willing
to help improve experimental software initiatives,
such as the one presented in this paper.

STORYBOARD
Apart from the acoustics of the enveloping surroundings, another important factor to the aural
experience of architecture is that listeners, in their
own movements and interactions, generate sounds
as well. To incorporate this notion in the auralisation
process, the collection of auditory events alongside
the path of a listener can be automatically mapped
onto a storyboard. This includes the visitor’s own
sounds from exploring the building, such as footsteps. To ease the designer in conceiving this storyboard, a library of materials is supplied. Aside from
how the materials interact with the rays being traced
– such as the amount of reflectivity, transmittance,
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Figure 2
Graphical representation of an
impulse response.

Figure 3
Waveform of both the input
and output signal.

absorption and specularity – the library also defines
how the material sounds when walked upon. To apply spatial acoustics to the generated storyboard,
the storyboard itself is treated as a sound source and
is fed back into E.A.R.

SIMULATION RESULTS
E.A.R is primarily intended to give an artistic impression of the spatial acoustics and auditory experience
of a configuration of sound sources, listeners and
geometry. Therefore striving for scientific accurateness was not one of the main goals. Nevertheless it

on empirical or theoretical study, that have proven
to predict the reverberation time of a room rather
well within some well-known constraints. These
constraints are best explained as the necessity for
the modelled room to qualify as being normal, by
which one would mean that all dimension components have the same order of magnitude and that
the room has a uniform distribution of material
properties. Given these preconditions, the formulas
of Sabine (1) and Norris-Eyring (2) predict the RT
60
reverberation time rather well. The RT is defined
60
as the time needed for the reverberation of a sound
to decay by 60 decibels below the level of the direct
sound itself. The formulas operate on the volume
V and surface area S of the enclosing volume, the
weighted average absorption a of the surface and
the attenuation coefficient for air absorption m.

RT =0.161V / (S·a+4mV)		

(1)

RT =0.161V / (-S·ln(1-a) + 4mV)

(2)

60

60

is important to have an understanding of how E.A.R
performs in relation to the existing body of literature.
One of the most studied subjects in the field of
architectural acoustics is the reverberation time of
a room. It has a tremendous impact on the quality,
appearance and intelligibility of a concert hall and
hence has been the subject of thorough examination. Several formulas have been conceived, based

The RT is also a property that is easily derived from
60
an impulse response as rendered by E.A.R. Hence
it allows for a comparison between the outcome
of E.A.R and the values that the formulas predict.
The graph in Figure 6 shows that the reverberation
times, as to be deduced from the rendered impulse
responses, do not deviate a lot from the predictions
by Norris-Eyring. The room in question was a 10 by
6 by 4 meter shoebox room, but in other configura-
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Figure 4
Screenshot of the application
interface in Blender.

Figure 5
Chart of reverberation times
as predicted and simulated.

tions varying deviations have been found between
E.A.R and Norris-Eyring. The deviation with the
Sabine formula can be explained by the fact that it
overestimates the reverberation time for high absorption values, which is due to the linear nature of
the formula. This means that, even with a fully absorbing envelope, some amount of reverberation is
predicted by the Sabine formula, which would physically not be the case.

CASE STUDY
Simultaneously with the development of the auralisation solution, a prototype of a hypothetical building has been designed to give insight into the future
use of the tool. We have opted for the design of a

congress centre, because the aural implications of
it are of both an aesthetic and a functional nature:
people generally visit the same congress centre only
a limited times, leaving room for visitors to be surprised by the auditory experience. Yet, at the same
time, a congress centre imposes strict functional
constraints on the acoustics. Both the functional and
the aesthetic component of the design can be validated by the tool.
The design is organized as a narrative sequence
of auditory experiences that resembles a musical
progression. By situating the design next to a highway the positive and negative connotations of traffic noise are investigated. An elevation of the design
can be found in Figure 7, but thoroughly explaining
the details of the design falls outside the scope of
this paper.
The use of the auralisation tool in the design
process helped to conceive and unravel the building
as a sequence of interesting aural experiences. At
the same time, however, during the design process
the difficulty to effectively communicate the rendered aural impressions manifested itself. A credible
reproduction of the rendered impressions requires
a sufficiently accurate sound system, one that is not
always available, even when giving presentations.
Furthermore, a lot of the communication around

Figure 6
Elevation of the design
prototype.
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building process is geared towards conveying scale
models or graphical artefacts, either digitally or in
print.

CONCLUSION
The use of ray-tracing in the auditory domain
proved to be a relatively easy way to provide an
auralisation solution for artistic use. The case study
design project illustrates the use of such a tool in the
architectural design process, but also shows that effectively communicating a convincing impression of
the auditory experience of the design yet proves to
be difficult.
The entire ecosystem of tools that has been
developed for this project has been open sourced.
This way the system can be extended by others, to
eventually make the evaluation of auditory experiences from three-dimensional models just as common as the creation of visual renderings. We hope
for a widespread use of the tool in architectural design, but see room for use of the tool in other disciplines as well, most notably film making and special
effects. The source code of the open source design
tool is available on-line [6].

FURTHER RESEARCH
Further research can be undertaken to validate the
accuracy of the ray-tracing algorithm. This can be
accomplished either by supplying additional algorithms for integrating acoustics, based on Finite Elements Analysis or Differential Analysis, that solves
the wave equation to simulate sound propagation
or by comparing computer generated results with
real-life measurements.
Within the context of the ray-tracer further research can be undertaken on the subject of Just Notable Differences. Research on this topic can provide
guidelines to the acceptable spacing between two
consecutive impulse responses along the path of
the beholder, as the consecutive impulse responses
are interpolated to suggest the perception of the
movement.
A third research area is the use of GPGPU (General-Purpose Graphics Processing Unit) computing.

With its unmatched performance, in terms of parallel floating point operations, the algorithm could be
evaluated in near real-time, opening up whole new
ways of interactive aural design.
Regarding the design process, additional research can be undertaken to find ways to efficiently
embed the use of auralisation into the architectural
design process. Communicating aural impressions
seems not to be a part of the universe of discourse
of the architect. Additional research can be undertaken to represent aural impressions using visual
feedback to ease the communication process and
remove the dependency on accurate tools to reproduce the rendered aural impressions.
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Abstract. Agent-oriented modelling is one of the simulation methods for emergent
behavior of a complex system that could be considered for application of urban city
structures. Using advanced script techniques, the behavior and evolution of structures
in the bottom-up strategies for the development of environment could be simulated in
architecture and urbanism as well. The paper presents a research subproject in the area
of verification of the processes of spatial and social interaction of the agents according
to the logic of defined intrinsic rules of Swarm behavior in the simulation model of
the selected area. The research builds mainly upon two selected requirements of the
bottom-up strategy: the approach distances to places of interest and mutual standoff
distances between urban elements.		
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INTRODUCTION
The issue of non-directive design and planning of
urban environment is very topical in the context of
contemporary architecture and urbanism. One of the
possibilities of city growth and development of the
existing urban structure is the organic emergence of
a new environment based on individual and group
bottom-up decisions. The participation of future
residents of new areas in the city planning or in the
creation and completion of the existing urban environment based on real needs and potentials of its
inhabitants currently presents a great challenge for
architects to simulate these unpredictable processes
of spatial development using relevant digital technologies. Architects and urban planners conduct the
role of expert surveillance of this way of urban de-

velopment and they also evaluate and influence this
set of development processes. Provided the development of the urban environment is based on this
bottom-up strategy, the city is a complex set of subprocesses where each of the mutually interacting
entities and systems create a self-organized complex
whole. The city shows an emergent behavior. Since
this approach is different from top-down planning,
we can state that in this bottom-up strategy.
„Cities grow organically as the product of millions
of decisions and in the face of this complexity, it is not
surprising that top-down controls have little effect on
their structure(...).During this time, a new model of
how cities function has gradually emerged. The analogy of a city with a physical system has been replaced
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by that of a biological system (Simon, 1999) and as
we know from our own experience, biological systems
grow from the bottom up.“ (Batty, 2011) [7].

The research issue
How to simulate, using digital technologies, the exante unpredictable development of the urban environment in a specific existing site? How to simulate
spatial metamorphoses of the environment in 2D or
3D model? How to achieve a bridging of real data in
the context of digital simulation, which could serve
as a guide for architects and urban planners at different levels of planning?

RESEARCH OBJECTIVES
The main purpose of this research is to assess the
applicability of the simulation of a selected bottomup strategy in urban planning and development
through the use of digital technologies. The verification will take place in a particular simulation model
of the already existing environment. Such a model
could then serve as a decision-making and analytical
tool for architects and urban planners in the process
of planning and designing. It could still be further
developed and complemented by other features
and functionalities. For this particular research, the
requirements of approach and standoff distances in
the urban structure and the possibility of replenishing with the new volumes in the existing build-up
area were selected.

Research method and concept
For the time being, the research has been conducted
at the following levels:
1. Study of existing possibilities of digital technology in the area of simulation of emergent
behavior of structures in spatial interaction of
their internal components and its potential use
in the real case site.
2. Study of advanced script techniques in the area
of agent modelling allowing the simulation of
spatial interactions of structures in Processing
language.

3.

Mapping and data collection for a specific
selected area (Jizni Mesto, Prague, Czech Republic) - identifying the real needs of users in
a particular location based on an online questionnaire and collecting statistic data. The result
of this mapping is a bottom-up requirement more than 50% of respondents in the selected
area (Prague, Jizni Mesto area) put demand on a
larger volume of areas in use (residential areas,
public areas, i.e. the distances between them),
while about 40% require a shorter approach
distances to the various targets of interest
(schools, parks, other facilities).
Based on these research results, two of the requirements of the bottom-up strategy participants were
selected in the spatial simulation - standoff distance between the proposed urban elements and
approach distance from the starting position to
the point of interest. These two aspects will be the
starting parameters, which shall be the subject of research in the simulation model.

METHODOLOGY
The following methodology is the early phase of this
application research. The material provided in this
paper shows preliminary results and tries to set up
the technological framework. The aim is to show the
feasibility of the multi-agent approach.

Spatial interaction of lower-level
components, swarm behavior simulation
For the purpose of our research, emergent behavior
of structures in the simplified model is conceived as
a spatial interaction of the internal lower-level components, which figuratively represent the inhabitants and their demands or the individual elements
constituting the urban spatial context. Such a model
can be modeled using the method of agent-based
modelling. The agents form a complex whole - a spatial system in which there is geometry based on defined rules and attributes of lower-level agents posted into the links and interactions with other agents
and with the existing environment. In this paper we
shall focus mainly on the issues of the environment
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reconfiguration.The approach deals with the volume
replenishment in the existing built-up area based on
mutual standoff distances. The changes in the density of functional utilization of the area (public spaces,
green areas, built-up area) based on the approach
distance analysis are another part of this proceeding. It shall therefore deal with the spatial reconfiguration of the environment.
For the purposes of simulation of the urban
structure reconfiguration on the basis of these requirements, the Swarm behavior method of spatial
agent simulation was selected, serving as a baseline
technology base. The relevance of the chosen method is based in particular on the spatial parameters
used by this method. For the needs of this research
we are interested mainly in separation parameters
- spacing that may figuratively represent the standoff distances of urban elements as well as the alignment of each element. Each agent may appear in

the form of essentially any geometry that will participate in the development of urban structure. For
simplicity, we have selected basic geometry of tetrahedral prisms, which characterize well the solitary
building objects.
Seeking target, included also in the Swarm behavior method, is an important parameter for the
analysis of distances between respective locations.
We operate in an environment with buildings and
other spatial elements already existing, so another
parameter, avoiding the obstacles, shall also be included in the simulation model.
Modelling of this platform in the framework of
research is carried out in the scripting language Processing, because this language allows open editing
in the script at any time with clear result in our own
modifiable graphic user interface. The language is
based on open-source strategy and following that
idea it offers a rich possibility of functional replen-

Figure 1
Clustering of agents made on
the basis of defined distance
with separation parameter.
Conditional sentence is defined by Distance parameter, where the agents are
supposed to associate with
each other to create a cluster.
The geometry arises based
on these links. The agents are
moving in space under the
Swarm behavior rules. Script
by Dimitrie Stefanescu (Hyperbody, TU Delft). The initial code
source for the object classes
of agents is adopted from the
script library Kokkugia research
(Roland Snooks, Robert Stuart
Smith, 2011) [2]. The revised
codes kindly provided online
by Dimitrie Stefanescu as
Swarm behaviors workshop
material [1].
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ishment of the Swarm behavior method with additional parameters and codes in further research
work in cooperation with other programmers.
Source to simulate the Swarm behavior in Processing shall be the open-source script core kindly provided by Dimitrie Stefanescu (Hyperbody, Faculty of
Architecture, TU Delft, Netherlands) developed for
the purposes of Swarm behaviors Workshop material [1]. Another source of inspiration for understanding the hierarchy of objects and classes in the script
are the script library of the kAgent class provided by
the portal Kokkugia research. (Roland Snooks, 201011) [2].

Agents swarm behavior in Processing
Modelling agents behavior according to the rules
and parameters of Swarm behavior in Processing is
built on the advanced scripting techniques that utilizes the principle of object-oriented programming.
Resources for Kokkugia research [2] and Swarm behaviors workshop material [1] uses the principle of
algorithms developed by Craig Reynolds (1986) [10]
for the purposes of an animated simulation of the

bird flock using information technology and by Daniel Shiffman (2010 ) [8] for elaborating in Processing
language through defining vectors. The openness of
the code in both cases [1] [2] appears to be an advantage because the core script could at any time be
entered and enriched with new features and functionalities or edited and complemented with the
core functions that had already been implemented.
The Plethora library (Sanchez, 2011) [5] is another
option for modelling agent systems using scripting
techniques in Processing, however, it has not been
used for the purposes of this research subproject.

THE PROCESS OF MODELLING AND
SIMULATION
Analysis of approach distances
It is necessary to determine the starting position of
the agent or group of agents as well as the interest
positions of their targets in the external modelling
program. There could be more targets in the model.
If we analyze approach distances of more places in
the model at the same time and with a larger numFigure 2
Analysis of approach
distances from various points
in the model. Agents moving
toward the target (attractor)
define the exact position of
the least acceptable distance
by changing the rendering
geometry from square to
circle. In the place where
geometry is transformed, the
requested feature might arise
that is more accessible than
the original target.
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Figure 3 and 4
Adding volume to the current
structure outside the existing
buildings, depending on the
number of agents, possible
changes in building densities
or in other functional uses.
Geometry can also be supplemented by the distance
gap requirements. The script
offers the possibility to control
the size of proportions of
replenished development in
relation to a selected building
site in the model, in this case
to the WorldCenter (0,0,0).
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ber of agents, the resulting geometric structure will
be rendered nonlinear.We can document the optimized specific outcome visually in a graphical interface. Location coordinates of starting points and targets in the model can be loaded into the core script
via TXT format and they are rendered to the environment of interest.
Any 2D geometry is loaded in similar way. In the
simulation, the agents are released from the starting
points (emitters). Geometry is visualised between
the agent and his interest target (in the middle, in
the third etc.). The visualised geometry turns into a
different type at the moment the agent reaches an
acceptable distance from the target. Otherwise, in
case of lack of distance, the geometry remains unchanged. Distance parameter can be edited at any
time in the script. This way, exact places could be
defined where the agent meets the exact approach
distance and this can serve as a decision-making
tool in the process of design and planning, where a
more specific type of desired land use is determined
or urban element (object, space, function, etc.) is
placed.

Replenishment of volumes in the built-up
area, standoff distances
In the framework of the research, apart from addition of Attract function, the agent system was edited
in the Display function. The simulation model can be
complemented with the new geometry. The position
of the new geometry is determined by the agent location and also the number of added new elements
depends on the number of agents. Geometry can
be displayed also between respective agents (in the
middle, in the third etc.) – respecting the precisely
defined distance in the cluster distance parameter.
The value Separation defines the exact standoff distance between respective urban elements added.
The script can also defined the changes in proportions of supplemented geometries in relation to
positions of specific places in the model (e.g. continuous changes of the height of the built-up area
in relation to a selected coordinate in the model).
These principles of continuous change in modelled

geometry could represent graduation of building
heights and theirs differentiation from areas with
another function. It is one of the option of a design
strategy which is under architect´s control in urban
conditions.
This way, targeted urban concept formed by the
theory of Swarm behavior could be developed. In
this case, neither motion not trajectory of agents is
observed, the process is more focused on the position of agents generated by their own interaction.

DISCUSSION AND FUTURE WORK
We have defined a simulation model platform, which
can be used to simulate the evolution of urban structure based on the standoff distances in the territory
and to analyze approach distances using the graphical user interface. The core script was replenished by
the addition of Display and Attract features.
The model can serve e.g. when drafting the revitalization of selected area as a decision-making
tool in the placement of selected features into the
environment.
The research did not address specific planning
and the result of the simulation is no urban design
proposal. Nevertheless, this simulation method of
the emergent structure development has the potential to become a creative modelling tool for the
design of urban spatial configuration of the environment in the future and can serve to develop concepts according to the theory of Swarm behavior.
The script has the potential to further develop its
core in further replenishment with the new features
and functionalities.
In this research, the adding of new buildings
into existing structures was primarily analyzed in
case of solitary simple tetrahedral objects, which
increase the volume density of buildings. The tool
has the potential to work also with other types of
geometry and other typological kinds of buildings or a combination of several species (solitaires,
blocks, row houses, random organic development,
new possibilities of continuous geometries and their
combinations). The hidden potential lies also in focusing on the agent trajectory and creating their
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geometry in 3D conditions and also in utilizing the
Plethora library [5], where building a script is less demanding and less complex than in the source used
for this research. Further work in this subproject
shall therefore develop and further discover the
above mentioned potential.
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Abstract. The present paper explores the implementation of a light-duct in order to
equalise daylight distribution in an office space. While the illuminance level near windows
in a building tends to be higher than that necessary for the working environment, artificial
lighting is often used to ensure that the workspace further away from the windows has the
required level of illuminance. Equalising daylight distribution from the periphery to the
inner part would thus provide significant advantages for energy-efficient lighting as well
as the flexible and efficient use of office space. In order to achieve this goal, anti-glare
devices in the perimeter zone such as louvers and daylight distribution devices such as
light-ducts are required. In this paper, we focus on light-ducts in the first instance, with
an emphasis on their two key components for controlling the direction of daylight, namely
inner reflectors and bottom extractors.
Keywords. Day lighting; Digital Fabrication; Performance; Parametric; Algorithm.

INTRODUCTION
Good lighting requires equal attention to its quantity and quality components, as visibility often depends on the way in which the light is delivered. In
extreme cases, unevenly distributed light could result in a high level of contrast and cause discomfort
because of glare problems. Windows are the most
common way to admit daylight into buildings. However, daylight levels decrease asymptotically with
the distance from the window and thus daylight
distribution systems such as light-ducts supplement
windows in order to achieve better illumination for
workspaces.

A light-duct system consists of three main components: a collector on the outside to gather light from
the sky, a highly reflective duct integrated into a
suspended ceiling that leads midway into the office
and an inner reflector to control the direction of the
emitted light (Gilles Courret et al., 1998). Although
such a system is able to direct daylight deep into a
room and thus improve daylight penetration, current designs incorporate relatively small inner reflectors at the end of the light-duct that only illuminate
a limited area under the reflector. As a result, daylight is distributed non-uniformly.
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Figure 1
Cross-section of a room with a
light-duct proposed for equalising daylight distribution.

This paper uses a performance-based design approach in order to optimise light-duct components
and thus equalise the daylight distributed via such a
system. The proposed design is based on the following three explicit performance criteria developed
in the initial stages (Turrin et al., 2010): (i) under a
standard overcast sky, (ii) in a 7.5 m-deep room and
(iii) the light-duct is able to compensate for the insufficient daylight provided by a rear window to
achieve uniform horizontal illuminance in a workspace. As all the light illuminated from the light-duct
is redirected by the inner reflector via the bottom
extractor, the most critical components that affect
daylight distribution are these two components
[Figure 1].
The hypothesis of this research is that by optimizing the opening design on the bottom extractor

and the shape of 3-D inner reflector by ray-tracing
algorithm, fabricated by digital fabrication technologies, the light-duct could effectively achieve uniform illuminance value on working plane at the rear
half of the testing room.

EQUALISING DAYLIGHT DISTRIBUTION
As the correlation of the influences of the bottom
extractor and inner reflector is unclear, these two
target components need to be tested separately in
the first instance. Therefore, we take the following
steps in order to optimise the light-duct for equalising daylight distribution.
Firstly, the degree of daylight distributed
through the existing light-duct is examined. Secondly, the opening shape of the bottom extractor
to be optimised is verified through simulations and
Figure 2 (left)
1:5 scale light-duct prototype.
Figure 3 (right)
Inside of the 1:5 scale lightduct prototype . (Yellow dotted lines indicate the position
of the base opening in the
bottom extractor.)
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Figure 4 (left)
Optimised opening shape
of the bottom extractor in
the light-duct for equalising
daylight distribution.
Figure 5 (right)
Close-up of the laser-cut
mirror surface engraved in a
5 mm-thick acrylic bottom
extractor.

lab/outdoor testing. Thirdly, the 3-D curved inner reflector geometry is optimised using a ray-tracing algorithm. Finally, we compare the digital simulations
with physical testing in order to draw conclusions.

Base model
To compensate for the natural daylight, the opening
of the bottom extractor of the light-duct is placed
at the point where the horizontal illuminance level
from the window falls below that required in a typical office environment. Following preliminary simulation studies using Radiance (Berkeley Lab, version
4), we identify this cut-off point to be approximately
3.5 m from the peripheral window. A simple 250
mm × 4500 mm rectangular opening in the centre
of the rear half of the light-duct is made in order to
ascertain the fundamental daylight distribution into
the deeper part of the light-duct [Figures 2 and 3].
The result indicates that the larger the distance from
the peripheral window, the lower the amount of
daylight is distributed. Thus, this base model is not
effective at compensating for the deteriorating horizontal illuminance levels from the window.

Bottom extractor
Considering the fact that the illuminance level decreases asymptotically with the distance from the
window, the amount of light distributed through
the light-duct should be increased contrary to the
distance from the window. The opening on the bottom panel is thus defined based on the difference
between the illuminance level from the window and

the target equalised illuminance level [Figure 1]. The
difference is then distributed symmetrically from
the centre line of the light-duct, which is defined
by the width of the opening. The wider the opening, the more light is distributed [Figure 4]. Further, a
series of laser-cut mirror surfaces could be engraved
within the area of the opening in order to diffuse the
direction of emitted light where necessary and improve the visibility of the opening surface [Figure 5].
After running an evolutionary optimisation algorithm, namely Galapagos (Grasshopper, version
0.8), we observe that the overall quantity of daylight
distributed through the bottom extractor is insufficient to compensate for the deterioration in the
illuminance level from the window. However, we
also find that the digital simulation result and the
lab/outdoor testing outputs correspond well [Figure 8 Left]. Therefore, we assume that the shape of
the bottom extractor is about correct for equalised
daylight distribution, while another factor controls
daylight distribution more dominantly, which must
be the inner reflector.

Inner reflector
Similar to the positioning of the bottom extractor,
the inner reflector is also placed 3.5 m from the window and end wall. A new ray-tracing algorithm is
developed using Grasshopper in order to re-evaluate performance. The surface of the inner reflector is
parametrically controlled by a set of grid points that
generate numerous doubly curved geometries. During the optimisation process, the collector receives
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Figure 6 (left)
Ray-tracing algorithm and
daylight distribution performance evaluation in Grasshopper. The green to orange
colours on the desktop-height
horizontal plane indicate the
number of rays hitting the
desktop surface.
Figure 7 (right)
Reverse view of the optimised
doubly curved inner reflector.

rays from a virtual hemisphere in order to represent
the overcast conditions outside. These rays are reflected through the light-duct and redirected by
the inner reflector. As a result, a proportion of these
rays intersect with a horizontal working plane set at
a desktop height. By counting the number of intersection of rays and the working plane, the degree of
daylight distribution can be measured. Different colours on the desktop-height working plane indicate
the number of rays hitting the surface [Figure 6].
Using the evolutionary optimisation algorithm,
with 10,000 rays and after 4500 rounds of iterations,
the doubly curved inner reflector surface is finally
optimised. Using the Radiance simulation, we confirm that it can effectively compensate for deteriorating daylight distribution in the deeper half of the
testing room [Figure 8 Right].
As a result of this optimisation process, the
shape of the inner reflector is shown to be a complex doubly curved surface, which would require accurate and smooth mirror finishing. Fabricating such
a doubly curved surface with accurate mirror finishing economically would be a challenging technical
task. Indeed, articulating a complex doubly curved
surface into a series of developable surfaces may
require advanced discritisation processes (Kaijima,
2007). As we do not have access to costly aluminium
solid milling, grinding and mirror deposition processes, applying non-stretchable mirror foils onto a
layered MDF mould is the only option available. We
thus experiment with discritising the doubly curved

surface before the laser-cut non-stretchable mirror
foils are applied onto the inner reflector surface as
well as possible [Figure 7]. However, the result of
the lab/outdoor test is discouraging. It shows that
the amount of illuminance compensated for in the
deeper part of the room is far below the level required for equalising daylight distribution [Figure 8
Right].

Comparison of the simulation/prototype
testing results
We compare the results of the simulations with
those of the lab/outdoor testing of the bottom extractor and inner reflector in order to understand
the advantages and disadvantages of each method
and testing procedure. Our key findings are as follows:
1. For the optimised bottom extractor, a high degree of similarity is observed between the digital simulation result and lab/outdoor testing
using the 1:5 scaled prototype. This similarity
seems to be achieved because of the relatively
simple shape of the opening, which is also easily fabricated by laser engravers with a high degree of precision.
2. However, the overall illuminance level solely
controlled by the bottom extractor is not sufficient to compensate for the asymptotically
deteriorating daylight distribution from the
window and thus it also needs to be controlled
by the inner reflector.
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Figure 8
Horizontal illuminance compensated for by the bottom
extractor (Left) and inner reflector (Right). Comparison of
the simulation (diamond), lab
test (square), outside measurement (triangle) and target
level (dotted line) in order to
equalise daylight distribution
from a depth of 3.25 m to 7.5
m in the testing room.

3.

The digital simulation of the optimised doubly
curved inner reflector achieves the closest level
to the ideal target illuminance compensation,
while its physical counterpart results in significantly lower scores. We presume that the major
cause of these huge differences is the number
of invisible gaps among the triangular developable mirror foils, which may result in the inaccurate reflection of rays.

CONCLUSION
This paper explores the new form-finding algorithm
for the bottom extractor and inner reflector of a
light-duct in order to equalise daylight distribution
in a deep room. These optimised forms are then
verified both in a digital and in a physical environment. A relatively simple optimised bottom extractor achieves a high degree of similarity between the
digital simulation and physical testing, whereas the
complex 3-D curved geometry of the optimised inFigure 9
Application example of Inner
Reflector in an office space.

ner reflector shows larger differences. In the digital
world, which is a fully controlled environment, the
complexity of forms is no issue. By contrast, the
physical world usually requires a certain degree of
tolerance, especially when dealing with complex
forms and geometries. The lighting simulation itself
also seems to be less tolerable compared with other
types of simulations, such as structural or thermal
performances, which often include some safety factors in order to absorb the required tolerances.
To make this equalising daylight distribution
study more convincing, further efforts to narrow
the gap between the digital simulation and physical
testing are required. In future research, it would also
be necessary to find a more accurate and economical fabrication method, not only at the prototype
level but also at mass production scales.
The combination of the window and improved
light-duct could provide uniform daylight in deep
spaces, resulting in an even better visual environment compared with the verified original light-duct.
However, in order to achieve fully functional equalised daylight distribution, further studies of antiglare devices, such as louvers, must be carried out.
Once fully functional, this improved light-duct could
supply enough ambient light for the entire open
space, thereby reducing the energy required for
artificial lighting through proper lighting controls.
It could also have promising architectural applications for buildings that have large recessed ceilings
in which good lighting is critical such as museums
and laboratories [Figure 9].
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Abstract. During early-stage planning, numerous design decisions are taken in an
argumentative manner, based on occupation with the building site according to the
different influencing aspects (e.g. topology, wind, visibility, circulation, activities etc.).
In this context, sketches, diagrams and spreadsheets are the workhorses for elaboration.
However, some of these phenomena are dynamic by nature, and are rather poorly modeled
when utilizing static media. In our work, we thus show how agent-based simulation can be
used to compute and visualize dynamic factors, in order to inform the decision process on
a qualitative level. As a matter of fact, simulations may be used as a design tool in their
own right, for analysis and objectified comparison among multiple design variations.
Keywords. Agent-Based Simulation; Early-Stage Planning; NetLogo; Design Process.

INTRODUCTION
In architecture and urbanism, problems have always
been multifaceted and designers have tried to address them syncretistically. For example, each aspect of a design problem (e.g. site, circulation, client
operation, costs) brings in a specific view and often
wants to determine the design solution. Therefore,
care has to be taken to balance and weight argumentation, both of which are hard to do when considering a problem of sufficient complexity. Agentbased simulation can contribute methods that help
in this context; however, it remains underutilized in
the early stages of architectural conception. To elaborate how and in which areas agent simulation can
meet the decision needs during early-stage planning is therefore the main focus of this paper.

BACKGROUND
During the design process, multiple stakehold-

ers from different disciplines have to take design
decisions among multiple alternative (and likely
competing) solutions. Like Rittel (1984), we are specifically interested in the argumentation behind
such choices. We focus on early stages of architectural conception, which include site analysis (White
2004), functional programming and production of
schemata (White 1986). In this context, Agent-based
Simulation (ABS) can evaluate or generate a set of
solutions according to the planning aspects being
considered, by transforming them into a simplified
model that uses the following concepts:
•
Agents: The active entities within the simulated world.
•
Space: The environment that agents act in. According to the simulation used, this may either
be discrete (i.e. split into cells) or continuous,
two- or three-dimensional.

Simulation, Prediction, and Evaluation - Volume 1 - eCAADe 30 | 613

Time: Represents change acting iteratively on
agents and environment, computed in discrete
intervals (e.g. seconds, minutes or abstract
‘ticks’ of a simulation clock).
ABS has been extensively employed in related disciplines over the last 25 years or so. In urban modeling and geography, for example, ABS have been
used to build simulations of traffic and pedestrian
systems, crowd dynamics, land use and land cover
change, urban population dynamics, residential location dynamics and urban growth, to name just a
few. Urban planners and geographers are usually interested in examining current spatial configurations
or predicting futures of existing cities and, therefore,
their simulations rely on heavy GIS, demographic,
and economic data inputs and complicated rule
sets. Batty (2005), for example, sees cities as canonical examples of complex systems that are suitable
for simulation: emergent, far from equilibrium, displaying high levels of entropy, irregular patterns of
growth and decay at variable time steps. “In terms
of many systems that exist in the real world,” he asserts, “the only kind of experimentation that is possible is through computer simulation” (Batty, 2007).
Research indeed shows that ABS are often better
suited to study emergent irregular patterns, when
compared to classical pattern formation models
that rely on deterministic equations because they
are more easily amenable to experimental observations (Bonabeau, 1997). It has also been argued that
agent-based models are of relevance to the “design
of distributed problem-solving devices, when finding the solution to a particular problem amounts (or
can be shown to be equivalent) to forming a specific
pattern” (Bonabeau, 1997). For design, the notion of
experimentation is extended to predict forms of the
system under future conditions that do not yet and
may never exist.
An abstract view on the planning problem can
help establish its essential properties at a very early
stage. In this context, Coates and Derix (2007) speak
of syntactic and semantic models: Syntactic models
deal with spatial and configurationally concerns.
Graph theory and other techniques are employed
•

in order to establish abstract categories of organizations of space. Semantic models, on other hand, approach spatial configurations in terms of meaning.
These meanings are of social, environmental, or programmatic quality - for example ‘commercial’, ‘residential’, ‘proximity to stream’ and ‘sunny’ or ‘shady’.
Joyce, Tabak, Sharma and Williams (2010) furthermore highlight the multi-scale applicability of ABS
for early stage planning, and stress that it should be
regarded not only as analysis tool but also as design
driver in its own right.

CONTRIBUTION OF THIS PAPER
It is obvious that a coherent taxonomy of ABS in the
early stages of design is infeasible, if not impossible.
Therefore, while taking into account the current corpus of knowledge as presented in the background,
we follow a more pragmatic approach for evaluating
potential applications of ABS:
1. We identify decision aspects (see Fig.1a) in early-stage architectural conception that are poorly met by static media and may benefit from
a dynamic visualization/simulation approach
(see “Simulation Needs in Early-Stage Planning”).
2. We describe how ABS can be used to meet the
mentioned simulation needs (Fig. 1b), based
on our own work in the preparation of an „architecture model suite“, which we describe as
we move along (see “Agent-based Simulation as
a Design Tool”).
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Figure 1
(a) Planning aspects that
influence design decisions are
(b) evaluated using Agentbased Simulation among a
set of proposed solutions. The
results are then (c) weighted,
in order to arrive at qualitative
statements that are tailored
to the planning task. This
decision process (d) is often
iterated during early-stage
planning, and influences subsequent simulation runs.

3.

We take a step back and discuss the presented
applications of ABS in the larger context of early-stage design decision processes (see „Discussion“ as well as Figs. 1c, 1d).

•

SIMULATION NEEDS IN EARLY-STAGE
PLANNING
Early-stage design solutions are generated and
evaluated in a multi-objective parameter space, in
which each planning aspect offers a different view
on the problem. Typically, such a view is presented
(digitally or on paper) as a map, sketch, diagram or
calculation - i.e. in a static and deterministic manner.
We argue that dynamic aspects such as wind, noise,
functional usage etc. are poorly captured using this
approach, which regards objects (things) in space
as primary and time and change as secondary. In
the following section, we therefore identify some of
these aspects worth simulating, highlighting these
in bold. Our scope within the early design process
is given by (White 2004, White 1986): From urban
context to site planning, functional programming,
schema and preliminary design.

•

•

Dynamic aspects concerning urban
context and site planning
•

•

•

Climate is determined by the interplay between temperature, humidity, wind and rain
temporally and spatially. Together with solar
radiation, these factors can form the basis of
preliminary thoughts on sustainable building design.
Location of a site within a landscape or urban
environment is given as a spot on a map. However, this does not account for travel times,
which depend (1.) on the transportation infrastructure, the circulation and the volume of
traffic using it and (2.) on the functional relations at that scale (travel will take place only to
a limited number of other locations).
Natural physical features (e.g. elevation, soil
type, bearing capacity, vegetation) are derived
by Geographical Information System (GIS) data.
However, certain aspects such as drainage

patterns and water levels are dynamic, and
may require simulation.
Man-made features (e.g. [built/open] spaces,
roads) within and adjacent to the site define
visibility (view into, from and through the site)
for both the present state as well as a potential
future use (as defined by zoning and future
development plan). Built form is also vital for
calculating the change in shadowing patterns.
Neighborhood context (i.e. areas directly surrounding the building site) establishes possible
sources for noise and pollution. Major features (natural or man-made) located adjacent
to the building site also define visibility axes
that need to be preserved during Site Planning.
Apart from physical aspects, analysis might also
deal with the social context (e.g. demography,
crime rate, etc.), which is also a factor that absolutely cries out for modeling and simulation.
Circulation (i.e. vehicular and pedestrian movement) is dynamic in multiple senses: Apart
from the obvious fact that traffic volume varies
over time and space, it is possible to also model
the individual participants and their route
choice (static route choice for visiting function
sequences, adaptive route choice according to
behaviour model and situation - e.g. shopping,
wayfinding, egress situation, etc.).

Dynamic aspects concerning functional
programming, schema and preliminary
design
•

Client operation, i.e. usage of functions in a
specified temporal and spatial sequence is
dynamic by nature. There are two different
viewpoints in this context: One may look at the
activities performed by (the different types of )
building users, or at the spaces which serve as
functional containers and are being frequented
by the former (i.e. space occupancy or level of
service [Fruin 1971]). As flow between functional areas is changeable over time, so are the
resulting functional relationships (i.e. this can
be compared to the adjacency relations that
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•

are specified in a static manner).
Location, dimension and orientation of the
building spaces with regard to the sun path
are vital for ensuring natural lighting. Incident
solar radiation can furthermore be used to
consider energy efficiency at an early stage
(also taking into account shadowing). Other
aspects that apply at site level, such as air flow,
acoustics and view (into, from and through
the building) could in principle also be taken as
decision aspects, however, as these factors depend already on form and choice of materials,
an analysis might be more appropriate in later
stages.

AGENT-BASED SIMULATION AS
A DESIGN TOOL
In ABS, objects are viewed as secondary to the formulation of principles and processes through which
things evolve and change. Simulation “seeks to formulate principles of architecture in this space of processes allowing space and time (architecture) as we
know it to emerge only at a secondary level” (Testa
et al. 2001). The emphasis is on understanding and
exploring individual behaviours of design elements
and their mutual influence on other elements. This
viewpoint also encompasses recognition of hierarchies or levels (Wilensky and Resnick 1998) and understanding how complex, collective, macroscopic
patterns emerge from entirely local and simple interactions of individual units.
To showcase how ABS can be used to cover the
dynamic aspects presented earlier, we have developed an extensive “architecture model suite” for the
freely available NetLogo ABS platform (Wilensky
1999), which we will describe in due course. The
suite itself is being made freely available, with full
source (see [1]).

Setting up the cell space
Before an ABS can be performed, the space in which
the agents act must be initialized. For many of our
simulations, this simply means that the cell space
has to be cleared. However, some more elaborate

models require the existence of specific types of
spatial data:
•
Landscape Data. Environmental information
as provided by modern GIS can be imported
into the cell space (see Fig. 2a). Both raster data
(consisting of a grid of values) and vector data
(consisting of points, lines, or polygons) are
supported. Another possibility is the automatic
generation of the landscape using fractals (e.g.
midpoint displacement algorithm [Mandelbrot 1988]), for cases where reference to the
environment is not meant literally. Generating landscapes has an additional benefit: as it
is derived from fractal geometry, it reflects the
overall shape in each of its parts. This property
can in turn be used to see whether simulation
results are similar across different scales (and
if so, one can estimate the results of the model
on a fine scale by running it on a coarser scale).
•
Schemata. We offer the possibility to import
preliminary sketches (see Fig. 2b) containing
early-stage schemata with circulation depicted
as axis-aligned lines and spaces as axis-aligned
rectangles. The individual shapes are extracted
in a two-pass algorithm: First, we use a connected-component labeling algorithm to extract clusters of pixels belonging to one shape.
This is then fed into a feature extraction algorithm (based on the idea of the Hugh transform) that converts these pixel clusters into
lines (circulation axes) and rectangles (spaces).
As another possibility, we also offer an automatic schema generator (see Fig. 2c). A third
possibility in the form of a schema editor (see
Fig. 2d) can be used for digital sketching as well
attributing imported sketches with additional
information (e.g. for functions, since we are
not trying to recognize handwriting from the
sketches).

Early-stage simulation of dynamic
aspects
ABS can either happen per planning aspect (i.e.
many simulations running separately) or in the form
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Figure 2
Setting up. (a) Landscape
Data (b) Sketch importer
for hand-drawn sketches
(c) sketch generator and (d)
sketch editor.

of one model covering multiple aspects at once. The
risk of the latter approach lies in possible interference, which is why we have chosen to keep them
separate:
•
Topography, Drainage, Water levels. Our
work in topographic simulation (see Fig. 2a)
calculates surface drainage by dropping agents
(„rain“) randomly onto the cell space, then letting them follow paths downwards into valleys.
This example stands for a wider variety of models to take slope and elevation into account
(e.g. water level computation or agents flocking along gradient, see Fig. 3a); additional entities acting as obstacles for the flow (barriers,
dams) are given as interactive tools.
•
Wind, Pollution, Noise, Acoustics. Simulation
of wind flow in and around the building site,
based on early-stage specification of spaces
and pre-existing built environment, can act as
a tool for a quick assessment of wind pressure
and undesired turbulences. In our work, we use
a Lattice-Boltzmann cellular automaton (see
Fig. 3b) for performing necessary calculation
Computational Fluid Dynamics (CFD) calculations, given the wind direction as parameter.
Likewise, this model can also be adapted for
the simulation of pollution propagation. The
simulation of noise and acoustics is another
extension of this method, although on a very
basic level that does not fully take reflection,
absorption, interference and other wave properties into account (lacking data in early stages).
•
Shadowing, Visibility. Topography and site
data (i.e. spaces attributed with zoning or

•

building heights) can be used to calculate
shadowing (see Fig. 3c). Agents are used as to
cast rays in the sun direction, leaving shadows.
The process can be iterated to show the dynamic change during a day. Visibility can also
be computed by ray-casting. In principle, one
might think that aspect would not be dynamic;
however, there might be cases of occlusions
that are time-based (e.g. tree foliage, draw
bridges, docked ships) - in which this becomes
useful. Generally (refer to Fig. 3d), there are two
distinct measures of visibility, one „from“ and
one „to“ a point of interest. Another method
are dynamic visibility polygons (i.e. isovists), as
given in (Turner et al. 2001).
Movement. The simulation of pedestrians
has been the predominant and most naturalistic use of ABS. For our work (see Fig. 4a), we
have employed the movement model by Blue
and Adler (2000), which is a lane-based model
originally aimed at vehicular traffic simulations.
We have extended this model for use also as
a pedestrian model, by giving it 360 degrees
freedom rather than being lane-aligned. The
implemented model also records spatial occupancy (i.e. densities) and way-lengths per
agent. For traffic that is strictly regulated (i.e.
either users following fixed processes or vehicular traffic.), flow along a network-based
model (e.g. as in Tabak 2008, Tabak et al. 2010)
may fit better. Fig. 4b shows such a model for
computing the minimal path along such a circulative network, which computes entry and
exits points into-, and shortest path over the
circulation (static route choice, dynamic simu-
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Figure 3
Spatial Aspects. (a) Agents interacting with topography or
(b) as vectors of a wind field,
(c) agents cast as rays to produce shadows and (d) perform
visibility computations.

Figure 4
Pedestrian aspects. (a) Pedestrian dynamics and space
occupancy, (b) flow along
circulative network, (c) group
formation (d) function usage.

•

•

lation). The addition of behavioural rules, e.g.
for shopping activities or egress, can be added
at a higher layer, as in (Dijkstra et al. 2011). Another interesting feature is the group formation found in crowds (see Fig. 4c), as given by
(Reynolds 1987).
Functions and Activities. Agents as entities
that perform activities in functional spaces have previously been researched e.g. in
(Wurzer 2010). Our demonstration model (see
Fig. 4d) selects, for every agent, a target space
according to functions it intends to visit. The
resulting passage along the circulative network
is the same as before. Further methods of network analysis (e.g. reachability according to
space syntax[2], functional relationships from
agent flow [Wurzer et al. 2010]) are also included in our architectural suite, but not shown
here.
Spread. Agents can be used for generative
processes as well, as shown in the City gen-

eration example in Fig. 5a and b: The progression of agents along a circulation being built
up, leaving spaces as they go along, can be
interesting from a process point of view (i.e.
the generation itself is the design aspect). The
sketch generator presented in Fig. 2b is also an
example of such a process.

DISCUSSION
Evaluating a set of proposed design solutions via
ABS (Fig. 1b) enables a comparison that can inform
the decision process. As mentioned, simulation
can either happen per planning aspect (i.e. many
ABS running separately) or as one model covering multiple aspects at once. Albeit outcomes from
simulation seem to be quantitative, they are not to
be misunderstood as hard data: The reason for this
is that they are derived from preliminary (and thus
fuzzy) input, and are thus also fuzzy on the output
side. What is needed is an interpretative post-step,
in which the obtained values are given meaning.
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Figure 5
Modeling Spread. (a,b) Generative urban modeling, (c)
spread of functional spaces.

For example, way lengths computed are in abstract
‘cell space units’; they can be compared relatively,
however, a better way would be to map them to an
scale that is applicable (e.g. building scale) and then
think about implications for the simulated group
of persons (e.g. too long, long, medium, short). As
the evaluated planning aspects are not equally important, they must be weighted (Fig. 1c) before the
decision process takes place. This weighting lies outside the simulation, as it represents the discussion
during decision-taking (Fig. 1d).
Among the modeling and simulation community, an often-discussed topic is also that of scale of
the simulation model (i.e. microscopic, mesoscopic
and macroscopic), which should ideally only be
microscopic. Our choice is a more pragmatic one:
As long the model is agent-based (and agents are:
the animated parts of the world, each cell, all nodes
and edges of a circulative network), we are happy to
consider it. We are well aware, however, that in strict
terms some models (e.g. the Lattice-Boltzmann CFD)
are at least mesoscopic. A similar argumentation is
also heard for model scope: An agent-based model
should constrain itself to the minimal implementation needed to describe an effect. However, as we
consider ABS as design tool, some additional steps
such as the data import from sketches are necessary,
in order to be able to work within the design work-

flow in place. Improved support for the import of
sketches (e.g. more shapes in the schema, according
to [Achten, Bax and Oxman 1996]) are definitively a
future work item in this respect.

SUMMARY
We have argued for the introduction of Agent-Based
Simulation (ABS) into the early-stage planning process, in order to be able to capture and evaluate design aspects that are inherently dynamic (e.g. wind,
pedestrian flow, functional usage). One of the main
advantages of this approach is that it makes it possible to experiment on simulations of the real thing,
not on the real thing itself. Such computer models
are essential planning instruments that make it possible to ask multiple ‘what if?’ questions about the
system of interest. Our work and contribution in this
respect is that we are transferring simulation concepts into early phases of architectural design, so that
these questions can be asked earlier and thus with
more influence on the rest of the design process.
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Abstract. The study of wind conditions in cities is a significant factor in urban
design in order to deal with issues related with pollution, wind pressures on
buildings, and comfort on public spaces. This paper presents some results of a
four-day workshop where some of the different techniques for simulating and
visualising aerodynamic phenomena were explored. These technologies, classified
as high-tech and low-tech tools, were used to investigate urban aerodynamic
phenomena through parallel experiments, analysis, and eye observations. The
experiments demonstrated that getting live feedbacks while interacting with the
simulated aerodynamic phenomena is essential to improve the observers’ general
comprehension of the phenomena. Our proposed method for studying aerodynamic
phenomena, which integrates both low-tech and high-tech tools, facilitates designers
to explore multiple options and configurations in the early stage of a design process.
Keywords. Urban aerodynamic; wind tunnel; Computational Fluid Dynamics (CFD);
wind simulation; urban design.

BACKGROUND
Understanding the fluid dynamics of the urban
airflow is crucial in architectural and urban design
since the phenomena of wind flow and dispersion
through a city determine environmental air quality,
wind pressures on buildings, urban heat islands, pedestrian comfort, and ambient noise level in the surrounding environment (Boris 2005; Zaki et al. 2010).
The main challenge in performing urban studies related with the wind and its aerodynamic impact on
buildings is to simulate and understand the problem
at the full scale. The limitations are mainly due to the
technical difficulties of setting up full scale simulations and the high cost to gather data in real conditions. Therefore, complementary tools are required
to support this kind of study. Technologies to reproduce or simulate the extra-large scale phenomena

of the wind interacting with dense groups of buildings are available. However, generating final datasets involves different approaches, different levels of
operational complexity, and various ways to render
the information. Analysing urban wind conditions is
particularly crucial in the early design stage, when it
is necessary to test many possible design options for
a project and to get a live feedback on the performance of the designed buildings.
The first question that researchers face is how
to visualise the aerodynamic phenomena of urban
wind. Visualising aerodynamic phenomena in the
urban environment can help architects to make
the right design decisions and alternatives that
can positively influence wind pressure, speed, and
turbulence on site. Different techniques have been
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developed for visualising wind flow, such as using
numerical methods to predict the behaviour of the
flow or using particle simulation or smoke to “draw”
the movement of the wind. In both cases, there is
an intention to simulate this physical phenomenon
in a smaller scale. However, simulating urban wind
phenomena is a complex task, due to the wind’s invisible nature, its large scale fluid environment that
produce chaotic effects when in contact with bodies of buildings, and the constant dynamic and realtime changes.
The most sophisticated Computer Fluid Dynamics (CFD) tools are limited in their abilities to reproduce the behaviour of complex and chaotic turbulence with a high Reynolds number (Boris 2005),
a measurement for quantifying the viscosity and
forces of fluids. The important phenomena of the
urban wind conditions such as turbulence cannot
be simulated in standard CFD tools which employ
Reynolds Averaged Navier-Stokes (RANS) approach,
which simulate the mean flow using approximation
of the effects of turbulent scales (Boris 2005). The
opposite of RANS is Direct Numerical Simulation
(DNS), the resource hungry and time-dependent
solution of the full Navier-stokes equations, the fundamental CFD algorithm. DNS can be used for small
scale turbulent modelling, thus the most numerical
studies are focused on general flow around a single
building, where the simulation of the interaction
between gases with surfaces gets better values of
predictions. The development of the model k–ε (k–
epsilon) with the Large Eddy Simulation (LES), implemented as a standard of a viscous turbulence model
to predict turbulence around buildings, is a reliable
technique for computational wind engineering (Stathopoulos and Zhou 1997), which has been used for
analysing building envelopes, natural ventilation,
wind pressure or snow accumulation around buildings (Bang et al, 1994). Currently, there are attempts
to set up a more complex configuration to simulate
wind passing between multiple buildings (Baskaran
and Kashef 1996). Although the development of
DNS is anticipated to improve in the next decades,
the use of DNS for simulating urban aerodynamics is

strongly limited with today’s computing power and
technology (Boris 2005). The requirements for high
computing power and adequate time to run CFD
simulations and input of experts with the right skills
to set up the simulation correctly cause CFD tools to
be really expensive and less accessible by architects
and urban designers. Besides, the outcomes of the
analysis require further validation in a wind tunnel.
On the other hand, techniques like industrial
wind tunnels work with real aerodynamic phenomena and can be used to simulate and provide a depiction of wind turbulence in an urban context that is
close to real-world. However, they are also expensive
and could be difficult to access in some places.
The challenges addressed in this paper are stated in the following research questions:
•
How to visualise urban aerodynamic phenomena such as vortices, directions, velocity?
•
How to collect and process real-time data of
the dynamic phenomena generated from
changes in the design of the physical building
blocks?
•
How to create an interactive work-flow that
enables designers to experience real-time
feedback while designing with the urban aerodynamic phenomena?
This paper aims to present some results of the fourdays Designing the Dynamic workshop where the
potentials of using different tools to capture and
visualise urban wind conditions in the early design
stage were explored.
In the conceptual design stage, when design alternatives are generated and need to be iteratively
evaluated, it is essential to get rapid feedback from
such a simulation. This is an observation using a
more qualitative approach, where the use of CFD
simulations at the early stage of design need to involve very simplified urban models and high limiting assumptions or input data. Although the accuracy of the simulation is compromised for the sake
of speed, the analytical process and results can be
adequately intuitive for the purpose of supporting iterative decision making processes. The need
to simulate urban aerodynamic phenomena in the
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early design stage can benefit from simplifying the
large scale industrial wind tunnel. These two approaches are investigated in this four-day workshop,
where high-tech tools and low-tech tools were used
and tested for visualising urban aerodynamic phenomena. Parallel analysis of urban conditions were
conducted, evaluated, and compared in order to understand the potentials, strength, and limitations of
each tool and how the tools can work in a complementary way.

TOOLS AND EXPERIMENTS
During the workshop, basic topological models
were designed and fabricated at different scale. Two
different CFD tools, Ecotect Wind Tunnel simulation
(which is hosted inside Autodesk Project Vasari) and
Ansys CFX, were used to visualise the aerodynamic
effects of the airflow around the models in a virtual
wind tunnel. Another experiment was conducted
in parallel: the models were tested in two different
wind tunnels, a small scale wind tunnel, custom
made during the workshop, and a large scale industrial wind tunnel. The parallel experiments conducted in the workshop are depicted in Figure 1.
The tools used in this workshop could be cat-

egorised into two groups: high-tech and low-tech
tools. High-tech tools refer to those with high level
of complexity and industry support, and require
high initial investment and running cost. In contrast,
we refer to custom-made or Do-It-Yourself (DIY)
tools and technologies as low-tech, as these tools
can be fabricated at low cost or require only a minimum capital investment.

The high-tech tools
The high-tech tools used in our experiment include
the two CFD software, Vasari and Ansys CFX, and
the industrial wind tunnel in RMIT University Bundoora Campus. Autodesk Project Vasari is a free
technology preview (beta) of an easy-to-use design
tool for creating building concepts. Ansys CFD is a
well-know and powerful software package for fluid
simulation made by Ansys. It offers a high-end CFD
solution package for fluid simulation that provides
powerful analysis and better accuracy, but entails
a high licence fee and requires expert input and
translation. Therefore, Ansys is not an affordable option for academic research (Chung and Malone-Lee
2010). The involvement from local architecture and
engineering practices in the workshop enable the

Figure 1
Process diagram.
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use of Ansys for simple 2D simulations, given the
time required to run Ansys could take a few hours to
a few days. On the other hand, Vasari is free and is intended only for conceptual design stage. Although
Vasari is designed for architects and assumed to
provide intuitive interface for users who are never
trained in fluid dynamics, expert training is still required for designers to use the Ecotect wind tunnel
simulation in Vasari properly.
The industrial wind tunnel is also considered a
high-tech tool as it requires a complex set up, especially if some probes or monitoring sensors are to be
placed on and around the fabricated 3D models. The
wind tunnel that was used in our workshop has a test
section that is 3m wide, 2 m high and 9m long, and has
been used for research and commercial testing of new
cars and airplane wings. In terms of cost, the industrial
wind tunnel can be more cost effective and efficient
in comparison to the use of CFD in simulating urban
aerodynamics. This is because the wind tunnel could
be used to simulate turbulence phenomena in a more
complex urban setting and visualise wind pressure on
the edges of, corners of, and between buildings.

The low-tech tools
The low-tech tools used in the workshop include
our own custom-made mini subsonic wind tunnel
and the Particle Image Velocimetry (PIV) technique
to analyse the video and image recordings from the
wind tunnel simulation.
The subsonic condition refers to a model of
wind tunnel of low wind speed and an open–return
type design (i.e. air intake and exhaust are not connected to each other) with a reduced size closes to
the first wind tunnel used by Wright brothers’ for
their first experiments in 1901. It was a low-cost tool
that requires simple fabrication for hands-on wind
simulation. Mini subsonic wind tunnels are a wellknown technology with practical applications in various education and scientific fields. The advantages
are the low cost and its portability. It is a technology
capable of producing real aerodynamic phenomena. It has been known since 1930 that there are different results in pressure distributions from testing
the models in uniform flow wind tunnels and from
full scale tests (Aynsley, Melbourne et al. 1977). With
the understanding of the differences between difFigure 2
Mini wind tunnel.
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ferent tools and their limitations and by calibrating
a group of basic parameters in the first stage of the
design process, some wind conditions can be visualized and studied.
Existing architectural projects that used “lowtech subsonic wind tunnels” in the design process
include the project for a new Navy School in Valparaiso City in 1952-1957 (Pérez de Arce and Pérez
Oyarzún 2003) and Errant’s lodge (Casanueva Carrasco 1996). In both cases several tests were performed in mini low-tech wind tunnels to design
different architectural elements to control the seawinds that blow against the buildings. Both cases
demonstrate that it is possible to use these low-tech
tools to visualize the physical phenomena of the
wind, develop an empirical process of experimentation with models of various scales, and collect sample data for further processing.
Finally, in order to capture and post process
the information from the wind tunnel experiment,
the Particle Image Velocimetry (PIV) technique was
chosen. PIV is an optical method of flow visualization that it is used to obtain instantaneous velocity
measurements and related properties in fluids [1].
This technique is increasingly used in aerodynamic
experiments (Baker 2007). Among the existing open
source and commercial PIV tools, the open-source
JPIV software was chosen [2].

The experiments
The mini wind tunnel (Figure 2) built for the workshop consists of a test chamber, contraction section
(cardboard extractor hood in black color to avoid laser reflections), anti-turbulence screen, fans, smoke/
fog machines, 2D slicer laser device, and digital cameras.
The smoke machine was used to draw the flow
of the wind inside the test chamber. It was necessary
to work in a dark room for the experiments to work
with laser devices, which are used to visualize the
wind behaviour on 2D planes. Two green laser lights
were used to visualize the fog in front and plan view.
The speed of wind was around 1 to 2 meters per second.

We tested 3D models with different profiles:
Single volumes: regular boxes, boxes with cylindrical faces, irregular faces.
•
Group of volumes: two volumes, four volumes
in different configurations.
•
Different wind speed: to visualize vortices, low
pressure areas, etc.
Using the mini wind tunnel, it was possible to draw
the motion of the wind and visualize the wind behaviours, such as acceleration, direction, while
interacting with physical objects. The workshop
participants gained an understanding of the physical effect behind a wind flow, because they saw the
movement of the air, and at the same time, they
could interact with small scale models to visualize
the impact of different configurations. This fast feedback in the experiment was the most valuable experience from working with our low-tech wind tunnel.
A second type of experiments was performed
in the industrial wind tunnel in RMIT Bundoora
Campus. In this instance, we used 1:100 scale
models of volumes with different profiles (similar to the experiment in the low-tech wind tunnel) and two façade models that have different
texture configurations. The wind tunnel was set
up to reproduce a wind flow profile similar to the
ground level. The visualization was using bubbles.
The models were tested to visualize the following
aerodynamic phenomena:
•
Deflection of wind and turbulence on the top
of the models.
•
Turbulent zones in the ground level of the
models.
•
Turbulent zones of wind in the corners of the
models.
We used Vasari and Ansys CFX to perform a numerical simulation of the physical experiments in the
mini subsonic wind tunnel and analyse the effects
of different façade treatments on a volume. We performed a digital wind tunnel simulation to firstly visualize turbulent zones on a regular model from the
top view and lateral view. After applying different
façade textures on the model, the wind simulation
was repeated to produce a visualization and com•
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parison of turbulent zones on models with different
textures on the faces (Figure 3). The building and façade models were also fabricated for a parallel test
in the industrial wind tunnel (Figure 4 and Figure 5).
After a series of experiments in four days, we
gathered initial data and analysis results from different tools in order to compare the results and investigate the clarity and intuitiveness of the visualization
of the aerodynamic phenomena produced from using these tools.

COMPARATIVE ANALYSIS BETWEEN
PERFORMANCES OF TECHNOLOGIES
Digital simulation tools (Vasari, Ansys,
JPIV)
The first comparison was between the CFD simulation software used in the workshop, which are Vasari
and Ansys. The digital tools were used to replicate
and visualize the aerodynamic phenomena that were
simulated in the mini wind tunnel. Both tools are
useful for performing wind tunnel simulations with
digital models. When Vasari, which is a free technology preview released by Autodesk for a limited time,
is compared with Ansys CFX, a full-fledged CFD commercial product with a high license cost, Vasari performed quite well and produced similar results (as
seen in Figure 6). Although the wind simulation in
Vasari could work faster than Ansys due to the simpler algorithm used in Vasari, the urban model used
in the simulation must be a very simplified massing
model that has only a limited number of buildings
without any detailing; otherwise Vasari would crash
or the simulation would not run at all. Ansys CFX
is a complex tool, unsuitable for a simple and quick
analysis in the earlier stages of a design process. Both
software allow clear visualization of wind separation
zones around the model. The digital tools could work
with simplified models and models with textured
faces. Vasari, particularly, was able to provide a quick
indicative result useful for comparing multiple design
options. However, such digital simulation software
have limitations in simulating turbulent wind conditions and are unable to clearly visualize vortexes.

Another digital tool employed in our experiments
was the JPIV software, which was used to postprocess the information gathered from physical
models tests in the industrial wind tunnel. The PIV
technique has been used for analysing images captured from wind simulations in industrial wind tunnels (Kompenhans et al., 1999). The advantages of
JPIV as a post-processing tool are the ease-of-use
and the negligible cost with the open source version. Using JPIV, we were able to visualize the wind
direction, measure wind speed, and convert wind
movement into vector data from images captured in
the industrial wind tunnel (Figure 7). Unfortunately,
JPIV could not be effectively used to post-process
images taken from our mini wind tunnel, since the
photographs are not very clear due to the dark room
where the experiment was performed.

Physical simulation tools (large scale industrial wind tunnel, mini wind tunnel)
The large scale industrial wind tunnel is able to reproduce real aerodynamic phenomena and has
calibrated instruments for measuring and collecting
wind data digitally. However, the infrastructure was
offsite and the access was limited. Furthermore, it
required more human resources to operate the wind
tunnel and higher amount of time to set up the
simulation conditions and calibrate the measurement devices. Given the limitations of time during
the workshop, we were unable to utilise the sensor probes and measurement devices in the wind
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Figure 3
Analysis of different façade
treatments.

Figure 4
Wind tunnel simulations with
the physical models.

Figure 5
Wind tunnel simulations of
different façade treatments.

tunnel since the set up time of those probes might
require up to a week. However, during the experiment, it was possible to see the movements of the
wind, vortex and Eddy areas clearly on some parts
of each model. Without the probes, we were unable to see the aerodynamic phenomena around
multiple physical models. On the other hand, using the low-tech mini wind tunnel, we were able
to quickly set up simulations that were capable of
showing changes in wind behaviour with different
configuration of volumes. The time to set up each
experiment was short, and the visualization of different ranges of vortices and Eddy areas is possible

even with different wind speed. With the laser devices, it was possible to clearly see two-dimensional
layers of movements of wind on planar sections of
each volume and the movement of the wind passing through of a group of models. Data collection
was quite straightforward using cameras to capture
videos and images for post processing with the JPIV
software. In a nutshell, the mini wind tunnel tool
enables designers to interact with physical models
in a wind simulation that provides an instantaneous
visual feedback of the aerodynamic phenomena.
This makes such a tool to be particularly useful for
the early design stage.

CONCLUSION
Decisions made in the first stage of a design process are very critical in influencing the direction of
the project. Therefore, a good understanding of the
dynamics of the space, such as urban aerodynamic
phenomena, is needed. A clear visualization helps
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designers to understand how the wind flow affects
a site and how different design options and configurations may affect the wind conditions of the site.
To facilitate basic comprehension of the phenomena, designers need visual feedback in performing
hands-on aerodynamic experiments, such as wind
tunnel simulations. This is the premise of our experiments in a four-day workshop.
Parallel analysis and evaluation of the high- and
low-tech tools resulted in useful findings. CFD analysis could provide an intuitive feedback for visualising
urban aerodynamics phenomena but requires high
computing cost and highly limiting assumptions to
be taken into account in setting up the models and
help from experts to translate the results. The industrial wind tunnel also requires high initial and ongoing investment cost to run, but is more effective in
simulating more facets of urban aerodynamic phenomena using a more complex urban model that
cannot be hosted inside a CFD simulation.
A novel discovery in our experience is that the
analysis results from observing the aerodynamic
phenomena simulated in the low-tech wind tunnel
made and used in the workshop are comparable
with the results from high-tech tools. The simplicity
of setting up basic models for the simulation makes
the low-tech mini wind tunnel suitable for performing aerodynamic experiments in the early stage
architectural design. Additionally, the low-tech subsonic wind tunnel is useful for pedagogical airflow

analysis, given its capability to visualise the physical
properties of the airflow and allow hands-on experiment with instantaneous feedback. These kinds of
tools have been displaced by the current CFD techniques and computational methods, however they
are very easy to set up and implement, and their
usefulness for early stage design explorations are
evidenced by the workshop.
In places where high-tech tools like industrial
wind tunnels and expensive digital tools are not
available, the mini wind tunnel proposed in this paper is a good alternative for promoting comprehension of basic aerodynamic phenomena in the conceptual design stage. Digital simulations with the
high-tech tools can complement the low-tech tools
to improve an inquiry of the urban aerodynamic
phenomena on a specific site.
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Figure 6
Vasari vs. Ansys CFX.
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Figure 7
Post-processing of an image
from the mini wind tunnel
simulation using JPIV.
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Abstract. This article describes an initial stage of development of a computer system
aimed at helping undergraduate students to understand behaviour and processes
occurring in construction elements. The system can be seen as an interactive book
presenting and familiarising students with real laboratory tests. Apart from concentrating
on the development, authors offered an overview of various computer systems so-far used
in undergraduate engineering education. At the end of the article first comments and
conclusions are presented.							
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INTRODUCTION
Fast development of computer technology allows
usage of virtual reality (VR) as a simulation tool for
different (often numerically and conceptually sophisticated) processes occurring in real world. Additionally, with well optimized programming code it
is possible to simulate those processes in real time.
This paper aims to present the general idea behind
a computer system based on VR that will be used
in a virtual building construction laboratory as a
part of a training course preparing students to real
structural engineering testing during their undergraduate engineering programme. The project is in
its prototype stage; meaning that some basic functionality have been developed allowing staff at our
institute to run preliminary tests. In this paper, we
would like to share some insights and potentials of
the approach on the basis of the preliminary tests.
The idea to create the virtual laboratory is based
on our observation of students’ rather poor performance in structural engineering laboratory. We
drew the conclusion that students of the second
year of a construction course often struggle to fully
comprehend all aspects of structural testing con-

ducted during laboratory classes. As a result they
do not fully participate in these exercises and simply
miss the most important aspect: meaningful observation of processes occurring in construction elements. Additional impediment arises from the laboratory practice so that the tests are conducted only
once, hence there is no opportunity for students to
repeat the observations.
Considering all aspects, the main objective of
the virtual laboratory is to assist students in their
preparation for real laboratory testing. We would
like to stress out that our intention is not to familiarize participants with the laboratory equipment,
but assisting students by means of interactive explanation and direct involvement. We think that virtual laboratory will improve students’ cognitive and
practical abilities.

LITERATURE OVERVIEW
Literature reports on some cases of using ICT technology appropriately in education. One good example would be a computer system to teach students
surveying concepts and practices (developed at
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Purdue University in West Lafayette). This tool also
includes assessment module to measure student’s
cognitive and practical abilities. In the core of the
system, there is an Interactive Virtual Environment
which is particularly suitable for science.
Interestingly some researchers (Song, Lee, 2002)
proved that there is a clear advantage in using Virtual Learning Environments (VLE) such as various
e-platforms allowing for instance distance learning.
However, they point out that VLE rarely feature Virtual Reality (VR). Those projects are quite rare especially in undergraduate classrooms and there is need
for their investigation [1]. Lack of popularity could
be due to a ‘bad name’ that virtual reality got by being treated purely as a presentation tool not as an
interactive environment. To some extend it was true.
First VR systems were used just for walks through a
virtual environment; the interactivity was limited to
colour/texture change or to presentation of fixed
variations in 3D model. On top of it the simulations were very expensive to run, as they required
an advanced and powerful workstation (e.g. Silicon
Graphics computers) to render high resolution pictures in real time and in an appropriate frame rate
(min 25 fps, whereas for stereoscopic image – 50
fps).
A laboratory work is a very important aspect
of any engineering course and it takes an essential
part in undergraduate engineering education. “Doing” is the key to engineering profession. Old school
approach was based on the principle of apprenticeship. Engineering education does not only require
conceptual understanding (lecture and theoretical
knowledge); practical knowledge is paramount. As
various study show, inadequate laboratory facilities
are the main reason for under-qualified graduates.
Some authors argue that it is feasible to use computers in teaching laboratory work. Hashemipour,
Manesh, and Bal (2009) state that computers deliver
new opportunities in the laboratory by simulation,
automated data acquisition, remote control of instruments, rapid data analysis and presentation. It is
important to see computers as a tool to help educators in developing new curriculum (Holmes, 2007).

UNDERGRADUATE ENGINEERING
EDUCATION
Thinking about an engineer, one has no doubt, that
this is a person with technical knowledge, as well as
practical skills. Recalling the main protagonist from
Jules Verne’s novel “The Mysterious Island”: engineer
Cyrus Smith is a person, whose excellent pragmatic
knowledge of physics laws allowed him to overcome dire situations , who can create something
from nothing, and who works hand in hand with the
nature to avoid waiting traps.
As teaching staff, we would like our future engineers to be productive, creative and to possess extensive knowledge and experience, so that a modern engineer will be a symbol of perseverance on a
quest to acquire both understanding and practice
in his chosen field.
The problems that universities are facing are
often discussed on the pages of scientific publications. Recently we came across a publication by
Nowakowska-Siuta, in which the author points out
that one of the main predicament of higher education is the (uncontrolled) creation of new educational institutions; consequently hundreds of additional
young people are enrolled on untested engineering
courses as well at other disciplines.
This causes a shift in teaching priorities from
quality to quantity, which can greatly affect the level
of education of future technical staff. Many newly
enrolled young people are already experiencing the
shock of a sudden change in learning methodology
and techniques, the vastness of the unfamiliar material and the steep learning curve compared to high
school. And then the teaching “en masse” further
minimizes the old but very valuable master - apprentice relationship, which was the main source of
direct training and practice.
Another problem the universities have to contend with is the lack of time. The course agenda is
stretched to maximum. Both the laboratory and
theoretical classes on a particular subject are usually held only once a semester, with no opportunity
to re-test and re-discuss issues. Most students have
problem anticipating what stress level is to be ex-
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pected in an element under a certain load or what
level of applied load causes concrete cracking, or
even what is a crack. Before the reform, secondary
technical schools were delivering theoretical knowledge, but mostly practical professional awareness.
Today we can observe the current education system
moving towards a “theorization” instead “hands on”
approach.
The main sources of knowledge acquisition for
students are textbooks. Further development of
their intuition is impossible due to low number of
practical classes. A good engineer needs to back
up his theoretical knowledge with a solid instinctive understanding of the subject; unfortunately,
this cannot be acquired from books, and the young
generation doesn’t have enough practice to develop
this sixth-sense.
Technical universities are faced with the difficult
task of educating a modern engineer, who should
not only be able to answer the theoretical question
“why” but profoundly understand “why does this
happen?”

WHAT IS A VIRTUAL BUILDING
CONSTRUCTION LABORATORY?
We feel that Virtual Building Construction Laboratory (VBCL) could be a possible answer to the problem of undergraduate engineering education. As a
custom build computer system designated to conduct simulations of various structural engineering
tests, VBCL could provide additional “hands on” experience. The laboratory is “virtual” twofold. First of
all it is a numerical simulation of a building element
model and complete testing process. Secondly the
simulation takes place in 3 dimensional virtual reality space. The testing process will consists of three
stages: (1) design and build, (2) testing and (3) analysis. The system we envision will be fully featured and
our aim is to build four-dimensional environment:
3d model + time. The test simulation will be fully
integrated with data analysis, as at any moment of
a test a user can visualise and analyse the data obtained so far. Keeping in mind the main purpose of
this virtual laboratory is educational, the system will

allow the lecturer or lecturers to direct the process
and the analysis to emphasize specific processes the
way it suits the explanation purpose. The fourth dimension: time, will be scalable (faster-slower, pause)
and movable (forward / backward). This functionality sets a very important advantage of VBCL that the
environment can present processes which cannot
be directly observed during traditional laboratory
tests, for example: cracking mechanism or concrete
adhesion. We feel this will have a positive influence
on students’ learning curve, will enhance and develop their imagination, perception as well as cognitive and practical abilities. Another unquestionable
advantage is the possibility of conducting multiple
tests. Laboratory presents a practical and empirical approach allowing students to experiment and
problem-solve various tasks through practice. However, they will not be limited just to laboratory hours
to conduct a specific test. Moreover, it will be possible to challenge them with a specific assignment
(homework), such as: to design, produce and load
(statically or dynamically) created virtual construction elements. As the last task in the assignment,
students will need to analyse the obtained data and
draw conclusions. This outcome could be automatically assessed allowing instant feedback.
To bring the simulations as close as possible to
real tests, the processes occurring in real objects
will be linked with virtual models. For this purpose
a probability network will be created. Required data
will be gathered from traditional structural engineering tests and will populate a designated central
database. The virtual laboratory will be linked with
the database through probability network to obtain
specific information in order to calculate particular
behaviour of a virtual model.

APPLICATION OF VCBL
As already mentioned, the virtual laboratory will
find its largest application as a didactic tool. Because
of its virtual aspect as well as its wide linkablity it can
serve full-time, part-time as well as for students attending e-learning courses (as an independent computer system VCBL can be plugged into any distance
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learning platform). Issues covered by the project
and a way of conveying information may be a truly
valuable teaching aid for lecturers and teachers.
Through subject diversity and possibility of modelling practically any issue, virtual laboratory can be
used to present specific, specialised topics e.g. for
further professional development courses. Those
subjects include, but are not limited to, structural
mechanics, study of properties of construction materials (such as reinforced concrete, steel or timber),
static and dynamic loads, vibrations and many more.

RESEARCH AND DEVELOPMENT
Currently the project is at the initial stage (stage 1),
which aims to determine whether it is visible to enhance engineering education by introducing virtual
laboratory into engineering curriculum. Therefore
our primary effort concentrates on research and development of those parts of the system which are
necessary to determine its usability. In particular we
are researching and developing the following modules: (1) element definition, (2) load/stress/cracking/
deflection, (3) interaction and user interface, (4) visualisation, (5) e-platform.
At this stage, we focus on simple RC elements
(such as simply supported and fixed beams, cantilevers) which are defined by the following characteristics: geometry, material properties (concrete
strength, aggregate type, compaction, reinforcement type). The second module will calculate element’s behaviour under certain load. The system
will visualise stress state in the element, cracks and
deflection (according to reinforce concrete theory
and Eurocode 2). In further development this module will be linked with behaviour of real elements
observed during actual structural engineering tests.
Stage 1 will be completed with pilot tests. It is
planned to divide second year students into two
groups. Both groups will attend classes in traditional laboratory, however only one group will be
given introduction by means of the proposed virtual
laboratory. At the end of the class students’ knowledge and understanding of the conducted traditional structural tests will be assessed. Additionally,

students involved in proposed virtual laboratory
will have to complete an evaluation questionnaire,
which shall help to determine usability, problems
encountered, ambiguities and errors in the proposed approach.
Once updated and improved, the system will
be connected to university’s e-learning platform for
further evaluation as lecturers’ aid and as student’s
individual learning tool.
It is planned to split research and development
of module 3 (interaction and user interface) into two
directions. The first will use traditional input methods (mouse and keyboard) and standard computer
(laptop or PC). As for the second we planned to develop a gesture recognition module, which should
be used instead of traditional pointing devices. In
this way it will be possible to use large scale displays
(e.g. projection wall). It is expected that this arrangement will set the virtual laboratory in to a more realistic scenario and will allow handling of the system’s
functionality in front of a large group of students.

FIRST CONCLUSIONS AND COMMENTS
As pointed out by Hashemipour, Manesh, and Bal
(2009), there are clear advantages in using VR technology for educational purpose. For example for
testing and solving problems in a virtual world,
hence avoiding costly mistakes in operation of expensive and often dangerous equipment. Researchers point out that despite the advantages, there
are not many systems based on VR and even less of
them are reported in the literature. We feel that it
is due to the fact that commercial applications lack
the educational edge and building institutes often
do not have qualified staff to design, research and
develop bespoke computer systems. Therefore, we
feel that our effort in creating such a tool will be
beneficial not only to the students and staff of our
institute, but to many more around world.
On-going research and development requires
continuing testing. So far, some staff members at
out institute have been involved in those tests,
which show that virtual reality is the right choice for
the environment of our virtual laboratory.
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Prepared and tested interactive and to-some-degree realistic RC element models allow to observe
element composition, stress state and internal forces that occur in those elements under certain load.
It helps that as in a real laboratory a user can freely
walk around and investigate the tested elements
from any location.
Still, we struggle with user interface, as it is not
obvious how it should be designed to allow instantaneous understanding of the system itself as well as
the tasks laid in front of the students. We aim at minimising the learning effort required to operate VCBL.
The tests show that it is necessary to appropriately determine the importance and the number
of start-up parameters. There is a high risk that students will not understand their task if there are too
many input parameters or if the analysis include too
many directions. In other words, it is paramount to
adjust each part of the test process to level of knowledge of students involved in the exercise.
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Abstract. As media-orientation and access to media becomes increasingly widespread
in society, so too is the availability of architectural designs on the internet. In most cases
these are published in the form of raster images of plans, elevations and perspective
drawings together with written descriptions on architecture databases and platforms
such as archINFORM or nextroom, as well as on the homepages of the respective
architecture offices. Knowledge is generally regarded as useful information. However,
the literature does not elaborate clear differentiations between what is knowledge, and
what is information and data. In our view it is the preparation of information in data
structures that makes it useful as knowledge. Knowledge management systems are therefore
intelligent information systems in which knowledge is presented and made useful through
representation and modelling methods (Abeckerand Decker, 1999).
Keywords. Knowledge management; ontology; information retrieval.

INTRODUCTION
During the design process architects and students
often study the plans of buildings that have already
been built or designed. Such information is available conventionally as a form of collective memory
in architectural monographs and journals as well on
the internet. For the purposes of targeted research,
however, the accessibility of these sources is hampered by an inconsistent use of terminology and a
lack of structured, non-subjective metadata.
In the design of buildings, a variety of tools and
strategies are employed which can depend on the
designer as well as the task at hand. Gänshirt (2007)
notes that rigidly prescribed terminology is of little
help to designers, whereas criteria, examples and the
results of prior design work provide the designer with
different potential courses of action. The study of

buildings in a similar context or that are based on a
similar initial premise is seen as way of approaching
a design problem and developing a possible course
of action. Ritteland Webber (1973) differentiates between “tame” or well-defined problems, such as those
that scientists and engineers solve, and so-called
“wicked” problems, to which he counts design and
planning problems.
The ar:searchbox project aims to link and network
information as a source of reference for the design of
buildings in the early design stages and to elaborate
fundamental principles for the use of metadata and
related research strategies. Figure 1 illustrates the basic information needed in the early design stages.
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As a web-based system, it provides a platform especially tailored to the needs of architecture studentswho are able to enter content themselves. By
storing building projects in a central database, the
project aggregates previously disparate information
and thereby overcomes barriers between media.
Each reference project refers back to the original
information sources so that students can consult
the original sources if need be. An initial intellectual
consideration of the building project results in a detailed description, including its special characteristics and precise categorisation. This way of capturing
the data helps the student understand the project at
several levels: on the one hand at a verbal descriptive level, and on the other in terms of its structural
classification within a predefined categorisation
system. At the start of the project a data structure
and metadata scheme was designed based on data
collected from model case study projects. This structure is flexible and can be adapted or extended at
any time to reflect changing requirements. The selection of projects and manual entry (Figure 2) by
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the students serves to restrict the selection to relevant high-quality building projects and offers a form
of quality control for the descriptive information.
The continuing expansion of the catalogue
gives architecture students quick access to a pool
of reference design projects (Figure 2). This new
knowledge-management system offers a series of
different research tools and assists the designer in
the creative design process. For example, searching building projects within the existing categories
can give rise to valuable ideas or stimuli for own design projects through a process of free association.
The targeted metadata also provide a better understanding of the digital search mechanisms and offer
ideas on how these could be applied for use with
other research instruments.

Figure 1
Information needed in early
design stages.

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 3 illustrates the basic concept of
CBR, where similar problems have similar solutions.
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 casebase 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 1 provides a brief
overview of some CBD systems based on two studies published by Heylighen et al. (2001)and by Richter et al. (2007) regarding the proposed approach.

Figure 2
Information cycle of ar:searchbox.

Figure 3
CBR basic concept.

Six of the CBD prototypes CADRE (Hua et al., 1996),
FABEL (Schaafand 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,
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Overview CBD systems.

like Archie-II (Kolodner, 1993), PRECEDENTS (Oxman
and Oxman, 1993), CaseBook(Inanc, 2000), MONEO
(Taha, 2006), CBA (Lin and Chiu, 2003) and DYNAMO
(Heylighen, 2000).
The study by Richter et al. in 2007 identifies an
acquisition bottleneck in putting complete case descriptions (problem and solution) into the case-base.
We assume this is due to a lack of adequate input
strategies, indexing methods and knowledge management procedures. For example at the BauhausUniversität Weimar, a housing database was developed that catalogued building projects according
to so-called innovative criteria. The criteria used for
the database are, however, not generally applicable
and do not adequately and unequivocally describe
spatial qualities.
The “Probado” research project, a joint project
by the German National Library of Science and Technology at the University of Hanover, the Graz University of Technology, Austria, and the University of
Bonn, examines methods of processing non-textual
documents in libraries. The principle focus lies on
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X
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content acquisition, description, search, presentation and storage (Berndt et al., 2010). In the context
of digital architectural models, the aim is to achieve
a semi-automatic indexing method and an intuitive visual search mechanism. The index creation is
based on three-dimensional geometric data. In addition to search queries using examples (3D models) and text input, it is possible to visually search
3D models using the “Princeton Shape Benchmark”
(Shilane et al., 2004). By using a “Room Connectivity
Graph” (Berndt et al., 2010; Wessel et al. 2008) spatial
configurations (topologies) can be drawn in sketch
form to search for 3D models with a similar configuration. “Subgraph Matching” is used to determine
model similarity.

MEDIATUM | AR:SEARCHBOX
The TUMünchen (TUM) uses an open-source software package called “mediaTUM” as a central media
server for the TUM. The system is developed, operated and maintained by the University’s Library. In
addition to providing general functionality as a repository for the individual university departments
and facilities, mediaTUM can manage specific collections and projects and present these via a public
interface.
The ar:searchbox project is a joint cooperation
between the Chair for Architectural Informatics
and the TUM University Library. A special extension of the repository functionality offers students
a custom interface through which they can present

project data as well as establish relationships between architectural projects. The aim was to provide students with a platform for storing, managing and researching architectural projects.
To this end a special metadata scheme was
developed that is specific enough to describe the
building projects in detail but also flexible enough
to cover a broad spectrum of projects. The metadata also includes attributes that allow different sorting criteria and categorisation. This makes it possible to search the data via more fine-grain criteria. It
is also possible to search within hierarchical structures. Using a classification system, projects are
stored in a flexible ordering system that allows one
to browse the data set according to a particular
topic. mediaTUM (Leiss et al., 2010) offers a variety
of views, including tools for zooming into details of
high resolution plans and images.
In addition to the metadata scheme, the objects that contain the architectural data are also
adapted to the needs of the students. A project
folder serves as a container for core information
about a project and can contain an unlimited number of different plans, drawings and verbal descriptions. Each of these individual pieces of detailed
data can be attributed with its own metadata so
that it can be retrieved via the search function. Different views are generated for each object, for example thumbnail images, so that one has a quick
overview of the information contained in a project
folder (Figure 4).
Figure 4
The user interface of mediaTUM/ar:searchbox.
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Figure 5
Technical structure - The core
components of media TUM.

Through the decentralised administration concept
of the media server, content can be entered in parallel from multiple locations and is immediately available for others to reference via ar:searchbox. A sophisticated user access control mechanism ensures
that editing and viewing rights are available only to
defined sets of users. The media server is accessed
entirely through a browser and requires no further
software.

TECHNICAL DETAILS AND INTERFACES
MediaTUM is an open source software under GNU
General Public License. It is implemented in python
and provides all management features via a web
interface. The open software architecture with plugin concept enables an easy connection of different program extensions. MediaTUM [Figure 5] consists of four basic components webserver, backend,
plugins,storage and archiving (Seifert, 2010).
With "athana" an own webserver component
is included, that is responsible for sessionhandling
and for generating HTML-output via a TAL-engine.
The backend is the core component of mediaTUM. It
includes tools for the administration of the different
object types such as images,documents and videos.
Furthermore it contains methods for building up

the data structure and for the configuration of the
stored data. A workflow engine, a search engine and
components for digital rights management and user
administration are also elements of the back end.
Extensions and specific applications can be integrated via the plugin system. mediaTUM uses tools
with different interfaces for the long term storage
of data. The basic prerequisite for the connection of
different systems is the implementation of an open
API. For the long term preservation of documents
and data mediaTUM uses the interface to the Leibniz Rechenzentrum. This local computer centre and
provider of scientific data network offers the Tivoli
Storage Manager of IBM as technical infrastructure
for data preservation.
There are two different ways of storing objects
in mediaTUM. Metadata are stored within a relational database (normally mySQL or SQLite). The digital
objects are deposited into the file system on a configured position. The media server offers different
interfaces for interoperation with external systems.
MediaTUM facilitates for example the smooth exchange of data via OAI Protocol for Metadata Harvesting (OAI-PMH), web services or Z39.50.
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DISCUSSION
During the process of designing, planning, building
and the management of projects, a large amount
of data is created. The information is stored in various forms, sources, platforms and different formats
such as text documents (e-mails, technical reports,
contracts, etc.), 3D models, BIMs, CAD drawings, diagrams, schemes, pictures and so on. Classifications
are made in terms of types, morphology, similarity or patterns but the quantitative and qualitative comparison of functional as well as structural
features is as yet not possible. The configuration of
space and the relations between physical structures
are hard to represent using keywords, in fact transforming these structural configurations into verbally
expressed typologies tends to result in unclear and
often imprecise descriptions of architecture.
A universal description and query language is
indispensable for storing descriptive metadata independent of file type and source as well as structural,
graphical or textual information. First of all, a user interaction should support the graphical sketch-based
workflow of architects combined with textual, schematic and tabular input strategies. Secondly, an appropriate 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.
Paths through space, adjacency or the orientation of rooms are topological aspects that can be
stored for further processing as an information subset in a so-called semantic fingerprint we proposed
(Langenhan and Petzold, 2010). A semantic fingerprint stores various aspects of a building (e.g. topology, taxonomy, energy, geometry) based on ontologies so that this can be retrieved using semantic
research strategies.

CONCLUSION
The paper presents a technological and organisational approach for the development of metadata
schemes and the establishment of a knowledge
management system based on reference projects
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that serve as a source of knowledge and inspiration
for approaches to architectural design problems.
Using the metadata schemes developed for the
ar:searchbox project and the defined criteria for recording a quality-oriented data set, a search agent
software tool could be developed that searches the
internet for verbal descriptions of building projects
and uses the metadata to automatically create an
index of reference projects. Using ontological text
analysis, potential sites of useful information can be
identified and with the help of corresponding semantic information, the found raster graphics could,
for example, be identified as floor plans. Based on a
“prior selection” of relevant raster graphics, an image
analysis method using artificial intelligence methods could be trained to efficiently analyse images
(Ahmed et al., 2011) and extract verbal, topological
as well as geometric metadata from them for saving
in the semantic fingerprint. The ar:searchbox project
prepares the technological, methodological and organisational basis for such a system.
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Abstract.This paper introduces EnViz, a software prototype for the visualization of
environmental data collected from post-occupancy evaluation surveys. The piece
begins by introducing the rationale for the software, and why the authors believe it can
be a valuable aid for environmental building design. The development methodology
is described and the basic operability and interface are presented. A case study is
introduced, and the results from the application of the software on the data from it are
presented with accompanying images. Further results are presented, from the use of
the software in workshops with undergraduate and post-graduate students, as well as
researchers and professionals. Finally, future directions of the software development and
the potential of the software are given.					
Keywords. Visualization; post-occupancy evaluation; indoor environmental data; 3D
graphics.

INTRODUCTION AND RATIONALE
It is now a truism that sustainability in the Built Environment is here to stay. Significant efforts are made
by architects, engineers, and sustainability consultants not only to design climate-sensitive, environmentally friendly systems, but also to understand
and evaluate the effects of those already in use. In
theory, this is a straightforward process: a specific
system is used or a design approach is adopted; the
environmental consultant conducts a post-occupancy evaluation survey; the results of this survey
are analyzed by the architect, the engineer and client; the conclusions feed back into future designs.
One finds however that in practice this is often
not the case. A survey may be conducted indeed,

but the conclusions are not always applied. A variety
of factors contribute to this, but it seems there is one
with greater importance. The data is rarely meaningful to non-experts. Considerable amounts of information, with complex methods of analysis are not
always easily understood by the client and/or the
decision maker. Furthermore, the architect has little,
if any, use for tables upon tables of numbers who do
not integrate in the design process and the presentation format.
This situation results in a number of problems:
•
Architects and associated designers avoid engaging in the particulars of building science research, treating its outputs as difficult to com-
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prehend and of little immediate use. A primary
reason for that is the lack of data outputs that
can be integrated in the design process.
•
When designers do engage in an environmental study for a particular design, the output of
this study is treated as a unique case, and the
research data for this are not widely distributed
under a commonly accepted standard, and
hence are rarely studied, verified or re-used.
•
Architecture students who wish to embark on
environmental design research find it difficult
to present their findings in a way that is meaningful within an architectural context.
In this context, it appears that the development
of software tools that would be able to bridge this
gap would be not only useful but necessary, if environmentally efficient building design is to be truly
achieved.

ENVIZ: AN APPLICATION FOR
VISUALIZATION OF POST-OCCUPANCY
EVALUATION SURVEY DATA
The software presented in this paper is a first step
towards this aim. The software is called EnViz and it
generates procedurally digital 3D models that are
visual representations of the environmental research
data. Typically these are collected from data loggers
which record specific attributes (e.g. temperature,
relative humidity etc) at standardized time intervals
(e.g. every 20 minutes). The researcher can get the
full volume of the recordings for specific periods in
software, firstly in formats native to the data logger
and then exported to spreadsheet format. The main
functionality of the software is to import a 3D model
of a building, as well as the data logger recordings
and, using those, create 3D visualizations.

Software development
From a technical perspective, the software was
developed in Java SE, utilizing the OpenGL programming interface for the 3D graphics, while two
third-party libraries (SWT and LWJGL[1]) were used
to supplement the development. The choice of
Java as the main programming language was considered a satisfactory compromise between the
development capabilities provided by a modern,
powerful OOP language, without the complexity of
C++ (Horstmanm and Cornell, 2007). The third-part
Lightweight Java Game Library was selected after
testing a small range of libraries that implement the
OpenGL interface for Java, as the one providing the
most diverse capabilities and delivering the most robust performance.
With regard to the data input formats, the 3D
models are in COLLADA[2], while XML[3] is the format for the data logger information. Both formats
are considered industry standards and are accessible and editable via freely available software, such
as Google SketchUp for COLLADA and Notepad++
for XML. This was considered of importance as the
development team did not want to tie the use of
the software to any specific 3D modeling package.
In addition, as both file formats are text-based and
thus human-readable and lightweight, they can be
easily used for web-based applications, allowing for
easy migration for extensions of the software running on a browser.

Visualization methodology
The visualization methodology required the creation
of temperature and relative humidity color maps,
which correspond to numerical values (Figure 1).
Typically a single data logger is placed in each space
so the visualization is single color. However, there
Figure 1
Temperature and Relative
Humidity color maps.
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are occasions where two or more data loggers are
placed in a single space, so it was considered important to develop a system for the calculation of intermediate values from two or more inputs. The current
version incorporates a sample process for visualizing
the diffusion of temperature and humidity in the
building spaces.
Specifically, the intermediate temperature is calculated as:
T = T – αd
V

0

where:
T
V
T
0

α
d

v

V

the temperature at a vertex V
the temperature reading at the nearest 		
data logger
a weighting and unit conformity factor, 		
taken as α = 6.35 °C / mm
the distance between vertex V and the 		
nearest data logger

User Interface
As EnViz is directed mostly towards non-experts in
environmental design, an easy, intuitive user interface was considered of primary importance. To that
effect, attention was paid during the development
so that the number of steps required from the user is
kept to a minimum. The process for a typical visualization is as follows:
1. Import a 3D volumetric model of the building
(model appears on the Model pane).
2. Import the data from the loggers (data appears
on the Loggers pane).
3. In the Plan 2D pane, drag and drop the loggers
on their correct locations.
4. Select From/To dates of interest.
Then by pressing either Run Analysis or Play, the user
can see a static visualization and an animation respectively. The illustration below shows the application’s User Interface.

Figure 3
The main user interface.

The relative humidity is assumed to be a function of
the temperature at vertex V, and the temperature
and relative humidity at the data logger, as shown
below:
where:
H
V
H
0

T
V
T
0

the relative humidity at a vertex V
the relative humidity at the nearest data 		
logger
the temperature at vertex V
the temperature at the nearest data logger

Note that these equations are not meant to provide a
rigorous mathematical modelling of the diffusion of
temperature and humidity in a space, but a largely accurate indication of the conditions. Also, they intend
to illustrate the potential of the visualization platform
for equation-based parametrization, which can be expanded further to conform to strict physics models.

APPLICATION ON A CASE STUDY
In order to evaluate the effectiveness of the demonstration version of the software, a few case studies
was selected and the software was tested extensively on those. In order for a case study to be suitable to
evaluate the software, it needed to have the following characteristics:
•
Availability of a wide range of indoor environmental data, so it could be proven that the
application could deal with significant data
loads.
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•

Design with emphasis on climate-sensitive
design, tying it to the core concept of the application.
•
Standard layout, so non-experts would be able
to appreciate the results of the visualization,
and relate them to their understanding of the
built environment.
A case study which fulfilled all these requirements,
and on whom the most extensive testing was
done,is the “Accent Homes” project, developed by
the Accent Group Ltd in northern England. Based
on the “Grow Home” concept developed by Prof Avi
Friedman (2001) of McGill University, the Accent
Home is a a highly innovative concept, designed to
provide flexible, low cost homes with a near-zero
carbon target and emphasis on indoor environmental quality.
The project was highly successful. The house
designs were submitted to the former Deputy Prime
Minister’s “Sixty Thousand Pound” house competition [4]and the solution was the only one to meet
the Excellent Rating in the Building Research Establishment’s EcoHomes assessment procedure (BRE,
2006). However, in dwellings such as these, where
the energy losses are minimal, there may also be
the possibility of the dwelling overheating in warm
summer periods. Given that the “Accent Homes” project was developed as a pilot project to guide future
design, the importance of effective post-occupancy
evaluation becomes paramount.
To that effect, detailed post-occupancy monitoring was carried out between the years 2006 and
2009 by the BEAU research center at the University

of Sheffield [5]with an aim to inform the future designs to be further developed in order to ensure that
they are zero carbon emitting and are viable for the
needs of society when global warming issues are at
center stage. Several research papers (Altan et al,
2009; Altan, 2010) have disseminated the findings
of the post-occupancy studies undertaken in these
first pilot homes.
For the purposes of this study, an interior model
was modeled in SketchUp, based on the 2D drawings. Using these two sources (2D Plans and 3D
model), users were asked to make a volumetric 3D
model on SketchUp. The aim of this was to gauge
the demands placed for the source model on a
non-expert user. As expected, these were very low
and even users with minimal SketchUp experience
were able to draft the volumetric models in less than
30 minutes. The XML files from the logger datasets
were compiled from the available spreadsheet data.
For the testing process a total of 12,000 recordings were processed by the application and a significant number of visualizations (currently above 500)
have been created. A sample of these is presented
below (Figures 4 to 6).

ENGAGEMENT WITH USERS
In order to get an accurate initial evaluation of the
software, it was considered imperative to have it
used in practice by a number of non-experts with
no involvement in the development process. To
that purpose, three workshops were organized. The
first two were at Southampton Solent University
(UK) and they involved undergraduate students at
Figure 4
Sample visualizations of high
and low temperatures in a
dataset with three loggers in
different spaces.
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Figure 5
Sample visualizations of high
and low humidity in a dataset
with three loggers in different
spaces.

Figure 6
Sample visualizations of
temperature and humidity in
an artificial dataset with three
loggers in a single space.

the university’s Built Environment programs. The
third workshop took place at the University of Sheffield (UK) with a mixed group comprising of postgraduate students in architecture, researchers, and
practitioners. The makeup of these three groups was
considered ideal as it fitted the profiles of the user
target group of EnViz, specifically individuals who
are involved in the Built Environment, with varying
grades of competence in IT and environmental design.

Workshop process
The workshop consisted of two separate stages. In
the first, the participants were provided with environmental data collected in a specific time period,
in spreadsheet format, the standard output of the
loggers. This aimed to emulate the typical approach
to the evaluation and analysis of post-occupancy
survey data. The participants were asked to complete three tasks, in short, timed periods. In the first,
they had to evaluate the temperature and humidity
in different spaces, at specific points in time. In the

second, they had to provide similar evaluations over
a data period of 24 hours. In the final task, they had
to evaluate data of a period of one week.
After the end of the first stage, the participants
were given a 5-minute introduction to EnViz. This
was kept short intentionally, providing the users
only with the bare minimum, as one of the main
aims of the software is for it to be intuitive and require minimal investment in time and effort prior to
adoption. Afterwards, the second stage commenced
in which the participants had to replicate the same
tasks, for similar time periods.
At the end of each workshop, the participants
were provided with evaluation forms in which they
were asked to comment on various aspects of the
usability of each method, effectively comparing the
software with the standard methods currently employed in academia and industry. As the students in
the first two workshops are taught by one of the authors, the evaluation forms were anonymous in order to preclude participants trying to appear unduly
positive of the software. It was also emphasized in
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advance that critical feedback would only help the
development team, and the students were encouraged to provide honest opinions and be clear about
negative aspects.
In order to gauge the time required to manage
the workshop, the size of each participant group
differed. The first workshop was run with only 4 participants, the second with 12, and the final with 15.
Also, in order to test the robustness of the software
in a variety of systems, the first two workshops took
place in university IT suites, while for the third one
participants were asked to bring their own laptops.
Finally, in order to gauge the effectiveness and intuitiveness of the color map, the participants were not
provided with the color maps but were either asked
to “use their own interpretation” (in the first two
workshops), or given very basic information about
the colors that represent the extremes (in the final
workshop).

Results
The evaluation of the two methods (spreadsheet
and software) by the participants consisted of rating
each in six categories, on a scale of 1 to 5, with 1 being Very Bad and 5 Excellent. As can be seen from
the combined results in Figure 7 below, the partici-

pants were generally more positive of EnViz, especially in the area of “Effectiveness of communicating
the data”, something particularly important as this is
the main mission of the application.
At the end of the evaluation, the participants
were asked to comment on their preferred system.
As can be seen on Figure 8 below, the results were
overwhelimingly in favor of EnViz. It should be noted that the final workshop included researchers with
significant experience in the field and a great degree
of familiarity with the spreadsheet-based method.

DIRECTIONS FOR THE FUTURE
The development of the first version of EnViz has
been a highly rewarding experience and the team
believes strongly that there is significant potential
for extension and expansion. On the academic side,
visualization of different types of datasets, such as
energy use, are being discussed. In addition, introduction of computation and simulation elements is
currently being planned, such as identification and
visualization of comfort zones. EnViz has been envisaged from the beginning as not only a tool for existing data, but a visualization platform that would
combine elements of simulation and computation,
and the team is working to that aim. Finally, intro-

Figure 7
Participants‘ evaluation
of spreadsheet and EnViz
methods.
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duction of complex, scientifically highly accurate
diffusion models is also an intended aim, as this first
version has demonstrated the capability of the software to incorporate those.
On the programming side, expansion to different operating systems is considered a primary aim,
as the current version is compatible only with Windows operating systems. A range of features that aid
usability and user-friendliness, or provide additional
capabilities have been recommended by the participants in conversations that followed the workshops,
and the team is currently identifying which of those
should be prioritized for future development. The
potential of a browser-based system that takes advantage of the emerging HTML5 architecture and
the WebGL [6] interface
Finally, the potential of adaption of EnViz to
further types of use has to be mentioned. This implementation concentrated on visualization of environmental data in buildings, however the system
has been built in an open-ended manner and the
underlying platform allows for reconfiguration for
any type of visualization that is based on a source
3D model and collected data. Professionals and researchers from other disciplines have expressed
some interest in different applications, including
visualization of hydrological data from lake basins,
stress distributions in manufacturing equipment
components, and heat levels on electronic circuits.

Figure 8
Participants‘ preferred system.
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Abstract. Learning programming can be a challenging task for design students,
especially when code is to be entered in textual form. Visual programming languages,
such as McNeil’s Grasshopper, have helped students to engage in scripting without having
to deal with lower level syntax that is often hindering them in expressing their thoughts.
However, the problem with learning how to program textually is only postponed: When
switching to a new platform, students may be forced to learn coding from scratch, and,
even worse, to do so in a textual environment that is yet unfamiliar. Our idea is simple:
Connect visual programming with textual coding, using code-generation as means. Using
this approach enables students to think visually, and see the results textually. An added
bonus is the possibility to use debugging, a feature that is yet lacking from Grasshopper.
By this way, our language aims to enable students to gradually move from visual to
textual programming in a comfortable manner.				
Keywords. Visual Programming; Structured Code; Teaching; Code Generation.

OVERVIEW
In this paper, we are going to present a programming platform called “Lawnmower”, which is a webbased learning environment for architecture students that allows the automatic translation of visual
programs into textual code. In perceiving this transformation, students visually observe the similarities
and differences between flow-based and blockbased programming styles and use their existing
knowledge about Grasshopper when transitioning
to text-based programming. The major motivations
behind our proposal are:

•

•

•
•

The limits of the existing visual programming
environments and especially Grasshopper (also
observed by Leitão and Santos (2011) and Cabecinhas (2010)).
Our own findings from a survey amongst students, teachers and professionals (reported in
the following sections).
The need for facilitating social learning in programming (Celani and Vaz, 2012).
The potentials of web 2.0-based environments
for facilitating social learning (Pak and Verbeke,
2012-forthcoming).
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Based on these motivations, we are going to elaborate on the following subjects to reveal the details of
the proposed platform:
•
As a pre-step, we will briefly discuss the Visual
Programming Languages and map the exact
differences between block-based and flow-based
languages, as these affect the overall design of
our visual programming language to a large
extend (see “Block-based versus flow-based
programming languages”).
•
We apply these observations when designing
a combination between block-based and flowbased programming language for the sake of
generating textual code out of a scripting graph.
In this context, our work does not seek to replicate available flow-based language patterns;
instead, we have conducted surveys among
students and teachers and asked how they
would visually represent constructs commonly
found in textual programs (see “Language design”).
•
Another important factor is the “social learning
experience” of our platform (see “Capabilities
of Lawnmower as a Social Learning Environment”). Being web-based, various communication modes and styles are supported, e.g. allowing students who are disconnected from
the physical teaching environment to share
and comment code, embedded into an online
course management.
At the time of preparing this paper, our implementation is in a preliminary stage. Some details of our
current system will be provided as-is, yet these details are likely to change during the course of the
implementation.

BACKGROUND: VISUAL PROGRAMMING
LANGUAGES
Visual programming languages (VPLs) have been
used as learning tools for a long time.
For example, both Alice (Conway 1997) and StarLogo TNG (Klopfer, Scheintaub et al. 2008) enable
students to program using a drag-and-drop metaphor, in which programming blocks are arranged on
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a virtual paper sheet. One of the main advantages of
this approach is the avoidance of syntax errors, since
dragged programming language elements are only
allowed to be dropped if they fit the expected type
(e.g. cannot drop a string onto a function requiring a
number value as input).
Instead of the block-based metaphor, the VPLs
used in form generation (e.g. McNeil Grasshopper,
Generative Components by Bentley) follow a flowbased approach, in which multiple components are
linked together to form a transformation chain, from
input data (e.g. sliders) to generated geometry. Each
component can take arbitrary numbers of inputs
and outputs (as opposed to only one output in classical programming). As further differentiation, the
latter approaches are interactive, with form generation happening in parallel to code development.
The difference between these two programming styles is subtle, but important: visual programming languages (VPL) are flow-based, whereas
textual languages are block-based. In the first case,
data flows along the graph network and is transformed by subsequent nodes. In the second case,
data exists in the form of variables, each defined in
a block of code. Blocks are essentially containers for
data and commands, structured hierarchically to
form a tree. A variable can be accessed and modified by a command if it is found in a same branch
(this is also called data visibility). Therefore, we can
conclude that in flow-based languages, data travels
along a transformation chain, while in block-based
programs a transformation of data is performed by
executing commands in a hierarchical fashion, acting on variables that stay in the block where they
were defined. We will give more details on this point
in the next sections, since it has implications on the
overall design of the Lawnmower VPL.

BLOCK-BASED VERSUS FLOW-BASED
PROGRAMMING LANGUAGES

from visual programming to textual programming,
which is due to be presented in the next section.

Flow-based languages use tokens to carry
data

In block-based languages, data does not
travel

In flow-based programming languages (FBPL),
data flows through a network of nodes and edges.
Regardless of dialect used (e.g. business process
diagram, Grasshopper), the underlying technique is
using a so-called token to represent program execution, which is a pointer to the node being currently
executed: Once a program is started, the token is set
onto a node, which executes contained command
and passes the token on to next node that is connected.
In case that there are multiple outgoing edges,
the token is either be duplicated (i.e. every next
node gets a copy), or it is up to the node itself to
determine to what node the token is passed (this is
generally called decision, or “dispatch” in Grasshopper). Vice versa, tokens coming from multiple nodes
can be merged to form a single token.
The data used by the node for performing calculation is either contained in the token, or it is globally available: in the first case, the token carries a value
with it, e.g. “x”, which the node takes to compute a
new value “y”, which is again stored in the token. In
the second case, the value is available in the form
of special parameter nodes that do not perform
computation, but allow the user to enter values. For
example, Grasshopper offers nodes with contained
sliders or nodes representing a constant value,
which can be hooked up to nodes requiring input.
In the preceding description, it has been said
that a program starts by setting a token onto a node
(more precisely: a processing node performing computation). However, it is yet unclear which of all the
nodes should act as such. In business processes, a
start node is explicitly defined (i.e. there is exactly
one), while Grasshopper presumably uses graph
analysis to come to the conclusion which processing nodes have no incoming edges, thus being start
nodes. The question of multiple versus single start
nodes will be important when trying to transition

•

In the case of block-based programming languages (BBPL), there is exactly one entry point
for a program – in which the necessary parameters (if any) are to be supplied. For example,
sin(x) starts e.g. when invoking sin(1), which
passes 1 as parameter x. Programs are structured hierarchically, as sets of nested blocks: A
block is a list of statements (for simplicity, one
can think each statement being a line of code).
•
The whole program forms the topmost block,
in which statements such as if and while open
their own (nested) block. Thus, a (tree-)hierarchy of blocks within blocks is established.
•
From a data standpoint, nested blocks can access values defined either locally (in the block
itself ) or blocks further up the hierarchy, which
is called visibility.
The latter fact is of special significance when comparing BBPL and FBPL languages: BBPL have a pointer to the current statement being executed, however (and in contrast to FBPL), this does not carry any
data. Statements can access a value if it is visible to
the current block.

Summary of differences
Transforming visual into textual programs is hard,
because the FBPLs are occupied with routing tokens
containing data along a graph, while BBPLs executes
lines of codes in nested blocks defining data visibility. Our attempt will show how such an approach
can nevertheless be done, when transferring some
of the concepts found in BBPLs into a FBPLs.

LANGUAGE DESIGN
The Lawnmower VPL has been elaborated through
a user-driven development process, using questionnaires and mock-ups. In this section, we first report
the findings from our user survey, before describing
the design options that make up the language.
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Survey
In January 2012, we have launched a questionnaire to collect information on designers’ perception of Grasshopper’s interface, functionalities and
their ideas on its future development (see Figure
1). It included specifically targeted questions on the
representation and use of “dispatch nodes” as well
as loops and “f(x) nodes” (i.e. expressions). 54 users
have responded to the questionnaire, among which
67 % identified themselves as students, 15% as
teachers, 20% as architects and 11% as ‘other’.
According to the results of our analysis, 37% of
the participants have expressed that they often, frequently or always face problems while using the interface, while 38% percent claimed that they sometimes experience problems. The distribution of this
data according to user types can be found in Figure
1a. The major reason of problems according to the
users were: lack of their programming knowledge
(62%), complexity of the language (14%), lack of
debugging option (21%), interface (17%), incompatibility with other scripting environments (12%) and
other reasons such as incompatibility of versions,
lack of programming concepts on component scale
and not fully explained data types (15%) (see Figure
1b).
In our view, the lack of programming knowledge
and wish for a debugging option indicates that it is
not always obvious how the data is passed around,
i.e. to foresee the outcomes of the graph network. In
this context, several issues might exist in the semantics of nodes, which are used in several meanings:
•
As processing nodes, which receive input and
produce output.
•
As dispatch nodes, which distribute flow along
its two outputs, for cases in which a set condition is true or false.
The dispatch nodes require some more attention, as
80% of the users who often and always experience
problems in Grasshopper rated their representation
as being “difficult”. The same majority (80%) also expressed their willingness to use a “repeat” component (i.e. a loop) and think that the expression designer for F(x) nodes can be improved. In our view,
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the latter aspect seems to be rooted in the breach
of metaphor experienced when having to enter
formulas for F(x) nodes as text (i.e. mathematical
notation): Formulas could well be entered graphically, by using a flow network of mathematical
components (e.g. sin(),+, -) in the same way as the
rest of Grasshopper. A further point not connected
with the graphical representation is that of lacking
comprehensibility of data flow (and therefore the
call for step-by-step debugging). Data in Grasshopper is mostly exchanged via lists containing geometrical objects. These lists are used as a replacement for loops, in the following manner: Instead of
building up an object iteratively by consecutively
adding a point, all points are immediately generated
and modified as they pass through the flow graph.
Understanding the modifications on lists of objects
can be hard to understand, and requires a certain
amount of knowledge of set theory (e.g. when intersecting two lists). If there would be an explicit loop
statement, simple data types could be used to iteratively build up an object on a point-by-point, which
we find preferable for didactic purposes.

Defining the component layout
Based upon the conducted survey, an initial design
of the Lawnmower VPL has been created, which is
current under intensive mock-up testing and preliminary implementation. The design options given
in the following subsections acted as a starting
point and conceptual basis on which development
is based.
Like Grasshopper, Lawnmower uses nodes represented as rectangle for its flow graph. Inputs and
outputs are depicted as circles (ports). There are two
basic types of components:
•
Data components hold a value of a specified
data type (refer to Figure 2a). If the input port
is set, the data component displays supplied
value. In all other cases, the data component
allows users to enter a value using sliders, spinners and text boxes as widgets.
•
Code components perform calculation and act

Figure 1
(a) Frequency of problems
according to the user types (b)
Problem reasons according to
the user types (Each respondent could choose multiple
responses).

recursively as containers for other code components (see Subsection “Combining Block-based
and Flow-based”). There are two fundamentally
different view modes for code components:
definition mode (see Figure 2b) shows the component with the contained commands, while
call mode (see Figure 2c) hides these internals.
In all cases, one or more inputs and one possible output (constraint of textual languages)
are given as nested data components (visible
in Figure 2c).

Combining block-based and flow-based
As mentioned, code components form a hierarchy:
The program itself is the topmost component, in
which the following subcomponents may be used:
•
Code block – an area in which components and
connecting edges are drawn (Grasshopper calls
this the “canvas”). Each such code block is transformed into a line in the textual language. This
essentially means that Lawnmower enforces a
“one expression per line” policy, and there will
likely be a multitude of code blocks in sequence
(also see “Code Generation”). The addition of
such code blocks might be done explicitly (i.e.
by the user) or implicitly (each component creates a code block for itself).
•
Conditional block (see Figure 3a) – resembles
an “if-then-else” construct found in textual languages and consists of (1.) a condition block “if”,
which has an embedded data component of
type Boolean, used to select either the following (2.) “then” or (3.) “else” block for execution.
•
Loop block (see Figure 3b) – a condition

block that executes a following regular block
(“body”) while the condition evaluates to true
(pre-test loop).

Dealing with space constraints
Previously, lack of screen space that is common to
VPLs has been addressed by using Zoomable User
Interfaces (ZUIs). Lawnmower extends this concept
by also incorporating earlier work on techniques
known as Fisheye/Focus+Context visualizations of
source code (Furnas 1986):
•
Code components are collapsible/expandable
(Figure 3c). There is always one block that is in
focus and therefore expanded. All other components stay collapsed (context).
•
Data components visible to the block in focus
are shown as possible inputs.
All in all, these functionalities aim at enabling concentrated work on the current piece of code while
helping to conserve space.

Code generation
The Lawnmower concept of code entry is visual,
but nevertheless line-based: Each code component
stands for a single line within the textual code. The
lawnmower editor must therefore check syntactic
validity of the entered graph, in order to guarantee
that the generated source will be valid and fits on
a line. Figure 4 gives a general outline of the used
checking rules:
•
Connectedness rule. The entered graph must
be connected, i.e. it must be “one graph” in
which all nodes are reachable by an edge path.
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Figure 2
Language Design. (a) Data
components (b) Code components in definition and (c)
call mode.
Figure 3
Code Component Types. (a)
Conditional block (b) Loop
block. (c)Using collapsible
code blocks to conserve space.

•

•

No cycle rule. Figure 4a shows the statement
“i = i + 1” as lawnmower graph. However, it is
unclear from the depiction how the update to
i should happen. It could either mean that “i is
to be created having the value of itself plus one”
(a paradox, since it does not exist at that time),
or it could mean that “i should take the value
of itself plus one” (effectively deactivating the
initialization value, and thus becoming undefined). Disallowing cycles is therefore a necessary, but not sufficient measure to establish
some order.
Single setter rule. We explicitly allow at most
one data update per data component (refer to
Figure 4b): i is created and immediately set to
0. Consequently, there can be no more statements inside the same code block. In the next
code block, i is referenced two times: one time
in the form of a “get” (as input to “+”), and one
time in the form of a “set”. The code editor must
therefore explicitly distinguish declaration/
initialization and reference to a variable. This
is exactly in line with what was introduced in
Figure 3c.
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Figure 4c provides an additional example of a valid
lawnmower code component, using two gets and
one set. The code generation regards the set as
the left side of an assignment (“len”), the rest as
right side (“sqrt(x*x + y*y)” through traversal of the
graph). Graphs that contain no setters are regarded
as non-assignments, generating as a function call
(e.g. “redraw()”). Lastly (and: trivially), the empty
graph is valid as well - it is translated into an empty
line.
The actual generation of textual code in the
target language happens through exchangeable
adapters. Currently, we take VBA for AutoCAD as
our language target. However, additional language
targets may be added at will, enabling students to
“script once and run many” environments, which is
in line with recent tendencies in the field (Leitão and
Santos 2011).

Figure 4
Syntactic Check. (a) Cycles
cause disruption of temporal
order and overwrite initialization values. By using (b)
the single setter rule and
distinguishing between declaration and later reference
to a variable, (c) the mapping
between a lawnmower code
block and a line of textual
code becomes possible.

Figure 5
Lawnmower integrated with
a content management
system to support learning
activities, code management,
storage and distribution and
evaluation.

CAPABILITIES OF LAWNMOWER AS A
SOCIAL LEARNING ENVIRONMENT
As referenced in the first section, besides providing
various novel functionalities, Lawnmower also aims
at enabling learning as a social process (Brown and
Adler 2008). It promotes “community building” and
“social learning” and intends to facilitate reflective
learning-in-action (Schön 1987) in a novel pedagogical context, in which various communication modes
and styles are supported. It is a web 2.0-based environment tightly linked with a content management
system to support learning activities, code management, storage and distribution and evaluation (Figure 5). By this way, we aim to encourage integration
with design studios, design computing courses and
short-term workshops.
In line with the aim stated above, Lawnmower
allows the teachers to initiate a learning topic linked
with a learning theme. The students can enroll into
this theme and use Lawnmower editor to accomplish the tasks provided by the teacher(s). It acts as

an evaluation medium by the use of a dedicated
module and the timeline which keeps a track of the
individual and collaborative development processes. This evaluation is not limited with grading but
also planned to include a critical evaluation from the
students’ side such as the general mood, the course
material and perceived quality of teachers’ performance (Wurzer, Alacam and Lorenz 2011).
Configuring Lawnmower with the functionalities above allows various kinds of social practices
to take place and creates various opportunities for
learning programming:
•
First of all, the system can potentially facilitate
the development of code through asynchronous collaboration and thus motivate learning from other students and open resources.
Through the use the commenting module,
Lawnmower can facilitate collective construction of knowledge through dialogue; as well as
learning the activity of learning itself.
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•

Moreover, while the students are disconnected
from the physical teaching environment, they
can still learn from and comment on each others’ programs and create a collective understanding of the problem(s).
•
The online course management module can
allow the structured documentation of course
materials and various products that are created
during the courses. These can be transferred
to concurrent or other courses, architecture
students and teachers in various geographies.
Such a practice can lead the development of a
repository of learning tasks and self-contained
interactive resources focusing on one area
(learning packages) adapted to architecture
students’ learning needs.
•
In the future, Lawnmower may appeal to advanced programmers and include complex applications, thus involve expert knowledge into
educational activities.
We are well aware that, besides the content management functionalities, the proposed web environment needs to be supported by various motivational tools. Among the planned ones are the creation of
open challenges and development of reward mechanisms such as rating and points; and the timelinebased animation of user created content for better
communication. Furthermore, in order to test the
field applicability of Lawnmower, we are planning
to conduct usability tests based on designer satisfaction, effectiveness, efficiency, freedom from errors, learnability, use sustainability and sociability
measures, as introduced in Pak and Verbeke (2011).
At all stages, we are also planning to exploit all advantages of web 2.0 environments for crowdsourcing usability.

IMPLEMENTATION
Because of Lawnmower is still being actively developed and tested from a design viewpoint, our preliminary implementation focuses on technological
feasibility, foremost: The ability to transfer the programming constructs of the VPL to textual code, depicting components using web technologies, down-
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loading textual programs into a target platform and
technologies for sharing programs among students.
•
The translation of visual code into textual
code happens on the backend of the server,
using a stateless service that performs graph
analysis on the flow graph. The translated textual code (currently: VBA for AutoCAD) is transferred manually into the target platform using
the system clipboard as exchange method. A
future implementation would offer more language targets (as e.g. Leitão and Santos 2011)
and would also automate transfer of textual
code using a plug-in.
•
For each user, the state of the Lawnmower editor is held in a session. Clients are connecting
with their browser to a webpage, which utilizes AJAX to refresh itself, based on user input
and server actions. Rendering of the VPL in the
browser happens via use of SVG/VML/Canvas
controlled by JavaScript. Storing and sharing
of code components as well as collaboration
among the users is performed using a message-oriented database.

CONCLUSIONS, APPLICABILITY AND
LIMITATIONS
We have presented a cutting edge web-environment called “Lawnmower”, which can help students
in getting acquainted with textual programming by
generating code. Our efforts are based on a conceptual extension of Grasshopper, bringing block-based
and flow-based programming techniques together.
Our development, which is now undergoing mockup testing and preliminary implementation, will
ultimately produce a social exchange platform in
which code can be shared by students, for the sake
of education and collaborative learning. Our work
is intended for use in classrooms, mainly aimed at
form generation. However, we do not strive to create a “production-ready” scripting environment (emphasis is on social learning), nor do we want reverseengineer textual code into graphs (which is hard, to
say the least).

REFERENCES
Brown, J and Adler, RP 2008, ‘Minds on Fire: Open Education, the Long Tail, and Learning 2.0’, Educause Review,
(January/February 2008), pp. 16-32.
Cabecinhas, F 2010, A High-Level Pedagogical 3D Modeling
Language and Framework, PhD Dissertation, Technical
University of Lisbon.
Celani, G and Vaz, EVV 2012: ‘CAD Scripting And Visual Programming Languages For Implementing Computational Design Concepts’, International Journal of Architectural Computing, 10 (1), pp. 121-138.
Conway, M 1997, Alice: Easy-to-Learn 3D Scripting for Novices, PhD Dissertation, Carnegie Mellon University.
Furnas, GW 1986, ‘Generalized Fisheye Views’, Proceedings of
CHI ’86, pp. 16-23.
Klopfer, E, Scheintaub, H, Huang, W and Wendel, D 2009,
‘StarLogo TNG: Making Agent-Based Modeling Accessible and Appealing to Novices’, Artificial Life Models in
Software, pp. 151-182.
Leitão, A and Santos, L 2011, ‘Programming Languages for
Generative design: Visual or Textual?’, Proceedings of
th
the 29 eCAADe, pp. 549-557.
Pak, B and Verbeke, J 2011, ‘Usability as a Key Quality Characteristic for Developing Context-friendly CAAD Tools
th
and Environments’, Proceedings of the 29 eCAADe, pp.
269 - 278.
Pak, B and Verbeke J 2012 (forthcoming), ‘Design Studio 2.0:
Augmenting Reflective Architectural Design Learning
Using Social Software and Information Aggregation
Services’, Journal of Information Technology in Construction (ITCon), 17.
Schön, D 1987, Educating the reflective practitioner: Toward a
new design for teaching and learning in the professions.
San Francisco: Jossey-Bass (Kindle Version).
Wurzer, G, Alacam, S and Lorenz, WE 2011, ‘How to teach Architects (Computer-) Programming’, Proceedings of the
th
29 eCAADe, pp. 51-56. Overview

Design Tool Development - Volume 1 - eCAADe 30 | 663

664 | eCAADe 30 - Volume 1 - Design Tool Development

System Design Proposal for an Urban Information
Platform
A systems proposal
1,2

2,3

3,4

Gideon Aschwanden , Chen Zhong , Maria Papadopoulou , Didier Gabriel Vernay ,
1,5
1,6
Stefan Müller Arisona , Gerhard Schmitt
1
Future Cities Laboratory, Department of Architecture ETH Zurich, Switzerland
2
Department of Building, School of Design and Environment, National University of Singapore
3
IMAC (Laboratoire d’Informatique et Mécanique Appliquées á la Construction), EPFL,
Switzerland
1
http://futurecities.ethz.ch
1
2
3
aschwanden@arch.ethz.ch, zhong@arch.ethz.ch, papadopoulou@arch.ethz.ch,
4
5
6
didier.vernay@epfl.ch, stefan.arisona@arch.ethz.ch, schmitt@arch.ethz.ch
1

Abstract. This paper focuses on information modelling and proposes a system design
for an urban model encompassing multi-scale data. The system employs procedural
modelling on top of GIS information to allow different simulation tools to interact with
the data. This is a promising approach for an urban information platform integrating
multi-scale urban information to support different simulations important in urban design.
In an initial instance the information platform is used to scale-up and scale-down in
information modelling, linking technologies on different spatial levels, and utilizing the
advantages of different tools to evaluate the built environment. The platform is applied
in Singapore to manage urban data and support urban formation. 			
Keywords. Urban information model; Scale; Urban Simulation; Urban Design; CFD;
Multi Agent System

MOTIVATION
Expanding the scope of sustainability from building scale to urban scale has become an important
research topic in recent years, since the scope of a
single building neglects interdependencies arising
in the urban context. Data has been collected assessing the urban development by means of indicators from sociology, economy, and environment.
However, these data sets tend not to be centralized,
well processed nor connected. This platform stores,
represents and evaluates urban data. It systematical-

ly turns heterogeneous data into information that
is accessible in a uniform way, making it useful for
architects and urban planners.
This project addresses the problem of increasing specialisation of digital tools that demand a high
level of training and practice and are not exchangeable. Most barriers keeping non-experts from using them are caused by the complexity of the tools
themselves. This development is antithetical to the
emergence of user-friendly software environments

Design Tool Development - Volume 1 - eCAADe 30 | 665

and the generalisation of knowledge of stakeholders and decision makers. Thus, processing urban
information with applicable, user-friendly tools becomes a necessity. This paper advocates for a dataaware solution, combining diverse tools that reduce
complexity and allowing architects and urban planners to use evaluation input from other fields.
A crucial question in this paper is how to integrate multi-source data with its systematics and extract meaningful information from it. An answer to
this question is to utilize the advantages of different
technologies to the benefit of urban design tasks.

STATE-OF-THE-ART URBAN
INFORMATION PLATFORMS
With the widespread application of GIS (Geographic
Information System), solutions have been proposed
for multi-source spatial data integration. Progress
has been achieved in data format conversation, realtime visualization, and semantic representation. But
GIS still mainly functions as a data management and
visualization tools instead of an information platform, because of the missing methods to interpret
the implicit meaning of the data and the limitation
of only location-based data types [10]. To expand
the geographic information from a simple base map
for urban designers to a knowledge base, analysis
methods have to enrich it to make sense of the data
and to deduce new knowledge.

The aspects of time and dynamic interactions are
neglected in GIS. In particular the dynamics over
time, such as transportation, the immigration of
people, the construction and demolishing of buildings, and dynamic rtelations between different data
sets, like the correlation between location of workplaces and residential places, are also not included.
To reveal the continuous changes of the urban fabric
the trajectories of development time and dynamics
have to be included. As urban development must
consider a long-term perspective, the need for urban modelling (Müller, 2012) [1] is an indispensable
capability of this platform. Approaches to represent
dynamic aspects exist, e.g. MATSIM (Balmer, 2008)
uses agent-based simulation to recreate existing
situations. These disaggregated approaches are
not designed to simulate the future development.
Other tools to aggregate urban information have
been implemented to evaluate impacts of changing urban configurations incorporating functions
and behaviour. UrbanSim (Waddell, 2000) or Delta
are incremental simulation tools using historical
developments to simulate incremental change. Nevertheless, since they are based on highly specialised
mathematical models and server based databases
nearly all approaches lack the interoperability with
tools used by architects and urban planers.

Figure 1
System design for the procedural Information Platform
and its interconnectivity to
data repository and simulation applications.
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METHOD AND APPROACHES
The proposed information platform uses procedural
modelling upon a GIS-Database. Parametric modelling has the advantage that it can integrate multiscale data sets and includes spatial and temporal
information, thematic information, and semantic information. Attributes as well as the relationship between them are then formulated and semantically
enriched. The platform can generate and visualize
design scenarios and the user can interacted with it
nearly in real-time.

INFORMATION MODELLING
The information modeling occurs in three steps:
First, multi-scale urban information management motivated by scale-up and scale-down simulation approaches, e.g. Batty (2007) [1]. It is used
to study the behavior of individuals, to foresee the
overall trend of the development, and to analyze the
sequences in between.

Table 1

Total Possible Floor Area

N

Second, parametric urban information models
based on a procedural model [2] reduce complexity, incoherence and uncertainties that exist in urban
information. The information can still be formulated
and parameterized for specific requirements, queries, optimization goals or boundary conditions,
whereupon scientific tools and methods can be applied afterwards.
Third, semantics, which is developed based on
information needed to travel within a city, are applied on the relevant elements of the building stock,
e.g. doors. The shape grammar file of the CityEngine
is a unique programming language speciﬁed to generate architectural 3D content based on the shapes
(Parish, 2001). It uses a different syntax, but provides
the same functionality with the widely used CityGML grammar. This paper takes this cross point as a
basis to integrate procedural modeling and GIS information.
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RESULTS
The proposed outcome of this case study is a 3D
model of Singapore with 156071 buildings. Embedded in those 3D models are statistical data from
questionnaires, interviews; geographic data from
the GIS platform; thematic data from dynamic modelling systems, such as agent-based pedestrian simulation; CFD (computational fluid dynamics); energy
analysis; and information generated by data mining.
One of the applications of the urban information
platform is to estimate the possible floor area of the
whole city of Singapore, the electricity consumption
of the buildings, to generate the urban canopy und
to visualize the wind flow around it.
Applied on Singapore, this urban information
platform was used to estimate the environmental
and social impact, like energy consumption, urban
density of urban space. The following parts elaborate the feature of this information platform from
three aspects: data integration, geometry generation, and applications.

URBAN DATA
Even with an extensive data set including, master
plan One of the most common problems in urban
modelling is noise or voids in the data set. Since we
are using procedural modelling, simple sampling
methods are applied within the model itself. In
the case of Singapore information on the building
Total Building Polygons

height and GPR (Gross Plot Ratio) was not available
in the dataset for each building. By accumulating
GPR values and rating them according to function,
the average GPR was obtained and mapped on the
shapes without data, so as to close the gaps. With
the GPR, the building footprints and the lot size, the
maximal possible number of floors was deducted.

GEOMETRY
Based upon the data stored within the GIS-DB we
trigger different rules to generate the geometry
of the building-hull [3]. This is only possible since
Punggol, a new town at the northern fringe of Singapore, offers a relatively homogeneous building
stock that allows creating rules to generate buildings by shape grammars.
In Singapore 82% (external link a.) of population is living in HDBs (Housing Development Board)
– a highly repetitive building typology created und
supported by the government to house the nation.
These buildings are constructed in clusters, with up
to 50 stories and a limited set of apartment typologies.
With the ground construction survey for the
figure ground plan and picture analysis for the facades in the higher floors rules for construction were
derived and applied. Sets of typologies with corresponding rules ensure that the different characteristics of specific areas prevail. With a highly regarded
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Table 2

# Polygons Total sqcm Avg/M od. M in/M od. M ax/M od.

Wall area

# Polygons

Total sqcm

Avg/M od.

M in/M od.

Number of polygons of a
single building generated for
the building hull by procedural
modeling grouped by type
with image example.

Max/M od.

2007776

7165661.075

19314.4503

789.80788

64658.623

213

120697.1008

693.661499

8.1354666

1544.3575

662850

583683.2127

12779.0244

144.5017

11153.443

1025588

90008.79066

535.766611

43.617853

1623.8424

668 | eCAADe 30 - Volume 1 - Design Tool Development

Table 3
Number of polygons of all
building hulls constructed in
Punggol (October 2010) generated and grouped by type.

Figure 2
Single Building with HDB
Typology.

building code, the master plan is the defining indicator of what typology to find on each plot. This
model is focusing on the built environment and neglects sparsely built plots, e.g. cemeteries, and not
built-up plots.
With the geometry of the building hull additional queries are possible to identify the embodied
energy and the energy transmission through the
hull of the building. Each polygon generated of the
building hull has the information about its construction material. This is a good indicator on how much
energy is used for its construction. In the table (Table 2) bellow you can see a simplified example of different materials used for one building. With the respective building code we can extrapolate this onto
Punggol. Table 3 shows the results from extrapolating the method on the area of Punggol (Singapore).
With the information about horizontal roof area
or nicely orientated surfaces it also shows the potential places for photovoltaic panels. In combination
with the knowledge of embodied energy [4, 5] the
geometry allows to estimate the energy used in construction. This is extrapolated for smaller area under
development, Punggol. This metabolistic approach
towards the city has limitations in that it only incorporates statistic and static information.

Figure 3
Buildings generated of Punggol Singapore.
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COMPUTATIONAL FLUID DYNAMICS
SIMULATION
Computational Fluid Dynamics (CFD) informs urban
planners about the wind flow pattern created by the
built environment. CFD is a field of science and engineering and a major part of fluid dynamics discipline
that involves numerical methods and algorithms for
solving the fluid equations of motion. The results
from the calculations provide an evaluation of the
fluid flow characteristics throughout the solution
domain. In particular, the information on the velocity, temperature and pressure distribution, as well as
species concentration can be assessed and therefore
be a critical part of the design process enabling a
design to be optimized for cross-ventilation [10]and
pedestrian comfort [11]. Furthermore, pollution dispersion [12] and mitigation of urban heat island [13]
can be improved with better ventilation induced by
the urban fabric. On the building level, appropriate
wind flow may offer better natural ventilation reducing the energy need for mechanical ventilation. In
this respect, the interest focuses mainly on the pressure difference between the façade’s openings.
There are several CFD tools available today,
that include different methods and algorithms.
One of the most widely used, also for urban CFDsimulations, is Fluent by Ansys. The solver uses finite volume methods in order to evaluate the flow
at each centre of a finite number of control volumes
throughout the domain of interest. Among the models included are Reynolds-Averaged Navier-Stokes

(RANS) equations and Large-Eddy Simulation (LES)
[14], all subject to the complexity of the phenomena
aimed to be studied.
In order to perform wind flow simulations in
the urban canopy, initial data are needed such as
building geometries and flow characteristics at the
boundary conditions. The geometry can either be
built in DesignModeler, a tool included in Ansys
Workbench package, or imported. In this case the
imported geometry has been generated by a procedural modelling software (Esri CityEngine). The
exported geometry contains only Mesh-Surfaces
that cannot be imported directly in DesignModeler.
Therefore, conversion from Mesh-Surface to NURBSSurface (Non-Uniform Rational B-Spline-Surface)
should be made with intermediate software such
as Rhino. One of the limitations of this procedure
is the maximum number of mesh surfaces that can
be converted with Rhino 4. 0. Additionally, the imported geometry should not include face overlapping and all underlying Mesh-Surfaces should be
trimmed at the boundaries.
The figure 6 includes an example of a buildingscale simulation, as performed with Fluent using
a geometry file from CityEngine. The results have
been imported into CityEngine for visualization of
the different solution results.

AGENT BASED SIMULATION
To integrate dynamic aspects an off-the-shelve programming platform (Massive Prime) for agent simuFigure 4
Wind speed on 15m (left) and
35m (right).
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Table 4

Energy per Function
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9.60

564609.03
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Figure 6
Visualization of electricity
consumption per building.

lation is used [6]. It is applied to simulate pedestrian
movement, draw individual paths and mimic decision pattern. This project shows how the allocation
of functions influences the catchment area of each
LRT-Node (Light Rapid Transportation). To mimic the
preference for a specific LRT-Node a combination of
preference and distance measurement is used. The
advantage of this platform is to have the semantic
information stored also in the 3D environment. An

exporter translating semantic information into location of building agent has been produced including the export of a simplified geometry and ground
map [7]. This allows the agents to move freely within
the synthetic environment guided by their preference towards a specific program interacting with
the environment.
With the location of each building, its size and
function, we can estimate the starting position of
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most pedestrian agents. We limited our simulation
to 4 different LRT Stations, 12 points of interest and
6’000 pedestrian agents. The pedestrian agents are
based on a social force model [8] using a set of rays
to measure distance to other objects (moving or
static) and agents.
Based on Design – Density – Diversity (DDD) [9]
the agents’ decision about walking is influenced.
This leads to a change in the catchment area of each
LRT station. This shows that the pure metric distance
is not enough to define how big the catchment area
is and that the programming of each location has a
big impact on how many occupants are actually going to each station (Figure 5).

ENERGY CONSUMPTION
The results of this paragraph cannot be translated
to each individual building in Singapore but provide a visualization of the aggregated distribution
of consumption in Singapore. Precise data could be
mapped this way but wasn’t available. To estimate
the electricity demand per building the use per
function (external link b) is divided by the total possible floor area. This implies several assumptions like
homogenous consumption within each function,
homogenous utilization of the possible GPR etc.
Even with all these assumptions taken into account
the result shows an imbalance of energy consumption per building between industrial and residential
lots on the scale of 1:300 in average.

CONCLUSION AND DISCUSSION
The described urban information model shows how
specialized tools are made accessible to architects
urban planers and stakeholders. This augments a database to a user-friendly information platform.
However, the problem of handling complex
evaluation tools is still in the hand of specialists. This
will change with a simplification of the tools, but this
simplification would make them meaningless. In the
case of CFD where simpler methods are available in
2D they are misleading and provide wrong results.
On the other hand are the juxtaposition of information, the ease of accessibility of the results and
the interoperability helping the decision makers to
ponder on different designs and decisions.
Future work aims to fill the gap between design
work and appropriate tool selecting. To do this, the
task of integrating will be done for both aspects
namely urban information modelling and technology. The focus will not be limited to interpret the
transition of scales but maybe also to master the
complexity of a city.
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Abstract. Buildings are the world’s largest consumer of energy, accounting for 34%
of total use. In the United States residential and commercial buildings are responsible
for 72% of electricity use and 40% of CO2 emissions. In order to reduce the impact of
buildings on the environment and to utilize freely available environmental resources,
building design must be based on site climate conditions, e.g. solar radiation and air
temperature. This paper presents a web-based framework that enables the production of
user-generated visualizations of weather data. The Open Graphic Evaluative Framework
(Open GEF) was developed using the Graphic Evaluative Frameworks (GEF) approach
to authoring design-assistant software, which is more appropriate than the now dominant
‘generalized design tool’ approach when supporting design processes that require a high
level of calibration to the cyclic and acyclic shifting of environmental resources. Building
on previous work that outlined the theoretical underpinnings and basic methodology of
the GEF approach, technical specifications are presented here for the implementation
of a Java driven web-based visualization platform. By enabling more nuanced and
customizable views of weather data, the software offers designers an exploratory
framework rather than a highly directed tool. Open GEF facilitates design processes more
highly calibrated to climatic flows that could reduce the overall impact of buildings in the
environment.
Keywords. Visualization; Sustainable architectural design; Climate analysis; Weather
data.

PROBLEM STATEMENT
The most widely used software platforms developed
for climate data visualization employ a generalized
design tool approach, and pursue an intended genericism. Seeking the widest possible impact, these
tools present themselves as “easy to use” and appropriate across a range of climates, micro-climates,
building typologies, building activities, material systems and human needs. Rather than providing spe-

cialized visualizations appropriate to each of these
cases, they produce generic graphics that seek to
apply to all of them. This genericism is an appropriate response considering the diversity of the built
environment and the massive number of visualizations that would be required to address this diversity with adequate specificity.
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Two important factors have shifted in recent years,
rendering the generalized design tool approach to
weather data visualization inadequate for a growing
number of cases.
First, the intended audience for climate visualization tools, architectural designers, has undergone
a cultural shift, with many architects regularly engaging in scripting, parametric modeling, and other
low-level computational techniques. This shift has
lessened the requirement for “easy to use tools” and
increased the desire for “customizable tools” that
enable a low-level engagement with data and programmatic structures.
Second, as awareness of the importance of climate-responsive design has increased, experimental designs and novel climate-responsive design
typologies have gained prominence. These new
typologies often require idiosyncratic evaluative
methods that are not supported by existing visualization tools. Design for the kinetic-responsive building typology (buildings containing large portions
or systems that actuate or change properties in response to environmental dynamics), is one example
of an unsupported case of increasing interest in architectural design.
Seeking to address these changing factors, we
propose a new software platform for the visualization of weather data in the service of climate-responsive design. As defined in previous work (Steinfeld, et al, 2010), software developed under the GEF
approach endeavors to enable designers to:
•
Produce data visualizations as a part of (as opposed to in anticipation of ) an actively evolving design process.
•
Programmatically represent and compare datasets from a variety of sources (published data,
output of simulation models, Geographic Information Systems, and other user-defined sources) at a range of scales (climate, microclimate,
building zone, material).
•
Construct structures for evaluation specific to
the unique requirements of the climate and
built response with which they are working.
•
Responsively evolve the selection of data-
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•
•

points most salient to their investigations
alongside an evolving design position, thereby
producing customized lenses through which to
describe and develop design ideas.
Compare climatic response strategies for a given set of building specifications.
Directly manipulate and evaluate weather data,
in contrast to existing tools that offer high-level
evaluative heuristics.

PRECEDENT WORK
Climate Consultant, produced by Murray Milne,
Robin Liggett et al. at University of California Los
Angeles, is a stand-alone software design tool (Milne
and Liggett, 2012) that allows for the visualization
and analysis of weather data, and provides recommended design guidelines. It is an excellent example of well-implemented climate visualization tool,
but employs the design-tool approach to software
authoring and is thereby rendered inappropriate for
the cases discussed above.
Weather Tool, produced by Autodesk, is a visualization and analysis program for hourly climate
data and a companion application to Ecotect (a
widely used climate, solar and thermal analysis tool
targeting the architectural design community). Using hourly data recorded in various file formats, such
as TMY3, EPW, etc., it allows its user to browse a set
of views of these data. When compared to Climate
Consultant, Weather Tool does not offer climatic responsive strategies based on the analysis of the climatic data.
Dview [1] is an hourly time series data visualization software developed by Mystaya Engineering for
the National Renewable Energy Laboratory. DView
focused on the visualization of typical meteorological data (e.g. TMY2, TMY3, EPW etc.). DView displays
data in a variety of graphical formats: a) hourly, daily
and monthly profiles; b) colorbars; c) boxplots; and
d) probability and cumulative density functions.
DView can compare two or three dataset in its data
series, colorbar and boxplot graphs.
A custom-built weather data parser (Steinfeld, et
al, 2010), written as a Java library for the open source

graphics environment Processing, has been created which is capable of reading and manipulating
weather and simulation data from a variety of sources and multiple formats (e.g. CSV, TMY3, EPW, etc.).
The resultant open-source, graphic toolkit brings
all the data together onto one platform providing
designers with an extensible framework through
which interactive data visualizations may be created
as part of an evolving, evaluative and comparative
design process. This previous work did not include
the development of graphic interfaces that support
the display of weather data, nor did it include the
web-based acquisition of weather data.

GRAPHIC INTERFACES

Figure 1
A Diagram of the Colorbar
graphic interface.

Figure 2
Colorbar graphics comparing
dry-bulb temperature and
relative humidity values for
Denver, CO and New York, NY.

All software, no matter how low-level, presents
its user with abstractions for manipulating data
through pre-defined routines. While Open GEF seeks
to enable a lower-level engagement with weather
data, some level of abstraction is required. Rather
than manipulating the data more directly, for example via a spreadsheet application, architectural designers prefer to view weather data through lenses
created by a set of programmatic graphic interfaces.
Detailed below are the graphic interfaces that
the authors speculate are the most useful for innovative climate-responsive design processes, and are
currently offered by Open GEF. All of these interfaces
allow the user to easily display data using a default
set of graphic conventions by employing the draw()
function, as detailed below. Some of these interfaces can be described as graphic spaces, as they associate a graphic dimension in 2d (typically as an x-axis,
y-axis, or polar coordinates) with a weather data
variable (ex: dry-bulb temperature, enthalpy, solar
position, hour-of-day, day-of-year, hour-of-year).
In this type of interface, the user is provided with a
function that returns a position on the graph (see
the plot() function below), allowing the user to create graphics in a flexible and open-ended way. The
plot functionality is not relevant for all the graphic
interfaces listed below.

Properties and methods common to most of the interfaces described below are:
•
x,y: Sets the position of the graphic on the
screen
•
width, height: Sets the size of the graphic on
the screen
•
dYr: A custom data object (dynamic-year, referred to as dYr below) containing 8760 hours
(see dHr, below).
•
dHr: A custom data object (dynamic-hour, referred to as dHr below) each of which contains
a value for a pre-defined set of variables. Typical variables loaded from a weather file include:
DryBulbTemp, RelHumid, and WindSpeed. Variables such as this are referred to below as “key
values”.
•
plot(): Interface-dependent method used in
the plotting of data to the screen. Usage and
returned values vary.
•
draw(): Interface-dependent method that displays the graphic interface with default values.
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Colorbar
The Colorbar graphic interface, diagrammed in
Figure 1 and shown in Figure 2, is a graphic space
wherein the x-axis corresponds to days of the year
and the y-axis corresponds to hours of the day. This
type of graph may be found in a wide range of precedents and is typically used to provide an overview
of the dynamics of a limited set of variables across
diurnal and annual cycles.
The Colorbar draw() method takes a key value
and a dYr and draws a colorbar graph with default
parameters to the graphic space. In this default
version of the graph, a greyscale representation of
the key value for each hour is plotted, the range of
which is set by the minimum and maximum values
present for the year.
The Colorbar plot() method gives the designer
more fine-grained control, allowing the representation of multiple key values and user-defined graphics at the individual hour level. The plot() method
takes a dYr and the index of the hour to plot, and returns a vector representing the relevant X,Y coordinates of the corner points of a rectangle representing the hour. From these coordinates, the user may
draw shapes of the their choosing (rectangle, ellipse,
etc.) to the graphic space, and perform a color interpolation based on any key values they wish.

ventions of solar plots. In this graphic, the radius
from a given center point corresponds to the solar
altitude and the angle measured clockwise from
vertical corresponds to the solar azimuth. Charts of
this type are used to uncover correspondences between solar position and other variables impactful
on building design, and are essential to the design
of building elements such as solar shading masks.
Unlike conventional solar plots, users may choose
to represent night-time conditions by plotting solar
positions below the horizon, depicted as “greyedout” regions in the sample graphic below
The Solargraph draw() method takes a latitude,
longitude a dYr and a key value and draws a solar
graph with default parameters to the graphic space.
In this default version of the graph, a grey-scale representation of the key value for each hour is plotted
in a position that corresponds to the sun’s location
in the sky at the selected hour.
The Solargraph plot() method takes a dYr and
the index of the hour to plot, and returns a vector
representing three X,Y coordinates, corresponding
to the path of the sun over the course of an hour,
centering on the hour in question. From these coordinates, the user may construct a line with graphic
qualities of their choosing, and perform a color interpolation based on any key values they wish.

Solargraph

Psychrometric graph

The Solargraph graphic interface, diagrammed in
Figure 3, is a graphic space for describing the position of the sun, and largely follows the existing con-

The Psychrometric graph, diagrammed in Figure 4,
is a graphic space for plotting information according to the standard ASHRAE-style psychrometric
Figure 3 (left)
A diagram of the Solargraph
graphic interface.
Figure 4 (right)
A diagram of the Psychrometric graphic interface.
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chart. In this graphic, the x-axis corresponds to the
dry-bulb air temperature (°C) and the y-axis corresponds to the humidity ratio (grams of water/kg of
dry air, gw/kgda). The utility of psychrometric charts
in climate analysis is undisputed, as this graphic
representation simultaneously captures the thermodynamic parameters of air and vapor that are very
relevant to human comfort, energy use and building
design.
The Psychrograph draw() method takes a dYr
and draws a psychrometric graph with default parameters to the graphic space. In this default version
of the graph, a black ellipse is plotted, corresponding to the dry-bulb temperature and humidity ratio
values, for each hour of the dYr.

Table 1
Definition of the Linegraph
graphic interface.

The Psychrograph plot() method takes a dYr and the
index of an hour to plot, and returns a vector representing the relevant X, Y coordinate, corresponding
to the dry-bulb temperature and humidity ratio, for
the specified hour. From this coordinate, the user
may draw various shapes of the their choosing (rectangle, ellipse, etc.) to the graphic space, and perform
a color interpolation based on any key values they
wish.

Miscellaneous other graphs
A number of miscellaneous other graphic interfaces
are provided by OpenGEF at this time, as described
in Tables 1, 2 and 3 and depicted in Figures 5, 6 and
7, below.

Linegraph
Description

Provides a simple set of methods for generating standard time-value graphs.

Plot()

Takes a dYr and the index of an hour to plot. Returns a vector(s) representing the relevant X, Y
coordinate(s), corresponding to the hour along the X-axis and the key value(s) along the Y-axis.

Draw()

Takes a dYr and a key value. Draws a line with default parameters to the graphic space. In this
default version of the graph, a black line is plotted, with the X-axis corresponding to the year
and the Y-axis to the specified key value.

Table 2

Histogram

Definition of the Histogram

Description

The Histogram graphic interface provides a simple set of methods for generating histograms, a
standard graphic type in descriptive statistics.

Draw()

Takes a dYr, a key value, an array of interval ranges and an optional pair of colors. Draws a
histogram with the key value data plotted according to the defined intervals and shaded with
the interpolated color. The defined intervals may be represented by user-defined geometry
(rectangle, ellipse, etc.)

graphic interface.

Table 3
Definition of the Boxplot
graphic interface.

Boxplot
Description

Box plots are a standard tool in descriptive statistics for depicting distributions of values across
a sample set, summarizing this sample set as five numbers: the largest observed value (max),
the upper quartile value (q3), the median (q2), the lower quartile value (q1), and the smallest
observed value (min).

Draw()

Takes a dYr and a key value. Draws a black and white box plot with the X-axis corresponding to
the user-selected width and the Y-axis corresponding to the distribution of the specified key
value for the year mapped to the height.
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Figures 5, 6 and 7
Diagrams of the Linegraph,
Histogram and Box Plot
graphic interfaces.

WEB-BASED INFRASTRUCTURE
Procedures required by existing tools for acquiring
and processing weather data present obstacles to
designers and contain some computational inefficiencies that can be overcome through a web-based
approach. Most existing tools, including the previous iteration of the GEF framework, require users
to identify weather data files from the appropriate
online sources, download them to the proper directories on their local computers, and load them into
memory before producing an evaluative graphic.
Some of these tools provide limited support for this
procedure. A simpler approach is to direct the evaluative tool to load the appropriate data directly from
a universally accessible online location, bypassing
the need for the user to manipulate data files. One
tool, Autodesk’s Climate Server, which is integrated
into the Revit platform, has implemented a similar
approach [2]
A web-based approach also offers computational efficiencies. The standard EPW weather file
format includes 35 values for each of the 8760 hours
of the described year, which totals to 306,000 individual pieces of information in each data file (not including header data). Any given evaluative graphic
requires only a small fraction of these values, rarely
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needing any more than four values for each hour. A
web-based approach allows individual graphics to
request only the values required for a specific evaluation, eliminating the processing and storing of extraneous data. Moreover a web-based tool allows
the user to perform his/her analysis directly from the
most up to date version without the need to update
the tool to the lastest available version.

Implementation
At the time of writing, remote weather data acquisition for generating dYr data objects has been fully
implemented, and data formatting has been completed on a select group of weather data files.
In previous implementations, the GEF framework provided methods for producing dYr data objects by parsing local EPW files via the ParserEPW()
method, which required only the file path to the local file. In the current implementation, this method
has been replaced by the LoadDyr() method, which
requires the weather station identifier (WMO) and
an array of key strings identifying the values to be
loaded. Rather than processing and storing all the
data values contained in a local EPW file, this command retrieves information from the OpenGEF webserver, and processes only those values specified. At

the time of writing, remote values are not stored in a
formal web database, but are simply organized into
a publically accessible folder structure containing
comma-separated text files. This new implementation allows access to a range of values commonly required for climate evaluation but not included in the
standard EPW format. These values have been precalculated and stored for efficient retrieval, and include: PPD, PMV, Wet-bulb Temperature, Dew Point,
Humidity Ratio and Enthalpy.
For example, to load dry-bulb (included in a standard EPW file) and humidity ratio data (not included
in a standard EPW file, but pre-calculated and stored
on OpenGEF servers) from the EPW file for New York
- LaGuardia, one may execute the following command:
“LoadDyr(725030,{”dryBulbTemp”,”humidRatio”});”

Future work
The infrastructure for storing and retrieving climate
data over the web is an important step toward a
fully web-based visualization platform. Future steps
toward this goal will include:
1. Replacing the current file-folder implementation with a more formal web database, which
will allow for faster data retrieval.
2. Pre-calculating a more extensive range of
weather data values, and include values that

3.

will require remote calculations based upon
user-definable variables (ex: PPD, which is
dependent upon variables that the user may
want to define).
Implement a web-based user interface, such
that users can create evaluative graphics by
entering their scripts into a web form, enabling
more effective data analysis.

SAMPLE RESULTS
To assess the features of Open GEF, a comparison
with the thermal comfort analysis in the psychrometric chart of Climatic Consultant v5.3 (CC) has
been performed. New York LaGuardia Airport EnergyPlus weather file has been used as input. Figure 8
shows the output of Climate Consultant with the bioclimatic chart deleted, because it is not yet part of
Open GEF. CC calculated that 977 hours out of 8760
are within the comfort range according to ASHRAE
standard 55-2004 using the PMV method. The assumptions of the PMV model (Metabolic activity =
1.1 met, summer clothing = 0.5 clo and winter clothing = 1 clo) are input on a separate pane previous
to the psychrometric display pane. Changing these
parameters requires switching back and forth between these two panes. The thermal comfort range
is reported in blue. The data points that lay within
the comfort range are plotted in green and the others in red, thereby representing the level of comfort

Figure 8 (left)
Climate Consultant v5.3
output of thermal comfort
analysis in the psychrometric
chart of the weather data for
New York-LaGuardia.
Figure 9 (right)
Open GEF output of thermal
comfort analysis in the
psychrometric chart of the
weather data for New YorkLaGuardia.
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for each hour as a binary condition: “comfortable” or
“uncomfortable”.
Figure 9 shows the output of Open GEF with
the psychrometric chart on the right, showing the
weather data points, a colorbar chart on the bottom
of the page, reporting the calculated Predicted Percentage of Dissatisfied (PPD) people, a histogram on
the left, showing the frequency distribution within
relevant PPD bins, and a series of parameters to be
controlled to the top left page. The thermal comfort
analysis is reported simultaneously in multiple ways,
in the psychrometric chart, in the colorbar, and in
the histogram. The colorbar allows the user to detect hourly and daily patterns usable in sustainable
design approaches (e.g. night purge ventilation).
The histogram gives the user a finer assessment of
the thermal comfort distribution, the divisions of
which follow the European standards for thermal
comfort. Climate Consultant and the ASHRAE standard 55 represent thermal comfort compliance as a
dichotomous variable, comfortable or uncomfortable people, without specifying how comfortable
or how far from comfort people are and which are
the predicted percentage of dissatisfied (for ASHRAE
when PPD is less than 10% then the zone could be
define as comfortable). The background of the psychrometric chart shows the PPD value for each point
in the graph. The PPD values and the comfort range
depend on the clothing insulation and the metabolic activity. It is particularly useful to instantaneously
see how these parameters affect the comfort range
and the comfort evaluation. This ability of Open GEF
underlines a potential sustainable strategy that is
not yet widely adopted, to allow users to adapt their
clothing to the outdoor/indoor conditions. As in Climate Consultant, the Open GEF allows the user to
select the hours/days of the year to be plotted. Boxplots of the dry bulb temperature and of the humidity ratio are shown close to the axes giving a quick
summary of the data.
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Abstract. During building design processes, designers have to predict and evaluate
future building performances oriented to its intended use and users. Current BIM and IFC
technologies support designers allowing data exchange and information interoperability
but, since their lack in semantics, they don’t provide any knowledge implementation about
how the designed building will be actually used and how people will interact with it. The
research described in this paper aims to overcome this shortcoming by developing a new
modelling approach, oriented to representation and management of knowledge related
to future building use and users. The proposed representation model is based on an
already accepted ontology-based structure and will make this large amount of knowledge
accessible and usable by designers during architectural design processes, in order to
enhance the final quality of the design product.
Keywords. Design Knowledge Representation and Management; Ontology-based
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INTRODUCTION
Quality, according to Pirsig’s (1981) universal statements, does not belong to the object itself, nor to
the subject itself, but to both and to their interactions. In architecture it is terribly true as we have a
Building Object and Man/Women that interacts with
it (Fioravanti et al., 2011 p. 185).
In a Building Object even if it were very well
“formed” in its spaces and technology elements and
it were correctly addressed by Relation Structure
towards goals, its success would depend on its concrete use. Just for instance the Marcello’s Theatre in
Rome was (and it still is) actually used as a residential building or the Musée national d’art moderne Centre Georges Pompidou in Paris is used by visitors

and district inhabitants - just for exhibition -, as the
public square under the building was never opened
because of terrorist attach fear.
How people “live” a building, their holistic sensation passing through and around its spaces and the
perceived quality, relies on two aspects:
•
Functional ones − anthropometric movements
and perceptions −, f.i. can be represented by
Relation Structure and Inference Engines;
•
Soul ones - personal believes and social and
cultural habits, f.i. can be represented by agentbased models simulating single human behaviours.
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The present paper mainly refers to the first aspect
of human user behaviour in living buildings and the
corresponding knowledge modelling it for a better
architectural design process.
In order to improve the quality of a design product, a central task for a multidisciplinary team is to
test the proposed design solution, predicting its future performances before, during and after its passage from digital model to real world and vice versa:
Digital Physicality | Physical Digitality.
Designers know very well the importance of
how the building is modelled in order to manage
the design process and to enhance their control on
the final product quality.
The advent of BIM technologies and their pervasive diffusion in the professional design studios are
introducing an interesting modification of designer
habits, extending their capacity to deal with problems and manage conflicts during the building process (feasibility, design, construction, maintenance,
use, demolition or re-use phases).
At base of this “designers’ thinking change” is
the fact that the decision making process − multidisciplinary, complex and for some aspects highly
recursive − relies on the way product/process related knowledge is modelled in the usual CAD design
tools.
Studying the most common standards in this
field (IFC), we can observe that these classes have

been developed by means of a space-components
product approach, successful in terms of data exchange and information interoperability between
programs, but not intended for human understanding.
This lack of semantics mainly affects the modelled buildings efficacy when it is required to represent and predict its behaviour in terms of usage,
safety and comfort.
At the same time, it’s important to consider that,
beside the product knowledge representation and
its aforementioned deficiencies, what is missing is
the representation of design process knowledge
and how to capitalise such a knowledge.
More specifically, the prediction of future building use by means of the actual standards, tools and
technologies is still an open problem, that challenges knowledge engineers and building designers
since long time.
Is a matter of fact that human behaviour representation, and its related knowledge management,
is a problem that has been faced with more efforts
in other research fields such as military operational
management or videogames industry.
The aim of this research is the development of
a new approach for modelling process knowledge,
specifically about building use and user’s behaviour
in order to make it accessible and able to support
performances simulation.

Figure 1
Capitalizing Knowledge
- Forward and Feed-back
knowledge in the building
process. In red the present
paper subject: building use
and architectural design.
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Final goal has two main beneficiaries:
•
Building designer, whose awareness can be
enhanced, since s/he can learn from formalised
user’s behaviour;
•
Building user, that can obtain a better comprehension of her/his interaction with building
spaces, and learn how to correctly use them.
This paper reports on advancements achieved in
such a direction in terms of theoretical contents and
some early implementations developed in the general framework of an on-going, funded International
Research.

REPRESENTING USERS-RELATED
KNOWLEDGE BY MEANS OF ONTOLOGY
Planners traditional approach conceives in the overlapping of planned processes, usually based on general and consolidated knowledge, to an architectural schema (Wurzer, 2009, 2010).Technical norms and
regulations, best practices and, most of all, personal
level of expertise, have partially supported designers in evaluating the impact of their design choices
on life and ‘experience’ of building users. Despite
that, the increasing complexity of building design in
both product and process, the rapid change of how
people act in a built environment and their activities
because of the introduction of new tools and technologies, and the birth of new design paradigms −
the sustainability just to mention maybe the main
one − have shown all the limitations of these ways
to implement knowledge about users. In addition,
the non-deterministic and not a-priori definable na-

ture of human behaviour, its context dependence
and its general complexity make the prediction task
very daunting for designers, leaving them just the
possibility to count on their own, often limited and
biased, understanding of use phenomenon.
To provide a reliable, comprehensive and up-todate knowledge base on human-building interaction, we thought of relying on a general structure for
knowledge representation already presented and
discussed among the scientific community by this
research group (Carrara et al., 2009) and work to extend its application field to our purpose.
This comprehensive model of architectural design process (Fioravanti et al., 2011) is illustrated by
means of a symbolic “knowledge tetrahedron” during the design process (Fig. 2). It makes explicit the
“Time” feature: the four knowledge Realms, namely
Product, Actor, Context and Process ‘shape’ the Design Solution during t ÷ t1 time period, representing
the states of the system and its dynamic variations
of state during the design process.
As of its high abstraction level and its comprehensive universal approach, the same model can be
easily extended from the design process to all the
following phases of building life cycle: feasibility
study, design, construction, use. In fact, representing
the knowledge related to building during its use, the
realms proposed are still fully valid, while the part of
knowledge considered for each of them is different
from the design process phase. In this case the Actors Realm comprises knowledge about the future
users, their profiles, their attributes; the Procedures

Figure 2
A comprehensive model of
architectural design process:
knowledge tetrahedron.
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Realm is where is formalized the knowledge about
the actual process of use of the building, in terms of
structured systems of activities, their requirements,
their last and so on; in the Context Realm are represented data on how the process of use will be
affected by context status (meant in a broad sense
involving social, cultural and economic aspects) −
for instance if the same product is conceived to be
built in different parts of the world, inevitably it will
be used in a different way and perceived in different
customs−; the Product Realm will contain knowledge about building response to use, as whole and
in all its entities (spaces, components, etc. and their
use modalities and specifications).
This general representation model is linked to
a specific knowledge structure oriented to formalization and description of single entities composing
the design product (spaces, building components,
furniture, equipment, etc.) freezing the control on
the other knowledge realms, context, actor and process. Each entity is represented in its main features
and in its relations with other entities by means of
the ‘knowledge template (Carrara et al., 2009) based
on the already discussed “Meaning-Properties-Rules”
structure.

Starting from this representation model, already
applied to represent a building design solution,
but not studied to support the testing of its performances while-in-use, the new challenge is to extend
it to representation of human behaviour in building
in order to manage such information in a CAD environment. An implementation of such knowledge
domains will give designers the possibility to count,
during the analysis, synthesis and evaluation phases
of design process, on:
1. a reliable, specific and up-to-date knowledge
about how the building will be used;
2. a strong system of data as hypotheses for dynamic simulation of behavioural phenomenon
happening in the building-in-use process.

THE PROPOSED APPROACH
Use process in the ontology-based model
Several researches have shown the capability of ontology-based representation systems in supporting
collaboration among different specialists during the
design process (references). The template for knowledge modelling previously proposed by our research group is able to represent the design solution
Figure 3
Representation of a user’s
profile by means of ontologies,
in protégé environment.
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as a whole by means of formalization of knowledge
related to all its entities (spaces and components).
At present, this approach provides just a static representation of the building, without providing necessary information about how the future building
will interact with its process of use, in terms of actors
involved and activities performed.
On other hand, the accepted “Meaning-Properties-Rules” structure, with its ability to model both
real objects and abstract concepts, is applicable to
the representation not only of product-related entities, but also of all those entities involved in the definition of the building use process (users with their
profiles, activities, other resources involved, etc.).
Furthermore, process-related entities and productrelated entities cannot easily be structured and
linked each other because of their heterogeneity;
the ontology-based approach (and in particular the
Meaning-Properties-Rules structure) can address
this problem offering a common, homogeneous
way of representation of such entities (Fig.3).
The result of such approach is a ‘knowledge
structure” composed by a set of entities representing both the design product in its space-component
elements, and the process of use, in terms of users
involved and activities performed in a standard use
scenario. While BIM and IFC have a strong capability in representing geometrical values of product
entities, they are “semantically poor”, and don’t allow the implementation of knowledge related to
building use processes. The ontology-based system
proposed can overcome this lack in representation
providing a semantic network in which all the entities involved in the definition of the design product
and of the building functioning can be integrated
and connected.

Ontologies model and simulation
The above proposed model can support designers
during the phase of definition of a partial or final
design solution; nevertheless, this is not sufficient
to guarantee that the design solution will really interact as expected with users during its functioning.
As matter of fact, human behaviour in building is a

hardly predictable phenomenon because of its dynamic features, and the strong influence of users’
libero arbitrio, context (in a broad sense) status, stochastic components, etc. Narrative and simulative
approaches have been developed in the last years
to dynamically represent specific aspects of the process of building use (Yan,2004; Koutamanis,1996;
Cenani, 2008), but their results normally consisted
in a simulation of very specific aspects of users’ behaviour (such as fire egress, pedestrian movement),
based on a limited set of initial hypotheses.
At central core of this research is the idea to use
the ontology-based model to provide all the hypotheses needed for the effective testing and simulation of the process of use. It provides a formalized,
well-defined system of knowledge representing:
1. the built environment in all its parts (spaces,
building components, furniture, equipment,
etc.;
2. the system of users, their profiles, their attributes;
3. the system of activities to be performed, both
taken as single entities, and as structure sequences and network of them to represent the
developing of the process of use.
The whole model representing these elements is the
result of the design process: the product obtained in
the synthesis phase and ready to be evaluated in its
effective use features.
Integration between a semantic model representing both environment and its intended use and
users, and a dynamic calculator able to simulate how
this will overlap, match and affect each other, will be
able to provide a more reliable and comprehensive
prediction of building future use during a certain
span of time. The results of this simulation will be a
virtual, general phenomenon that designers could
measure, threat and evaluate in accordance with
their specific objectives. As results, designers will
be able to intervene on the design solution in order
to solve critical points, inconsistency, unexpected
functioning without really stepping into the construction process.
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Figure 4
The design process supported
by building use simulation.

IMPLEMENTATION PROCESS AND
EXPECTED RESULTS
For implementing this theoretical model, we are
using the ontology technologies in order to model
the product and use process entities, physical or abstract, and their space-time relationships structured
by means of meanings, properties (defining their
state) and rules (relations, reasoning rules, consistency, best practices).
Analysis, checking, evaluation and control of
concepts associated to specific entities is performed
by means of inferential engines, with deductive ‘IfThen’ type procedures.
A system of engines − matching rules among
the ontologies − will work on a deductive layer
overlapped at the actual BIM level, allowing the designers to use in a coherent manner different levels
of abstraction, or to exploit a conceptual interoperability.
The implementation steps are namely:
1. represent Design Knowledge of Use Process
Ontologies (e.g. expressed in OWL language by
means of ontology editors, e.g. Protégé);
2. connect Ontologies with actual BIM, or IFC (by
means of API, or using Beetz (2009) transcrip-
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tion of IFC in OWL language);
connect BIM + Ontologies with a Narrative
management environment (e.g. Virtools, etc.);
4. explore and find out in the semantic web community or build inference engine to perform
the user’s behaviour in the building.
The dynamic and semantically-specific representation performing human behaviour simulation will
detect coherent/favourable situations by means of a
constraint rule mechanism, allowing be highlighting
and managing in real time.
At the same time it allows actors to make alternatives, more consciously reflecting on the consequences of their intents. By this way the impact of
a networked ontology-based system makes actors
more aware of overall design problems and allows
them to operate more participative and to share
choices and experiences.
3.

CONCLUSIONS
Ontology technologies do not belong to the present generation of commercial building design tool.
At the same time it’s a fact how easily today we can
model a structured domain ontology.

This paper proposes how − in a very general case
study − ontology reasoning can be an efficient automatic resource for assisting actors (human or software agents) in decision making process along recursive building design sessions, performing event
based simulation of human behaviour in a defined
building environment.
At present the proposed general framework has
been only partially implemented: it can count on a
limited but sufficiently representative number of
building entities formalized by means of current ontology editing systems in order to be used for design
reasoning, using the large family of ready-built inference engines and information extraction, checking
and verification facilities developed in the last few
years by a growing international community.
Research work is planned to develop various
software agents, in particular prototypes to simulate
integrated collaborative hospital design.
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Abstract. Considering the energy efficiency and comfort levels of dwellings, stricter
legislation will be applied towards 2020. To reach these requirements, an insight into the
energy efficiency becomes essential from the start of a design. However, the uptake of
building simulation tools by architects and students to evaluate the energy performance
during the architectural design process remains very limited, mainly due to the
complexity of these tools. Therefore, this research aims at early design support through
an easy-to-use application adapted to the modelling logic of a designer. As architects
often use simple CAAD design tools for design exploration, a prototype was established
in Google SketchUp. In this context, the paper presents the development of a support tool
for low-energy dwellings in early design phases, allowing designers to quickly assess the
thermal comfort and energy performance of early design alternatives. 		
Keywords. Design support tool; Energy; SketchUp; Architectural design process; Output.

PROBLEM STATEMENT
Regarding the trend towards zero-energy buildings in the near future (EU 2010), architects are increasingly forced to consider the energy efficiency
of their building designs during the architectural
design process. Particularly in early design phases,
the architect makes important decisions regarding
building geometry and building envelope which
strongly influence the final energy performance and
summer comfort levels.
Unlike other design aspects, the integration
of energy efficiency in design cannot be done intuitively. In practice however, early design decisions
regarding energy efficiency are often based only
on the experience or intuition of the designer (de

Wilde et al. 1999), especially in small projects that
lack engineering support (Mahdavi et al. 2003). The
assessment of the energy performance is usually not
conducted until detailed design phases (Weytjens
and Verbeeck, 2010), therefore often resulting in remedial modifications afterwards. In addition to this,
students in architecture often experience difficulties
with the implementation of technical issues taught
in theoretical courses into their design studio work
(Lawson 2004). Consequently, there is a clear need
for early design support regarding the energy performance of dwellings, for both professional architects and students.
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Last decades, many building energy simulation tools
have been developed. In contrast to the wide acceptation and uptake of CAD applications in current
architectural practice, the uptake of energy simulation tools is very limited (Weytjens and Verbeeck,
2010). This might be explained by the fact that most
of these tools are aimed at specialists and require
expert knowledge. In this regard, several researchers have attempted to bring energy performance
assessments closer to the architect in various ways
(Bambardekar and Poerschke,2009; Peters 2011;
Attia et al. 2012). One of the methods consists of
implementing energy performance assessment
in existing CAD applications, to reduce and adjust
the data-input to an architect user. Recent developments particularly focus on the implementation
with building information models (BIM) such as AUTODESK Revit (Schlueterand Thesseling, 2009; Verstraeten et al. 2008). These models benefit from the
possibility to store different types of information,
which can thus easily be accessed and retrieved for
energy evaluations.
Despite promising developments in this field
the integration of BIM in the early design process
still seems to be a difficult task (Penttilä 2007). In
early design phases, architects seem to prefer simple sketch design tools, such as Google SketchUp
(Weytjens and Verbeeck, 2010) [1]. Therefore, to
support the design decision-making of architects
with regard to energy efficient dwellings, research
was undertaken to develop a simple design tool in
SketchUp.

Several plug-ins have already been developed to
link Sketch-Up with detailed energy simulation
programs, such as TRNSYS [2], EnergyPlus [3] and
IES Virtual Environment [4]. These plug-ins often
require a very specific way of modelling in function
of the thermal building model. This way, the tools
are able to retrieve the necessary data for an energy evaluation. From the plug-ins listed above, only
the data-input and modelling method of the IES
plug-in is adapted to the regular working method
of architects by automatically retrieving data from
a building model and eliminating any restriction for
modelling. Besides, also the output of these plugins is often not adapted to architects. Feedback is
usually provided in an external application, which
impedes the fluidity of the design process. Furthermore, due to technicality, the representations of
results are offered by interfaces that lack a relationship between the output and the design, making it
difficult for architects to detect patterns for understanding their design impact on performance (Bleil
de Souza 2009). In this regard, both literature review
and focus groups with architects revealed that the
visualization of the results in real-time might be a
good solution to guide the design decision-making
process of architects (Bleil de Souza 2009; Schlueter
and Thesseling, 2009).
This paper reports on the development of a prototype in SketchUp, which is adapted to the early
design process and enables architects to perform
a simple and quick energy and summer comfort
analysis.
Figure 1		
Different modelling techniques that can be used in
Google Sketch-Up.
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METHODOLOGY

SURVEY

The research presented here is part of a larger doctoral research project. Previously to the development of the prototype, the architects’ needs and
preferences for a simple energy design tool were examined. These results are not included in this paper,
but are described in the research of Weytjens et al.
(Weytjens et al. 2010).
Research shows that for the acceptance of an
energy design tool by architects, a link with building
regulations is very important (Mahdavi et al.2003;
Weytjens and Verbeeck, 2010). Therefore, the integrated energy calculation model is based on the
Flemish version of the European Energy Performance of Buildings Directive (EPBD), i.e. the EPB [5]
and this monthly based steady state model is adapted to allow the energy performance evaluation in an
early design phase by using default values for unknown input data (Weytjens and Verbeeck, 2011.).
In addition to this, an extra module for summer
comfort evaluation was embedded within the prototype. Both calculation models are programmed in
MS Excel.
The elaboration of the prototype consisted of
five major steps. First, a small-scale survey was conducted among Flemish architects to identify specific
modelling issues and methods used in SketchUp.
Based on these results a specific modelling logic was
chosen as starting point and codes were established
to access and retrieve the necessary geometrical
data for an energy analysis from a 3D model. In
a third step, a user interface was created to assign
properties to the geometry and provide additional
data needed for energy evaluations. Then, a link was
established with MS Excel to perform the calculations. Finally, a method was developed to visualize
the output extracted from Excel into the SketchUp
environment. A detailed description of the prototype is provided in Geyskens (2012).
A first version of the prototype was demonstrated to potential users and first feedback was retrieved from three focus groups.

First of all it is important to gain insight into the way
architects work and model a dwelling in SketchUp
throughout the design process, to adapt the plug-in
to an architect user. Hence, a small-scale online survey was conducted among Flemish architects. A link
to an online survey was distributed via e-mail to the
entire user club of a distributor of CAAD software in
Flanders, to be able to reach particularly architects
who use SketchUp. Architects could participate during a time span of two weeks, which resulted in 71
completed enquiries. Information was gathered
about modelling methods used by the architects
and their possible dependencies with different design phases such as conceptual design, preliminary
design and final design.
To uncover a modelling difference throughout
the design process, eight images were included,
each representing a different modelling technique
(figure 1). The participants were asked to match one
image with each proposed design phase. A black
image at the end was added for architects that do
not use SketchUp in a particular phase. The results
are shown in figure 2.
Figure 2 demonstrates that the architects’ modelling logic in SketchUp strongly depends on the
design phase. In the conceptual design phase 44%
of the participating architects model according
to technique 1 of figure 1, representing a surface
model which describes the building envelope and
a single volume defining the entire building (i.e.
rooms and intermediate floors are not modelled). In
the preliminary design phase 41% uses models with
thickness and separate zones (rooms) as proposed
in technique 6 of figure 1. Although not expected
and although 47% mentioned not to use SketchUp
in the building permission phase, 53% is still using
one of the presented modelling techniques even in
this final phase. Nevertheless, it is clear from figure
2 that most architects draw more and more in detail as the design process advances. Furthermore a
majority (79%) was interested in early design evaluation of energy performance and summer comfort as
plug-in for SketchUp.
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Figure 2		
Modelling methods used in
Google Sketch-Up through the
design process.

Other questions were related to the general use of
particular features in SketchUp, including the use of
groups and components for different purposes. The
results conclude that layers are used by 79% of the
participants to show or hide geometry, 63% works
with assigned materials, 46% uses groups to combine the complete design, 48% uses components
and 56% uses groups to isolate different construction elements. Based on the results of the survey, the
first steps towards a prototype were established.

PROTOTYPE
Objectives
With regard to the holistic and integrative nature of
design solutions (Lawson 2004), energy assessments
may only require very little time from the designer,
as this is not their only concern. A first prototype in
SketchUp aims at early design support through an
easy-to-use application. Considering the usability of
a simple energy tool in early design phases, the data-input must primarily be reduced to a minimum.
This allows designers to analyse different design alternatives and configurations very quickly. Also, data
input and output should be presented in the same
environment for easy adaptation and interpretation
of data. Therefore, a well-structured user interface
will be included which provides a clear legibility between the 3D model and its performance. Additionally, the architects’ specific working method must
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be taken into account by minimally interrupting the
design process. To achieve this, the prototype will
be adapted to the specific modelling techniques
of architects. Furthermore, calculations and feedback about energy efficiency and summer comfort
should be retrieved without any large effort. Special
attention was paid to these aspects when developing the prototype.
Based on the results of the survey, two distinctive modelling methods were addressed to reach as
many users as possible and to cover different design
phases. One method uses a model with a particular
thickness with different rooms as shown in technique 6 of figure 1. This will be called the ‘preliminary model’. The other method supports very early
assessments and is based on a surface-model of the
building, further in this paper called the ‘conceptual
model’. This method addresses diverse modelling
techniques as shown in example 1, 2 and 3 of figure
1, offering modelling flexibility towards architects.
Because of programming complexity, the preliminary model was developed first, which could be
easily adapted to the conceptual model afterwards.

Figure 3		
Custom Toolbar.

Input and user interface design
The user is provided with a clear toolbar in a logic
order for every function of the tool (figure 3). This
simple toolbar was created in SketchUp and consists
of only 5 icons, each representing a particular step
in the description of the energy model. Both datainput and output take place in SketchUp.
From left to right the following icons or functions
are distinguished:
•
‘Project Information’ shows template data such
as the ambition level of the project (relevant for
the default input data and associated construction types and installations).
•
‘Analyse Spaces’ automatically detects interior
spaces (zones) and allows architects to choose
whether a space is heated or not.
•
‘Construction Properties’ automatically distinguishes roofs, walls, floors, etc. and allows assigning component materials in (multiple) layers (in case no default input data are used).
•
‘Project Results’ shows the results of the energy
performance and comfort levels.
•
‘Library’ enables to build construction components and define new materials.
Next to these buttons, fundamental aspects of usability are integrated by combining a pop-up user
interface to assign material properties and construct
the library, and a 3D interface drawn in SketchUp.
The 3D interface is a special feature in the tool and
utilizes functionality of SketchUp to design a user interface. It consists of a new interaction method that
is created into the modelling environment using simple cubes (figure 4). These cubes appear automatically next to the building model when the options
“analyse spaces” or “construction properties” are used
and serve as 3-dimensional buttons to assign different properties. The designer can click very intuitively
on the model (a zone for example), and assign properties to the selected parts (e.g. heated or not-heated) by clicking on the specific cube with the right
property. This allows architects to easily and quickly
perceive the composed thermal building model. As
a result, it optimizes the visual reference between the
model and the functionalities of the tool.

In addition to this, speed is taken into account and
therefore the required data-input is adapted to early
design phases. By giving the user the possibility to
use predefined standard data from templates, a first
analysis can be made very fast with only very few
data-input. In this context, default values are chosen
based on the ambition level of a project, including
“standard”, “standard plus”, “low-energy” and “passive house” (Weytjens and Verbeeck, n.d.). Based
on the ambition level, predefined values are set in
several templates for specific U-values, installation
properties, etc. The different default values can be
adapted as well and the results are shown automatically within Sketch-Up, without involving other software.

Data extraction
As Google SketchUp is not BIM related, the search
for data extraction from a Sketch-Up model becomes of great importance. The necessary input
data to perform an energy and summer comfort
assessment rely on the available geometrical data,
element properties and additional data such as installations. All input data are defined and retrieved
from SketchUp: geometrical data and data related to
construction components can be automatically extracted from the 3D model, whereas additional data
such as the properties of installations are defined using simple dropdown menu’s. Next, these data have
to be extracted from the model and sent to an Excel
calculation module. To achieve this, the application
is constructed in the embedded Ruby Application
Programming Interface (API) [6].
Geometrical data: An energy performance calculation according to the EPB requires information
about the building geometry and the envelope. All
geometrical data, such as building volume, surface
areas and glazing areas are automatically derived
from the 3D SketchUp-model with basic code. Based
on these first values, the total loss area is derived, followed by the compactness and the gross floor area
of the design. Further, orientation angles are extracted
by an algorithm that compares the solar north vector with the normal vectors of each individual com-
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Figure 4
New Interface in SketchUp
showing cubes next to the
model to display and assign
properties.

ponents. Consequently, inclinations of the surfaces
are derived, as they will serve for automatically distinguishing different construction elements, such
as roofs, exterior floors, interior floors, outdoor walls
and indoor walls. By assigning transparent or translucent SketchUp materials to particular elements in
the model, the automatic recognition and extraction of windows is realized. In addition to this, the
different rooms in the model are also automatically
recognized. This is of minor importance for energy
(EPB) evaluations, but is particularly important for
summer comfort evaluation, which is incorporated
as an extra module. Further, the user can specify
whether different rooms are inside or outside the
insulated envelope, indicating whether they are
heated or not (left image of figure 4).
Assigned construction properties: Construction parameters that are required for energy assessment can easily be assigned to the geometry
by first clicking on the “construction propertiesbutton”, followed by simply clicking on the particular elements in the 3D model. Then, a pop-up user
interface appears as described earlier (right image
of figure 4). Users can choose specific predefined
construction components from a personalized
material library and assign them to particular construction elements such as walls, floors and roofs.
Furthermore, predefined templates are incorporated facilitating and reducing data-input to a strict
minimum. This way, architects are able to focus on
conceptual and architectural solutions to optimize
the energy efficiency of the design and more detailed input can be provided as the design develops.
Additional information: Next to geometrical
data and their assigned construction properties,
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basic information related to heating, cooling, ventilation and renewable energy systems is included.
These data are not connected with the 3D geometry
and can be entered manually by the user or implemented with default values from a specific template.
This information can be specified using the button
“project information”.

Preliminary model and conceptual model
As the prototype incorporates two ways of modelling, the recognition of the rooms slightly differs in
both models.
Considering the “preliminary model”, a total enveloping volume is automatically generated around
the building model. The solid components are then
subtracted from this inclusive envelope, resulting in
all different rooms (left image of figure 4). This method specifically requires the use of SketchUp groups
for construction elements, and hence imposes few
modelling rules to the user. Nevertheless, the survey
revealed that architects are familiar with this way of
modelling.
The conceptual model on the other hand, does
not contain solids and thus uses a different algorithm for recognizing volumes. This model does not
impose specific drawing or modelling rules to the
user which makes it more user-friendly.
However, for both models, the underlying process to recognize distinctive rooms is not important
for the user and thus remains invisible. The optimization of these processes is still in development, but
can already be applied for simple designs. At this
moment, both modelling methods are integrated
in separate plug-ins, but the intention is to create a
single plug-in in which the user can freely use one of
the two modelling methods.

Calculation
The project results can be calculated after all necessary data are extracted and defined. The calculation method is based on the steady-state one zone
calculation model of the Flemish EPB, which is programmed in MS Excel. It calculates transmission and
ventilation losses, the useful internal and solar gains,
and the energy consumption for heating and cooling on a monthly base.
In addition to this, an extra module for multi
zone evaluation of summer comfort is also integrated. In the most significant month July, the hourly
interior temperatures are calculated for each zone
separately. The results return the evolution of the
temperature in this period, which allow estimating
the risk on high temperature levels during summer.
These depend on the exterior temperatures, the
heat gains (solar and internal gains), the heat losses
(transmission and ventilation losses) and the heat
capacity of the building. The heat flux between different interior neighbouring zones is not taken into
account. Climate data are retrieved from the Test
Reference Year for Ukkel (BE).
With VBA (Visual Basic for Applications), a link
to the excel calculation modules was established
but remains invisible for architects. This way, the architect remains in a single and familiar (modelling)
environment and the design process is minimally
interrupted. However, the possibility exists to visualize Excel during the energy assessment. Further
research will define whether this is preferred among
architects or not.
The plug-in was validated based on a simple 3D
model in a comparison with the official software imposed by the Flemish Government. At this moment,
the prototype is useable for very simple building
‘blocks’, but it will be elaborated further in the future.

Output
The output is visualized in the SketchUp environment. Values that correspond with legislation, such
as the insulation level (K-level) and the energy performance level (E-level), are shown to the user in
small text boxes. They are shown as a range if default

values are used, defining the possible deviation for
the final performance in the end. For summer comfort, values of maximum and mean temperatures are
also provided in small text boxes, and in addition to
this, results are shown on the model using colours
(figure 5). By visualizing the output in the actual
building model, a first step is accomplished towards
a clear link between output and performance.
Nonetheless, with regard to energy assessments, it is essential to further adjust the output in
design support tools for designers. Upcoming research will define how the output can be optimized.
The prototype strived towards real-time feedback,
but this is not fully accomplished yet and further effort is necessary to achieve real-time updates of the
output when modifying the design. This is of major
importance to make architects aware of the consequences of their design decisions with regard to
energy performance and summer comfort. The assessment of different design alternatives will also be
elaborated in future research and the visualization
of the output requires further refinement.

FEEDBACK FROM DESIGNERS
A first rough prototype of the preliminary model
was presented to architects in three focus groups.
Two groups consisted of architects in practice and
one of master students in architecture. In general,
participants had a positive impression of the tool.
The use of SketchUp and the 3D interface using
simple cubes to assign properties to the model was
appreciated for its intuitiveness. However, architects
emphasized the importance of a conceptual model
and also perceived a difference between a model in
SketchUp for presentation and design versus energy
assessment purposes. Hence, the surface model is
very important as it also minimizes modelling restrictions. The students were used to model with
thicknesses, such as the preliminary model. This
shows the importance of integrating both modelling methods.
To serve as a useful design tool and thus informing on the design rather than post-evaluating
it, real-time feedback while designing appeared to
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Figure 5		
Input model (left) and retrieved results (right).

be very important in all groups. Furthermore, architects also indicated the importance of transparency,
including an overview of all input data used for calculations such as areas, glazing area per orientation
etc. Further cooperation with architects is necessary
and will be set up in the future. In particular, user
tests with architects will be conducted, allowing further iterative prototyping.

CONCLUSION
As energy efficiency is an element in the multi-criteria context of architecture, building simulation tools
can provide essential feedback during the design
process. Considering the evolution of BIM towards
energy performance calculations, architects rather
use it for managing data in projects. It serves for
more detailed design stages in particular, as it still
seems difficult to integrate BIM applications at the
beginning of the process. In contrast, simple tools
are necessary to quickly estimate performance criteria in early design phases, with rather limited input data. This paper emphasized the importance
of adapting tools to the design environment and
modelling techniques of architects. Consequently,
designers also need results on energy efficiency that
visually connect with the building elements they are
adjusting. This way, they can learn how the model
behaves at certain criteria and particularly experience impact levels of design decisions. Hence, the
way in which the output is presented is very important and needs further research.
Developed with a design perspective, the pro-
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totype already seems to address the first needs of
architects. As literature review and focus groups already confirm, real-time feedback should be a next
step towards a useful integration in the architectural
design process. Therefore, this tool will be further
developed in close cooperation with the final users.
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Abstract. The article presents a graph-based spatial analysis toolset (“decoding
spaces”components) which we have recently developed as an extension of the visual
scripting language Grasshopper3D for Rhino. These tools directly integrate spatial
analysis methods into CAD design software which can have a significant effect on current
design workflows. However,grasshopper doesn’t only enable the results of analyses to be
used in the standard Rhino modelling environment. It also makes it possible to integrate
spatial analysis into a parametric design approach as discussed in this paper. The
functionality of this toolset is demonstrated using a simple urban design scenario where
we introduce the idea of parametric patterns based on graph-measures.
Keywords. Spatial analysis; parametric modelling; urban layout; design process;
decoding spaces.

INTRODUCTION
Graph based spatial analysis is a method which was
first introduced in architecture and urban planning
by Bill Hillier and his colleagues in the late 1970s as
SpaceSyntax theory (Hillier and Hanson 1984). Because tests have shown that there are correlations
between graph-based measures and functional
aspects of a spatial configuration,the method has
the potential to help architects in forecasting the
socio-economic effects of their designs. The core
principle of the methodology is to represent space
(e.g. an urban or floor plan) as a configuration of
single elements (e.g. streets, rooms) and to analyse
their mutual relations. Three different representations are used to analyse space in terms of its basic
elements : isovists, convex spaces and axial lines.

For the software concept described below, we are
particularly interested in the latter. An axial line is
basically a line of sight in an environment. Based
on the assumption that people use lines as a mental concept to orient and move through cities, axial
maps represent a model of urban space as essentially a network of linear spaces. An axial map is a
set of axial lines which cover the open space of a city
completely. This map can be analysed using graphbased methods. For this the map needs to be converted into a graph. The lines represent the nodes,
while the interconnections between the lines represent the edges of a graph. There are two important
measures which can be calculated based on this
graph: between-ness, closeness and connectivity.
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Between-ness (or integration) measures the average distance from one element to all other elements
(global integration) or to elements within a certain
radius (local integration). The distance calculation
is undertaken by counting the steps necessary to
move from one element to another. The measure
indicates, globally or locally, the topological centre
of a city, i.e. the part or parts of a city where most
people reside and where the highest density of
buildings with retail functions is to be found. Closeness (or choice) measures how often an element is
passed if all the shortest paths in the graph (of each
element to all other elements) are traversed. The elements with the highest closeness value are more frequently passed. The concept of axial maps was later
extended by another linear spatial representation,so
called segment maps (Hillier and Lida, 2005). This is
also based on the line network, but its basic element
is aline segment. A segment occurs between the intersections of axial lines. For calculating the distance
between two segments, not the number of segments, but the angle between the segments is taken
into account. Compared with axial maps, segment
maps offer two advantages: firstly, by using angles
instead of steps the analysis results correlate more
strongly with movement patterns; and secondly,
since the method uses smaller elements it offers a
much finer scale of configurational analysis.
Since the analysis methods above focus solely
on the geometrical arrangement of spatial elements
and require no additional data on land use or traffic
for their calculations, they are particularly suitable
for examining design alternatives in terms of their
spatial characteristics. There are several software
packages available to run such analyses, but creating and changing the geometry has to be done with
specialised CAD software. Since the design process
is an ongoing iterative process of improvement
based on the creation of ideas and their evaluation
(Lawson, 2006),it is beneficial for the design to explore as many iterations as possible in the design
process. With the conventional workflow and file formats, this is problematic: each iteration requires that
the user exports and imports date back and forth
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between the design and analysis tools. This hinders
the design workflow significantly and acts as a disincentive for the designer to explore a wide range of
variants.
For exploring different variants, parametric
modelling represents a new approach to creating
complex forms in architecture and urban design. In
parametric modelling the final geometry is a result
of a modelling process driven by algorithms and certain input parameters (Woodbury, 2010). The advantage of this approach is the ability to easily change
the input parameters and generate new variants of a
design. In parametric urban modelling, one can consider a multitude of factors for defining a final shape.
The aim of this modelling process is to integrate the
multidimensional character of real world situations,
helping the designer to create sustainable environments. Geometrical and data parameters such as
site morphology, height regulations, composition
guidelines and various role and density urban indicators can be used to shape the city (Beirão, 2011).
However, up to now there has been no support for
including spatial analysis in this model.
By coupling these two methods we can contribute towards creating a more effective design process that employs spatial analysis and parametric
modelling. This would make it possible to effectively
analyse variants on the one hand and to incorporate
the analysis results in the modelling process on the
other.

DECODING SPACES”COMPONENTS
In order to link together the two methods more
directly, we developed an extension for Grass hopper3D for Rhino,a well-known parametric modelling
system. Grasshopper can be described as a visual
programming language used mainly to generate
geometries. The language consists of so-called components which can process predefined data types
(e.g. lines, surfaces, numbers) as their input and return processed data as their output. The data processing can be anything from simple mathematical
operations to complex geometrical transformations.
A parametric model is built up by creating intercon-

nections between these components, whereby the
output of one component forms the input of another one. Since Grasshopper is a powerful tool for
geometric modelling and is widely used among architects, we decided to use this tool as a basis for our
graph-based analysis tool.
Grasshopper can be extended by programming
additional components. An SDK is available for the
development of Grasshopper components that provides mechanisms for the exchange of data (input
and output of the component). The components described in this section were developed in C# using
the .NET Framework 3.5.
The newly developed components are a toolset which makes it possible to run a graph analysis
on parametric line structures and to use the results
of the analysis for further modelling. The toolset is
named “decoding spaces”, where the term “decoding” relates to the analysis of space, and the term
“coding” to its geometric modelling. For the design
of this toolset, we have chosen a modular structure
(see Figure 1) which improves the efficiency of calculation and the facilitation for future expansion.
The different components can be grouped into four
categories: preparation for analysis, calculation of
graph measures, visualisation of the analysis results
and special modelling tools.
As ananalysis method, we have decided to use segmentmap analysis as described in the first section.
This form of representing spatial structures can be
easily mapped in a parametric model because it
relates directly to the road network. On the other

hand, it has been proven that the outcome of this
method of analysis strongly correlates with pedestrian movement and distribution, and it is therefore
of direct practical benefit for the design of cities and
neighbourhoods.
In the following section, we describe the functionality of the different components we have developed.

ConvertToSegmentMap component
The segment analysis can only be undertaken on
line segments. Any axes, curves and splines used by
the designer must therefore first be converted into
segments. This step is important to ensure that designers retain formal freedom as splines are easier
to control than single lines made up of composite
curves. The component reads the geometry (any set
of lines, polylines, curves and splines) and converts it
into a segment map. The curves and splines are first
subdivided into a finite number of segments, then
segments are created between the intersections of
all lines. Finally, all duplicates are removed (see Figure 2).

The ConvertToGraph component
The ConvertToGraph component converts the geometry resulting from the ConvertToSegmentMap
component (a segment map) into a graph. The
graph is formed through interpreting each segment
as a node and connections to other segments (in the
case of equal endpoints) as edges. The weightings
of the edges of the graph are based on the angles

Figure 1
Modular concept of the
spatial analysis framework for
Grasshopper.
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between intersection points of the segments. This
is because it is assumed that humans prefer to take
routes through a city that deviate as little as possible
from the intended direction (i.e. minimal angular deviation). An angle of 90° is therefore weighted high,
while an angle of 0° between two segments has no
weight.

Closeness and Between-ness components
After a graph has been created from the segment
map using the ConvertToGraph component, various
analysis-components can be applied to calculate
different graph-measures. Components have been
developed for two major measures: Between-ness
(integration) and Closeness (choice). These components can also be used to colour the geometry
for display in the Rhino viewport. In addition, they
can beanalysed at different radii; e.g. they evaluate
movement patterns on both a global and local scale.

Analysis-related parametric modelling
components
In addition to the pure analysis, we have implemented some useful modelling tools based on graphs,
which are well suited for urban parametric models.
These components include the generation of plots
from street networks (polygons from graph) and
their shaping through analysis results (custom-offset and custom-extrude).

PARAMETRIC URBAN PATTERNS –FORM
FOLLOWS GRAPH-BASED MEASURES
In the following section we demonstrate the applicability of the above methods in a simple test
scenario. We create an urban district based on parametric algorithms, driven by graph-based measures.
These algorithms bear relation to the idea of using
patterns in architecture and urban planning, which
can be traced back to Christopher Alexander’s book
Figure 2
Filter Component converting
geometry into line segments.

Figure 3
Analysis Component and its
Rhino display.
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Figure 4
Fictitious urban district.

“A Pattern Language” (1977). In his book, Alexander
explains the use of patterns to create a design in a
manner similar to the way we use words to create
sentences. Every pattern describes a typical design
problem, a way to solve this problem and other related patterns which have to be considered when
applying a pattern.
Today, parametric modelling makes it possible
to rethink this idea of patterns and transform them
into a new way of modelling designs. These algorithms are similar to Alexander’s patterns in that
they represent a solution for recurring problems in
the environment. Using parametric modelling such
a solution is described in the form of a computational algorithm capable of generating geometry.
To demonstrate this idea, we developed three exemplary parametric patterns that use graph-based
measures as parameters and applied them to a fictitious urban scenario. The fictitious urban grid has
itself been generated using a simple subdivision
algorithm implemented by default in Grasshopper
(substrate component, see Figure 2).
This scenario leverages a very basic idea that
underlines any parametric design –a single algorithm can generate any number of results (e.g. urban
district) simply by changing the parameters (e.g.
street grid). Patterns driven by spatial properties
are on their own not sufficient to provide solutions
for complex multidimensional real world problems
where lots of other “patterns” also need to be considered. But they are definitely extremely important
in shaping our environment as discussed in the in-

troduction, and could play a crucial role in this kind
of algorithmic pattern language. It should be noted
that the patterns and their combinations described
in the following are examples and serve only to illustrate the concept of parametric patterns driven
by spatial properties.

Generating street width
In the first pattern, we use closeness analysis which
has proved to be a good indicator of traffic frequency. The width of the roads is associated with the
closeness value according to the principle that the
more frequented a road segment is, the more space
it should provide for pedestrians/cars. In order to
do this, we need to recognize distinctive plots from
a given street network and create a single closed
polygon for every one of them. This is done using
our own modelling component named “Extract
polygon”, which uses the graph interpretation of the
current line network delivered by the “graph component”. After this step, we need to offset each polygon
edge by a distance that corresponds to the analysis
value of the respective street segment. Since there
is not a default option to offset each edge of a polygon a different amount, we built our own “custom
offset” component. This component takes a polygon
along with a list of offset values for each edge of the
polygon as input parameters and outputs an offset
polygon. Variants of the application of this pattern
are shown in figure 3.
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Figure 5
Street width generated usingcloseness analysis.

Generating building height
The second pattern links the height of the building
to the between-ness value. This analysis reveals local and global topological centres as explained in
the introduction. Here the idea is that in the centre
of cities, there is greater demand for housing and office space than in peripheral areas, which results in
increasing building heights as one grows nearer to
the centre. Here we use standard grasshopper modelling tools incorporated in the algorithm that generate a mountain-like massing model over the network of lines where the peaks and values reflect the
integration of street segments below (see Figure 4).

Generating public space
The third pattern is used to create reasonable public spaces. The topology of the street network is the
main factor that predetermines the distribution of
inhabitants within the network and the function
can either support or weaken this predisposition.
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The idea behind this pattern is that public spaces
function well if they lie on integrated and well frequented streets. The public space component uses
the results of the analysis, user defined ratios between free and built-up plots and their minimal
distance as inputs and suggests where to allocate
public spaces (see Figure 5). To create these public
spaces, the respective plots are filtered out of the list
of plots.

Putting it all together and examining
variants
The last example shows how the rules can be combined. By combining patterns one is able to build up
complex urban models. Since the model is parametric in nature it is possible to generate and evaluate
lots of alternative solutions by changing different
input parameters (see Figure 6). In this case, the chosen patterns criteria did not contradict one another
which made it easy to combine them.

Figure 6
Massing model generated
using between-ness analysis.

Figure 7
Choosing where public spacesshould be.
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Figure 8
All patterns combinedtogether.

CONCLUSION AND OUTLOOK
In this article software components have been presented that make it easy to couple parametrical
models with graph-based spatial analysis (closeness,
between-ness). This offers two main advantages:
firstly, the analysis can be run directly in a CAD environment (using Rhino as a geometric modeller),
which makes removes hurdles in the design workflow; and secondly, the results of the analysis can be
used directly as parameters for the parametric model. This opens up new ways of thinking about how
one can incorporate spatial analysis into the creation of forms. One possible way was outlined by introducing the concept of parametric urban patterns.
The algorithmic structure of these patterns makes it
possible to apply computational technologies to design tasks. The use of computational methods represents a significant enhancement in response time
between the choice of a pattern and its application,
and this is one of the greatest advantages of this
new interpretation of design patterns.
If we look at the design approach proposed by
Alexander (1977), we will find one important property that is not yet integrated in our model: It is the
ability to effectively combine the patterns without
any prescribed order. However, the combination of
many different patterns presents an algorithmic challenge. The degree to which multi-objective optimization processes can be utilized to overcome the weakness of our current approach needs to be addressed
in further studies. One direction seems to be clear: to
replace the current linear workflow with a cyclic one,
solutions can be explored by weighting different criteria until one finds a satisfactory solution.
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The newly developed components for Grasshopper,
as well as videos and tutorials can be downloaded
fromwww.decodingspaces.de.
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Abstract. This paper concerns the current discourse on computer-aided design tools for
architectural design. There are drawbacks of purely analytic design tools which hinder
a system-level, end-effect oriented ideation. For instance, most freeform quadrilateral
meshes are fully constrained and therefore not capable of folding. They can only
fold under special circumstances – when their geometry satisfies the conditions of
over-constrained kinematics. However, such intent of folding cannot be captured using
simple modeling based on parameters and constraints. Furthermore, algorithmization of
mesh kinematics using formulas is inflexible, it cannot handle topological variations, and
it inhibits the interactive control of the model. In this paper, a fuzzy logic algorithm which
uses a goal-oriented, human-like reasoning to control the parametric model is proposed.
The algorithm applies easily observable behaviors of the geometry to adjust the selected
patches until the entire shell can be folded. The algorithm relies on designer-observable
characteristics of motion rather than on formulaic representations. Such approach directs
the designers’ focus on the desired outcome while avoiding the drawbacks of analytic
modeling of complex kinematics.
Keywords. Folding structures; fuzzy logic; intent-driven design; freeform quadrilateral
mesh.

INTRODUCTION
Digital technologies have brought significant
changes to the Architecture, Engineering, and Construction (AEC) industries (Kymmel, 2008; Eastman
et al, 2011). The 3D parametric modeling played the
pivotal role in developing digital AEC tools. Building
Information Modeling (BIM), currently the state-ofthe-art in AEC design tools, is built upon 3D parametric modeling (Penttilä, 2007). Digital modeling
provides the easy re-use and edit of components,

convenient numerical accuracy, and the direct integration with Computer Aided Engineering (CAE) and
Computer Aided Manufacturing (CAM). However,
not all aspects of AEC workflows have benefited
equally from the 3D parametrics. In particular, the
underlying mathematics and its rules of strict dependencies impose a level of analytical rigor that is
poorly suited for ideation or exploring vague concepts. Researchers remark that, disappointingly, lit-
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tle effort is being invested into improving the mathematical models used for digital design tools (Vries,
de, 2004). Bettig and Hoffmann (2011) confirm that
the parametric underpinnings of digital modeling
did not progress during the last decade. They note
that this “severely” limits the usefulness of digital
tools for design work. Current methods of parametrization place a significant burden on designers as they are only effective if “thoroughly untangled and precisely described” (Scheurer and Stehling,
2011).
Furthermore, researchers are critical about the
cognitive shortcomings of user interfaces. Erhan,
Woodbury, and Salmasi (2009) note CAD’s deficiencies in “facilitating and visualizing” changes to complex models. Picon (2011) observes “the lack of intuitive content” when using algorithmics for generative
design. Liebing, an architect and a writer, comments
that designing in 3D is not necessarily faster or
easier than designing using 2D digital tools. He assesses the current 3D modeling as not being “inherently intuitive to the casual observer” (2011). Shelden
and Witt (2011) are more specific in their critique
and point to the parametric tools’ excessive focus
on constructing geometries. Consequently, according to Shelden and Witt, the resulting architectural
forms integrate poorly with own functions and are
alienated from broader contexts. The cognitive
shortcomings of 3D design tools are serious enough
to “represent a crisis in the implementation” of digital
technologies (Shelden and Witt). A physical model
devised by Gaudi for the Sagrada Familia project illustrates the cognitive deficiencies of the modern
digital tools. Gaudi used a network of weighted
strings to model the natural catenary tectonics of
the structure (Huerta, 2006). The tangible and interactive properties of this analog simulation are remarkable (Figure 1).
Other architects used similar devices for the exploratory “form finding” (Bechthold, 2008). Bechthold
notes that such models are “extremely useful . . . during the earlier design phases.” He also cautions that, if
used for further design refinement, they demanded
significant preparation effort to minimize extrapo-
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Figure 1
Catenary model of Sagrada
Familia.

Figure 2
Various walkway shapes.

Figure 3
Various mathematical representations.

lation errors. However, Bechthold is also restrained
about the computational methods – although they
are expected to be more convenient and faster, they
also “require extensive background knowledge in order
to produce meaningful results.” Liebing comments on
the complicated relation between the designers and
the software industry: “The most troubling aspect of
BIM is that architects don’t need to be saved; they need
software developers to listen to what they do, and understand how to make that process easier.”

Figure 4
The initial mesh.

Figure 5
Folding the mesh.

A simple example explains how the mathematics of
modeling may diverge from the designer’s intent. A
designer may consider various shapes for a walkway
connecting two fixed points: a straight line, an arc, a
zigzag, or a freeform weave (Figure 2).
Although topologically all these trajectories are
identical – they are continuous and non-intersecting – their computable algorithmization in a digital
model is very different (Figure 3). Consequently,
once the designer decides on the trajectory, he cannot iterate through all other variants by merely using parameterization. Instead, each time he must
construct an entirely new geometry. What we percept as a logical variation of the same, is not necessarily reflected as such in the computable mathematics of a digital representation.
The introductory discourse as well as this example refer to designing objects that are static – architecture in the traditional sense. Expectingly, the
modeling challenges increase significantly when
dealing with kinetic structures. For instance, constructing even a simple rigidly folding shell requires
many carefully applied constraints. However, the
kinematic behaviour of such complex constrained
models tends to be unpredictable and often requires work-arounds like adding hidden reference
geometries or replacing the trouble-causing constraints with formulas. This echoes the concern by
Bettig and Hoffmann that the mechanism of complex constraining algorithms is “not fully understood”
yet and that identifying problems in constrained
models, and communicating them to the users, is
difficult.
Researchers indicate the need to improve the
cognitive side of digital tools. Emami and Chhabra
(2010) remark that subjective and interdisciplinary
design criteria are difficult to capture using analytic
mathematical models. Shelden and Witt point out
the necessity for integrating the high level design
intent into the mathematics of modeling. Scheurer
and Stehling (2011) warn that an algorithmic approach is inherently limiting, as it requires a priori
knowledge of “a general solution.” Deutsch (2011)
cautions that the cognitive human aspects are criti-

cal while switching over to the computerized workflows. Ottchen (2009) hints that digital tools need to
interface with qualitative data in order to support
early design stages.

GOAL-ORIENTED MODELING USING
FUZZY LOGIC
This project describes augmenting the parametric
functionality of computer-aided design with a fuzzy
logic algorithm to involve the intuitive and experiential human knowledge for solving folding geometries. Modern modeling programs allow accessing
the computational side of the model through an Application Program Interface (API), thus allowing geometry manipulation using external programs and
custom algorithms.

The geometry
We discuss a typical design scenario using a foldable
quadrilateral mesh. Rigid folding of such meshes is
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possible under certain circumstances. A 2xn quadrilateral array is always foldable. A two-directional 2xn
array is also foldable. Therefore, a 3x3 array with one
of the corner patches removed is always foldable.
We use this scenario to define the root problem: find
the geometry of the ninth patch – patch_N9 – so the
whole 3x3 array is rigid-foldable. The folding geometry of the patch_N9 is defined by two angles: an
orienting angle A and an internal angle B (Figure 4).
The entire assembly is being folded using two driving patches (Figure 5).
Although the kinematics of folding quadrilateral meshes is computable, the actual formulas are
complex and not suitable for interpreting in terms
of shape. This is an obstacle for designers, who need
interactive and tangible access to the properties of a
shape. The algorithm presented here is a high-level,
human language driven adjustment tool that can be
easily ported to many modelers and interfaced with
any geometry challenges that designers encounter. The proposed approach is aligned with the research indicating that the traditional digital design
tools need to evolve and become able to interface
with “soft data” (Ottchen, 2009). The goal is to model
complex geometries using intuitive and interactive
approach.
Examination of the geometry and of the kinematics of the 3D model is used to build a knowledge
base for inferring adjustments. The initial geometry
of the patch_N9 is sketched in. Two neighboring
patches locate the patch_N9 in the assembly of the
entire folding mesh. The patch_N9 is hinge-constrained to one of the locating patches and slideconstrained to the other. Consequently, the initial
imperfect geometry of the patch_N9 does not restrict the entire assembly from folding. Furthermore,
the drift of the angle between the locating edges
can be monitored during folding (Figure 6). The drift
of this angle is used to infer the adjustments to the
geometry.
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Figure 6
The drift of the angle between
the sliding edges.

Setting up the model
Typically, parametric 3D modeling programs offer
an easy access to model properties using the Application Program Interface (API). Furthermore, different applications – modeling, computing – can
easily communicate through the application server
functionality. We employed these features to code
the geometry adjustment algorithm in the API of
the modeler of choice (Inventor) and to access the
computing application (MATLAB) from within the
running algorithm (Figure 7).

Figure 7
The setup of the model.

Figure 8
The structure of the algorithm.
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Figure 9
The components of the
algorithm.
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Figure 10
The flow of the algorithm.

The algorithm
The geometry adjustment algorithm is based on the
following assumptions and observations:
•
If the half-fold and the full-fold angle drifts are
(a) equal, then they also are (b) equal to zero,
and (c) the geometry is optimized.
•
The geometry can be adjusted by changing (a)
the orienting angle of the patch, and/or (b) the
inner angle of the patch.
•
The target of the optimization is to reduce the
drift angle below a preset value. This value represents a residual drift that is below practical
assembly errors and therefore does not affect
the folding in an actual build assembly.

The algorithm measures the drift angle and the
change of the drift angle between iterations. A
Fuzzy Inference System (FIS) uses these two values
to compute adjustments (Figure 8). The algorithm
flow control, the main loop, and the geometry calculations are coded using the Visual Basic for Applications (VBA), which is the API of the Inventor. The
FIS is coded in MATLAB (Figure 9). The algorithm
runs recursively two optimization loops. The angle A
is being adjusted to correct the full-fold drift. Each
time the full-fold drift is corrected, the half-fold drift
is reduced by recursing the second loop to adjust
the angle B. The steps are repeated until both the
half-fold and the full-fold drifts are corrected (Figure
10).
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RESULTS

Figure 11

The algorithm has been tested on a freeform – nonrepeating, non-symmetrical – quadrilateral mesh.
The necessary adjustments were inferred from a rule
base, which captured the observed characteristics of
motion using intuitive, human language-like statements. The initial, non-folding mesh was adjusted
to achieve the desired motion (Figure 10 – bottom).
Figure 11(right) shows the adjusted mesh.
The resulting geometry is presented as a foldable shade for a window. A realistic setting was devised to test the function and the aesthetics (Figure
12). This project demonstrated how to overcome
the challenges of designing complex folding geometries through combining parametric modeling with
geometry optimization using goal-oriented fuzzy
logic algorithms.

The initial (top) and the adjusted (bottom) meshes.

CLOSING REMARKS
The example presented in this paper demonstrated
that it was possible to transcend the limitations of
the explicit mathematics underlying computer-aided design. The Application Program Interface (API)
would open the modeling environment to interactions with other programs and custom-written algorithms. This capability was utilized to overcome
the difficulties of solving the kinematics problem of
a complex folding geometry. Fuzzy logic was employed to capture intuitive and easily observable
characteristics of motion. The use of such qualitative
criteria to shape the geometry has shifted the design
effort away from devising an explicit formulation of
motion - a challenging task for a complex folding
geometry. Instead, the focus was directed on the
desired outcome and expressing it using humanlike reasoning such as “adjust this facet to achieve
folding.” This example demonstrated a synthetic approach in which the analytic parameterization was
complemented by setting intuitive, goal oriented
conditions. Such synthetic design paradigm could
improve the current purely analytic computer tools,
which have been critiqued for being too detaildriven. However, setting up the presented example
required a considerable programming effort and

716 | eCAADe 30 - Volume 1 - Design Tool Development

Figure 12
A folding shade.

the use of an additional external application. Currently, pursuing the goal-driven synthetic approach
demands the expert knowledge of programming. It
is said that, such expertise is already influencing the
architectural profession, as “designers are gradually
becoming programmers who design their own, highly
sophisticated tools” (Scheurer and Stehling).
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Abstract. Volume rendering is an illustration technique for visualising different
3D measured data or 3D simulation data interactively on screen. This paper introduces
a method that overlays several types of volume data on an architectural surface model.
This complex calculation takes place on the graphics card using hardware-accelerated
shaders. An implemented software prototype entitled “VolumeRendering” is introduced.
In addition to interactive visualisation, the objective was to create a user-friendly
interface. Synergies and new evaluation possibilities arise through the overlay, e.g. of
different measuring techniques, with a surface model. Finally the use of the software
prototype is illustrated using examples from our interdisciplinary research project.		
Keywords. Multiple Volume Rendering; Overlay; 3D Surface Models.

INTRODUCTION
The work presented in this paper is the product of
an interdisciplinary research project entitled “nuBau”
(methods and materials for user-oriented building
renovations) involving researchers from the fields
of building surveying and diagnostics and building physics as well as material scientists and architectural computer scientists. Our aim as computer
scientists is to incorporate the different data about
a building into a dynamic digital building model so
that this is available to everyone in the architectural
planning process. One aspect of this building model
is volume data. “Volume data” refers to a three-dimensional cubic volume that is sub-dividable into
regular “volume elements” or “voxels”. Each voxel can
contain data describing its characteristics for simulation purposes (e.g. temperature, air flow velocity and illumination levels) and for non-destructive
material testing techniques (georadar, ultrasound

tomography). These different characteristics need to
be superimposed so that they can be used in combination, visualised and assessed in the context of a
three-dimensional building model.
Volume rendering is already well established in
the field of computer graphics as a means of visualising large sets of volume data (Levoy, 1988) and
is already widely used in the field of medicine (e.g.
MRI, CT) to render and examine human tissue. In the
field of building diagnostics, volume rendering is
likewise already used for individual, separate measuring techniques such as ultrasound tomography.
What’s new about the technique discussed in this
paper is the ability to visualise combinations of different kinds of volume data and the ability to examine them interactively in a digital 3D building model
as well as in conjunction with other visual measuring techniques such as distortion-corrected ther-
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mography. A standalone software prototype named
“VolumeRendering” has been developed which we
present in this paper.

CLASSIFICATION
Volume rendering is an ongoing area of research in
the field of computer graphics. Though the foundations were already laid during the 1980s, the techniques described then have only recently become
possible to realize using normal computers. By using
hardware-accelerated algorithms on modern graphics cards (general purpose computation on graphics
processing unit GPGPU), volume rendering has become possible in “real time”.
Volume rendering is a widely used technology –
for further information see“An Overview of Volume
Rendering”byA. Kaufman and K. Müller, 2005. In this
paper, we don’t introduce a specific or completely
new technique but rather combine different concepts from computer graphics to customise them
for use in visualising an architectural surface model.

DATA FORMATS
The absence of a standard file format for volume
rendering might be explained by the niche character of the market and the relatively new technology
of volume rendering. There are, in fact, many volume
data file formats. Measuring instrument manufacturers, for example, generally define their own proprietary volume data formats according to their own
respective requirements. For the software prototype
it was therefore necessary to implement several different importers or convertors that can read in different types of voxel volume data as well as irregular
point cloud data. The import function also maps local control points in the imported volume data set
to global control points in the building model so
that imported volume data can be displayed in the
correct position, orientation and scale in the building model.
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VOLUME RAY CASTING
The basic approach used to visualize the volume
data sets is the ray casting approach as described
by Watt et al., 1992. For each pixel in a view, a ray is
cast from the viewpoint of the viewer and passed
through the volume data set (see Figure 1). In the
software prototype, this is done using a hardwareaccelerated GLSL shader on the graphics card. Depending on the shading method used, the volume
data values along the ray may be accumulated or
alternatively the maximum is shown (see Figure 2).
Figure 1
For every pixel a single ray is
sent through the volume data.
Figure 2
Along every ray, measured
data is taken from the volume,
which computes the pixel
colour.

Seven different shader methods are implemented
in the software prototype, each employing different
parameters to show volume data in its own way:
1. The “Accumulation shader” adds up all measured data from the ray and applies a transfer
function afterwards to display the pixel colour
(Figure 3).
2. The “Maximum shader” examines all measured
data from the ray and displays the maximum
found by means of a transfer function (Figure
4).
Figure 3
Accumulation shader.

Figure 4
Maximum shader.

3.

5.

The “Cross-section shader” can display the volume with an adjustable X, Y and Z cross-section. A transfer function is used to convert the
measured data into pixel colours (Figure 7).

6.

The “Transparent-opaque boundary shader”
combines the two boundary shaders (3 and 4
above) into a single shader. Different thresholds can be set for the opaque and the transparent boundary (Figure 8).

7.

The “Cloud shader” adds up all measured data
of the ray and afterwards applies a lighting
function as well as a transfer function to display
the pixel value (Figure 9).

The “Boundary shader” traces the ray until
its value reaches a value higher than a userdefined threshold. The exact position of the
threshold is then interpolated by means of the
last lower measured value. The pixel is then illuminated with the help of the position, the precomputed volume-normal at this point and the
lighting settings (Figure 5).

Figure 5
Boundary shader.

4.

The “Transparent boundary shader” works
very much like the boundary shader but does
not abort after the first threshold it finds, instead searching for further thresholds on its
ray. The lighting results are then added up for
display (Figure 6).

Figure 6
Transparent boundary shader.
Figure 7
Cross-section shader.
Figure 8
Transparent–opaque boundary shader.
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rameter to the GLSL shader. As a result for every
pixel one can quickly determine whether the ray
intersects with the front-most surface of the threedimensional building model and therefore whether
the ray casting process can be aborted. Using this
approach it is possible to overlay volume data sets
over an arbitrary three-dimensional surface model.
All this remains hidden to the user because it automatically runs in the background of the software
prototype.

MULTIPLE VOLUME RENDERING WITH
SURFACE MODELS

METHODS OF DIFFERENTIATING
BETWEEN VOLUME DATA SETS

These seven different shader methods can be classified into two groups: shaders in which the rays fully
penetrate the volume (1, 2, 4 and 7) and shaders in
which the rays end at a point inside the volume (3, 5
and 6). This differentiation is important to consider
for the algorithm when several volume data sets
are to be overlaid over one another. When computing volumetric visualization on the graphic card, it
is important to optimize memory access patterns
and compact address blocks to maximize memory
caching. For this reason the contributions of each
volume data set to the resulting ray per volume is
computed individually and then subsequently combined. In a first step, the system checks whether the
volume data can contain boundaries using the specified shader method. Out of all the “bounded” volume data sets, the boundary nearest to the viewer is
computed for the ray concerned. The “un-bounded”
volume data sets to this nearest boundary point are
then computed and used to finally calculate the colour value of the pixel with the help of an optional
transfer function.
The combination of the volume data sets with
the three-dimensional surface model of the architecture employs the same method. One need only
inform the graphic-card-based ray-casting algorithm of the position of a boundary, for example of
the building, from the given perspective (Kreeger
et al. 1999). From an off-screen visualisation of the
volume, a depth buffer (z-buffer) is computed for
the given camera perspective and passed as a pa-

An important aspect of volume renderings is the
ease with which the user can differentiate between
the different sets of volume data in the model, in
particular when several sets of volume data are
overlaid in one model. Out of the mass of information, only what is relevant for the user needs to be
abstracted. A variety of different methods are implemented in the software prototype, of which the following are perhaps most commonly used:
•
The combination of different shader methods,
•
The user-definable clipping of volume data
sets, or of the surface model,
•
The use of colour or transparency transfer functions,
•
The direct combination of different volume values with the help of value ranges that serves
as a condition for the display of other volume
data,
•
Different thresholds and colours for the boundary shader.
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USER INTERFACE
Besides the menu, an icon toolbar and a status bar,
the user interface of the “VolumeRendering”software
prototype is made up of a 3D perspective window
and a control area at the right edge of the application. This control area is dynamically changeable. It
can display some global as well as several grouped
parameters for each volume data record. At the top
of the control area, a tree structure widget functions
like a directory folder. Depending on which “param-

Figure 9
Cloud shader.

eter group” one selects, the user interface changes
accordingly in the lower control area. Figure 10
shows all the available parameter group panels.
The parameter groups serve the following purposes:
•
“Volume Rendering”: The step width of the raycasting algorithm is set here globally.
•
“Model Clipping”: The clipping of the 3D surface model is set here.
•
“Shader x Dataname”: Global settings for this
shader type are defined here, for example the
shader type or the adjustment of the value
range.
•
“Min Max”: The loaded volume data record can
be clipped here.
•
“Surface”: Material properties and thresholds
for the boundary shaders.
•
“Light”: The position of the light source.
•
“Cuts”: The position of the cross-sections.
•
“Location”: The position, scaling and rotation of
the volume data record.

•

•

“Colour”: Different colour and transparent
transfer functions can be defined here. In addition the colour legend is displayed under the
histogram.
“Condition”: If multiple volume data records
are used, value ranges may be used here as a
condition for rendering the other.

AREAS OF APPLICATION
In this section we present a brief overview of some
application areas of the work resulting from our research project.

Physical flow simulation
Figures 11 and 12 show examples of flow simulation.
In the example, the building physics planner defined
a room including air intake and outlet openings. A
person sitting in the centre of the room acts as a
thermally active object. The volume data set contains the results of a simulation showing the tem-

Figure 10
Organisation of the user
interface in parameter group
panels.
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Figure11
Air velocity simulation with a
boundary shader.
Figure12
Air velocity simulation with a false
colour section shader.

A 3D surface model of the interior of the building
element (the concrete test specimen) was then created and overlaid with the measured volume data.
In Figures 15 and 16 the overlay of the interior
model with the georadar volume data is displayed.
The view of the rebar reinforcement on the left area
shows that there is an error in the volume data. The

Figure 13
Ultrasound tomography and
georadar measurements of
the test specimen.

Figure 14
Interior of the test specimen
prior to filling with concrete.

perature and air flow velocity in the room. Models
like this can be used to evaluate thermal comfort
levels in a room under different conditions (Voelker
et al., 2011).

Non-destructive material measuring
techniques
Figures 13 and 14 show a further example from the
field of building diagnostics. Non-destructive measuring techniques (ultrasound and georadar measurements) are used to examine particular building
elements. To assess the accuracy of the method, a
concrete test specimen was created with a known
interior structure (Figure 14). The test specimen was
then measured using two different non-destructive
measuring instruments (an ultrasound tomography
device and a georadar scanner). Figure 13 shows the
measured volume data: the coloured values show
the ultrasound tomography while the white rods
stem from the georadar scanner.
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Figure 15
Interior model with georadar
boundary shader.

the upper pipes quite clearly. This method offers a
means of providing “as-built” documentation for
building elements that are concealed within walls.

Figure 16
Interior model with georadar
cross-section shader.

Light simulation

measuring wheel, which determines the position of
the measured data on the concrete face, probably
slipped during the measurement process. This is an
error that can often occur in non-destructive georadar investigations.
Figures 17 and 18 show the interior model overlaid with the ultrasonic volume data. Here one sees

Using the Bauhaus “Musterhaus am Horn” in Weimar
as a test case, a simulation of light levels has been
undertaken using the software prototype “Colored
Architecture” (Tonn et al., 2006).Figures 19 and 20
show an example, in which the level of illumination
for every point in the building has been calculated.
The results are shown superimposed over the building model. The two images show an examination of
the interior of the building. For this an option was
incorporated that allows one to produce a cutaway
view at a defined point by clipping the 3D surface
model.

Figure 17
Interior model with ultrasonic
boundary shader.
Figure 18
Interior model with ultrasonic
cross-section shader.

Figure 19
Boundary shader showing
illumination levels within the
building model.
Figure 20
Cross-section shader with
cutaway view of the building.
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CONCLUSION
In this paper we show that volume rendering represents an important aspect of the visualisation of
digital building models. The examples outlined here
show the breadth of potential application areas and
illustrate how the results of measurements and simulations by specialist planners can be presented and
assessed using a digital building model. The ability
to combine and present different volumetric, image
and surface model data in a superimposed view is
particularly useful. As suitably powerful graphic
cards with volume rendering capabilities become
more widespread along with corresponding software tools, the visualisation of volume data will become an increasing relevant area for building planning.
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Abstract. This article reflects on the digital reconstruction of the Vinohrady Synagogue in
Prague, which was demolished in 1951. Based on an international collaboration through
the Erasmus program, expertise derived from other Viennese synagogue reconstructions
at TU Vienna was combined with a resource organization methodology developed
at KU Leuven. The reconstruction process is carried out using BIM software, which
poses some particular attention on the software methodology and model structure, but
at the same time illustrates the added value of a BIM approach, when comparing with
more traditional CAD modelling systematics. Of particular interest is the approach for
modelling complex geometry, integrating with more traditional 2D documents and for
visualizing reconstruction assumptions within the 3D model representation.
Keywords. Virtual reconstruction; destroyed synagogue; 3D-modeling; BIM; urban
context.

INTRODUCTION AND MOTIVATION
When a certain building no longer exists and a new
function has been found for the property, a physical
reconstruction no longer makes sense. However, a
virtual reconstruction has the power to unveil the
existence of this building to the main public, albeit
in a non-physical manner. In this sense, the conference theme of “Digital Physicality - Physical Digitality” is represented in contemporary virtual remodeling of buildings of a foregone era.
The project is mainly brought forth by the ongoing research at the TU Vienna on computer-assisted
reconstructions of non-existent (architectural) objects and their surroundings, in particular (Viennese)
synagogues. Years of experience in this area have
led to the development of a systematic procedure

regarding the virtual reconstruction of synagogues.
By way of the ERASMUS international exchange program, a symbiosis could be established between the
synagogue-oriented workflow of the TU Vienna and
the more general research work on digital historical
reconstruction at the KU Leuven. The latter focuses
mainly on a systematic approach concerning the
thorough analysis of the architectural object and the
structured archival of the reconstruction project.
Though virtual reconstruction is not a novel
development, this paper will elaborate on both the
expansion of a methodological structure to organize
historical resources and the application of BIM for
modeling and information presentation in various
formats.
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Historical context
Královské Vinohrady was a “young” neighboring
city located southeast from Prague, that was incorporated by the capital in 1920. After the civil and
economic emancipation in the mid-19th century,
the Jews could settle in the newly created districts
and suburbs of the rapidly growing city. Even in
these new urban areas, they established the Jewish
houses of worship, cemeteries, and synagogues. The
largest and probably most spectacular synagogue
was designed by the Viennese architect Wilhelm Stiassny and erected between 1896 and 1898 in Sázavka Street. The entire building was an expression of
wealth of the local Jewry. The synagogue could accommodate about 2000 believers, thus being the
largest synagogue in Prague and one of the biggest
in Europe as well.
In contrast to many other Jewish Sacral buildings, the “typical” dilapidation was not achieved in
the course of the pogrom night of November 1938.
During the Nazi occupation, religious services were
banned in autumn 1941. In that period a furniture
store was established inside the building, selling
what had been confiscated from the Jews. The sacral building was severely damaged during an unexpected air raid on February 14th, 1945, and finally
torn down in 1951.
Nowadays, Prague still possesses a large number of synagogue buildings from different eras, centrally located. However, the Vinohrady Synagogue with attached side wings, belonging to the property
- incorporated a richly decorated appearance and a

particularly interesting lighting situation in the interior, despite the improper orientation of the piece of
land.

MORPHOLOGICAL BACKGROUND
The Vinohrady synagogue, as mentioned earlier, was
the largest synagogue in Prague and stood on a plot
of land of 2.550 m². The building was designed in
neo-renaissance style and represents a rather symmetrical plan and elevation. Two 60 m high towers
visually divide the building in three parts: the main
nave, which consists of the prayer and ceremony
hall, and two more plainly decorated two-story side
buildings.
Not only the architecture of the building is of interest in the project, but also the surrounding area
was investigated. Figure 1 displays the evolution of
the urban tissue in different eras in time, based on
the Web Map Portal of the Historical Town Atlas of
Prague [1] - a project of the Historical Institute of the
Academy of Sciences of the Czech Republic.
At the time of its foundation, Vinohrady was
separated from the downtown area by city walls. After these were taken down in 1866, the construction
of this new suburb would start booming gradually.
This implied a more structured vision on city landscaping; thus, an orthogonal street pattern with
more or less equally sized plots was laid out. Building blocks consisted of terraced housing, of four
stories or more, with their gardens facing towards
each other. The town square of Námĕstí Míru was the
starting point of ten surroundings streets radiating

Figure 1
Evolution of the neighboring
area.
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outwards. In between these radii, an orthogonal division was set.

METHODOLOGY
Main strategy
Out of past experience with synagogue reconstruction at the TU Vienna (Martens and Peter, 2002), a
certain strategy had already been distilled to approach this type of project in a valid manner. The following steps were identified:
1. Research work concerning plan documents,
picture material and descriptions
2. Comparing plans with photographs
3. Definition of a story structure
4. Determining a layer structure
5. Compiling used materials
6. Determining textures
7. Compiling library elements and modules
8. Archiving project files

Processing resources
It is essential to develop structuring to the project,
relying on the available sources prior to commencement of producing the virtual model. Therefore the
first two steps were supplemented with findings
at the KU Leuven, namely that proper archiving of
source material is not only crucial, but strongly assists to assess the validity of assumptions and interpretations, to create a solid base for the rest of the
project.
The organization of all possible resources is
based on a methodology that was developed (Vandevyvere et al, 2005) and applied (Boeykens and
Neuckermans, 2009) during a series of previous
reconstructions. A listing of all possible sources is
referenced in a so-called “metafile”, which acts as
a resources metadata table. This is handled in a
spreadsheet, which is quick to set up and easy to
adapt. Such flexibility would be lost in a strict database structure, as the structure is commonly projectdependent. Whereas the categorization of resources
might be following a chronological structure in one
project, it might be shifted towards a functional or

spatial structure for another project. Instead of simply listing all possible material in a long, but mostly
unstructured list, the table is constituted mostly of
facts and claims, with varying levels of accuracy attached to it. This allows e.g. building parts or project
phases to be linked to multiple fragments from texts,
drawings, and sketches and to assess the probability, which aids the reconstruction process. The table
is mostly textual, however, it serves as a direct reference sheet for the modeling and visualization.
Most of the material for this reconstruction was
obtained from the archive of the Prague Jewish
Museum and included plans, documents, drawings
and pictures. However, due to the demolition of the
temple, a proper interpretation of these resources
has to be performed carefully, e.g. regarding the actual built situation or color information. As the synagogue no longer stands today, survey of the site was
impossible and the reconstruction was based solely
on information records. The objective tabular listing
of facts makes it possible to better understand the
decision-making process to assist assessment and
interpretation of resources that the reconstructor
goes through, which does require certain assumptions and interpretations.
Categorization of facts happens on a case-bycase basis. In this reconstruction study, we were
confronted with an overflow of graphic entities and
a lack of specialized literature with hard facts. The
main goal was to identify the content of each image,
(visually) compare them based on certain properties
and derive properly funded conclusions to start the
virtual reconstruction in the modeling software of
choice. For easy processing and accessibility in the
future, this entire process had to be well documented. The following properties (metadata) of each image were identified:
•
Type: addresses the type of image that the file
presented (plan, section, photograph, drawing,
design or view e.g. elevation)
•
Purpose: describes what the image aimed to
do: document a certain fact or view, (re)construct/alter (part of the building), propose de-
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Figure 2
Excel screenshot of the metafile and filtering process.

•

•

•
•
•
•
•
•

sign ideas for certain (light) fixtures, propose a
layout for the seating chart, officially marking
the contours of the plot of land and its building
(cadastre)
Location: specifies the location of the content
of each image: center (main nave), (right or left)
side building(s), plot (of land), façade, interior,
and certain building parts like the tower, roof
or the fence
Floor: divides the certain position of the images
in different story’s: cellar and foundation (-1),
ground floor (0), first floor or gallery level (1),
attic and upwards (2)
Date: specifies if any day or month is mentioned on the document
Year: specifies if any year is mentioned on the
document
Group: forms certain collection of images e.g.
documents that belong together
Author: mentions the author if any is given
Source: defines where the image was found e.g.
archive, the internet, etc.
Comment: adds any extra information needed.
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In just one file (see Figure 2) all the gathered information was collected to lighten the workload of remembering and comparing the content of well over
100 different files. Within the spreadsheet format,
different columns could easily be filtered to show
the diverse properties of the images. For example
one could immediately see all the synagogue plans
on a certain level or combine the search of certain
properties to make a useful list of comparable documents. The undergone evaluation process and visual
comparison was archived as well and comments or
updates could be added in the future, if new findings would occur.

Fragmentizing the work
In a project of this size, one can expect to be creating
very large files when trying to obtain a certain level
of detail. This delivers also an argument to apply BIM
and some parametric design concepts to optimize
and control geometry generation. The presence of
many different, complex objects in a single project
file, tends to prolong the computer’s calculation
time, which would be an unwanted side effect as it

slows down the work significantly. Therefore, it was
opted to divide the process further into two stages:
first, a basic building structure was set up, based on
the documented findings and afterwards, the complexity of the model was expanded. The latter stage,
was then again divided into the modeling of exterior and interior elements.
By carefully dividing and archiving the work, indeed a large amount of data is still created, but the
reasonable size of each file makes it easier to work
with and access and/or alter specific elements in the
future.

APPLICATION OF BIM
3D modeling
While CAD and generic 3D modeling software is
widely used for historical reconstruction, we have
deliberately chosen an approach using BIM software. Although BIM is mostly oriented to current
construction praxis, there have been some attempts
to investigate its applicability in reconstruction projects. Murphy et al (2009) describe the use of terrestrial laser scanning as a surveying technique for
existing structures and how to further integrate the
captured point clouds in a BIM workflow. However,
as the Vinohrady synagogue is demolished, this was
obviously no option for this project.
Graphisoft ArchiCAD [2] provides a number of
functions that meet the demands of the required geometric modeling, story administration, layer allocation. While less relevant for historical reconstruction,
the software provides a vast library of materials and
parametric objects. Although ArchiCAD has already
proven to be a usable modeling system in previous
projects, it is fair to say that recent software updates
have enabled a more flexible and extensive arsenal
of modeling features, which was quite lacking in
older releases. Especially the improved support for
more organic geometry, such as the Shell Tool, has
proven to be of utmost importance to gain a more
detailed and accurate result. Furthermore, compatibility with external modeling and visualization software where even more extensive 3D modification

can be carried out, such as Maxon Cinema4D [3], has
proven to be very useful in this reconstruction.
Another interesting tool is the Renovation Filter.
Even though its main focus lies on contemporary
renovations, it has the potential to become a very
powerful tool if further developed. While the current
options are rather limited - an element can be given
only three types of fixed properties (existing, to be
demolished and new) - this tool could potentially be
used for more fine-grained “tagging”, e.g. to show
different building stages. While this function was
presumably not intended to be used for historical
projects, in this case it was used to nest different sets
of objects with different materiality into one single
model. The objects can be shown or hidden according to the Renovation Filter that is chosen.
While ArchiCAD 15 has indeed been seemingly
developed to be more accessible and user-friendly
for projects differing from current building practice,
the provided set of tools still presented certain flaws
and limitations. The Shell Tool still contains certain
bugs or errors and the Renovation Filter has a high
potential but is too limited. Also the link to other 3D
modeling software can be very useful in some cases,
however, it can produce (polygonal) geometry that
is too complex for ArchiCAD to process, e.g. when
generating vectorial shadows and hidden line views.
One of the initial goals of the project was to make
full use of the power of BIM and create intelligent,
parametric objects applying ArchiCAD’s internal,
Basic-like, GDL scripting language (Nicholson-Cole,
2000) that could be re-used in other similar reconstructions, but the size of the project proved to be
too vast to actually achieve this with more complex
objects. Chévrier and Perrin (2009) present an approach of using parametric modeling for historical
reconstruction, using the Maya generic modeling
and animation software, but this was not integrated
in a BIM workflow.

Documentation
The possibility of BIM to manage a model that
can serve different outcomes is one of the biggest
strengths of this approach. The same model can be

Virtual Architecture - Volume 1 - eCAADe 30 | 733

Figure 3
Materiality of the model (left)
elevation showing off the
custom materials (upper right)
original photograph (lower
right) custom materials seen
with the internal 3D engine.

used for the generation of drawings, 3D representations, but also a listing of objects or materials and
dedicated filtered views, e.g. the core structural system or a spatial model. A 2D drawing can instantly

be seen in 3D and vice versa.
An implementation example of using BIM for
the documentation of the Vinohrady Case Study can
be seen in the custom wall patterns, which complete
Figure 4
Visualization of assumptions.
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Figure 5
The reconstructed model
placed inside the street context.

the façade drawing as well as the 3D model, with no
additional drafting effort. If possible, the pattern of
the new materials can be straightly deducted from
on site photographs, but since no high quality pictures were available, simple geometric shapes were
drawn with 2D polygons and saved as vectorial
hatches that can be applied to an existing standard
ArchiCAD material to deliver an added dimension
(see Figure 3). In a later stage, when creating realistic
renderings, these simple two-tone drawings of the

vectorial hatches can be used to create matching
bump maps.

Visualization
Even though the methodology that was implemented during the reconstruction gives the model a factual backbone, the repetitive visual assessment that
was part of the reconstruction process remains very
subject to interpretation if there is no physical evidence left of the building as it once was. Since pho-

Figure 6
Comparison between historical photograph and interior
rendering.
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to-realistic rendering is the most tangible output of
the project, it is important that the public is correctly
informed about this. Different sets of renderings are
produced to clarify any assumptions in materiality.
Of course these renderings are mostly still made
to trigger the imagination of the viewer. The more
muted model, where no assumption in materiality
has been made, loses its sense of realism, whereas
the colored model, which suggests materiality in an
obvious way, is a make-believe mockup to attempt
to recreate a plausible reality (Figure 4).
Also time restrictions and hardware possibilities
present to be problematic in this case. Perkins (1992)
already asked the following prominent question two
decades ago: “How good is good enough?” Even
today, there are still limitations to the visualization
of historical reconstructions, beyond the control
or knowledge of the person generating the image.
There are no well-defined visualization requirements set, and the reconstruction is carried out to
the best of the abilities of the reconstructor to create
a balance between the quality of representational
data and realism that is credible for the main public,
all achieved in a certain limited time frame.
Renderings are an easily accessible representation of the assumed historic context, although one
has to take care of not suggesting interpretations as
facts. Non-photorealistic techniques or schematic
diagrams can be applied to clarify assumptions. An
exterior rendering, positioning the model in a more
schematic white context, is depicted in Figure 5.
While all original photographs bear no color, they
can be compared with the renderings to assess the
lighting quality and overall ambience, as shown in
Figure 6.

CONCLUSIONS AND OUTLOOK
Virtual reconstruction is not a novelty as such. To
restore cultural heritage, computer visualization
technology is able to facilitate virtual reconstruction. Since this process is influenced by personal decisions, experience and expertise, a solid backbone
based on facts has to be created. This project merges the research results of two universities and uses
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the extended methodological framework to tackle
the virtual reconstruction. A key principle in this
process is documentation: it is of vital importance
to properly archive and document all resources and
decisions that were subsequently made. Following
this approach, the reconstruction remains accessible
to outsiders and the defense of certain interpretations can still be argued in the future if needed.
Using a BIM environment in general has a few
advantages: custom geometric modeling, story administration, layer allocation, etc. Also, the use of
parametric and adaptable objects within ArchiCAD
has the potential to lighten the workload of future
reconstructors. To effectively support historical reconstruction however, some adjustments will have
to be made. Although a positive evolution can be
seen within the software, most tools are still exclusively focused on contemporary building practice.
To accommodate the needs of historical reconstruction, the reconstructor should be able to have
access to an even more user-friendly set of tools to
create custom objects and perhaps a cloud, to share
these objects with other academic or personal users. Though a significant number of the objects are
project-specific, they could profit from parameterization so that small alterations to parameters could
make the object suitable to use in a different, yet
similar project i.e. synagogue reconstruction. As of
today, most historical modeling libraries are made
ad-hoc, on a project-specific basis.
In addition to these improvements, the scope of
visualization techniques could be expanded to present an even more realistic (i.e. closer to a past reality) reconstructed setting to the main public. While
photo-realistic images or even 3D prints could suffice to satisfy the expectations of the average viewer, a more interactive visualization technique could
perhaps recreate a sense of digital physicality-physical digitality in a more immersive way (see Martens
and Peter, 2011). In this way, the viewer could discover the model himself, instead of only getting the
information from predigested rendering shots.
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Abstract. This study introduces a conceptual analysis, a typological framework which
aims to map a wide array of possible virtual worlds into a larger frame and explore their
significance for architectural education. Using this analysis, we discuss the properties of
virtual worlds in four groups: “the real virtual, virtual augmented real, real augmented
virtual and fantastic virtual”. Based on these, we propose four different strategies for
integrating virtual worlds into architectural education. Overall, this contribution can
be seen as a small step towards the revitalization of the architectural design curriculum.
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INTRODUCTION AND MOTIVATIONS
Creating new typological frameworks of virtual
worlds is essential for developing an in-depth understanding of them as well as discussing their
properties and capacities for mediating architectural and urban design education.
Our review of previous studies on this topic revealed that researchers from other disciplines have
conducted various studies with similar purposes.
For instance, Messinger et al. (2008) have proposed
a typology of virtual worlds based on Porter’s (2004)
typology of virtual communities. The five elements
of the proposed typology included: (1) purpose as
the content of interaction, (2) place as location of interaction, (3) platform as the design of interaction, (4)
population as the participants in the interaction, and
(5) profit model as the return on interaction.
Similarly, Gregory et al. (2010) have reframed
and extended this discussion to the educational
field and used this typology to compare the peda-

gogical approaches, the platform for delivery and associated profit models employed by the Australian
higher education institutions.
These studies are valuable because they provide
an overview of the applications of the virtual worlds,
help to identify the historical development and
stimulate future explorations. Moreover, they reveal
the pedagogical benefits of teaching and learning
in these environments in a broader sense. However,
they are mainly out of the focus of the architectural
design education field.
In this context, it is necessary to develop a new
framework specific to our field in order to clarify the
differences between virtual worlds.
With the motivations above we will begin our
study by introducing a conceptual analysis, a typological framework. Through this framework we aim
to map a wide array of possible virtual worlds into a
larger frame and explore their significance for architectural education.
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Figure 1
Virtual worlds according to
their contents and environments, including related
concepts and “zones”. Vertical
axis: successive phases of
representation of a reality
(Baudrillard, 1994), Horizontal
axis: Milgram et al.’s (1994)
reality-virtuality continuum.
Note: The chart is intended for
conceptual discussion and the
locations are approximate.

Following this section we will discuss possible
ways of integrating virtual worlds into architectural
design education in the context of this conceptual framework. In line with the conference theme
‘”Digital Physicality | Physical Digitality”, this discussion will focus on the synergetic qualities of virtual worlds and their possible influences on design
learning. Reflecting on former studies, we will elabo-
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rate on relevant alternative strategies for the use of
virtual world environments to contribute to the education of the architects of the future as critical and
engaged intellectuals and designers.
It is important to note that, in this paper, the notion
“virtual worlds” is interpreted in a broad context and
refers to “computer-generated, persistent 3D environments in which users exist as avatars exploring, build-

ing, interacting and communicating” (Koutsabasis et
al., 2012; Girvan and Savage, 2010). Thus, this definition includes virtual globes such as Google Earth as
well as SecondLife.

A TYPOLOGICAL FRAMEWORK

Figure 2
The virtual augmented real
from the cockpit of a Boeing
737-832 [1].

Considering the variety of virtual worlds and the fact
that architectural education should be contextually
embedded, we organize our typological effort on
two axes to differentiate the relations between the
environment and the content (Figure 1, on the previous page).
The first (horizontal) axis of analysis involves the
evaluation of the environment of the virtual worlds
based on Milgram et al.’s (1994) reality-virtuality continuum. This continuum starts with “a strictly realworld environment clearly constrained by the laws of
physics” and ends up with “a virtual reality environment in which the participant observer is totally immersed in a completely synthetic world”.
On the second (vertical) axis, we address the
content that is being handled in these realms. With
this purpose, we refer to the concept of the simulacrum, which goes back to Plato’s (360 BCE) ideas on
“image-making” in his famous Sophist dialogues. In
these dialogues, Plato made a distinction between
the image that is a faithful reproduction (or as good
as possible) of the original and the copy that is an
intentional deformation of the original.
Baudrillard’s (1994) simulacrum took this concept further and differentiated between four successive phases of representation of a reality: in the first
phase the image is a “good” reflection of the original,
in the second phase the image masks and perverts
the reality. In the following phase the image masks
the absence of the basic reality and in the fourth
phase the image becomes its own pure simulacrum.
While the copy resembles the original, the simulacrum has a totally different end; it takes on a life of
its own. This is precisely why this conceptualization
is important and useful for our typological analysis
of virtual worlds and their usefulness for education.
In our diagram (Figure 1), “factual real” is located
at the bottom of vertical axis as it is a copy of the real

that bears as much resemblance as possible. When
we gradually move upwards, the content resembles the real world less and less. At the end of the
axis are the unique virtual contents which are fundamentally different than the ones in the real world.
These categories allow us to describe certain “zones”
in our diagram. These are: the real virtual, the virtual
augmented real, the real augmented virtual and the
“fantastic” virtual.

The real virtual zone
When we speak of the “real virtual” we refer to virtual environments that represent the real world,
such as serious Virtual Flight Simulator games. It is
clear that they are close representations of reality
(and also intend to be so); both regarding the whole
virtual environment, the architecture within it and
the experience they try to evoke. The most extreme
“real virtual” is the fully simulated reality. It is a nonexistent theoretical environment first introduced in
Gibson’s (1984) “Neuromancer” book as a virtual reality dataspace, which later inspired the movie “the
Matrix” by Wachowski brothers (1999).

The virtual augmented real zone
This specific category refers to the use of ubiquitous augmented information systems connected to
the real world objects. Typical examples of the virtual augmented real are the pilot support systems
which draw on information from integrated virtual
worlds, GPS data and pilot’s line of sight measurement. Pilots experience the space as a predomi-
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is a typical example of this typology. The majority of
the game takes place in a multiplayer virtual world
and avatar behavior(s) are augmented with real life
motion. Because of the relative affordability and mobility of their technical platforms, these types of applications have enormous potentials for urban design, user participation in planning and construction
engineering waiting to be realized (Pak and Verbeke,
2011).

Figure 3
“Real augmented virtual”
gaming with Xbox 360 and
Kinect motion sensing input
device.

The “fantastic” virtual zone

nantly real environment superposed with a virtual
world. Because of the technical complexity of these
systems, architectural applications are so far limited
to research projects. This category is closely related
to the spaces which emerge as a combination of virtual worlds and real structures. Bertuzzi and Zreik’s
(2011) mixed reality games for augmented cultural
heritage can be considered in this zone.

The real augmented virtual zone
This type includes virtual worlds where information
from the real world is embedded into the virtual
realm. Different than the virtual augmented real,
majority of the spatial information is created and
joined in a virtual system. Kinect Sports Video Game

Fantastic virtual worlds are characterized as products of “unrestrained imagination”. Massively multiplayer online role-playing games such as World of
Warcraft or Everquest are examples of the fantastic
virtual worlds. Certain worlds that are created in the
open simulator platforms can also be considered as
fantastic, depending on the content and the configuration of the environments. At the first glance
these types of games might look less useful in the
field of architectural design education. However,
by changing and reconfiguring the attributes and
working principles of the virtual worlds, it is possible
to stimulate creativity and support collective thinking (Merrick and Ning, 2011) (Rosenman et al, 2006)
(Jakimowicz, 2002). For example, we can imagine
and represent an environment in which people are
not governed by the laws of gravity, which would
allow the students to test their design strategies
in this completely different setting. These kinds of
Figure 4
The “fantastic” virtual: Cao Fei,
“RMB CITY Installation,” detail,
2008 Installation at Lombard
Freid Projects, NY [2].
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educational practices can both be a liberating experience as well as a confrontation with traditional
design thinking (Oosterhuis and Feireiss, 2007).

Non-virtual fiction zone
This zone includes a rich world of pre-electronic
games, plays and theater which take place in the
real world; occurring or existing in actuality. These
can be claimed as the starting point and a continuous source of inspiration for many virtual games and
worlds as well as architectural education (Yurekli,
2003)(Sonmez and Erdem, 2009).

Nonfiction Zone
In our chart, the nonfiction zone relates to the “actuality” and includes things that are considered to be
factually accurate and non-imaginary.

Possibility of mixed zones
It is important to add that in many situations, the virtual worlds can travel between the described zones
and/or cover multiple zones.

FUTURE PERSPECTIVES: INTEGRATING
VIRTUAL WORLDS INTO ARCHITECTURAL DESIGN EDUCATION
In this part, we will briefly highlight some of the relevant studies and the typology of virtual worlds to
discuss various ways of integrating virtual worlds
into design teaching.
Since 1989 CAAD Futures conference on “The
Electronic Design Studio” a significant amount of literature has been dedicated to the possible relations
between ICT and architectural design education. In
1993, William J. Mitchell coined the “Virtual Design
Studio” (VDS) term and described it as a novel way of
combining “computer-aided design technology with
digital telecommunications to reduce or eliminate
the need for such co-location” (Chen et al., 1994).
Kolarevic et al. (1997) were one of the first to organize and test a VDS across three different continents
and in three different time zones; including three dimensional representations of student projects with
traceable genealogy of designs. Following these

developments, Gross and Do (1999) came up with
alternative models of ICT integrated design studios.
They have identified “computer augmented design
studio, CAD-plus studio, virtual and web design studio, cyberspace design studio, intelligent building
studio, and toys and tools studio” as different paradigms.
Hubers (2006) reported on the Protospace of
Delft University, a “CAVE supporting collaborative
design in real-time…incorporating state-of the art
parametric design” aimed at “interactive architecture,
architecture that acts and reacts on changes in the environment”.
Maher et al. (2006) pointed out to the importance of the development of a sense of community
in VDS and expressed that the ability to effectively
collaborate depends on the development of a community. In the same year, Burry and Burrow (2006)
reported the use of the MediaWiki platform which
“collapses geographic and temporal distance to allow
geographically dispersed agents to collaborate in unprecedented ways”.
Wojtowicz and Takenaka (2008) presented a synchronous and asynchronous environment (a dynamic web portal) for critical feedback in a VDS which
functions as “a form of social space for sharing each
individual design space”.
Schnabel and Howe (2010) noted that with the
development of Web 2.0 technologies, VDS had
found a new motivation track in many schools of
architecture around the globe and introduced Interprofessional VDS (IPVDS) as an innovative method of
teaching students from two different professional
faculties.
Madrazo and Riddy (2011) referred to the OIKODOMOS Virtual Campus as a learning space where
teachers and students of schools of architecture and
urban planning collaborate in the design and implementation of learning activities shaped through
an intertwining of on-line and on-site activities or “a
blended learning” approach.
Achten et al. (2011) expressed that social and
professional solutions are necessary to make VDS viable, not only the technological ones.
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When we combine this literature with the typology
introduced in the previous section it is possible to
distill a number of possible strategies for integrating
virtual worlds into architectural design education
(since our paper aims at discussing the possible relations between virtual worlds and architectural education, non-virtual fiction and nonfiction zones are
not included):
•
Virtual worlds as sustainable mirror media
for increasing the quality of life in real world:
Architectural schools can embrace the use of
virtual worlds by collecting student works and
projects in sustainable and accessible virtual
environments. Student projects can be shared
and experienced online with students, practicing architects, experts and lay people to create
a live and interactive debate on increasing the
quality of life in real environments. These kinds
of practices can also help architectural schools
to establish closer relations with society. This
strategy specifically relates to the “real augmented virtual zone” and Schnabel and Howe’s
(2010) Interprofessional VDS and OIKODOMOS
by Madrazo and Riddy (2011).
•
Exploring the potentials of architecture as
a combination of virtual and real worlds:
Hybrid spaces can be considered as “open
fields” for exploration. Integration of virtual
worlds and architecture involves intense inter/transdisciplinary collaboration as cutting
edge technological research and development
is necessary for the design and implementation of hybrid architectures. This strategy specifically relates to “virtual augmented real zone”
and Delft University Protospace as reported by
Hubers (2006).
•
Emergent virtual strategies as tools for challenging and redefining the existing conventions: Architectural schools can encourage
the exploration of novel teaching and learning methods blended with virtual worlds and
environments. The use of constructivist strategies such as crowdsourcing and open source
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design can pave the way to the development
of alternative design studio setups which are
less top-down, more inclusive and more student-oriented. This strategy relates to all virtual
world typologies and Burrow and Burry (2006),
Wojtowicz and Takenaka (2008), Schnabel and
Howe (2010) Madrazo and Riddy (2011) and
Achten et al. (2011).
•
Virtual parametric topologies as a source of
inspiration, a medium for form finding and
prototyping: Virtual mathematical models offer tools for generating an exhaustive amount
of form alternatives. Virtual worlds are potential spaces for the experiential evaluation of
these emergent topologies by the architecture
students and teachers. This strategy relates to
the “fantastic virtual zone” and Kolarevic et al.
(1997 and 2000), Hubers (2006) and (many numerous parametric studios which could not be
included here).
The strategies presented above can also be considered as design research programs for integrating virtual worlds into architectural design education. The
design studio obviously plays a central role in design learning (Schön, 1986). It is the main strand of
architectural education in which the students learn
how to reflect and reflect on what they have learned
through their previous educational and other experiences. In this context, using the typological analysis and the strategies presented above, it is possible
to create alternative architectural and urban design
studio setups.

CONCLUSIONS AND FUTURE
DIRECTIONS
In this paper, we have introduced a new way of interpreting the virtual worlds by a typological analysis that visually (Figure 1) locates different worlds
according to their content and environments. Using
this analysis, we have discussed the properties of
these worlds in four groups: “the real virtual, virtual
augmented real, real augmented virtual and fantastic virtual”. This distinction was crucial for the discus-

sion of the capacities of different types of virtual
worlds that can mediate and support architectural
design education. Building on the typological analysis, we have proposed four different strategies for integrating virtual worlds into architectural education.
Overall, this contribution can be seen as a step
towards the revitalization of the architectural design curriculum to fit the needs of the contemporary
world. For the future development of this curriculum, the proposed strategies, project themes and
platforms can be combined in different ways to create and implement novel integrated design studios.
For instance, in a specific design workshop, emergent functionalities and behaviors of virtual spaces
can be used as a resource for extending the limits of
real architecture and by this way students can challenge the existing conventions of the architectural
design thinking.
The results of these design studies can be used
to compare the strengths and weaknesses of these
alternative setups. In this sense, spaces which are a
combination of virtual and real worlds can be seen
as unique and new design research programs which
allow “open fields” for exploration. In contrast with
traditional design studio setups, these virtual world
integrated programs have the potential to promote
intense inter/transdisciplinary collaboration and
knowledge transfer, as cutting edge technological
research and development are inevitably necessary
for the design and implementation of novel spaces.
It is clear that, in the future we need to find alternative ways for encouraging students to think
of their own position within the professional field
and create novel ideas/concepts/solutions that
are not merely grounded in the current conditions
and problems and go beyond them. In this context,
novel virtual worlds can be seen as highly suitable
media for activating these types of educational approaches in the future. However, the complexity
and inflexibility of the existing virtual and the real
environments (the educational institutions) are the
biggest threats to the virtual world integrated educational practices. Therefore, conducting research

on novel flexible and simpler types of virtual worlds,
creating alternative use scenarios and introducing
new pedagogical approaches are essential for developing this field further.
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Physical and Digital Models for Electronic Spaces
The 3D virtual re-building of the Philips Pavilion by Le Corbusier
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Abstract. The aim of this academic research was to analyze one of the first architectures
designed and built with the finality to present electronic potentialities to people. The
design was developed by Le Corbusier and his studio for the International Expo held
in Brussels in 1958, for the Philips firm, and it was destroyed some months later, after
the event. The research investigated the complex geometry of the structure in order
to understand the strict relation between the physical perception of the space and the
electronic aspects of them, using advanced technology, but, above all, if it is true that the
best way to understand the physicality of a destroyed architecture could be a virtual visit
using electronic devices and digital procedures.					
Keywords. Architecture; digital reconstruction; virtual space; geometry; representation.

INTRODUCTION
In 1956 the Philips art director, Lois Kalff, asked Le
Corbusier to design a Pavilion for the 1958 Expo exhibition in Brussels. As the assistant of the architect,
the engineer Iannis Xenakis, remembered, Kalff required to Le Corbusier some detailed information: “I
would like that you design the Philips Pavilion without
exhibiting our products. A demonstration among the
most ambitious about the effects of sound and light,
where the technical progress could lead in the future”
(Xenakis 1976). The architecture, called by Le Corbusier ‘Poème Électronique’, using an oxymoron of
undoubted efficacy, which refers at the same time
to the natural idea of the poetry and the artificial
component of the technology, should be among
the most influential and pioneering works of the
twentieth century, for the specific role in the field of
the presentation of the idea of future, as a game of
colors, lights, sounds, videos.

The aim of this research was to study the geometrical genesis of the project, in order to understand all
the particular surfaces that characterize the volume
of the building, trying to describe the procedure
used by the designers to generate them physically
and to re-build every form with digital instruments
to compare the different models in the way it is possible to do.
To remember some important dates of the project, we have to consider that Le Corbusier accepted
the proposal on 13 October 1956, and some days after there was the first idea of the form. In November
there were some detailed drawings on the sketchbook of the architect and in December the second
solution of the project was defined at the 1:200
graphical scale. In the meanwhile some physical
models were realized in order to comprehend the
complex morphology of the architecture, and to verify the analysis of the deformation of the structure.
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After the studies of the geometrical form, there
were the ideas of the organization of the event in
which the participants should be involved during
the performance. Le Corbusier decided to ask to
Edgar Varèse to find the soundtrack of a video that
should be projected on the interior walls of the pavilion. Despite the opposition of Philips, that did not
like the music of the composer, in September 1957
Varèse arrived in Netherland to define the final music composition. On 17 April 1958 there was the official inauguration of the Pavilion, but immediately
it was closed to be re-opened on 2 May, due to the
complexity of the system. After six months of free
exhibition during the Expo and about two millions
of visitors, on 30 January 1959 the architecture was
destroyed, otherwise there was a proposal of Le
Corbusier to transform it in a center of scientific research.

GEOMETRICAL GENESIS OF THE
PROJECT
The main idea of the project was defined in some
sketches realized by the authors. First of all there
is a very simple one, by Xenakis, that describes an
instrument used to identify the main morphology.
It was based on two metal sticks, called “A” and “B”
in the figure, united each other with some elastic
bands. The first ones were called “directrice”, the
second ones “génératrices”. Moving them with the
hands allows to reproduce, as it was a game, a series of spatial surfaces, classified in the theory of De-
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scriptive Geometry as a particular type of ruled surfaces: the “hyperbolic paraboloids”. In reality before
reaching this result there were some partial steps,
that have been defined only thanks to the use of this
technical instrument. The initial idea, in fact, should
have been to represent a stomach, as it was drawn
for the plan, where entrance and exit would determine the explorative capabilities of the space, but,
in the same time, the concept of the bottle should
be the focus of the research, as we can find in some
sketches by the architect.
As Xenakis said: “In October 1956, Le Corbusier
proposed to ‘translate mathematically’ some ideas. He
gave me a sketch. Le Corbusier [asked me] to look for
a form of a bottle containing the ‘nectar of the visual
presentation and of the music’ for the building. For the
cinematographic show, he wanted to have vertical
walls. For the spatial effect, he asked a bottleneck tapered up to the roof of the pavilion where the projected
images would disappear” (Xenakis 1976). Then the
idea of the bottleneck developed in that of a ‘tent’, in
which the inclined walls would have been incurred
each other, thus avoiding the need for an internal
supporting structure.
Once again we can find in the description by
Iannis Xenakis the best explanation of the composition procedure: “To choose one of the surfaces of the
pavilion we proceeded more or less fixing the selected
geometric curve in correspondence of a specific drawing. […] For this architecture in three dimensions the
architect has to think not only in plan: he needs a
three-dimensional representation as the elevations
aren’t only the result of a parallel movement obtained
by the orthogonal projections. The new heights of the
three cusps have been chosen and their projections
were determined on the horizontal plan, to increase
the size of the central cone “L”. The first cusp was set at
21 meters above the ground, the second at 13 meters
and the third at 18. Later, using both the experimental
tool and the descriptive geometry, all the paraboloids
were modeled, with the conditions that the intersection with the horizontal plan would conform the primitive scheme of the plan itself” (Xenakis 1958-59).

Figure 1
The Philips Pavilion at the
1958 Expo in Brussels.

Figure 2
Sketches by Xenakis showing
the instrument used to generate the form, the first idea of
the plan as a stomach and the
evolution of the plan.

Figure 3
Drawings and sketches by Le
Corbusier showing the idea of
bottleneck and a graphical representation of a ruled surface
(the „tent“) by Xenakis.

The graphical tool becomes a device very useful to
understand the work in the whole development,
despite the difficulty of grasping the project in its
spatial dimension. Tables and geometric diagrams
with orthogonal, axonometric and perspective projections, alternate to make explicit the genesis and
evolution of the morphology. In particular, the hyperbolic paraboloids are represented in the projective form making use of descriptive geometry, as to
identify the development of each individual surface.
From the analysis emerges, as will be confirmed by
the digital restitution, that each element takes place
also under the floor, and for this reason we decided
to evaluate only the upper part of the surfaces, leaving out everything that stays under this plane. Although many graphical documents were destroyed,
some of them are still available because they were
published in the “Philips Technical Review”.

GRAPHICAL MODELS OF SOUND
In addiction to the genesis of the form we have to
consider also the relation between architecture and
music, that Xenakis was experimenting as a musical
composer. In fact, he proposed a graphical method
to describe the sound, particularly with his work
“Metastasis” and thanks to the theoretical proposal
of the Modulor created by Le Corbusier. It is not a
coincidence that the architect himself, impressed
by the hypothesis of the assistant, would include in
the book Modulor 2 a text and two images describing the musical score by the composer. In the note
Xenakis was very explicit: “In the composition ‘Les
Metastasis’, for classical orchestra of 65 elements, the
role of architecture is direct and fundamental thanks
to the modulor. The Modulor found an application in
the essence of the musical development. […] The six algebraic and temperate intervals of the range of twelve
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Figure 4
Plan and perspective drawings
about the final solution of the
Pavilion.

sounds are emitted in times that are proportional to
frequencies. […] The sequence of temperate intervals
is a geometric progression. The times will be the same.
[…] On the other side, time has the additive property. A
period can be added to another one and their sum is a
period too. […] Among all the geometric progressions,
there is only one in which the terms have this additive
property. It is the progression of the golden section.
Here is how the idea of the Modulor created a close
structure link between the time and the sounds” (Le
Corbusier 1974). And in another text the composer
explains the relation between Metastasis and the
experience of the Philips Pavilion, above all in reference to the raising and lowering of the height of
the sound, known to specialists with the term glissando: “If the glissandi are long and well intertwined,
we could obtain some sound spaces in continue evolution. Among the possibilities, then, there is also that
one that allows to arrive graphically (drawing the
glissandi as some straight lines) to project some complex surfaces. I have done experience in Metastasis,
the composition for orchestra which was executed in
1955 in Donaueschingen. Well, some years after, when
the architect Le Corbusier, where I worked, asked me a
proposal for the architecture of the Philips Pavilion in
Bruxelles, my project was developed by the experience
of Metastasis. So, I think in that occasion music and architecture found an intimate correspondence” (Xenakis 1962).
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PHYSICAL SCALE MODELS OF THE
PAVILION
A large number of models were realized by the
authors to understand and verify the correctness
of the morphology. The first ones were realized in
wireframe structures, to describe the ruled surfaces
themselves. They are very impressive because they
represented in a simple way the complexity of the
form and the articulation of the structure. Thanks to
this abstract models it is possible to understand the
generative procedure in every single step to transform the initial idea into the final solution.
Some others are at the same time important
because they wanted to define the real opacity of
the volume, with all the inclined walls in evidence.
Then there were two particular models, the first one
Figure 5
Graphical representation
of the musical composition
‚Metasatsis‘ by Xenakis.

Figure 6
Wireframe abstract models to
understand geometry.

in 1:25 scale and realized in plaster, constructed to
verify the possible deformations of the structure
subjected to its weight and to accidental loads. The
second one was realized in 1:10 scale to analyze the
assemblage of the plates of the walls and the placement of the cables that should put the structure in
tension to ensure the stability in time. The study on
scale prototypes allowed the subdivision in one meter squared parts all the surfaces, regulated by a grid
of straight lines. The same elements was useful also
for the construction, as during this phase was realized a temporary framework which reproduced the
drawings of the base composition, able to allow the
assembly of about two thousand of fragments of paraboloids, which will be united with concrete, using
prestressing steel cables, to weld all the elements
together.

DIGITAL MODELS OF THE PAVILION
After having analyzed every single documents, such
as pictures, drawings, texts, we started the geometric reconstruction of the Philips Pavilion, with a double finality: knowing better the procedure used to
design the form, and realize a photorealistic model
to explore it with a three-dimensional walk-through
algorithm.
The first step was the realization of a series of
simplified models to allow and understand better
the real configuration of every single parts. In particular the use of the color was very important to associate every element to the corresponding shape,
so to identify single units in homogeneous way, and
operate all the necessary deformations to obtain
the final aspect of the model. After having identify
the linear structure on which anchor the hyperbolic

Figure 7
Models at different scale to
verify deformation of the
structure.

Virtual Architecture - Volume 1 - eCAADe 30 | 751

paraboloids of the walls, we started the spatial geometrical reconstruction of every single paraboloid,
drawing it in orthogonal projection. The complex
grid allowed us to understand the three-dimensional parts that compose the Pavilion, confirming the
extension of all the surfaces under the floor.

To verify the correct execution of the constructive
operation we decided to slice the model in progression, both in plan and in elevation, in order to render
totally visible the architectural space.
As a precise correspondence between the digital model and the graphical information from archives and publications was found, we developed
further the representation to realize a photorealistic
scene, using some algorithm of light simulation and
texture mapping, and reconstructing all the main
buildings of the area inside the Expo.

Figure 8
Digital studio models to understand the genesis of the form
(elab. M. and M.S. Soraperra).

A SHORT DIGITAL VIDEO ON THE
PAVILION

In the meanwhile some digital models in wireframe
representation - similar to the physical ones we
talked about before - were realized to comprehend
above all the behavior of the hyperbolic paraboloids
under the ground floor.

The large flexibility of surfaces now allowed in generating digital forms permits us to obtain an equivalent model to the original one, although we did not
use precise quoted drawings as starting documents.
The geometry, then, was obtained with the interpolation of surfaces from the analysis of the position of
cusps and of main inclined elements on which the
surfaces should be anchored. As the heights and
the plan geometry were known from the technical
drawings of the archive, it was possible to define the
main volume of the project.
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The last phase was dedicated to the creation of a video animation using digital technology. In this case
the aim was to render the procedure of the composition of every single form from the beginning to the
construction. The idea was to express directly and in
an impressive way the relevant steps of the research,
from the analysis of the geometry, transforming the
flexible bands we talked about in the beginning into
a digital representation, to reconstruct all the surfaces and to have a realistic simulation of the scene.
We defined a series of key-frames to realize
some relevant sequences. In details we reproduced
the sticks and the elastic bands of the tool used by
Le Corbusier, and their continue movement until
the position in which the single surface appears.
Definitively, it was such as Le Corbusier’s hands
were moving and searching the correct location for
every element, but translated in digital form, adding all the parts that characterized the architecture
itself (details, furniture, devices, etc.). The physicality
of author’s hands were transformed in a set of digital frames, hiding the hands and making the sticks
moving by themselves.

CONCLUSION
The research on the Philips Pavilion allowed to compare the difference between the traditional composition of this design, utilizing drawings and sketches
but, above all, physical maquettes and the digital
analysis made with new technologies, based upon

Figure 9
Digital representation of all
the hyperbolic paraboloids in
the whole development (elab.
M. and M.S. Soraperra).

Figure 10
Vertical sections of the digital
model (elab. M. and M.S.
Soraperra).

Figure 11
Photorealistic view of the
digital model in the area (elab.
M. and M.S. Soraperra).

Figure 12
Key-frames of the sequence of
the video, describing the development of the form. (elab.
M. and M.S. Soraperra).
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digital reconstruction of abstract and figurative
models.
The great use of scale models made by Le Corbusier and his assistants to verify and choose the
best solution of the morphology, showed how a
complex form could be realized without the utilization of digital instruments.
The possibility offered by the video to describe
step by step the designing procedure has given an
added value to the research, showing how the potentiality of the digital model stays not only in the
formal registration of the volume of the architecture,
but also in the development of the research itself.
The mixture between traditional methods and
digital ones could offer the best solution to explore
and understand an architecture in the best way.

NOTE
A part of this research was done during the graduation thesis of Michele Soraperra and Mery Simonetta Soraperra at the IUAV University of Venice, titled
‘Padiglione Philips (1958). Analisi della geometria
configurativa e ricostruzione digitale’, Academic Year
2007-08, Supervisors Prof. Alberto Sdegno and Prof.
Agostino De Rosa.
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Abstract. Virtual environments, originally seen as less-than-perfect replicas of physical
world, acquire their own identity with unique visual and spatial logic. Identity that now
starts permeating back into everyday life and informing what is expected or acceptable
within physical reality. The distinction between the actual and virtual fades when seen
through the screen of a smartphone, experienced through a navigational system of the
video game console, or manifested by media rich culture often confusing a product
with an image. The paper considers massive multiplayer online role playing games
(MMORPG) as the analogy to an urban ritual/happening and places AR in the broader
context of the mobility-on-demand culture, location-based and ubiquitous technologies,
and the authoring of the public realm. It also explores how we can take an advantage of
the urban mobility for crowd sourcing, social networking, and multi-player gaming as
well as non-normative use of public spaces.
Keywords. Interactive environments: Video games: Electronic social networks: Massive
Multiplayer Online (MMO) Games: Virtual Urbanism.

INTRODUCTION
Urban landscapes, and public spaces in particular,
are increasingly defined by contemporary digital
culture. A multitude of electronic devices augment
our daily lives and the ways we function within
them. Video cameras oversee public safety, sensors
track daily commutes, and wireless communication
interconnects individual nodes into broader networks. At the same time, individual users and their
mobile devices extend these data networks through
location-based and personal content to form usercentered data landscapes. Peer-to-peer user-powered networks allow for direct, yet often anonymous
communication that leads to new forms of social
participation. They provide unique opportunities for
creativity and respond to our new expectations of
globally connected, locally situated lives.

The growing digitization of urban environments
reflects a broader cultural shift associated with
ubiquitous electronic networks and the place of
media in our society. It also redefines the role an individual plays within society and, associated with it,
new forms of identity, ownership, and authorship. It
promotes peer-to-peer communication with social
self-organization and forming (sub)cultural identities. Information and ideas are no longer distributed
hierarchically, but rather are shared laterally among
network nodes/users. Through this act of sharing,
a new knowledge is formed, often without a single
author or owner. An open-source intellectual property marks the return to communal thinking, working, and authoring. This new paradigm of ownership
and authorship of public domain creates opportuni-
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ties for the democratization of the public realm as a
balancing force to governmental and corporate interests.
This paper focuses on new opportunities arising from current electronic culture. It considers
contemporary urban landscapes as a synergy of
physical form with cultural heritage and with the
social dimension of digital technologies. In this new
scenario, cities become multidimensional mediascapes with visually rich and emotionally engaging
narratives. They become platforms for open and
anonymous collaboration achieved through media
overlays and game-like environments.
This new urban dimension is enabled by ubiquitous mobile devices. Always on, location-aware
smartphones serve as portals to enter and navigate
these multimodal landscapes. Geographic data, personal preferences, and audiovisual narratives merge
into a single data-based landscape that extends the
conventional definition of public spaces. Unlike users of past media, participants in these e-landscapes
are both consumers of the media culture-location
continuum and its creators. Due to their bidirectional operability, mobile devices serve both as receivers and as originators of data. Through the data collected by individual mobile phones, we are able to
understand the dynamics of social groups and their
interests.
The trajectory of the progression from urban
to digital and mobile location-based networks suggests a further evolution of the concept of communal space that may offer functionalities similar
to those of “Web squared” (Web 2.0). The combination of digital and mobile networking could result
in analogous “city squared” (City 2.0) architecture
where buildings and spaces actively interact with
users as well as monitor their own performance.

MAPPING WEB2.0 TO CITY2.0
The current progression from Web 1.0 to Web 2.0
(Web squared) is indicative of broader changes in
the way we act and set expectations toward the
surrounding world. Concepts behind Web 2.0 are
being adapted to other disciplines, such as finance,
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management, and education. In a 2.0 paradigm,
businesses benefit from users’ feedback, increased
knowledge sharing, [1] and more effective marketing reaching a broader customer base. Similarly, in
education, the Web 2.0 paradigm shifts the focus
from presentation to participation, from access to information to access to people—teachers and classmates—effectively reframing the role of the faculty
in academic teaching from knowledge source/expert to facilitator of learning. [2] In all these examples, the focus of businesses and academia changes
from knowledge-source centered to user centered.
However, in this new framework, consumers (students and users) are moving away from pure consumption and becoming content producers as well.
Similarly, the Web 2.0 framework ports into
urban environments and public spaces. The correspondence between Web 2.0 and urban spaces
is clearly denominated by a common framework—
social networks. Urban spaces are no longer exclusively defined as a distinct collection of physical
buildings but as a dynamic network of inhabitants
who actively contribute to the space’s image. The
traditional concept of a city and its mental image as
defined by Kevin Lynch (1960) is no longer sufficient.
The formative elements such as landmarks or nodes
may still apply in a media-enhanced city, but they
become more virtual and ephemeral than in a traditional interpretation. Furthermore, these elements
may no longer be universally recognizable or shared
by the community nor contribute to universally
shared collective memories of a place. The repositioning of urban networks with a focus toward users unavoidably shifts the metal maps of the public
realm from objective “values” to subjective “feelings.”
The status of a node or a landmark becomes context
and user dependent.
City 2.0 returns to the phenomenological dimension advocated by Christian Norberg-Shulz.
Discussed by Norberg-Shulz, the idea of genius
loci (spirit of place), a combination of place and the
phenomena associated with it, resurfaces in today’s
media-enhanced cities as a relevant and potent concept. Location-aware functionalities present in ubiq-

Figure 1
Corresponding parities
between Web 2.0 and Architecture 2.0.

uitous mobile culture map directly onto the idea of
genus loci as it relates to tangible and intangible
human experiences. Media facades and mobile augmented reality extend the realm of the nonphysical
setting of a place and the ways the “atmosphere” of
the place affects the participant experience.
The key attributes of Web 2.0, such as interactivity,
crowdsourcing, context-specific behavior, collective
knowledge, and collective authoring, directly link to
similar categories within architecture and the public
realm. In architecture, city, or the public realm, terms
such as “participation,” “private and public,” or “collective memories” are familiar code words for usercentered design.
Figure 1 shows a number of corresponding
parities between Web 2.0 and Architecture 2.0: “interactivity” and “participation,” “context specificity”
and “private,” “ubiquity” and “public,”, or “collective

wisdom/crowdsourcing” and “collective memory”
as defined by Aldo Rossi (1982). “Interface” is another shared concept. Architecture and design can
be seen a form of user interface (UI) focused on optimizing user experience (UX). The concept of a city
as UI and UX to some extent is already present in A
Pattern Language: Towns, Buildings, Construction,
by Christopher Alexander. In this book, Alexander
defines rules of spatial design based on observations how people interact within and experience
urban spaces. He argues that these behavioral patterns should inform the built environment. Interestingly, his patterns could inform not only the physical
but also the virtual world. The creator of SimCity, The
Sims, and Spore games, Will Wright, acknowledges
the influence Alexander’s work had on his games:
“[a] more appropriate source of inspiration we have
found is things like architecture, and product design,
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because those are inherently more interactive design
fields. SimCity was actually originally inspired by Chris
Alexander, and going back and looking at design in
general I’ve found a lot of inspiration from Charles and
Ray Eames, Jay Forrester, Jane Jacobs, all the people
who are sort of spanning the division between design,
theorist, and a specific field – you know, urban design,
architecture or whatever. I find that triangle really interesting to draw inspiration from.” [3] Wright is one of
many who see architecture and the city as a creative
framework for media-based environments.
The mappings between Web 2.0 and City 2.0
are possible because both environments, Web (network) and city (public realm), are spatial and social
constructs. They go beyond linearity of experiences
with a multiplicity of depths and bifurcating possibilities. Their strength comes from the ability to
interconnect individual nodes and create a system
that supersedes its individual components. In many
ways the Web and the city are two versions of the
same interdependent social and cultural pattern.

PUBLIC REALM AS SOCIAL MEDIA
If we acknowledge architecture and design to be
a form of the UI defined by UX, then a question
emerges as to what extent we can consider architecture and the city as cultural and social media. It
is difficult to deny this perspective on architecture,
looking at the role architecture historically played
with its gothic cathedrals or baroque churches. In
the context of contemporary electronic media, however, this synergy between physical and virtual may
be harder to get consensus on. While architecture is
intimately intertwined with a social or philosophical message (causes), this is often underplayed in its
relationships to contemporary media and entertainment. To some, media may seem less permanent and
intellectually charged, and perhaps a less serious enterprise as compared to design or architecture. However, the media component not only extends the
definition of architecture and the public realm, but
also redefines its relationship to the public.
Electronic media provide a new definition of
landscape and opportunities for its use. In media-
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enhanced spaces, the traditional concept of landscape serves as the interface for human interactions,
information navigation, and entertainment. Media
landscapes become interactive and reactive environments reflective of the human relationship with
surroundings. They are not merely spaces that we inhabit, but also co-participants impacting and reformulating the roles we play within them. These new
spatial and landscape attributes openly redefine the
role architecture could play in the future, particularly its primary reading as a constant and permanent
inscription into the landscape.
Web 2.0, as one of the indicators of current media culture, not only redefines the way we interact
online, but also sets new expectations toward daily
activities and physical environments. Accustomed
to dynamic and interactive media interfaces, users expect similar flexibility, adaptability, and intelligence from everyday physical spaces and objects
as from digital constructs. Digital counterparts to
the traditional, physical public realm may replace
its particular elements or bring back elements that
are already nonexistent, but most likely they will become an added layer of information inscribed onto
the preexistent space.
Cities are no longer the places they once were,
or perhaps they are more so—forming novel and
sophisticated social possibilities realized through
electronic networks that interconnect with the social, artistic, economic, and political lives of citizens.
Cities are no longer purely physical artifacts—they
are media, rooted in a graphical user interface (GUI),
fine-tuned for the optimal user experience (UX), and
accessed through ubiquitous networks and mobile
apps. From cinematography we have adopted discontinuity of time and space, with its in-synchronicity of interactions and unexpected causality. At the
same time, we expect to be continuously plugged
into a larger, ubiquitous technological continuum
of social networks and data flows. Co-location and
direct interactions register differently today in the
context of electronic networks. However, this unconventional deployment of digital media and nonnormative urbanism may better align cities to their

Figure 2 (left)
Assassins’ Creed scene uses
medieval Venice as the backdrop for the game narrative.
Figure 3 (right)
The World of Tanks game
involves urban and landscape
scenery with topography
that affects game play and
performance.

original purpose as social space that responds and
promotes cultural and social growth, including commerce. Urban environments become prime testing
grounds for the physical-to-digital-and-back-tophysical metamorphosis cycle with an idea of digital physicality and physical digitality forms a core
theme of augmented urban lives today.

Figure 4
Mirror’s Edge scene with a
character engaged in the
parkour.

PHYSICAL/DIGITAL INTERDEPENDENCIES
While our physical world is being transformed by
the digital mindset, there is still a continued reciprocal relationship. Much of the electronic culture positions itself in reference to the physical world. It may
not be a coincidence that many successful games
such as Assassins’ Creed (fig. 2) or The World of Tanks
(WoT) (fig. 3) are deeply rooted in conventional (urban) landscapes. There is a persistency of forms and
naturalness to the physical world we know that allows for ease of navigation and communication of
ideas.
Our lives continuously shift between the simultaneities of urban realties and cyberspace. We, as
users, constantly alternate between “the real, the
imaginary, and the symbolic” without parsing them
into a simple duality of the physical and the digital.
These two sets of categories, Lacanian and technophysical, cannot be simply mapped by associating
the real with the physical, or imaginary with the digital. The nuances break apart any stylistically elegant
categorizations. Both and each, the physical and the
digital, can encapsulate Lacanian elementary registers in holistic, yet complementary ways.
The relationship between physical and virtual
is not just conceptual. It originates from the sum
of subjective perceptions of urban inhabitants who
merge their virtual and real lives into a single experiential continuum. We are engaged emotionally and
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socially in a vague combination of physical and virtual experiences. Within cities, virtual and physical
experiences seem to have irreconcilable yet mutually enriching relationship. Paradoxically, the more
virtual our experiences get, the more extreme our
real-world activities become. This can be traced to
the cross-pollination of parkour culture with urban
video games such as Assassin’s Creed or Mirror’s
Edge (fig. 4). Similarly, electronic social networks facilitate a public display of privacy often breaking social norms even though the actual communication
occurs in the confines of private solitary spaces.
Virtual environments no longer mimic the physical world that surrounds us. They manifest functionalities unique to this technological genre and
facilitate a new thinking about social networks. With
their own identity and unique narrative logic virtual
worlds permit users to redefine themselves. Users
can experiment with alternative identities unconditioned by their offline world. This digitally facilitated
identity, in turn, starts permeating back into everyday lives and informing what is expected or acceptable within physical world. This cross-pollination between the virtual and the physical is a fundamental
marker of contemporary life.
These location-based games redefine our relationship with the built environment and, more importantly, with each other. They allow interactions
with strangers in ways uninhibited by socio-cultural
conventions, assuming alternative identities and
forming ephemeral, yet fulfilling, relationships with
anonymous urban co-habitants. They fulfill Eliade’s
concept of fulfillment associated with contributing
to, or being part of, a greater cause. While these can
be delightful moments, the question this paper also
pursues is how these new electronic interactions
cause us to redefine physical and social structures
of everyday lives. To what extent digitality informs
physicality and physicality is rooted in our digital
worlds.
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SOCIAL GAMES AND ARTS IN URBAN
SETTINGS
Recent technical advances and the broad adoption
of mobile computing have created new opportunities for greater integration of digital technology with
the physical environment. Mobile phones have become powerful handheld computers that not only
assist us in daily routines but also facilitate new
forms of connectivity and affect the ways we operate within our social structures. They have become
favorite traveling companions[4] and, more importantly, a new interface between us and the surrounding world—an interface we are increasingly
fond of and unwilling to separate from. Whether
checking the outside temperature, reading traffic reports, or just calling the next-door neighbor, we rely
on mobile devices as an intermediary in our dialog
with the outside. Distance or inability to make direct contact is no longer a prerequisite for their use.
While waiting for the subway or riding on a bus, we
turn to our mobile devices for communication, information, and, increasingly, entertainment. Whether
we call it learning, relaxation, or having fun, mobile
phones deliver it effectively through pipelines of
ubiquitous networks.
More and more, electronic communications are
perceived as equal to other forms of social interactions. Increasingly, being social means being connected and part of the grid. Research shows that the
deprivation of electronic connectivity creates the
same feelings of abandonment in young people as
is the case with non-electronic social interactions.[5]
While this alarms some and pleases others, the factual outcome is a world formatted to the size of the
phone and parsed into bites of images, tweet-sized
poetic communications, and data with a minuscule
lifespan of importance. We are beyond the point
where we can discard this as an age or gender thing.
Mobile devices are here to stay in one form or another. The more relevant question is how this technology is, or perhaps should be, used to empower
individuals and enrich society.

Figure 5
Human PacMan game.

With the advancement of ubiquitous computing
and the overflow of data, location and context become critical. Relevant information delivered in a
captivating yet simple way is at a premium. The
context, either geographic or semantic, emerges as
a critical filtering mechanism, a mechanism that differentiates between otherwise monochromatic digital landscapes. In such a scenario, mobile devices
become effective facilitators of social interactions by
allowing users to read and embed digital locationbased content. Multiplayer gaming environments,
electronic social networks, or mobile location-based
games enable a diverse range of encounters without
the need to personally engage with others face-toface 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. Now,
through augmented-reality (AR) apps, these games
are entering our physical surroundings, becoming context specific and a lot less virtual. As Simon
Games puts it: “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.”[6]

Originally developed by scientists at the University
of Singapore,[7] Human PacMan ported an iconic
1980s arcade game into the physical environment,
integrating mobile phone technology with a GPS
locative system. The AR version of the arcade game
used the streets of Singapore as the backdrop for
the scenery and game navigation. The game was a
direct translation of the original Pac-Man game concept, presented through a first-person shooter perspective [fig.5].
The same concept was used in other projects
such as Pac Manhattan,[8] where parts of Manhattan around Washington Square Park were temporarily into a physical-virtual game,[9] or more recently
in the Layar AR Pac-Man developed by NHTV Breda
University of Applied Sciences.[10] While the Human PacMan stayed true to the original game’s meversus-the-machine approach, utilizing GPS functionalities with a mobile screen as the window into
the game environment, Pac Manhattan is an analog
version that involves a multiplayer approach and
traditional voice phone communication. The Pac
Manhattan game is a less dynamic version of the
original game, with players on the streets reporting
their positions through the phone to human controllers who input data into the game console. In Pac
Manhattan and other games of the same genre, the
mobile technology is not yet the all-encompassing
and all-knowing information framework, but rather
a combination of multiple functionalities.
Pac Manhattan shares opportunities and impediments with massive multiplayer online (MMO) video games. While it provides an opportunity, though
not yet the functionality, for social interactions with
other players, it also is “dead” (off-line) for most of
the time. Like MMO games, it requires the availability of concurrent players, and as such, it is most effective as an event-based activity. Another example of
a mixed-reality game, “Can You See Me Now?”[11] is
a chase game played simultaneously on the streets
of a given city and online. Online participants can
interact with the “ground” team, exchange tactics
among themselves, and collaborate on the mission.
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Through the game interactions, online players gain
a unique reading of the city through the eyes of the
ground team. The physical urban context and feet
on the ground provide an additional layer of spontaneity and unpredictability that makes games more
exciting.
The Urban Interactive initiative blends mobile
technology, improvisational actors, and a scavenger hunt or mystery-solving urban challenges.
“It’s like being inside of a reality TV show. Without the
cameras,” organizers claim, adding, “We merge reality
and fantasy...and sometimes it isn’t easy to tell them
apart.”[12] Urban Interactive uses its own proprietary mobile app—Urban Sleuth—in combination
with prechoreographed acting sketches and traditional geocaching to diffuse the boundary between
the ordinary and the unexpected. Game participants
trace throughout the city while solving mystery puzzles. Occasionally, an improvisational actor appears
and provides players with additional clues. However, this cannot be taken for granted, since game
participants are never sure if the advice comes from
an actor-agent sent by game organizers or just from
strangers walking by who are willing to share their
opinion.[13] In many ways, Urban Interactive feels
less like a game and more like an elaborate artistic
happening. Developed for individual events, such
as college orientations and team bonding, these
games feel closer to theatrical productions designed
for refined cultural consumption rather than openended gaming worlds with adaptive narratives. Nevertheless, they provide an interesting conceptual
combination of technology and arts that integrates
well with the city life and its fabric.
Urban Interactive and Pac Manhattan place the
game action within open urban environments. The
events are partially prechoreographed, but they are
still the subject to the spontaneity of everyday public life and social reactions. For example, participants
in these happenings can try to enlist passersby to
gather information about opponents, ask for directions, or request other forms of assistance. In some
instances a supposedly random passerby can actually be another game participant disguised as a pe-
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Figure 6
Augmented Reality (AR) environment as social and design
activism.

destrian. This mixture of virtual with physical, and
real with fictional, forms evocative narratives that
redefine what is acceptable within public spaces.
These narratives also provide a sense of mystery
while reflecting and connecting to a broader media
(consumption) culture. While Pac Manhattan is reminiscent of earlier geocaching games that relied on
the simpler technology of GPS receivers, two-way
radio, and online broadcasting, Urban Interactive
proposes events that combine elements of reality TV
and theatrical production. These events are more in
tune with current media tastes but stray too much
from interactive participation toward performance
consumption.
The above examples are interesting game propositions; however, they may not be able to sustain
themselves in the long run. Their gratification is temporary and feels like an extension of leisure time, not
an effective way to learn, conduct business, or fulfill
the broader needs of everyday life. A number of location-aware apps attempt to fill this gap. AR games
and environments are often an intended part of the
commercialized world. The gamification of business
transforms location-aware apps into customer monitoring or opportunity-seeking applications. The pervasive Amazon.com phrase “Customers Who Bought
This Item Also Bought” reflects on this paradigm.
With the growing adoption of location-based applications including Foursquare, Yelp, and Google+,
businesses are increasingly looking for new ways to

engage their customers. Apps like VouchAR find discounts in local stores using their own database and
also by searching others’ sites, including Groupon.
Using the context-aware functionality, the app presents users with shopping choices—deals within immediate geographic proximity. While this is certainly
an innovative technology, in many ways it virtualizes
the physical shopping street setup present in many
commercial districts. In this case, AR technology
may allow for the reduction of advertisements and
billboards in cities by porting them from the physical to the virtual.
A similar transformation, relating to graffiti and
tagging, is being actively pursued by the city of San
Francisco, where “arts officials are embracing what
they say is a digital-age solution to the decades-old
problem of graffiti.” [14] These initiatives are made
Figure 7
Augmented Reality (AR)
environment as extension
of conventional first-person
shooter games.

possible by AR authoring apps such as ARTags or
Tagwhat that allow content creation and placement
within AR environments. This new content delivery method for the “decades-old problem” points
to another important distinguishing feature of AR
environments. Unlike the physical city, which by its
shared nature is always “on” and WYSIWYG (what you
see is what you get), the AR world can be turned off
and can be either WYSIWYG or non-WYSIWYG, allowing for privacy within the public realm.
Virtual environment allow for explorations of
inaccessible or not-yet-materialized designs. They
can be precursors of future physical urban spaces
and potent drives in their realization. This is the case
with AR and gaming environments (fig.6) developed
by Tremont Underground Theater Space (TUTS) initiative. This initiative is using AR gaming media not
only to popularize ideas of the adaptive reuse of the
abandoned public infrastructure but also to build
social constituency and connect with general public.
There are also old-fashioned war games. Like
the highly successful “World of Tanks” game discussed earlier, which is bound to the computer
box, the AR Conquar is a location-based strategy
game that combines the traditional MMO environment and location-based social networks similar to
foursquare. While it is still a relatively simple game,
something like Risk, Conquar represents a current
trend in grounding virtual environments in physical
settings. It connects the war theater to actual, physical surrounds to make players compete for various
control points.

EMERGING OPPORTUNITIES
The shifting focus from virtual-reality (VR) environments toward mixed-reality and AR frameworks
indicates the reexamination of earlier visions of
separated physical and digital worlds. The emerging
picture fuses both dimensions into a single continuum. The newfound physical context adopted by AR
games encourages players to push the boundaries
of social conventions and accepted public behavior.
Unlike more passive forms of entertainment such as
reality TV or even active-yet-confined console-based
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games, the AR framework incorporates physical activities and social interaction as well as encouraging
exploration, learning, and discovery. Furthermore, as
activities integrate digital media culture within the
built environment—cities—these games provide
an insight into our physical-digital selves and better
understanding of ourselves and our communities.
The gamificaiton of life and the contextualization of the virtual, discussed in this paper, directly
connect to the dialecticism of digital physicality
and physical digitality. When Urban Interactive entices possible customers with the teaser, “You are
the protagonist in the story. Why watch a movie, when
you can be inside one?”[15] it resonates closely with
Simon Games’ declaration, “Games are the new cinema.” The new media are getting an increasingly
strong hold on physical reality and are transforming
the ways we operate within it. Whereas the gamification of contemporary life is already an acknowledged trend in business, education, and social networks, the reverse tendency—the contextualization
of virtual selves in the form of location awareness or
the physical actualization of avatars—is still being
shaped by our hesitation toward restructuring our
physical surroundings. What does it mean for reality
when the digital becomes physical without losing its
intrinsic dematerialized/virtual properties?
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DIGITAL PHYSICALITY

vol. 1

Digital Physicality is the first volume of the conference proceedings of the 30 eCAADe conference,
held from 12–14 September 2012 in Prague at the Faculty of Architecture of Czech Technical University
in Prague. Physicality means that digital models increasingly incorporate information and knowledge
of the world. This extends beyond material and component databases of building materials, but involves
time, construction knowledge, material properties, space logic, people behaviour, and so on. Digital
models therefore, are as much about our understanding of the world as they are about design support.
Physical is no longer the opposite part of digital models. Models and reality are partly digital and partly
physical. The implication of this condition is not clear however, and it is necessary to investigate its
potential. New strategies are necessary that acknowledge the synergetic qualities of the physical and
the digital. This is not limited to our designs but it also influences the process, methods, and what or
how we teach.
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eCAADe — the association for education and research in Computer Aided Architectural Design in europe
– had its first conference in 1982 (Delft, the Netherlands). The association covers Europe, Middle East,
North Africa and Western Asia and works in collaboration with other major associations in the field:
ACADIA (www.acadia.org), ASCAAD (www.ascaad.org), CAAD futures (www.caadfutures.org), CAADRIA
(www.caadria.org), and SIGraDI (www.sigradi.org). eCAADe provides an international forum for reachers,
teachers, and practitioners in computer aided architectural design. Published papers are accessible via
the International Journal of Architectural Computing (www.architecturalcomputing.org) and CUMinCAD
(cumincad.scix.net).
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