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ABSTRACT

VISUAL STRUCTURES FOR GENERATIVE DESIGN SEARCH SPACES

Abbas, G¢nsu Merion
M.Arch., Department of Architecture

Supervisor: Assist. Prof . Dr . K
Co-Supervisor: Prof. Dr. Ahmet Cddaykan
May 2014 99 pages

With the adoption of computational strategies in design, the act of design, the process
of problem solving, and the interaction, understanding and the representation of design
artefactshas changed. With generative desigathod, the understanding of design
asartefactgivesway todesign as process. Generative methods entail multiple design
solutions, which enlarge the design search spaeeto the large number pbssible

design solutions. Regarding the automated design ameiprocess, the interaction

of thedesigner through the design process has been decreased. Hereby, there appears
a need for the amplification of designerly actiahsingthe design proceds assist
designersn the exploration o€omplex design seardpacesThis thesis investigates

the use of generative methods in design, and proposes visual structures as a visual
complexity management tool for complex design search spaces. Such visual structures
havethe potential to amplify the interactidmetweerthe design search spa@sithe

designers

Keywords: generative design systems, design search spaces, visual structures, genetic

algorithms, design variations
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Death is a state of morphosis.
Tothememory of my grandparents
Fazile ArslanSuna Céngeéll eojl u and Gg¢r
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CHAPTER 1

INTRODUCTION

This research focuses on design space exploration, the visualization of design
space in generative design systems and the management of complex design search

spaces from a designerly point of vie.

1.1.Research Motivation and Problem Definition

Design is an act that has been changing and evolving throughout the choades
technological developmentsParticularly during the last ten yearsyith the
developments in computation technologtes deign practicehangediramatically!
Such advances in technologsoliferated theligital designpractice Digital designs
the exgoitation of the flexibility and efficiencyof computes as too$ for the
implementationof computation methodas well ashe drafting and visualisinthe
design object

There are two terms that may illustrate the changemtemporarylesign practice as;
(1) computerization and (2) computatiorhe utilization of computeas a tool for
drafting, modelling and manufacturig@AD/CAM software)is the computerization
of design processeblere, the design process is eedult oriented and based on the
data organization and representation method@omputerization facilitated the
modellingandvisualization of designartefac{s) with increasecfficiency andspeed

Computation on the other handhad a more profound effect dne design practice.

! Spiller, N. (2008). Digital Architecture Now: A Global Survey of Emerging Talent. London, UK:
Thames & Hudson

2Menges, A., & Ahlquist, S. (2011). Introduction. A. Menges, & S. Ahlq@stmputationaDesign
Thinking (s. 1829). Chichester, UKJohn Wiley & Sons



Computation in design thearticulaton ofa generative logic that designated the codes
of design generation mechanism insteadrti€ulating a form?3 The convenience in
implementationof computation methodsvith developingcomputertechnologies
results inthe utilization of such methodas design exploration and generation tools
With the proliferation of computational methods in desidesign has growimto a
process of dynamic exploration, transformatamd a continuous searchWith this

shift in the design actdesign thinking has also betansformed into what is called
computational design thinking Computational design thinkgn requires the
multifaceted, interdisciplinary, generative and holistic understanding of a system
which considers design as a whole process

With computational design thinking, the understanding design problerhas also
radically changed Traditiondly, design problems are considered asddfined (or
wicked), due to theichangeable, ambiguous, muttbjective and subjective nature,
the.>8 lll -defined problems aii#t -formulatedand characterized by conflicting values,
confusing information andamifications.” Accordingly, ill-defined problems are
qualified as indeterminate problenas they donot hawe any definitive problem
formulation, initial states, a stopping rule or clear goals, problem constraints or
conditions and method® Therefore,ill -defined problemsavelarge, unpecified

and changing solution domaiffsHowever,in computational design, although the
problemsstill are ill-defined,they need to be clearly and unambiguously defined

together with thelesign goal (or objective evalian criteria) and a design generation

3 Kolarevic, B. (2000). Digital Morphogenesis and Computational ArchitectBreseedings of the 4th
Confernece of Congreso Iberoamericano de Grafica Digffgd. 98103). Rio da Janeiro.

4 Op. Cit.(Menges & Ahlquist, 2011)

5Simon, H. A. (1973). The Structure of-Htructured Problemértificial Intelligence(4), 181201.

8 Dorst, K. (2003)Understanding DesigmAmsterdam: BIS Publishers.

" Rittel, H., & Webber, M. (1973). Dilemmas in Garal Theory of PlanningPolicy Sciences, Volume
4 (Issue 2), 158 69.

8ibid.

Akén, ¥. (2001). Variants in design co®epigintion.

Knowing and Learning: Cognition in Design Education: Cognition in Design Edutgim 105125).
Netherlands: Elsevier.
ibid.
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method. The objective evaluation critenaed to be weltlefined and quantifiable
(such as performance/ fitness critega}o be able to computationajyide the design
process Here, caonputationcan only suppordesignif a description for problem
formulation and problem constraints that defined the solution doararclearly
defined

In approaches that make use of such understatigéngotion of a design problem,

the act of design, the design process, the dgsiartefact and the involvement of

the designerhave changedrhedesignartefactbecomeslynamic; it can be generated
and modified algorithmicallySuch design approaches and methods are termed as

generative design systems.

Generative design systems eleathe simulation, exploration and the generation of
complex geometries and evolutionary processes of patauehas swarm behaviour,

growth of pants and cities, and sociarders andnetworlks. As complex and
evolutionary processes of nature provide athmatical model and a scientific
explanation for the generation of complex structures and interactions, they also
provide a model for design generatidA.!® In generative design, such complex
systems are modelled by meansac$chema (or a procedure ar algorithm) that
encodes and regulates the design generation prd¢é3By articulating adesign

process by means of a schema, generative design systems replace the single end
product witha set of design alternativaad the idea of a proce¥sThe deggn search

11 Op. Cit.(Kolarevic, 2000)

2 Hensel, M., Menges, A., & Weinstock, M. (2004, May). Emergence: Morphogenetic Design
StrategiesArchitectural Design, 7@), 6-9.

13DeLanda, M. (2002). Deleuze and the Usehef Genetic Algorithm in Architecture. In Neil Leach
(ed.),Designing for a Digital WorldNew York: Wiley.

14 Soddu, C. (2006). Generative Design. A swimmer in a natural sea fe@merative Art International
ConferenceMilan.

15Kalay, Y. E. (2004). Arhizcture's New Media: Principles, Theories, and Methods of Compided
Design. Cambridge, Massachusetts: The MIT Press.

18 ibid.



spacethat consists of a set of possible solutions for a specified design ptéidem
diversified and broadened with the generatiohigh numbers of design itaces in

an automated fashiorAccordingly, for the act of searching by generatiagd
navigating in a design search sp&tehich is termed adesign space exploratipthe
supporting toolsare developed as a computational aid for designers to navigate
through the design space with the representation of design states by symsols.
sudh, design space exploration research aims to amplify design activities by the
development of design space organization and representation to incorporate the
designer into the computation procéss.

In noncomputationaldesign exploration processes, the igiesspace isformed
manually by the designer, and thereforaasrower in comparisowith the design
spaces of generative desigystems?! Here, he designer may need explore and
evaluate severallesign alternativeso find the most suitable design stbn and
prevent too-early design decisiong? Cross (2011)suggests two approaches for
problemsolving activity as; (1) deptfirst approach and (2) breaefinst approactt?
Depthfirst problemsolving isthe identification of a problem aritle exploratian of

its solutionup until the solution reaches a final evaluation. If the explored solution

7 Cagan, J., Campbell, M. 1., Finger, S., & Tomiyama, T. (2005, September). A Framework for
Computational Design Synthesis: W& and ApplicationsJournal of Computing and Information
Science in Engineerin@/ol.5), 17%+181.

8 Gero, J. S. (1993). Towards a Model of Exploration in Compaiged Design. J. S. Gero, & F.
Sudweeks (eds.) iRormal Design Methods for CAD (pqrints) (pp. 272291). IFIP, University of
Sydney.

®Woodbury, R., Datta, S., & Burrow, A. (2000). Erasure in Design space Exploration. (J. S. Gero,
eds.)Artificial Intelligence in Design521-543.

20 stouffs, R. (2006). Design spaces: The explicit representafispaces of alternative&lE EDAM:
Artificial Intelligence for Engineering Design, Analysis, and Manufacturing2R®1-62.

21 Cross, N. (2001). Design Cognition: Results From Protocol and Other Empirical Studies of Design
Activity. C. Eastman, M. Mc@cken, & W. NewstetteDesign Knowing and Learning: Cognition in
Design Educatiorfpp. 79105). Netherlands: Elsevier.

22 ibid.

23 Cross, N. (2011). Design Thinking: Understanding How Designers Think and Work. New York: Berg

Publishers.



fails, the designer starts again the exploration process from the beginning for the next
possible solutionThis associates witthe behaviour ohovice designer: Breadth

first problemsolving on the other hand, aims to broadéesignexplorationspace
towards thesubsolutions This associates wittthe behaviour ofexpert designer®.
Novice designers concentrate on less number of design variations witmthaitror,
while expert designerevaluate multiple design solutions in parallel to the problem
exploration proces¥ Accordingly, deptHirst problemsolving behaviour results in
narrower solution space by the exploration of less design alternatives; aaithbre
first problemsolving behaviour results in larger solution space with the exploration of
alternative solutiond-ere, premature design decisions associate with the-fegith
problemsolving behaviour that results in premature design decisions qudagnew
trials for design solutiongFig. 1). To overcomeesarlydesign decisionghe designer
might need t@enerate and exploeelarger design space and more design alternatives.
Generative design systems can broaden design spaces by algorithgeoaitgting

many design instances at once.

depth-first : novice designers breadth-first : expert designers
k oS X k ,
®s: X
F ¥y v U7
.31 .Sz .Ss ’54 .Sb
|
@S v

Figure1  Depth-first and Breadth-first Problem-Solving Behaviours

24 ibid.
Sibid.
2 ibid.



However,in generative design systentise high numbeiof design alternatives might
posedifficulties in the management and organization of the desearchspace’’

Similarly, design spacexplorationmight bechallenge.

With generative design systems, the digital tools become more than representation and
realization toolsand computation becomes the instrumanthe design generation.

Due to the complexity of the generative design processes, the representation as a tool
for design synthesiasnd desi gner 6s di ighoonpne @ useifot h t he pr
designers.However, @sign is a reflective practice thaequires a reflective
conversationwith the designer antthe statelsconditionsof adesigr design problen®

Design, therefore, requires the sensperceptiorinput (by drawing, modelling,
sketching, etc.) to construct anda@nstruct the design problewhgsignsolutionand

the conditionf a design spac@.Traditionally, visual representations play a crucial

role duringthe designprocesswhich the designeis in a dialoguewith a design
problem The designeuses representatisras a problersolving ta!*° and visual
representation mediatebetweenthe d e s i gcogmitivé activitiesand the design
artefact®! Visual representationsuch as drawings, sketches and physical/ digital
models according to Aki#?, are prominent duringhe design activity due taheir

direct correspondence with reality, and their accuracy based on desigA$oviisser
statesfit]he possibilities provided by sketches and other types of drawings compared
to those offered by pureBiphanumericepresentations, for example, witspect to

the ease of visualisation and manipulation and their corollaries may facilitate

270p. Cit.(Cross, 2001)

®%sch°n, D. A. (1983). The Reflective Practitioner: H
Basic Books Inc.

®Sch°n, D. A. (1992). Designing as Reflective Convers
Researchri Engineering Design, Vol(Bsue 3), 131147.

30Visser, W. (2009). Design: One, But in Different Formesign Studies, 38), 187%223., Elsevier

Publishing

31 Oxman, R. (1997, October). Design by-R@resentation: a Model of Visual Reasoning in Design.

Design Studies, Vol.1@ssue 4), 32847.

20p.Cit.( Akén, 2001)



simulation and other forms of evaluation of what are going to become physical

artefact® 33

Visual epresentations have a decisive role in the construction afetbign search
spaces since design search spaces dmmed by the representations of design
instancesAs a consequengeisual representationsf adesign spacare a crucial part

of designactivity.

A particular example for such case from generativeigie systems is genetic
algorithms which isa search for the optimum solutidduring the design generation
processes of genetic algorithms, it is the abstract genetic representations (algorithms,
genomes, rules, constraints, genetic operators etc.) thes ghe design synthesis
process rather than visual representatiofise genetic representation of design
alternatives cannot form a visual dialogue with the design artéfece, the role of

visual design representations is diminished, eliminating itlvelvement of the
designer from the generation proceBarthermore, in GA processes, up until the
generation of a design artefact, the designer is not in contact with the synthesis process.
Ther ef or e t h e refleetiseidiglogaerwihsthe digs procads and design

artefact(s) iglisrupted.

In genetic algorithmawith the automated design generation, visualization is not in use
and t he viseknvolyemremt i secisions is eliminated from the generation
phaseHowever, athe end of th design synthesis, the designer may need the display

of the complete design space that is the visual representations of design individuals
because the obtained solution nmay be the most suitable solution in reference to the
subjective criteria of a deger; such as aesthetical and formal anticipations. Within a
set of design solutions there may be a
subjective criteria and objective evaluation critefimother words, the subjectivity of

the designer shidd be equally valued as the objective evaluation of the generative

mechanism.

33 Op.Cit. (Visser, 2009)



Thisthesis is motivated by the challenges regarding design exploration, design search
space representation and complexity in design search spaces. Accordinghgdisis
tackles two problemshat characterize thgenerative design synthesis of genetic
algorithms:(1) designetprocess interaction/ involvement of a designerly evaluation
and (2)the management of design alternativfsig. 2 In this case, there arises the
neel t he
complexity of design spaces that also amplifies the visual dialogue of the designer with

to support desi gn¥andlselp manage that i on

the design generation process. a solution for these problensgveral methods are

proposed and discusséa following chapters

COMPUTATIONAL TOOLS
as a design generation method

PROBLEM ASPECT 2:
DESIGN SYNTHESIS

PROBLEM ASPECT 1: GDS
DESIGNER

automated design generation

reduction of designer’s visual
connection and evaluation
through the design synthesis

the need for the amplification of
visual guidance and the
designerly evaluation

Figure 2

SUGGESTION FOR THE SOLUTION :

Flowchart

1.2.Research Questions

generation of multiple solutions

expansion in design search space

the need of an assistance for the
complexity management in
design search space

VISUAL STRUCTURES

There are two main research questions that direct this research:

34 Op. Cit.(Stouffs, 2006)




1 How can designerly actions be amplified during generative design progesses
1 What are the different ways ofganizinga design search spate manage

multiple design solutions?

1.3.Research Approach, Methodology and Outputs

This thesis approachéise design asninterdisciplinary fieldof research by various
disciplines from natte to computer science. The methods and terms of various
disciplines make creative designxtensive and a rich research arehich are
favourable to interdisciplinary approaches. Within this context, the theoretical basis of
this research is motivated dyetinfluence of various disciplines such as evolutionary
biology, systems science and computational design.

The research methodology is based on three phases: (1) a critical overview of the
literature on generative design systergsnetic algorithms and ehconcepts of
emergence and population thinking, (2) the construction of a framewodes$gn
search space structuringnd (3) severalvisual structuringapproacheshat are

suggestedor generative design systems.

1.4.Chapter Outlines

Chapter II: Generative Design Systems

Chapter Il is a literature review on theoretical background on generative design
systems. Several concepts that characterize generative design systems are explained,
genetic algorithms is introduced a generative design system.

Chapter llI: Visualit y and Generative Design Systems

Chapter Il discusssthe role of visuality in GDS, and how it has changed as the
understanding of the act of design and the role of the designer.

Chapter IV: Structuring the Design Search Space

Chapter IV preents, exemplifies and discusses the rogtratturing the design search
spacein design processes based on genetic algorithms as a method to manage large
solution spacesin this chapter three methods for visual structuriighe design

search spaceperceptiorbased, retrievabased, optimalitpased visual structures)

are discussed.



Chapter V: Conclusion
Chapter V is the conclusion of this thesis which summarises the research process and

findings and suggestions for the future study.

There are thee phases thétis thesis follows as; (Fig) 3

[ Thesis Inquiry W
A

-H\ l
[ Generative Design Systemns — +
1 iy

[Gen etic Algorithms J

Complex Design
Search Spaces

Design Space
Representation

NOILYHO1dX3 NIYWOJ

Literature Review

l Proposed Framewaork for Visual Structures

[ Visual Structures ]

AHOMIWVHL IHL 40
— NOILDNYLISNOD —

Visual Structures- Implementation Suggestions
Evaluation of -

Visual Structures

— NOIVNIYA ] ———

Figure3  The Structure of the Thesis
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CHAPTER 2

GENERATIVE DESIGN SYSTEMS

A generative system is one in which the interaction of the rules, and nothing else, will
creae the thing.
Christopher Alexander
Notes on the Synthesis of Form, 1964

2.1. Defining Generative DesignSystems

Generative design systenae systens that employ computational methods
specificatiors (algorithms or ruleghat encodé¢he production of the design artefact

These systems can be consideredegsyn generation methods that explicitly facilitate

design exploratioand entail divergence in design search space by generating multiple
design alternatives®3% 3’ Soddu (2008) asHs that the generative design systems
imitate nature to design and simulate the codes and ends with multiple and un
repeatable design variatioffsAccording to Shea (2005), generative design systems
foster novel and efficient design processes that extehde desi gner 6s ¢

through the exploitation of current computation and manufacturing technof8gies.

35 Op.Cit.(Soddu,2006)
%G. Dino, K. (2012). Creative Design Exploration
Middle East Technical University Journal of the Faculty of Aeattitre, 204224.
87Krish, S. (2011). A Practical Generative Design meti@azmputerAided Desig3 ), 8§ 100
38 Op. Cit.(Soddu, 2006)
%9 Shea, K., Aish, R., & Gourtovaia, M. (2005). Towards Integrated Perforriareen Generative
Design ToolsAutomationin Constructioii14), 253264.
11



Kalay (2004) defines generative design systems as systems that designate the

generating mechanism and the process that generates the desigh*a(feitad)

design artefact(s)

%—» Gbs —— @

Figure 4  Generative Design Process

Generative design systems use algorithms/ scilempeocedure for design
generation?! With algorithms, GDS designate the generation logic of a design
mechanism? With the degjnation of the generation logic, rather than articulating a
design artefact, the design generation process is desigiiee. emphasis on the
process makes GDS as production mecharifsimat enlarged the design search space
and enable the divergence in dusion set by its dynamic transformational process
that generates variations of design solutittnThe design artefact innon
computationaldesign processewhich isa singular end produgtbecomes multiple
design alternatives in GD%8.As well as the chamgin the concept of the design

artefact, the act of designas changedo the act ofgeneratingpossible design

40 Op.Cit. (Kalay, 2004).

41 Op. Cit.(Dino, 2012)

42 Op.Cit. (Kalay, 2004).

43 ibid.

“4ibid.

45 Op.Cit. (Kolarevic, 2000).

46 each, N. (2009). Digital Morphogenesfschitectural Design, 7@), 3237.
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solutions?’ With GDS, design activityshifted froma formmakingto a formfinding

process*® Formmaking is a method of static and traditiofmim generation that is

dominated by the formal decisions of the desigffer’ On the other hand form

finding is a process of computational form exploration that seeks for an appropriate

form throughout the design generation procéss form-making, thedesign decisions

predicates the decisions of tesigner, while foraiinding is a search for the form

5253 Accordingly, the concept of formshifted tot he concept of oOfor

means that the form is a resultaoitinuous transformatiott

Generéve design synthesis processes draw a framework which follow and repeat four
operations as; (1) representation, (2) genera{®nevaluation and (4) guidance (or
feedbacR®).>® These phases have inpuitput relation; for instance the output of the
generdon is the input of the evaluaticn.

According to Cagan et. al. (2005); (Epresentationis the cognitive modelling of a

design problem andié hel ps deter mi ne t he appropri
me ¢ h ani s gehdrationis then [realion ofthepast and t he whol eé

evaluationisthen [ a] nal ysi s of how well it meets

4TWoodburry, R. F. (1990Bearching for Designs : Paradigm and Progr@skool of Architectures.
Paper 62.
48 Op.Cit(Leach, 2009)
4ibid.
50 Op.Cit. (Kolarevic, 2000).
51 Coenders, J., & Bosia, D. (2006). Computational Tools for Design and Engineering of Complex
Geometrical Struares. K. Oosterhuis, & L. Feireiss (eds.)@ame Set And Match II: The Architecture
Co-laboratory on Computer Games, Advanced Geometries, and Digital Technpgiear1278).
Rotterdam: Episode Publishers.
52 Op.Cit. (Kolarevic, 2000).
53 Carpo, M. (2a3). The Ebb and Flow of Digital Innovation: From Form Making to Form Finding
and BeyondArchitectural Design Special Issue: The Innovation Imparative: Architectures of \itality
56-61.
54 Op.Cit(Leach, 2009)
55 Mitchell, M. (1996). Genetic Algorithms: mOverview.Complexity, (1), 31-39.
56 Op.Cit (Cagan, Campbell, Finger & Tomiyama, 2005)
7ibid.
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and (4)guidancei s t he #nA[f]eedback on I mprovements

i t e r dntcaseofaptomizatiodased generative proceduresdaumce is considered

as a part which is inseparable from the generation phase.

Through these steps, the designer gets involved at the beginning of the representation
phase by initializing the process; by defining a problem, design procedures, design

constaints and boundary conditiar®$

2.2.Methods of Generative DesignSystems

2.2.1.Agent-Based §stems

Agentbased systems model dynamic local behaviours of individuals tlzeid
interactions with each other and their environmEat.instancethecellular automata
methodoperates onellular structures, where each cell is a discrete &tatee process

starts with a seed as a determination of a single cell; each cell has a value determined
by its neighbouring cells. The iteration of the same rudeslts in complex patterns

of selfsimilarity 5162 (Fig. 5. Swarm intelligence, as a model of rcentralized social

agent behaviour inspired by collective behaviour in nature, simulates the interactions
between agents and interaction with their envirortsi&ln nature, there is an
interaction between the agents. For instance, ants communicate with each other

through pheromone secretiéhSimilarly, swarms operate on simple rules that guide

%8 ibid.

9 ibid.

80 Wolfram, S. (1994). Cellular Automata and Complexity: Collected Papers. (pp. 211) Westview Press.
61 Gutowitz, H. (1990)Cellular AutomataTheory and Experimenimsterdam, Netherlands: Elsevier
Science Publishers.

62 Op. Cit.(Wolfram, 1994) (pp. 12)

63 Kennedy, J., & Eberhart, R. C. (2008warm IntelligenceSan Diego, CA: Academic Press.

64 Fleischer, M. (2003). Foundations of Swarm liigence: From Principles to Practi® WARMING:
NETWORK ENABLED C4ISRIicLean, Virginia.

14



the interaction between agents based on separation, cohesionligmueat

behaviours of agent&>56 .67

Figure 5 Pattern that is generated by Cellular Automata(Retrieved from:
http://upload.wikimedia.org/wikipedia/commons/9/9d/CA_rule30s.png16.12.2013.)

Agentbased systems are séiv&@ and responsive to their environments. Both cellular
automata and swarm intelligence are adaptable anebrgglhizing systems that
regulate their behaviour according to the local and environmental condfti®nsh

simple rules result in complex andlistic behaviouf?®

In design, cellular automata can be used for those design problems that can formalize
its design units as cells. For example; city growth can be modelled by representing
urban units as cells; higihensity building forms such as sodialusing by representing

each living unit as cell€® ! (Fig. 6, 7.) Swarm intelligence is typically practiced in

5 Op. Cit.(Kennedy & Eberhart, 2001)

66 Op.Cit. (Fleischer, 2003)

7 Coates, P., & Carranza, P. M. (2000). The Use of Swarm Intelligence to Generate Architectural.
Proceedings of the 3rd Generative Art Conference Generativé/an, Italy: AleaDesign Publisher.

%8 Wolfram, S. (1984). Cellular Automata as Models of CompleRizture, 3115985), 419424,

8 Op. Cit.(Wolfram, 1994)

0 Batty, M., Xie, Y., & Sun, Z. (199). Modeling Urban Dynamics Through Giased Cellular
Automata.Computers, Environment and Urban Systems223-233.

THerr, C. M., & Kvan, T. (2005). Using Cellular Automata to Generate Highsity Building Form.

B. Martens, & A. Brown Computer Aigéd Architectural Design Futures 20@6. 249258). Springer

Netherlands.
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search and optimization problerffdduman flow paths and interaction patterns can be
modelled and simulated for the emergency building evanuglianning with swarm
intelligence in architectural desighFurthermore, urban planning strategies can be

generated and simulated by swarm intelligefice.

Figure6  City Growth Simulation by Cellular Automata (Retrieved from:
http://www.geocomputation.org/1999/026/gc_026.htm, 20.12.2013.)

2Brownlee, J. (2011). Clever Algorithms: Naturespired Programming Recipes. LuLu Press.(pp.229)
B Guest, J., Eaglin, T., Kalpathi, S., & William, R. (2013). Visual Analysis ofafiitnally Aware
Building EvacuationsVisualization and Data Analysis Proceedings of SPBErlingame, California:
The Society for Imaging Science and Technology .

" Leach, N. (2009). Swarm Urbanismrgital Cities; pp. 5663; London: Wiley.
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Figure 7 High Density Building Forms (Retrieved from: http://
buablog.wordpress.com/2010/12/21/fargoomptetition/, 10.03.2014.)

2.2.2.Recursive Gowth Systems

Recursive growth systemsuch as Eksystems and fractalsimulate the growth
behaviour in naturé& Recursive growth systems operate with production rules that
define the generation of new parts from the former 6h€he generation mechanism

is typically based on recursiofiRecursion is a selfeferencing proces® which a
procedure repetitively calls itself, until a stopping condition is satisfiétThe rule

is implemented to albr someparts of a system simultaneously and the recursion

process results in sedimilarity.2° Self-similarity is the builtin form of recursion that

S Flake, G W. (2000). The Computational Beauty of Nature: Computer Explorations of Fractals,
Chaos, Complex Systems, and Adaptation. Cambridge, MA: MIT Press.
8 ibid.
" ibid.
8 ibid.
®Hunter, D. (2012)Essentials of Discrete Mathemati&udburry, MA: Jones& Bastt Learning,
LLC.
80 McCormack, J. (2004). Generative Modelling With TimeeSystems. J. S. Gero iMesign
Computing and Cognition '0&. 157175). Dordrecht, Netherlands: Kluwer Academic Publishers.
17



demonstrates the similarity between the parts of the system in multiple®c&hese

are several recursive growth algorithms like stringvri¢ing, geometric recement

rules and subdivision algorithni&:83 For instance, tsystems use string +&riting

t hat 0 c al Japplyingthessanhefsal of d@rntingmudes®* The rewritten string
generates the scaled reproduction of the whole syStem.

Recursive groth systems can be contesensitive or contexfree 8 Context sensitive
recursive growth systems are aware of their neighbouring environment and the
recursive algorithm takes into account its environment in the determination of the next

state®’ In case ofcontext sensitive algorithms, the end result (the design) has

adaptability to its environmen(fFig. 8)

Figure 8 Adaptability to the Environment (Retrieved from: Sak
Algorithms)

81 Op. Cit.(Flake, 2000, pp. 61).
82 Prusinkiewicz, P.& Lindenmayer, A. (1990)Algorithmic Beauty of Plants\New York: Springer
Verlag.
8 Cannon, J. W., Floyd, W. J., & Parry, W. R. (2001). Finite Subdivision RGsformal Geometry
and Dynamics, Vol. 5 pp.153196.
84Burns, A. M. (2010). MathscapeBractal Scenery. D. Gulick, & J. Scott ihe Beauty of Fractals:
Six Different Viewgpp. 1:21). The Matchematical Association of America (Incorporated).
8 Shiffman, D. (2013, 12 22)Chapter8 Fractals The Nature of Code: Retrieved from:
http://naturecfode.com/book/chapté-fractals/
86 Op. Cit.(McCormack, 2004)
8ibid.
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In desiqn, recursive growth algorithms can be used for those design problems that can
formalize its design by growth geometry such as continuous structural systems and
patterns. For instance;dystems are used for the generation of the spatial layouts and

for thegeneration of structural systems in architect®ased on selgimilarity and

recursion, fractals are used for the form generation based on orders as symmetry,
rhythm and balance for architectural layot#téFrig. 9, 10)

Figure9 A LSystem using three modul e(Retsevedeaveso Michael Ha
from:http://www.michaelhansmeyer.com/projects/Isystems.html?screenSize=1&color=0#8, 22.12.2013.)

8 Hansmeyer, M. (2014, 05 03)L-Systems Computational Architecture: Retrieved from:
http://www.michaelhansmeyer.com/projectsystems_info.html?screenSize=1&color=1#undefined
8 Bovill, C. (1996).Fractal Geometry in Architecture and Desid@oston: Birkhauser Publishing.
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Figure1l0 A Droste Effect o RemecAnArshitectaral Biplemeritation $Retsieved
from: http://theverymany.com/exploration/08-recursivegrowth/, 10.03.2014.)

2.2.3. GrammarBased Generative Systems

Grammarbased generative systems such as shape grammars are formalisms that
generate variatns of form, spatial compositions or a particular language of a set of
design artefact$® °1 The generation mechanism is based on a set of shape rules and
the initial shap&? Shape rules define the transformation procedure and are applied
iteratively to he shapes (to the initial shape at the beginning of the generation
processy? At the end of the synthesis process, a set of design individuals that belong
to the same language are generét¢Big. 11)

% Knight, T. (1993). Color Grammars: The Representation of Form and Color in Desagmsrdo,
Vol. 26(No. 2), 117124,
%1 Stiny, G., & Gips, J. (1972). Shapednmars and the Generative Specification of Painting and
Sculpturelnformation Processing, 1460465.71, s. 125135. Amsterdam: NorttHolland.
ibid.
9 Op. Cit(Knight, 1993
%ibid.
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Shapes tha are generated by Shape Grammars (Retrieved fronhttp://drop -

ovino.blogspot.com.tr/p/1stdesignerlynne-maclachlan.html, 10.05.2014)

Shape grammars can be groupedBsanalytical and, (2) original shape gramn?ars.

The analytical shape grammars are used for the analysis of the existing design
languages/ styles; and the original shape grammars are used for the generation of new
design languages/ styl&ln architectue, primarily analytic shape grammars are used

to analyse a particular architectural style such as Palladian villas, Queen Anne houses

and the buildings of Frank Lloyd Wright(Fig.12)

% Knight, T. (1999).Applications in Architectural Design, and Eduicat and Practice Cambridge,

MA: Massachusetts Institute of Technology

% ibid.
7 ibid.
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Figure 12 Frank Lloyd Wright Grammar (Retrieved from:
http://katakres.wordpress.com/2009/03/05/whashapeis-this-grammar/, 10.05.2014)

Moreover, the application of original shape grammars are also built on existing
grammars which combines the analytic and original grammar approachesatntne

time 8
2.2.4 Evolutionary Generative Systems
Evolutionary generative systenssich as genetic algorithms simulate evolutionary

processedheyoperate by iterations of mating individual genomes based otetriad

method of problersolving to achige better solutions regarding to fitness critéfia.

%8 ibid.
% Op. Cit.(Brownlee, 2011)
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The complexity of living organisms as an emergent result is due to interdependent
behaviours of gene&’ Furthermore, evolutionary algorithms rurptionization
processes that givgay to convergence tihe fittest individual of the populatiotf*

The generation process evolutionary algorithms is based aperatorssuch as
crossover, mutation and selectidPf After the determination and the representation of
genomes the reproduction mechanisstartsby the selection of the genes that are
going to be matet’® After formation of randomly generated population, the actions

are iterated through the generation process.

Genetic Algorithms:

Computational forrgpener ating processes ardgadased
derived from the mathematical equivalent of the Darwinian model of evolution, and
from the biological science of evolutionary development that combines processes of
embryological growth and evolutionary development of the species.

Michael Weinstock
Emergent Design Technologies and Design, 2010

Genetic algorithms is an optimization method based on stochastic search mechanisms
inspired by natural evolutionary proces$¥During optimization, there is a search

for the optimum solution thas determined by the fitness function, which designates
the degree of fitness of the solutit¥AFor each generation, the higher score of the
fitness is aimed® To achieve a higher fitness score, the fittest individuals are paired

off and competé?’ Regarding the Darwinian concept of natural selection (the term

100 Mitchell, M. (2009).Complexity: A Guided TourNew York: Oxford University Press. (pp. 276)
102 jbid.
102hid.
103Qp. Cit (Mitchell, 1996)
104 Frazer, J. (1995An Evolutionary Architecture.ondon: Architectural Association.
1050p.Cit. (Kalay, 2004)
106 Jones, G. (2002, April 15). Genetic and Evolutionary AlgorithEryclopedia of Computational
Chemistry
107ihid.
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6survival of the fittest éscoredbindividudls drey Her bert

eliminated from reproduction, therefore cannot pass on genes to the next
generationd® The competition and reproduati between the fittershe local fittest

lead the system to increase the level of fitness, which results in -alexege
combinations by pairing off abowaverage counterparts’

In genetic algorithms, there are tgeneticconcepts that draw the distition between

the schema and tlubserved characteristigshenotype and genotyp®.Genotype is

Alhte genetic composit i qheinformatian s cantaigedini s mo
t he g¢é%hPhmeemat yeenviiosmertdliytand genetically deterndneits

of an or gani jcmou awh iyc HHmsgeEnotyfed dan be considered

as a schema that contains the characteristics of individuals transmitted throughout
generations while phenotype is the observable characteristics of an individual
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Steps of computational design synthesis in GAFig. 13

Generation Evaluation The Fittest Solution

Representation

Problem definition
Constraint definition
Boundary Conditions

4{ Guidance/ Feedback

Figure 13  Digital Design Synthesis of GA

Representation:

In genetic algorithms, as well as in other GDS, representation mediates between the
design problem and a generative mechanRapresentation in GA is based on the
symbolic genomeepresentations:* Sincesymbolic representations are mathematical
representationghat are conducted via symbdiS, the representation in genetic

algorithms is not visua(Fig. 14)

Figure 14  Representation ofGenomesRet ri eved fr om: #AVisual Analysis of
by Annie S. Wu, Kenneth A. De Jong , Donald S. Burke , John J. Grefenstette , Connie Loggia Ramgey

114 Op. Cit (Mitchell, 2009)
115 i,
25

































































































































































































































