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ABSTRACT 

 

 

VISUAL STRUCTURES FOR GENERATIVE DESIGN SEARCH SPACES 

 

 

 

Abbas, G¿nsu Merin  

M.Arch., Department of Architecture 

Supervisor: Assist. Prof. Dr. Ķpek G¿rsel Dino 

Co-Supervisor: Prof. Dr. Ahmet Can Baykan 

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 

artefacts has changed. With generative design methods, the understanding of design 

as artefact gives way to design as process. Generative methods entail multiple design 

solutions, which enlarge the design search space due to the large number of possible 

design solutions. Regarding the automated design generation process, the interaction 

of the designer through the design process has been decreased. Hereby, there appears 

a need for the amplification of designerly actions during the design process to assist 

designers in the exploration of complex design search spaces. This 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 

have the potential to amplify the interaction between the design search spaces and the 

designers. 

 

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

algorithms, design variations 
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¥Z 

 

 

¦RETKEN TASARIM ¢¥Z¦M ALANLARINDA G¥RSEL YAPILANDIRMA 

 

 

 

Abbas, G¿nsu Merin  

Y¿ksek Lisans, Mimarlēk Bºl¿m¿ 

Tez Yºneticisi: Assist. Prof. Dr. Ķpek G¿rsel Dino 

 Yardēmcē Tez Yºneticisi: Prof. Dr. Ahmet Can Baykan 

Mayēs 2014, 99 sayfa 

 

Tasarēmda hesaplamalē tasarēm yºntemlerinin uygulanmasēyla birlikte, tasarēm edimi, 

problem ­ºz¿mleme s¿reci tasarēmcēnēn s¿re­ ve tasarēm nesnesiyle olan iliĸkisi, ona 

dair algēsē ve onu temsil etme yºntemleri deĵiĸmektedir. ¦retken tasarēm stratejileri 

ile tasarēm nesnesi tasarēm s¿recine dºn¿ĸmektedir. ¦retken tasarēm metodlarē ­oklu 

tasarēm ­ºz¿mlerine yol a­makta ve bu dºn¿ĸ¿m tasarēm ­ºz¿m alanēnē ­ºz¿m 

olasēlēklarēnē artērarak geniĸletmiĸtir. Hesaplamalē ve ¿retken tasarēm ¿retme 

yºntemleri dahilinde otomatikleĸtirilmiĸ tasarēm ¿retme s¿reci gºz ºn¿ne alēndēĵēnda, 

tasarēm s¿reciyle tasarēmcē iliĸkisi ve etkileĸiminin azalmēĸtēr. Bºylelikle 

otomatikleĸtirilmiĸ tasarēm ¿retme s¿recinde tasarēmcē edimlerinin ve tasarēmcēnēn 

s¿re­ ve ­ºz¿m alanēyla gºrsel baĵlantēsēnēn artērēlmasē gerekmektedir. Bu aĸamada, 

bu tez ¿retken tasarēm sistemlerini incelerken, tasarēmcēnēn karmaĸēk ­ºz¿m alanlarēnē 

gºrsel olarak deĵerlendirmesi, ­ºz¿m alanlarēnēn yapēlandērmasē ve s¿re­le iletiĸimini 

artērmak ¿zere, tasarēmcē odaklē bir perspektifte gºrsel str¿kt¿rleri yºntem olarak 

ºnermektedir. 

 

Anahtar Sºzc¿kler: ¿retken tasarēm sistemleri, tasarēm ­ºz¿m alanē, gºrsel str¿kt¿rler, 

genetik algoritmalar, tasarēm alternatifleri 
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Death is a state of morphosis. 
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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 view. 

 

1.1. Research Motivation and Problem Definition 

 

Design is an act that has been changing and evolving throughout the decades due to 

technological developments. Particularly during the last ten years, with the 

developments in computation technologies, the design practice changed dramatically.1 

Such advances in technology proliferated the digital design practice. Digital design is 

the exploitation of the flexibility  and efficiency of computers as tools for the 

implementation of computation methods as well as the drafting and visualising the 

design object.  

There are two terms that may illustrate the change in contemporary design practice as; 

(1) computerization and (2) computation. The utilization of computer as a tool for 

drafting, modelling and manufacturing (CAD/CAM software) is the computerization 

of design processes. Here, the design process is end-result oriented and based on the 

data organization and representation methods.2  Computerization facilitated the 

modelling and visualization of design artefact(s) with increased efficiency and speed. 

Computation, on the other hand, had a more profound effect on the design practice. 

                                                 

1 Spiller, N. (2008). Digital Architecture Now: A Global Survey of Emerging Talent. London, UK: 

Thames & Hudson  

2 Menges, A., & Ahlquist, S. (2011). Introduction. A. Menges, & S. Ahlquist, Computational Design 

Thinking (s. 10-29). Chichester, UK: John Wiley & Sons. 



2 

 

Computation in design is the articulation of a generative logic that designated the codes 

of design generation mechanism instead of articulating a form.3 The convenience in 

implementation of computation methods with developing computer technologies 

results in the utilization of such methods as design exploration and generation tools. 

With the proliferation of computational methods in design, design has grown into a 

process of dynamic exploration, transformation and a continuous search. With this 

shift in the design act, design thinking has also been transformed into what is called 

computational design thinking. Computational design thinking requires the 

multifaceted, interdisciplinary, generative and holistic understanding of a system, 

which considers design as a whole process.4  

With computational design thinking, the understanding of a design problem has also 

radically changed. Traditionally, design problems are considered as ill-defined (or 

wicked), due to their changeable, ambiguous, multi-objective and subjective nature, 

the. 5,6 Ill -defined problems are ill -formulated and characterized by conflicting values, 

confusing information and ramifications.7  Accordingly, ill-defined problems are 

qualified as indeterminate problems as they do not have any definitive problem 

formulation, initial states, a stopping rule or clear goals, problem constraints or 

conditions and methods. 8,9  Therefore, ill -defined problems have large, unspecified 

and changing solution domains.10 However, in computational design, although the 

problems still are ill-defined, they need to be clearly and unambiguously defined 

together with the design goal (or objective evaluation criteria) and a design generation 

                                                 

3 Kolarevic, B. (2000). Digital Morphogenesis and Computational Architectures. Proceedings of the 4th 

Confernece of Congreso Iberoamericano de Grafica Digital, (pp. 98-103). Rio da Janeiro. 

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

5 Simon, H. A. (1973). The Structure of Ill-structured Problems. Artificial Intelligence (4), 181-201. 

6 Dorst, K. (2003). Understanding Design. Amsterdam: BIS Publishers. 

7 Rittel, H., & Webber, M. (1973). Dilemmas in General Theory of Planning. Policy Sciences, Volume 

4 (Issue 2), 155-169. 

8 ibid. 

9 Akēn, ¥. (2001). Variants in design cognition. C. Eastman, M. Mike, & N. Wendy (eds.), Design 

Knowing and Learning: Cognition in Design Education: Cognition in Design Education (pp. 105-125). 

Netherlands: Elsevier. 

10 ibid. 
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method. The objective evaluation criteria need to be well-defined and quantifiable 

(such as performance/ fitness criteria) so to be able to computationally guide the design 

process. Here, computation can only support design if a description for problem 

formulation and problem constraints that defined the solution domain are clearly 

defined. 

 

In approaches that make use of such understanding the notion of a design problem, 

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

the designer have changed. The design artefact becomes dynamic; it can be generated 

and modified algorithmically. Such design approaches and methods are termed as 

generative design systems. 

 

Generative design systems enable the simulation, exploration and the generation of 

complex geometries and evolutionary processes of nature,11 such as swarm behaviour, 

growth of plants and cities, and social orders and networks. As complex and 

evolutionary processes of nature provide a mathematical model and a scientific 

explanation for the generation of complex structures and interactions, they also 

provide a model for design generation. 12, 13 In generative design, such complex 

systems are modelled by means of a schema (or a procedure or an algorithm) that 

encodes and regulates the design generation process. 14,15 By articulating a design 

process by means of a schema, generative design systems replace the single end 

product with a set of design alternatives and the idea of a process.16 The design search 

                                                 

11 Op. Cit. (Kolarevic, 2000) 

12  Hensel, M., Menges, A., & Weinstock, M. (2004, May). Emergence: Morphogenetic Design 

Strategies. Architectural Design, 74(3), 6-9. 

13 DeLanda, M. (2002). Deleuze and the Use of the Genetic Algorithm in Architecture. In Neil Leach 

(ed.), Designing for a Digital World. New York: Wiley. 

14 Soddu, C. (2006). Generative Design. A swimmer in a natural sea frame. Generative Art International 

Conference. Milan. 

15 Kalay, Y. E. (2004). Arhitecture's New Media: Principles, Theories, and Methods of Computer-Aided 

Design. Cambridge, Massachusetts: The MIT Press. 

16 ibid.  
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space that consists of a set of possible solutions for a specified design problem17 is 

diversified and broadened with the generation of high numbers of design instances in 

an automated fashion. Accordingly, for the act of searching by generating and 

navigating in a design search space,18 which is termed as design space exploration, the 

supporting tools are developed as a computational aid for designers to navigate 

through the design space with the representation of design states by symbols.19 As 

such, 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 process.20  

In non-computational design exploration processes, the design space is formed 

manually by the designer, and therefore is narrower in comparison with the design 

spaces of generative design systems.21 Here, the designer may need to explore and 

evaluate several design alternatives to find the most suitable design solution and 

prevent too-early design decisions.22  Cross (2011) suggests two approaches for 

problem-solving activity as; (1) depth-first approach and (2) breadth-first approach.23 

Depth-first problem-solving is the identification of a problem and the exploration of 

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

                                                 

17 Cagan, J., Campbell, M. I., Finger, S., & Tomiyama, T. (2005, September). A Framework for 

Computational Design Synthesis: Model and Applications. Journal of Computing and Information 

Science in Engineering (Vol.5), 171-181. 

18 Gero, J. S. (1993). Towards a Model of Exploration in Computer-Aided Design. J. S. Gero, & F. 

Sudweeks (eds.) in Formal Design Methods for CAD (pre-prints) (pp. 271-291). IFIP, University of 

Sydney. 

19 Woodbury, R., Datta, S., & Burrow, A. (2000). Erasure in Design space Exploration. (J. S. Gero, 

eds.) Artificial Intelligence in Design, 521-543. 

20 Stouffs, R. (2006). Design spaces: The explicit representation of spaces of alternatives. AIE EDAM: 

Artificial Intelligence for Engineering Design, Analysis, and Manufacturing, 20(2), 61-62. 

21 Cross, N. (2001). Design Cognition: Results From Protocol and Other Empirical Studies of Design 

Activity. C. Eastman, M. McCracken, & W. Newstetter, Design Knowing and Learning: Cognition in 

Design Education (pp. 79-105). Netherlands: Elsevier. 

22 ibid. 

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

Publishers. 
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fails, the designer starts again the exploration process from the beginning for the next 

possible solution. This associates with the behaviour of novice designers.24 Breadth-

first problem-solving, on the other hand, aims to broaden design exploration space 

towards the sub-solutions. This associates with the behaviour of expert designers.25 

Novice designers concentrate on less number of design variations with trial-and-error, 

while expert designers evaluate multiple design solutions in parallel to the problem 

exploration process.26 Accordingly, depth-first problem-solving behaviour results in 

narrower solution space by the exploration of less design alternatives; and breadth-

first problem-solving behaviour results in larger solution space with the exploration of 

alternative solutions. Here, premature design decisions associate with the depth-first 

problem-solving behaviour that results in premature design decisions and requires new 

trials for design solutions. (Fig. 1). To overcome early design decisions, the designer 

might need to generate and explore a larger design space and more design alternatives. 

Generative design systems can broaden design spaces by algorithmically generating 

many design instances at once.   

 

 

Figure 1       Depth-first and Breadth-first Problem-Solving Behaviours 

                                                 

24 ibid. 

25 ibid. 

26 ibid. 
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However, in generative design systems, the high number of design alternatives might 

pose difficulties in the management and organization of the design search space.27 

Similarly, design space exploration might be challenged.  

 

With generative design systems, the digital tools become more than representation and 

realization tools; and computation becomes the instrument of the design generation. 

Due to the complexity of the generative design processes, the representation as a tool 

for design synthesis and designerôs dialogue with the process is no more in use for 

designers. However, design is a reflective practice that requires a reflective 

conversation with the designer and the states/ conditions of a design/ design problem.28 

Design, therefore, requires the sensory perception/input (by drawing, modelling, 

sketching, etc.) to construct and re-construct the design problem, design solution and 

the conditions of a design space.29 Traditionally, visual representations play a crucial 

role during the design process which the designer is in a dialogue with a design 

problem. The designer uses representations as a problem-solving tool30 and visual 

representations mediate between the designerôs cognitive activities and the design 

artefact.31 Visual representations such as drawings, sketches and physical/ digital 

models, according to Akin32, are prominent during the design activity due to their 

direct correspondence with reality, and their accuracy based on design form. As Visser 

states; ñ[t]he possibilities provided by sketches and other types of drawings compared 

to those offered by purely alphanumeric representations, for example, with respect to 

the ease of visualisation and manipulation and their corollaries may facilitate 

                                                 

27 Op. Cit. (Cross, 2001) 

28 Schºn, D. A. (1983). The Reflective Practitioner: How Professionals Think in Action. New York: 

Basic Books Inc. 

29 Schºn, D. A. (1992). Designing as Reflective Conversation with the Materials of a Design Situation. 

Research in Engineering Design, Vol. 3(Issue 3), 131-147. 

30 Visser, W. (2009). Design: One, But in Different Forms. Design Studies, 30(3), 187-223., Elsevier 

Publishing 

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

Design Studies, Vol.18 (Issue 4), 329-347. 

32 Op. Cit. (Akēn, 2001)  
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simulation and other forms of evaluation of what are going to become physical 

artefacts.ò 33  

 

Visual representations have a decisive role in the construction of the design search 

spaces, since design search spaces are formed by the representations of design 

instances. As a consequence, visual representations of a design space are a crucial part 

of design activity. 

 

A particular example for such case from generative design systems is genetic 

algorithms which is a search for the optimum solution. During the design generation 

processes of genetic algorithms, it is the abstract genetic representations (algorithms, 

genomes, rules, constraints, genetic operators etc.) that steers the design synthesis 

process rather than visual representations. The genetic representation of design 

alternatives cannot form a visual dialogue with the design artefact. Here, the role of 

visual design representations is diminished, eliminating the involvement of the 

designer from the generation process. Furthermore, in GA processes, up until the 

generation of a design artefact, the designer is not in contact with the synthesis process. 

Therefore the designerôs visual reflective dialogue with the design process and design 

artefact(s) is disrupted. 

 

In genetic algorithms, with the automated design generation, visualization is not in use 

and the designerôs visual involvement in decisions is eliminated from the generation 

phase. However, at the end of the 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 may not be the most suitable solution in reference to the 

subjective criteria of a designer; such as aesthetical and formal anticipations. Within a 

set of design solutions there may be a design instance that satisfies both designerôs 

subjective criteria and objective evaluation criteria.  In other words, the subjectivity of 

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

mechanism.  

                                                 

33 Op.Cit. (Visser, 2009) 
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This thesis is motivated by the challenges regarding design exploration, design search 

space representation and complexity in design search spaces. Accordingly, this thesis 

tackles two problems that characterize the generative design synthesis of genetic 

algorithms: (1) designer-process interaction/ involvement of a designerly evaluation 

and (2) the management of design alternatives. (Fig. 2) In this case, there arises the 

need to support the designerôs navigation in a design space34 and help manage the 

complexity of design spaces that also amplifies the visual dialogue of the designer with 

the design generation process. As a solution for these problems, several methods are 

proposed and discussed in following chapters. 

 

 

Figure 2        Flowchart 

 

1.2. Research Questions 

 

There are two main research questions that direct this research: 

                                                 

34 Op. Cit. (Stouffs, 2006) 
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¶ How can designerly actions be amplified during generative design processes?  

¶ What are the different ways of organizing a design search space to manage 

multiple design solutions? 

1.3. Research Approach, Methodology and Outputs 

 

This thesis approaches the design as an interdisciplinary field of research by various 

disciplines from nature to computer science. The methods and terms of various 

disciplines make creative design extensive and a rich research area which are 

favourable to interdisciplinary approaches. Within this context, the theoretical basis of 

this research is motivated by the influence 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 systems, genetic algorithms and the concepts of 

emergence and population thinking, (2) the construction of a framework for design 

search space structuring, and (3) several visual structuring approaches that are 

suggested for generative design systems.  

1.4. Chapter Outlines  

 

Chapter II: Generative Design Systems 

Chapter II is a literature review on theoretical background on generative design 

systems. Several concepts that characterize generative design systems are explained, 

genetic algorithms is introduced as a generative design system. 

Chapter III: Visualit y and Generative Design Systems 

Chapter III discusses the 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 presents, exemplifies and discusses the role of structuring the design search 

space in design processes based on genetic algorithms as a method to manage large 

solution spaces. In this chapter three methods for visual structuring of the design 

search spaces (perception-based, retrieval-based, optimality-based visual structures) 

are discussed.  
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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 three phases that this thesis follows as; (Fig. 3) 

 

 

Figure 3       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 

create the thing. 

        Christopher Alexander 

      Notes on the Synthesis of Form, 1964 

 

2.1. Defining Generative Design Systems 

 

Generative design systems are systems that employ computational methods as 

specifications (algorithms or rules) that encode the production of the design artefact. 

These systems can be considered as design generation methods that explicitly facilitate 

design exploration and entail divergence in design search space by generating multiple 

design alternatives. 35,36, 37 Soddu (2008)  asserts that the generative design systems 

imitate nature to design and simulate the codes and ends with multiple and un-

repeatable design variations.38 According to Shea (2005), generative design systems 

foster novel and efficient design processes that extend the designerôs capabilities 

through the exploitation of current computation and manufacturing technologies.39 

                                                 

35 Op.Cit. (Soddu, 2006) 

36 G. Dino, Ķ. (2012). Creative Design Exploration By Parametric Generative Systems in Architecture. 

Middle East Technical University Journal of the Faculty of Architecture , 204-224. 

37 Krish, S. (2011). A Practical Generative Design method. Computer-Aided Design(43 ), 88ï100 

38 Op. Cit. (Soddu, 2006) 

39 Shea, K., Aish, R., & Gourtovaia, M. (2005). Towards Integrated Performance-Driven Generative 

Design Tools. Automation in Construction(14), 253-264. 
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Kalay (2004) defines generative design systems as systems that designate the 

generating mechanism and the process that generates the design artefact.40 (Fig.4) 

 

Figure 4       Generative Design Process 

 

Generative design systems use algorithms/ schemas/ procedures for design 

generation.41  With algorithms, GDS designate the generation logic of a design 

mechanism.42 With the designation of the generation logic, rather than articulating a 

design artefact, the design generation process is designed.43 The emphasis on the 

process makes GDS as production mechanisms44 that enlarged the design search space 

and enable the divergence in a solution set by its dynamic transformational process 

that generates variations of design solution.45  The design artefact in non-

computational design processes, which is a singular end product, becomes multiple 

design alternatives in GDS.46 As well as the change in the concept of the design 

artefact, the act of design has changed to the act of generating possible design 

                                                 

40 Op.Cit. (Kalay, 2004). 

41 Op. Cit. (Dino, 2012) 

42 Op.Cit. (Kalay, 2004). 

43 ibid. 

44 ibid. 

45 Op.Cit. (Kolarevic, 2000). 

46 Leach, N. (2009). Digital Morphogenesis. Architectural Design, 79(1), 32-37. 
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solutions.47 With GDS, design activity shifted from a form-making to a form-finding 

process. 48 Form-making is a method of static and traditional form generation that is 

dominated by the formal decisions of the designer. 49, 50 On the other hand form-

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

form throughout the design generation process.51 In form-making, the design decisions 

predicates the decisions of the designer, while form-finding is a search for the form. 

52,53 Accordingly, the concept of form shifted to the concept of óformationô which 

means that the form is a result of continuous transformation.54  

 

Generative design synthesis processes draw a framework which follow and repeat four 

operations as; (1) representation, (2) generation, (3) evaluation and (4) guidance (or 

feedback55).56 These phases have input-output relation; for instance the output of the 

generation is the input of the evaluation.57 

According to Cagan et. al. (2005); (1) representation is the cognitive modelling of a 

design problem and ñéhelps determine the appropriate generation or search 

mechanisméò, (2) generation is the ñ[c]reation of the parts and the wholeéò, (3) 

evaluation is the ñ[a]nalysis of how well it meets the design goals and constraintséò 

                                                 

47 Woodburry, R. F. (1990). Searching for Designs : Paradigm and Progress. School of Architecture, s. 

Paper 62. 

48 Op.Cit.(Leach, 2009). 

49 ibid. 

50 Op.Cit. (Kolarevic, 2000). 

51 Coenders, J., & Bosia, D. (2006). Computational Tools for Design and Engineering of Complex 

Geometrical Structures. K. Oosterhuis, & L. Feireiss (eds.) in, Game Set And Match II: The Architecture 

Co-laboratory on Computer Games, Advanced Geometries, and Digital Technologies (pp. 271-278). 

Rotterdam: Episode Publishers. 

52 Op.Cit. (Kolarevic, 2000). 

53 Carpo, M. (2013). The Ebb and Flow of Digital Innovation: From Form Making to Form Finding- 

and Beyond. Architectural Design Special Issue: The Innovation Imparative: Architectures of Vitality, 

56-61. 

54 Op.Cit.(Leach, 2009). 

55 Mitchell, M. (1996). Genetic Algorithms: An Overview. Complexity, 1(1), 31-39. 

56 Op.Cit. (Cagan, Campbell, Finger & Tomiyama,  2005)  

57 ibid. 
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and (4) guidance is the ñ[f]eedback on improvements to the design for the next 

iteration.ò In case of optimization-based generative procedures, guidance is considered 

as a part which is inseparable from the generation phase.58  

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 

constraints and boundary conditions. 59  

 

2.2. Methods of Generative Design Systems:  

2.2.1. Agent-Based Systems  

 

Agent-based systems model dynamic local behaviours of individuals and their 

interactions with each other and their environment. For instance, the cellular automata 

method operates on cellular structures, where each cell is a discrete state.60 The 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 rules results in complex patterns 

of self-similarity.61,62 (Fig. 5). Swarm intelligence, as a model of non-centralized social 

agent behaviour inspired by collective behaviour in nature, simulates the interactions 

between agents and interaction with their environments.63 In nature, there is an 

interaction between the agents. For instance, ants communicate with each other 

through pheromone secretion.64 Similarly, swarms operate on simple rules that guide 

                                                 

58 ibid. 

59 ibid. 

60 Wolfram, S. (1994). Cellular Automata and Complexity: Collected Papers. (pp. 211) Westview Press. 

61 Gutowitz, H. (1990). Cellular Automata: Theory and Experiment. Amsterdam, Netherlands: Elsevier 

Science Publishers. 

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

63 Kennedy, J., & Eberhart, R. C. (2001). Swarm Intelligence. San Diego, CA: Academic Press. 

64 Fleischer, M. (2003). Foundations of Swarm Intelligence: From Principles to Practice. SWARMING: 

NETWORK ENABLED C4ISR. McLean, Virginia. 
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the interaction between agents based on separation, cohesion and alignment 

behaviours of agents. 65,66, 67   

 

 

Figure 5      Pattern that is generated by Cellular Automata (Retrieved from: 

http://upload.wikimedia.org/wikipedia/commons/9/9d/CA_rule30s.png, 16.12.2013.) 

 

Agent-based systems are sensitive and responsive to their environments. Both cellular 

automata and swarm intelligence are adaptable and self-organizing systems that 

regulate their behaviour according to the local and environmental conditions.68 Such 

simple rules result in complex and holistic behaviour.69  

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; high-density building forms such as social housing by representing 

each living unit as cells. 70, 71 (Fig. 6, 7.) Swarm intelligence is typically practiced in 

                                                 

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

66 Op.Cit. (Fleischer, 2003) 

67 Coates, P., & Carranza, P. M. (2000). The Use of Swarm Intelligence to Generate Architectural. In 

Proceedings of the 3rd Generative Art Conference Generative Art. Milan, Italy: AleaDesign Publisher. 

68 Wolfram, S. (1984). Cellular Automata as Models of Complexity. Nature, 311(5985), 419ï424. 

69 Op. Cit. (Wolfram, 1994) 

70 Batty, M., Xie, Y., & Sun, Z. (1999). Modeling Urban Dynamics Through GIS-based Cellular 

Automata. Computers, Environment and Urban Systems, 23, 205-233. 

71 Herr, C. M., & Kvan, T. (2005). Using Cellular Automata to Generate High-Density Building Form. 

B. Martens, & A. Brown , Computer Aided Architectural Design Futures 2005 (s. 249-258). Springer 

Netherlands. 
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search and optimization problems.72 Human flow paths and interaction patterns can be 

modelled and simulated for the emergency building evacuation planning with swarm 

intelligence in architectural design.73 Furthermore, urban planning strategies can be 

generated and simulated by swarm intelligence.74 

 

 

 

Figure 6       City Growth Simulation  by Cellular Automata (Retrieved from: 

http://www.geocomputation.org/1999/026/gc_026.htm, 20.12.2013.) 

 

                                                 

72 Brownlee, J. (2011). Clever Algorithms: Nature-Inspired Programming Recipes. LuLu Press.(pp.229) 

73 Guest, J., Eaglin, T., Kalpathi, S., & William, R. (2013). Visual Analysis of Situationally Aware 

Building Evacuations. Visualization and Data Analysis Proceedings of SPIE . Burlingame, California: 

The Society for Imaging Science and Technology . 

74 Leach, N. (2009). Swarm Urbanism in Digital Cities; pp. 56-63; London: Wiley. 
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Figure 7       High Density Building Forms (Retrieved from: http:// 

buablog.wordpress.com/2010/12/21/fargo-comptetition/, 10.03.2014.) 

 

2.2.2. Recursive Growth Systems  

 

Recursive growth systems, such as L-systems and fractals, simulate the growth 

behaviour in nature.75 Recursive growth systems operate with production rules that 

define the generation of new parts from the former ones.76 The generation mechanism 

is typically based on recursion.77 Recursion is a self-referencing process in which a 

procedure repetitively calls itself, until a stopping condition is satisfied. 78,79 The rule 

is implemented to all or some parts of a system simultaneously and the recursion 

process results in self-similarity.80 Self-similarity is the built-in form of recursion that 

                                                 

75 Flake, G. W. (2000). The Computational Beauty of Nature: Computer Explorations of Fractals, 

Chaos, Complex Systems, and Adaptation. Cambridge, MA: MIT Press. 

76 ibid. 

77 ibid. 

78 ibid. 

79 Hunter, D. (2012). Essentials of Discrete Mathematics. Sudburry, MA: Jones& Bartlett Learning, 

LLC. 

80  McCormack, J. (2004). Generative Modelling With Timed L-Systems. J. S. Gero in, Design 

Computing and Cognition '04 (s. 157-175). Dordrecht, Netherlands: Kluwer Academic Publishers. 
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demonstrates the similarity between the parts of the system in multiple scales.81 There 

are several recursive growth algorithms like string re-writing, geometric replacement 

rules and subdivision algorithms. 82, 83 For instance, L-systems use string re-writing 

that ñcalls itselfò by re-applying the same set of re-writing rules.84 The re-written string 

generates the scaled reproduction of the whole system.85  

Recursive growth systems can be context-sensitive or context-free.86 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.87  In case of context sensitive algorithms, the end result (the design) has 

adaptability to its environment. (Fig. 8) 

 

 

Figure 8       Adaptability to the Environment (Retrieved from: Sakaryalē, Anēl, 2014, Diffusion Growth 

Algorithms)  

                                                 

81 Op. Cit. (Flake, 2000, pp. 61). 

82 Prusinkiewicz, P., & Lindenmayer, A. (1990). Algorithmic Beauty of Plants. New York: Springer- 

Verlag. 

83 Cannon, J. W., Floyd, W. J., & Parry, W. R. (2001). Finite Subdivision Rules. Conformal Geometry 

and Dynamics, Vol. 5 ,  pp.153ï196. 

84 Burns, A. M. (2010). Mathscapes- Fractal Scenery. D. Gulick, & J. Scott in, The Beauty of Fractals: 

Six Different Views (pp. 1-21). The Matchematical Association of America (Incorporated). 

85 Shiffman, D. (2013, 12 22). Chapter-8 Fractals. The Nature of Code: Retrieved from: 

http://natureofcode.com/book/chapter-8-fractals/  

86 Op. Cit. (McCormack, 2004) 

87 ibid. 
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In design, 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, L-systems are used for the generation of the spatial layouts and 

for the generation of structural systems in architecture.88 Based on self-similarity and 

recursion, fractals are used for the form generation based on orders as symmetry, 

rhythm and balance for architectural layouts.89 (Fig. 9, 10.) 

 

 

Figure 9      ñL-System using three module as leavesò Michael Hansmeyer (Retrieved 

from:http://www.michaelhansmeyer.com/projects/lsystems.html?screenSize=1&color=0#8, 22.12.2013.) 

 

                                                 

88  Hansmeyer, M. (2014, 05 03). L-Systems. Computational Architecture: Retrieved from: 

http://www.michael-hansmeyer.com/projects/l-systems_info.html?screenSize=1&color=1#undefined  

89 Bovill, C. (1996). Fractal Geometry in Architecture and Design. Boston: Birkhauser Publishing. 
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Figure 10       ñDroste Effectò Recursive Growth System- An Architectural Implementation (Retrieved 

from: http://theverymany.com/exploration/08-recursivegrowth/, 10.03.2014.) 

2.2.3. Grammar-Based Generative Systems 

 

Grammar-based generative systems such as shape grammars are formalisms that 

generate variations of form, spatial compositions or a particular language of a set of 

design artefacts. 90, 91 The generation mechanism is based on a set of shape rules and 

the initial shape.92 Shape rules define the transformation procedure and are applied 

iteratively to the shapes (to the initial shape at the beginning of the generation 

process).93 At the end of the synthesis process, a set of design individuals that belong 

to the same language are generated.94 (Fig. 11) 

 

                                                 

90 Knight, T. (1993). Color Grammars: The Representation of Form and Color in Designs. Leonardo, 

Vol. 26 (No. 2 ), 117-124. 

91 Stiny, G., & Gips, J. (1972). Shape Grammars and the Generative Specification of Painting and 

Sculpture. Information Processing, 1460-1465. 71, s. 125-135. Amsterdam: North- Holland. 

92 ibid. 

93 Op. Cit (Knight, 1993) 

94 ibid. 
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Figure 11       Shapes that are generated by Shape Grammars (Retrieved from:http://drop -

ovino.blogspot.com.tr/p/1st-designer-lynne-maclachlan.html, 10.05.2014) 

 

Shape grammars can be grouped as; (1) analytical and, (2) original shape grammars.95 

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/ styles.96 In architecture, 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.97 (Fig.12) 

 

                                                 

95 Knight, T. (1999). Applications in Architectural Design, and Education and Practice. Cambridge, 

MA: Massachusetts Institute of Technology 

96 ibid. 

97 ibid. 

http://drop-ovino.blogspot.com.tr/p/1st-designer-lynne-maclachlan.html
http://drop-ovino.blogspot.com.tr/p/1st-designer-lynne-maclachlan.html
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Figure 12       Frank Lloyd Wright Grammar (Retrieved from: 

http://katakres.wordpress.com/2009/03/05/what-shape-is-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 approaches at the same 

time.98 

2.2.4. Evolutionary Generative Systems  

 

Evolutionary generative systems such as genetic algorithms simulate evolutionary 

processes; they operate by iterations of mating individual genomes based on trial-error 

method of problem-solving to achieve better solutions regarding to fitness criteria.99 

                                                 

98 ibid. 

99 Op. Cit. (Brownlee, 2011) 
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The complexity of living organisms as an emergent result is due to interdependent 

behaviours of genes.100  Furthermore, evolutionary algorithms run optimization 

processes that give way to convergence to the fittest individual of the population.101 

The generation process of evolutionary algorithms is based on operators such as 

crossover, mutation and selection. 102 After the determination and the representation of 

genomes, the reproduction mechanism starts by the selection of the genes that are 

going to be mated.103 After formation of randomly generated population, the actions 

are iterated through the generation process.  

 

Genetic Algorithms: 

 

Computational form-generating processes are based on ógenetic enginesô that are 

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 processes.104 During optimization, there is a search 

for the optimum solution that is determined by the fitness function, which designates 

the degree of fitness of the solution.105 For each generation, the higher score of the 

fitness is aimed.106 To achieve a higher fitness score, the fittest individuals are paired 

off and compete.107 Regarding the Darwinian concept of natural selection (the term 

                                                 

100 Mitchell, M. (2009). Complexity: A Guided Tour. New York: Oxford University Press. (pp. 276) 

101 ibid. 

102 ibid. 

103 Op. Cit. (Mitchell, 1996) 

104 Frazer, J. (1995). An Evolutionary Architecture. London: Architectural Association. 

105 Op.Cit. (Kalay, 2004) 

106 Jones, G. (2002, April 15). Genetic and Evolutionary Algorithms. Encyclopedia of Computational 

Chemistry. 

107 ibid. 
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ósurvival of the fittestô coined by Herbert Spencer), lower-scored individuals are 

eliminated from reproduction, therefore cannot pass on genes to the next 

generations.108 The competition and reproduction between the fitters- the local fittest- 

lead the system to increase the level of fitness, which results in above-average 

combinations by pairing off above-average counterparts.109  

 

In genetic algorithms, there are two genetic concepts that draw the distinction between 

the schema and the observed characteristics: phenotype and genotype.110 Genotype is 

ñ[t]he genetic composition of an organismò which ñ[t]he information is contained in 

the genomeò.111 Phenotype is ñ[t]he environmentally and genetically determined traits 

of an organismò which are ñ[a]ctually observed.ò112 Here genotype can be considered 

as a schema that contains the characteristics of individuals transmitted throughout 

generations while phenotype is the observable characteristics of an individual 

regarding the instructions that are provided by genotype. Here, genotype provides 

instructions to construct the phenotypes, and phenotypes are the end results of this 

generation process.113   
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Steps of computational design synthesis in GA: (Fig. 13)  

 

 

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 mechanism. Representation in GA is based on the 

symbolic genome representations.114 Since symbolic representations are mathematical 

representations that are conducted via symbols,115 the representation in genetic 

algorithms is not visual. (Fig. 14) 

 

 

Figure 14       Representation of Genomes (Retrieved from: ñVisual Analysis of Evolutionary Algorithmsò 

by Annie S. Wu, Kenneth A. De Jong , Donald S. Burke , John J. Grefenstette , Connie Loggia Ramsey) 
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