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ABSTRACT 

The goal of this research is to develop an algorithm to generate a road and land-use plan 

for a regular or irregular residential development site. It starts from scratch without 

external intervention. The resulting algorithm has been named COULD (COmputational 

Urban Layout Design). Inspired by developmental biology, COULD commences with 

an ‘embryo’ (or ‘embryos’) and grows it into a plan rather than trying to begin with 

complete solutions, although it could also do the latter. The universal modules are the 

basic building blocks, which play similar roles to biological cells. They are ‘genetically 

identical’ with full developmental potential but will change their physical form to adapt 

to their own local context. The ability to adapt is maintained throughout the 

developmental process. 

The modules can be seen as self-propagating agents that sort out their dependencies 

through local interactions. The genetic package that they all carry determines the rules 

of interaction. The separation between genotype and phenotype plays an important role 

in decoupling them. The generative genotype can therefore generate much from little, 

displaying the characteristics of an emergent system.  

The developmental process is a guided search with random selection of branching 

points followed by operations to add links or make connections. Deletion operators 

guide development by removing branches that do not improve the outcome.  

A hypothetical application, with the objective of maximizing combined everyone-to-

everyone connectivity and dwelling density, has evolved highly interconnected street 

plans. However, no step is specific to the example; the operators will grow a road and 

land-use network under various specifications and constraints guided by an objective 

function. Making the process applicable to an actual development might require more 

constraints, operators and certainly an enlarged objective function. Cost and other goals 

can be included so long as each goal is functionally related in some way to every change 

in the plan made by the search procedure. 
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In numerical terms, the computer generated plans are better than the manually 

constructed grids under the current parameter settings. The analysis of the manual grids 

also revealed the diminishing returns in street connectivity, which has some practical 

implications in balancing high connectivity and the cost of providing it. The plans 

COULD generated feature high internal connectivity with low external permeability. 

The former should promote walking and cycling, enhance sense of community and even 

out the distribution of internal traffic. The latter should increase safety and discourage 

through traffic.  
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CHAPTER 1 INTRODUCTION 

This dissertation presents the development of a computational design system – COULD 

(COmputational Urban Layout Deign). The intention is to create an algorithm that can 

design urban residential layout automatically from scratch, with no human assistance.  

Although Information Technologies such as Computer Aided Design have changed the 

design industry and accomplished complex tasks that were previously unthinkable 

(Kalay, 2006), most of them are merely advanced drafting tools. The actual design and 

planning are still led by human inspirations and experiences. Since designers normally 

only propose a few alternatives (Janssen et al., 2011), the author postulates that as 

complexity increases, humans’ limited cognitive ability becomes the constraint. In fact, 

the complexity of human designed objects is still nowhere near that of natural 

organisms (French, 1994). Therefore, it would be valuable to create computer systems 

that can generate and compare different design options (Janssen et al., 2011). This 

research explores how principles derived from nature can help computer algorithms 

generate complex designs for residential development.  

1.1 DESIGN VERSUS OPTIMIZATION 

Optimization is about improving existing solutions, while design is about creating new 

solutions. There are similarities between them since both involve seeking better answers 

in the search space 1 . The crucial difference is whether the process changes the 

configuration of the search space itself. Optimization does not but design does. Most 

optimization algorithms work in predefined search spaces with fixed number of 

variables and relationships between them. Variables and relationships may be switched 

on and off, but they are still searches within predetermined spaces. In contrast, if the 

computer system not only changes the values of variables but also the number of them 

and relationships between them, it is engaged in ‘creative’ design (Gero, 1995). Design 

could start from scratch or be based on existing solutions as long as the process 

modifies the search space itself. Manipulation of the search space opens up new 

                                                 

1 Search space is the space that the algorithm is allowed to traverse, more discussions in Section 2.3. 
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possibilities that have not been specified by humans. Subsequently, the degree of 

freedom becomes much larger and restraining the search within the feasible region 

becomes more difficult. As discussed in later chapters, bio-inspired mechanisms were 

introduced into COULD to cope with the added challenges.  

Conscious design by humans requires creativity (Gero, 1996, 2011; Sosa and Gero, 

2005). However, nature produces elegant and complex systems without it (French, 

1994). In Richard Dawkins’ words, it is a ‘blind watchmaker’ (Dawkins, 1996). Despite 

the philosophical argument as to whether a blind process with no conscious intention 

can engage in designing, insights into how nature creates complexity can be beneficial 

to creating automated design systems. Nature-inspired optimization algorithms have had 

great success in mimicking its ability to improve designs but more can be learnt from its 

ability to create novelties. The lack of computer systems that can design things from 

scratch indicates that such applications are still in their infancy and new methodologies 

are needed to for this challenging task. 

1.2 URBAN LAYOUT DESIGN 

Urban form and its underlying structure have profound impacts on the sustainability of 

our society. Researchers have investigated how it relates to a wide range of social, 

economic and environmental issues such as congestion (Ding et al., 2005), air quality 

(Borrego et al., 2006; Marquez and Smith, 1999; Xie et al., 2006), energy consumption 

(Lariviere and Lafrance, 1999), accessibility, equity (Wheeler, 2013), and obesity 

(Frank et al., 2004). Transport and land use are probably the most significant factors in 

urban form. In many cities, the lack of integration between the two has created ‘the 

vicious cycle of (urban) sprawl and car dependence feeding one another’ (Cervero and 

Sullivan, 2011, page 210). Clearly, as a large contributor to the world economy and the 

worsening global pollution (Lee et al., 2002), the built environment needs to be better 

managed to make better use of land, one of the most precious non-renewable resources 

on earth. Transit oriented development (TOD) has been increasingly popular as an 

integrated development strategy for land use and transport to break this vicious cycle. 

However, the author’s literature review suggests there is a general lack of quantitative 

studies in TOD and the related new urbanism movement. Although quantitative and 

scientific methods have their limitations, it makes sense to harvest the modern 

computing power to help understand and manage the complex interplay between 



Chapter 1 Introduction  

3 

variables (Batty, 2007, 2013). COULD demonstrates such an application in the area of 

urban layout design.  

Urban layout design can be seen as a spatial allocation problem (SAP). Chapter 3 gives 

a brief discussion of the variety of SAPs in different disciplines. Urban layout design 

has its unique challenges. It mainly deals with two categories of objects, the land parcels 

and the road network. Both have their own spatial and topological requirements. They 

compete with each other for space but are also interdependent so changes in one will 

affect the other. The topological complexity of the road network poses some major 

difficulties. It needs to be functional and efficient but not occupy too much land or leave 

unusable land parcels. Land parcels need to meet some geometrical requirements in 

order to be usable and each of them needs to be accessible via the road network. 

Detailed discussion of this topic is presented in Section 3.4.   

Strictly speaking, the thesis deals with suburban layout in Australian and American 

contexts. The word urban here is used as the opposite to the word rural.  

Modelling the layout of a suburban residential development involves the creation of 

what has come to be regarded by some as a ‘placeless nowhere’ (Phelps, 2010). 

However, Phelps comments that ‘it should be no surprise that such a seemingly  

contradictory  and  imperfect  urban  form  as  suburbia  can,  and,  indeed,  does 

compose an integral part of contemporary capitalism’ (page 74). 

Lovejoy et al (2010) note that a suburb often lacks the grid-like street pattern, mix of 

residential and commercial land uses, and distinct centres usually associated with 

‘traditional’ neighbourhoods. Nevertheless, their rigorous quantitative assessment leads 

to the conclusion that ‘some of the main differences between suburban and traditional 

neighborhood designs do not make much of a difference for how satisfied residents are 

with their neighborhoods, in either neighborhood type’ (page 44). 

When comparing suburban neighbourhoods in Houston, Rogers and Sukolratanametee 

(2009,  page  331)  found  that  ‘residents  in  ecologically  designed  neighborhoods  

have an enhanced sense of community, at least in terms of supportive acts of 

neighboring and neighborhood attachment and social ties’ and that ‘Ecosystem design 

uses public spaces, especially  those  outdoor  spaces  such  as  parks  and  pedestrian  
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walkways,  to  promote community identity, social contact and interaction, which 

enhances the sense of community in the neighborhood’ (page 331). 

Although there is heavy criticism within planning circles, it seems that suburbs are here 

to stay for the foreseeable future. Modelling a suburb does not mean the author thinks it 

is the most desirable structure. Instead, the goal is to improve this imperfect urban form 

that is still dominant in the current Australian and U.S. residential markets.   

1.3 AIMS AND SCOPE 

The aim of the research is to develop an algorithm that is capable of automatically 

generating urban layout plans without human intervention. The resulting algorithm has 

been named COULD (COmputational Urban Layout Design). It serves as a prototype 

for demonstrating how concepts and frameworks borrowed from evolutionary-

developmental biology (Evo-Devo) can be incorporated into computational design 

(Section 9.6).  

The developed algorithm can be initiated for any vacant area and allowed to develop a 

plan based on specified goals. It guides an iterative search process and the resulting plan 

may exhibit emergent properties (cf Gero, 1996; Lewis, 2013). In the example used in 

this study, the property of ‘ringness’ emerges, as discussed later in Chapter 8. 

The thesis has five objectives: 

 to develop a new model for automatically planning a street system and 

residences in a vacant area, with or without existing obstructions or 

reservations; 

 to derive a set of generic principles that could potentially apply to other 

computational design problems rather than being specific to just urban layout 

design; 

 to apply the algorithm to an abstract example and to demonstrate the 

versatility of the algorithm; 

 to present and illustrate the elements of the model, implementation of an 

objective function, and the way in which the algorithm develops a plan; 



Chapter 1 Introduction  

5 

 to compare fitness of the plan computed for the example with grid plans for 

the same example space and the pedestrian route directness (PRD) value with 

published values. 

The purpose is to develop a model capable of generating a network for a new site, not to 

model the intricacies of an existing network nor to indicate how a precinct might evolve 

under real world influences (cf Batty, 2010). Although this study grew out of an 

investigation of the impact of a 2007 extension to the rail network in Perth, Western 

Australia, that was merely the impetus and none of the features of the particular area has 

influenced the development of the model. 

In order to focus on developing the mechanisms of the model rather than being 

distracted by some practical complexities, the following simplifications and abstractions 

have been made: 

 A single objective function with only two components:  

Although urban layout design is naturally a multi-objective problem, the 

author has chosen an objective function with only two competing goals, 

maximising dwelling density and street connectivity (Section 6.7).   

 Geometric and regulatory constraints: 

The model employs abstract representations of roads, intersections and 

residences (land parcels), so that many real life constraints have not been 

incorporated (Section 3.4).  

 Single road and land use type: 

COULD only deals with two types of spatial elements, the roads and the 

residential dwellings. Because the focus is on suburban areas, the road 

hierarchy is not considered. All roads have the same width and only contain a 

single lane in each direction. The residential dwellings can have different sizes 

and shapes but they are the only land use type modelled. Other possible land 

use types such as public facilities and amenities are not included, unless they 

are existing features around which the plan must be developed.  

Laying down abstract roads and dwellings in a vacant area might sound like a trivial 

exercise. However, given that there is an infinite number of possible solutions, the large 
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possibility of randomly generated designs being infeasible, and no existing plans to start 

with, it was challenging for the algorithm to come up with a sensible plan where the 

dwellings are well located and connected by an efficient road network. 

1.4 SELECTION OF THE MODELLING METHOD AND 
DEVELOPMENT PLATFORM 

Modelling methods that have been used in the urban planning field include agent-based 

models (Gero and Sarkar, 2006; Jordan et al., 2012; O’Sullivan and Haklay, 2000) and 

cellular automata (CA) (Barredo et al., 2003; Fang et al., 2005; He et al., 2008; Santé et 

al., 2010; Waddell, 2002) as well as combinations of the two (Batty, 2007; Torrens and 

Benenson, 2005). Other combined models of urban growth processes include CA with 

fuzzy functions (Vancheri et al., 2008) and CA with logistic functions (Poelmans and 

Van Rompaey, 2010). Mathematical programming has been used effectively (eg, 

Janssen et al., 2008) but has not been applied widely. A Genetic Algorithm (GA) (eg, 

Feng and Lin, 1999) is an appropriate method of evolutionary modelling and was tested 

in this study but development of a satisfactory crossover operation was a serious 

difficulty and an alternative procedure was adopted, as explained in Chapter 4. The 

model used by Ning et al. (2011) seeks to optimize layout in an empty space, as in this 

study, but is restricted to allocating buildings in a construction site. Their algorithm is 

specific to the particular problem and includes an element of fuzzy assessment. 

The use of CA shares with the method presented here the characteristic of being a 

bottom-up approach, in which the macro level system behaviour is determined by micro 

level interaction between cells (Dietzel and Clarke, 2006; Wolfram, 1984). Agent-based 

modelling is also a bottom-up method described as ‘a self-contained problem-solving 

system capable of autonomous, reactive, proactive, social behavior’ (Wooldridge and 

Jennings, 1999, page 20). 

An agent-based traffic microsimulation software Aimsun was chose as the modelling 

platform for this study. Although COULD was mainly inspired by the biological Evo-

Devo framework, it does have characteristics of an agent-based model with emergent 

behaviour (Section 9.5). However, the Aimsun built-in agents (vehicles and pedestrians) 

were not used. Instead, the ‘agents’ in this research (referred to as universal modules) 
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were constructed as combinations of roads, land parcels and the connections between 

them (Section 3.12).  

Although only one component of traffic assignment (the shortest path algorithm) is 

used, Aimsun was chosen as the development platform because: 

 It has built-in elements that can be readily used for this research, particularly 

roads, intersections, and traffic centroids (which are used to model dwellings 

in COULD). All the geometrical objects are vector based (as opposed to pixel 

based discussed in Chapter 3) so they can be manipulated easily by changing 

parameters and the complexity of having to group pixels into meaningful 

entities is avoided. 

 Aimsun maintains the geometric information and topological relationships 

between elements, making it easier to track the network structure and 

dependencies within it.  

 Aimsun is written in C++, which ensures its computational efficiency. 

 Aimsun SDK (software development kit) offers access to its internal classes 

and functions. Its shortest path function is used to check connectedness and 

calculate street distance between any two points on the network. It also allows 

creation of new classes and functions. 

COULD was entirely coded in C++ through Aimsun SDK for efficient computation.  

Because a residential dwelling is the only land use type in COULD, and it is modelled 

in Aimsun as a centroid (Section 3.12), the terms ‘dwelling’, ‘land parcel’ and 

‘centroid’ are used interchangeably throughout the thesis. 

1.5 SUMMARY OF CONTRIBUTIONS 

This section lists the contributions made in this thesis. Part of the work has been 

summarised in:  

Sun, Y, Qiu, M, and Taplin, J, 2014, “Achieving residential connectivity and density 

goals with computer-generated plans in a greenfield area” Environment and Planning B: 

Planning and Design 41(3) 430–449. 



Chapter 1 Introduction  

8 

1.5.1 An algorithm that designs a street system and residences with no human 

assistance  

The computational design algorithm, COULD, has the capacity to:  

 Design suburban layouts from scratch; 

 Work on a vacant site with or without existing obstructions or reservations;  

 Work on sites with existing street systems and residences. 

Examples of the layout generated by COULD can be found in Figure 8.9, Figure 8.10 

and Figure 8.14. Portion of Figure 8.14 plan is rendered in an artist’s representation in 

Figure 8.15.  

1.5.2 A developmental approach to computational design that explicitly models 

the role of biological cells 

Instead of manipulating existing solutions, COULD grows the solution from an embryo 

(or embryos). This developmental approach overcomes the difficulties brought by the 

absence of predefined solutions and the ever changing search space. 

The approach distils several general principles inspired by developmental and 

evolutionary biology that can be applied to computational design (Chapter 4 and 5): 

 Separation between genotype and phenotype 

 Generative genotype 

 Gradual manifestation of phenotype through growth and differentiation 

 Genomic equivalence and self-adaptive universal modules 

 Inter-module interactions and dependence 

 Phenotypic plasticity and evolvability 

The universal module, which is a fundamental feature of COULD, takes the role of the 

cell in an organism (Section 3.12). Its copies act as agents in this model and their 

interactions produce the residential layout through emergence. 
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1.5.3 The Evo-Devo framework for computational design that incorporates 

principles of agent-based modelling 

Evolutionary algorithms are familiar in planning and design but it is argued here that the 

principles of developmental biology need to be incorporated in order to generate 

novelty. Evo-Devo (evolutionary developmental biology) is presented as a more 

complete picture of how complexity evolves over time (Chapter 9). Development 

(‘devo’) generates complexity and evolution (‘evo’) optimizes the development. This 

shares similarities with previous works done by Bentley and Kumar (1999), Dawkins 

(1988), Frazer (1995), Hornby (2003), Janssen (2006),  McCormack (1993), Ulieru and 

Doursat (2011). A feature of the proposed framework is the inclusion of agent-based 

modelling (ABM) and the emergent behaviour (Batty, 2007, 2009), which are 

cornerstones of the ‘devo’ part. This study also shows that ‘devo’ alone with added 

reversibility also has some ability to optimize (Chapter 7 and 8). 

1.5.4 A universal module based representation for space layout design 

Each universal module is a functional unit with pre-connected land and road 

components. By laying down both at the same time, it solves the land-first or road-first 

dilemma (Section 3.5). All modules have the same developmental potential – genomic 

equivalence (Section 4.4.2) – but each will change its physical appearance to suit the 

local environment. Genotype resides at the modular level, so that much of the 

dependency between physical elements can be self-sorted through local interactions. 

This is in contrast to parametric design with manipulation of parameters (Section 4.2). 

1.5.5 Design through emergence – an agent-based model for computational 

design 

Although COULD was mainly inspired by developmental biology, it can also been seen 

as an agent-based model, which demonstrates how complex designs can arise from 

simple rules of interaction (Section 9.5). Each module is an independent and 

autonomous agent and a solution is made with a population of agents. The agents are 

homogeneous in their genes but heterogeneous in their physical appearance. They 

communicate and join with each other for survival. The full structure emerges through 

the interaction of individual agents and its performance depends on how its modules are 

organised. Unlike many agent-based models, agents in COULD can change their 
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physical appearance and roles adaptively throughout the life cycle, and the total number 

of agents changes constantly. 

1.5.6 Numerical insights into street connectivity – the diminishing returns  

Although COULD employs an abstract representation, it can provide numerical insights 

to inform urban planning. One is the diminishing returns in street connectivity 

demonstrated by manually constructed grid models (Section 6.8). These show that 

increasing street density eventually becomes a waste of space and investment. The 

diminishing returns in connectivity also indicate why small-world networks (Section 

6.6.5) are efficient. 

Measured by a composite of connectivity and number of dwellings, a computer 

generated pattern (e.g. Figure 8.9) outperforms the comparable grid patterns (Section 

8.6.2). 

1.5.7 Street patterns that combine high connectivity with low permeability 

In the best designs (e.g. Figure 8.10, Figure 8.14) COULD produces irregular street 

patterns where high connectivity is achieved without the high permeability of the grid, 

thus demonstrating that connectivity does not necessarily entail permeability (Section 

8.6.5). 

1.5.8 Difficulties in applying an objective function 

This thesis also highlights the challenges in creative design. It was found that the 

evolving search space creates difficulties in using an objective function to guide the 

developmental process. Details and some solutions are discussed in Chapter 7 and 8. 

1.6 THESIS OVERVIEW 

This thesis covers a wide range of topics such as space layout design, evolutionary 

computing, evolutionary and developmental biology and urban planning. It is infeasible 

to review such a large body of literature in one chapter so the author made the choice of 

introducing the theoretical background as the thesis develops. This structure means 

reviewing the relevant literature just before introducing the author’s own methods, 

making it more accessible and comparable. If in any doubt, readers could refer to 

Section 1.5 for the summary of author’s own contributions. 
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Chapter 2 discusses Darwin’s theory of evolution and its applications. The major 

evolutionary algorithms are also briefly introduced and compared in a unified 

framework. Although this thesis focuses on the ‘devo’ part of the ‘evo-devo’ framework 

(Section 1.5.3) because the ‘evo’ part has already been well researched, it is still 

necessary to review how previous algorithms have modelled Darwinian evolution and 

what is missing. This chapter starts with discussion of the relationship between 

genotype and phenotype, which is particularly important because it highlights the 

benefits of introducing ‘devo’ for computational design. Particular attention has also 

been paid to the heavily contested topic of crossover versus mutation. Chapter 3 

concentrates on phenotype, the physical representation of the model. It reviews some 

existing representations for space layout design problems and articulates special 

challenges associated with street layout planning that this thesis deals with. At the end 

of the chapter, the universal module is presented as the final solution and a key feature 

in COULD because it avoids the complications of laying out roads and land parcels in 

separate stages. Chapter 4 and 5 shift focus to the other side of the equation, genotype. 

Chapter 4 discusses relevant concepts of developmental biology and how they are 

applied in COULD. It further emphases the limitations of one-to-one genotype to 

phenotype mapping and the benefits of having a rule-based generative genotype, which 

is another key feature in COULD. Chapter 5 follows on with how concepts in Chapter 4 

are realised through the operators, which are the actual components (or ‘generative 

genes’) of the rule-based genotype. Chapter 6 explains the construction of the objective 

function that maximizes combined everyone-to-everyone connectivity and dwelling 

density. The author decided to include only two factors in the objective function to 

avoid possibly complicated interactions between multiple factors so that the attention 

can be directed to developing the algorithm itself. Chapter 6 reviews various measures 

of connectivity and its implications in the planning context. The author has manually 

constructed some grid networks which are presented at the end for benchmarking 

COULD’s performance in later chapters. The grids were used because they are the most 

natural choice for a human designer under that circumstance. Chapter 7 presents the 

results of experiments demonstrating the effect of jointly applying the various model 

elements presented in Chapter 4, 5 and 6. The subsequent Chapter 8 completes the 

progressive development of models and examines the effects of varying the objective, 

making special modifications and applying the model to irregular spaces. It also 
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presents a comparative evaluation of results, both among COULD’s own experiments 

and with the manually constructed benchmarks. Although COULD can be limited to 

generating only grid networks, all the experiments in Chapter 7 and 8 were non-

orthogonal because they are better for discussing the algorithm’s pros and cons. The 

detailed analysis of the experiments including some failed ones illustrates the unique 

challenges in applying an objective function to direct the developmental process. Some 

solutions are also tested in later experiments with various degrees of success. Chapter 9 

concludes the thesis by reviewing the findings, limitations and possible future research. 

COULD is a bio-inspired algorithm and much of the theoretical discussions on the 

modelling framework is centred around evolutionary and developmental biology. These 

discussions are necessary for in-depth explorations of the reasoning behind the model. 

Potential limitations and improvements on some existing bio-inspired algorithms were 

identified by revisiting their biological origins. For example, the benefits of separating 

genotype and phenotype and the misunderstanding of the role of sexual reproduction by 

some computer scientists are discussed with biological references. Comparison of what 

has been modelled and what nature actually does highlights its ‘cleverness’ and how we 

can learn from it. 
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CHAPTER 2 EVOLUTIONARY METHODS FOR 
COMPUTER SEARCH AND DESIGN  

2.1 INTRODUCTION  

As briefly mentioned in Chapter 1, Evo-Devo is proposed as the complete framework 

for computational design. Evo (evolution) has reached maturity though many years of 

research so this thesis focuses on Devo (development). Nevertheless, it is still beneficial 

to review natural evolution and its historical background (Section 2.2). Also briefly 

reviewed there is the subsequent development of genetic ideas and their linking to 

evolution. The key elements of a Darwinian evolutionary system for the purposes of this 

study are represented by Dawkins’ Universal Darwinism, which is briefly reviewed in 

Section 2.2.4. It makes evolution applicable to areas beyond biology. 

The difference between genotype and phenotype (Section 2.2.3) is of particular 

importance for this research. Section 2.2.5 touches on one of the greatest mysteries in 

biology, the role of sexual reproduction, which will help to understand the heavily 

contested topic of crossover versus mutation in evolutionary computing (Section 2.3.4). 

The major evolutionary algorithms are briefly introduced in a unified framework in 

Section 2.3, together with Simulated Annealing and the Stochastic Hill-Climber, which 

are treated as special cases of evolutionary algorithm. Both of them are tested in 

Chapter 7 and 8 as the guiding algorithm in the generation of residential layouts.  

2.2 EVOLUTIONARY BIOLOGY 

Darwin’s theory has not only changed mankind’s view of nature but has also inspired 

applications in many areas especially computer science. Ever since the infancy of 

modern computing, scientists has been creating artificial evolution to solve difficult 

theoretical and practical problems. The marriage between evolutionary biology and 

computer science gave birth to Evolutionary Computation (Bentley, 1999). It started 

from three major algorithms (Evolution Strategies, Evolutionary Programming and 

Genetic Algorithm) and developed into many varieties.  

Many terms and concepts in evolutionary computing were borrowed from Evolutionary 

Biology but some have been used loosely. There are also arguments about how natural 

selection should be interpreted and what elements are important. Key concepts in 
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evolutionary biology include the distinction between genotype and phenotype and the 

relative importance of crossover and mutation (Section 2.3.4).  

2.2.1 Natural selection  

Charles Darwin and Alfred Russel Wallace established that natural selection is the 

mechanism behind evolution. They both correctly pointed out that the scarcity of 

resources forces individuals to compete for survival and reproduction, which exerts the 

selective pressure driving evolution (Barton et al., 2007). They were inspired by the 

economists of their time, mainly Thomas Robert Malthus and Adam Smith. Malthus 

(1803) concluded that pressure from the potentially exponential growth of population 

would exhaust the finite food supply that can be increased arithmetically at best, and 

thus the struggle for survival becomes unavoidable. Smith (1776) argued that the 

division of labour and competition among individuals could benefit the whole society. 

Darwin inferred that if variation in organisms leads to differing abilities to survive and 

reproduce, and if this variation is inherited, it will lead to evolution that produces the 

abundant forms (Futuyma, 1998). Individuals fitting the environment better would have 

the ability to produce more progeny that carry on their traits. This changes the 

composition of the population over time and subsequently improves its adaptation to the 

environment. 

2.2.2 Genetic concepts  

The gene is the primary physical structure that stores genetic information. They can be 

replicated, mutated, and expressed (Klug et al., 2013). Genes line up in a larger 

structure called the chromosome. Mutation is a heritable error in the genetic material 

(Barton et al., 2007). The significance of interaction between genes for computer search 

and design procedures is discussed in Chapter 4.  

The sum of all genes held by the breeding individuals of a species constitutes its gene 

pool. It forms the basis on which the next generation’s genes can evolve (Rothwell, 

1988). 

Natural selection acts on variations. Mutation and genetic recombination are responsible 

for the genetic variations both within and between species. It is important to note that 

although providing the necessary diversity required for evolution, they do not drive it 

(Purves et al., 2004). Between them, mutation is the fundamental cause of variation and 
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recombination acts as the amplifier. Genetic recombination in sexually reproducing 

organisms takes the forms of assortment and crossover (Appendix A).  

2.2.3 Genotype and phenotype  

Genotype is the genetic composition of an organism and phenotype refers to its physical 

characteristics (Cooper and Hausman, 2013; Klug et al., 2013; Rothwell, 1988). 

Phenotype is produced by the genetic material interacting with the internal and external 

environment so the same genotype might be expressed as different phenotypes in 

different environments (Klug et al., 2013). As the manifestation of genotype, phenotype 

is not part of the genetic composition, nor is it passed to the next generation (Rothwell, 

1988).  

The distinction between genotype and phenotype is ignored in many evolutionary 

algorithms (Section 2.3.6), but it has important implications for this research. It take a 

complicated series of unfolding and interactive processes to materialize genotype into 

phenotype, during which an embryo develops into an adult (Wilt and Hake, 2004). The 

relevant concepts will be reviewed and interpreted in the context of this research in 

Chapter 4. The separation between the two plus the developmental process seem to be 

an effective way to generate the phenotypic complexity needed for computer based 

design. Meanwhile, the emergent and interactive nature of the process also makes it 

difficult to feedback information from phenotype to genotype (Section 9.10.4), which 

could be resolved by the Evo-Devo framework (Section 9.6).  

2.2.4 Universal Darwinism 

Dawkins (1982) concludes that the essence of Darwinism is ‘cumulative selection’ 

working on variation and it can be extended as a general theory that goes beyond 

biology. His Universal Darwinism framework suggests three criteria that are necessary 

for any evolvable Darwinian systems (Bentley, 1999; Gatherer, 1999): 

Transmission  

The information or knowledge learnt about the environment must be transmissible 

among individuals. In the biological world, the most common form is that parents pass 

on their genes to the offspring during the reproductive process. Exploitation in computer 

search algorithms (Section 2.3.5) is indeed about transmission. It is worth emphasizing 

that the nature of the transmission system is just as important. As the historical 
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argument between the blending and particular theory of heredity has shown, the 

averaging effect of a blending system is incapable of supporting evolution.  

Variation  

Transmission does not equal replication. A perfect replication produces no variation for 

evolution to occur. Varieties among individual organism are mostly produced by 

mutation (the imperfect replication) and/or recombination, the rearrangement of the 

parents’ genetic information. In contrast to transmission, variability is linked to 

exploration in computer search algorithms (Section 2.3.5).  

Selection  

Selection exerts selective pressure, the only force that guides the evolution to 

adaptation. Dawkins’ framework also implicitly contains the element of a population 

that consists of individuals and their genetic material. Variation among individuals leads 

to differing ability to survive and reproduce under limited resources. It is where ‘the 

survival of the fittest’ comes into play.  

As stated before, natural selection is the sole cause of adaptation (Barton et al., 2007). 

Adaptation is the development of organisms’ physical forms that enable them to survive 

and reproduce in their environment (Strickberger, 2005). There are different views on 

whether natural selection acts at the individual, group or species level. Barton et al. 

(2007) argue that what happens on the individual level is by far the strongest. Mutation 

and recombination generate the variety on which natural selection works. Paradoxically 

they generally set back adaptation simply because the directionless random results often 

cause more harm than benefit (Barton et al., 2007).  

Although individuals bear the selective pressure, they do not evolve. It is the population 

as a whole that evolves (Barton et al., 2007). Any evolving population should be 

heterogeneous. When the composition of different individuals changes, the population 

evolves. 

Darwinism has often been boiled down to ‘the survival of the fittest’. However, the 

three elements above define an evolvable system with more clarity (Gatherer, 1999). As 

Bentley (1999, page 26) states, as long as a system possesses the characteristics of 

Universal Darwinism, ‘evolution will occur’. These criteria will be used to verify 

evolutionary algorithms in Section 2.3.  
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Evolution is not just a natural phenomenon but also a way of thinking which now 

prevails in many areas, such as computing, and even art (Bentley, 1999; Frazer, 1995; 

Gero and Kazakov, 2006; Janssen et al., 2005; Romero and Machado, 2008; Rosenman 

and Gero, 1999; Whitelaw, 2004). Appendix B gives a brief review of how Darwinian 

evolution is applied in human design practices. 

2.2.5 The relevance of sexual reproduction for computing 

The relative importance of crossover and mutation causes one of the largest 

disagreements within the evolutionary computing community. Some regard crossover as 

the main variation operator while others see it as unnecessary. Both sides have found 

experimental results that support them but neither can present a conclusive argument. 

Looking back to the natural world can provide some useful insights into this topic, 

which will be further discussed in the computing context in Section 2.3.4. 

The role of sexual reproduction (and the genetic recombination that comes with it) is in 

fact one of the biggest unsolved problems in evolutionary biology (West et al., 1999). 

Bell (1982, page 19) calls it ‘the queen of problems in evolutionary biology’.  

Although many animals and plants can reproduce asexually, most of them can also 

reproduce sexually. In fact, sexual reproduction is dominant in eukaryotic organisms 

(Hörandl, 2009).  

Sexual reproduction is costly on two fronts (Hörandl, 2009), one being the biological 

cost of males that do not bear offspring. That leaves the second cost that is highly 

relevant to computer search, the segregation of favourable gene combinations during 

reproduction. Natural evolution should promote certain favourable gene combinations 

over time. Breaking them apart might cause the loss of knowledge accumulated during 

the evolution. In computing terms, this might impair exploitation (Section 2.3.5). 

Reproducing adults have survived the test of the environment so remixing their working 

genetic combinations is risky, as some theoretical work has shown (Otto and 

Lenormand, 2002). Although new favourable combinations might be created, the 

chances of breaking up the good existing combinations are higher. For the same reason 

most mutations are deleterious (Butlin, 2002).  

Many theories on the role of sexual reproduction have been proposed (Butlin, 2002; 

Hörandl, 2009; Rice, 2002; West et al., 1999) but the one relevant to computation was 
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first proposed by the famous German evolutionary biologist August Weismann (1889). 

His successors see sexual reproduction as a mechanism for generating genetic variation, 

which facilitates faster adaptation to the changing environment. This seems to be the 

original inspiration for introducing crossover in Genetic Algorithm. It was the dominant 

theory until challenged by Williams (1966, 1975). Some modern biologists (e.g. Burt, 

2000) still support this theory in principle, while others (e.g. Cavalier-Smith, 2002) see 

mutation, instead of sexual reproduction, as the primary force in generating variation.  

Diversity in purely asexual organisms 

It was believed that asexual organisms will suffer from the lack of genetic diversity that 

reduces their ability to adapt to the changing environment, which will eventually lead to 

their extinction. However, recent evidence does not support such an assumption 

(Hörandl, 2009). Purely asexual organisms hardly exist but there are a few exceptions 

such as bdelloid rotifers. In the absence of recombination, bdelloid rotifers are more 

genetically divergent than their sexual relatives (Butlin, 2002; Welch and Meselson, 

2001). They have survived tens of millions of years and evolved into more than 300 

identified species that are capable of thriving in some very tough conditions. This 

challenges the previous belief that the species with no sexual reproduction would not be 

able to survive very long. The case of bdelloids is so unusual that biologist John 

Maynard Smith (1986) called it an ‘evolutionary scandal’. Researchers think some 

unique physiology and mechanisms found in bdelloids might have replaced sex’s role in 

things like providing immunity to parasites and restoring DNA damage (Hayden, 2008). 

Beasley et al. (1993) use bdelloid rotifers as an example to illustrate that diversity and 

complexity could be evolved without crossover.  

2.3 EVOLUTIONARY COMPUTATION 

Darwinian evolution has become the inspiration of many computing applications, 

among which Evolutionary Algorithms (EAs) probably have received most attention. 

Some of the earliest attempts to incorporate evolutionary principles into computing can 

be traced back as far as the 1940s and 1950s. Turing (1948) originated some of the most 

important ideas of Artificial Intelligence, including evolutionary computing, which he 

referred to as ‘genetical or evolutionary search’. Friedman (1956) proposed ‘selective 

feedback computers’ to evolve control circuits (similar to modern artificial neural 

networks) by Darwinian evolutionary principles. In 1957, Fraser used a computer to 
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simulate genetic systems. Its computational procedure ‘was essentially equivalent to the 

canonical Genetic Algorithm later popularized in Holland (1975) and Goldberg (1989) 

(Fogel, 1998, page 85). Friedberg (1958) and Friedberg et al. (1959) made early 

attempts to evolve computer programs. Like some other research at the time, these 

failed largely because of the limited computing power available. In 1964, Lawrence 

Fogel presented Evolutionary Programming in his PhD thesis, which is possibly the first 

success for evolutionary computing (Bäck, 1996).  

This field of research remained unnoticed until the success of Genetic Algorithm in the 

United States and Evolution Strategies in Germany in the early seventies. Many 

concepts and frameworks developed by the early researchers are still used today (Bäck, 

1996). Fogel (1998) provides a detailed historical record of the field. 

EAs are population-based stochastic search algorithms that utilize the power of 

evolution to find optimum or close-to-optimum solutions (Bäck, 1996). The dominant 

EAs are Genetic Algorithm (GA), Evolutionary Programming (EP), Evolution 

Strategies (ES), and Genetic Programming (GP) (Bentley, 1999). GP is a subset of GA 

developed by Koza (1992) to automatically evolve computer programs. EP, ES and GA 

were developed independently by three different groups. Many variations have been 

added to each of them over the years. In the 1990s, interactions between the three 

streams started to happen and the term evolutionary algorithm was created (De Jong, 

2006). Due to their different origins, EAs have many differences which mostly lie in 

three aspects (Yao, 2002): 

 the degree to which the algorithm mimics natural evolution 

 data representation 

 search operators 

From today’s point of view, most of these differences are more historical artefacts rather 

than fundamental. In fact, most EAs share a common philosophy and framework 

(Figure 2.1). They all contain the three key elements of Universal Darwinism: 

transmission, variation (by mutation and/or recombination), and selection (Bäck, 1996; 

Yao, 2002). De Jong (2006) and Eiben and Smith (2003) provide excellent coverage on 

a unified approach to treating EAs.  
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Figure 2.1 The general framework of Evolutionary Algorithms (Bentley, 1999; Eiben and Smith, 
2003; Fogel, 2000; Spears et al., 1993; Yao, 2002)  

Although inspired by nature, EAs do not reassemble the whole complex natural 

evolutionary process, nor do they have to. Instead, most of them merely employ a 

simplified abstraction from the natural process (Bäck, 1996; Yao, 2002). This is partly 

due to limited understanding of some natural mechanisms. More importantly, the goal is 

to identify the principles of evolution that can solve problems so ‘biological plausibility’  

is irrelevant (De Jong, 2006; Yao, 2002).  

The following sections discuss the important concepts in Figure 2.1’s framework. There 

are many possible variations for each component so the discussions are by no means 

complete. Appendix C, Appendix D, Appendix E, and Appendix F provide brief 

overviews of each of the major EAs individually. 

EAs discussed below and in the appendices mostly refer to the classic versions for 

illustration purpose. In recent years, there has been much crossbreeding between 

different EAs, which are not covered in this thesis. For example, Yao (2002) argues 

there is no reason to stop ES using tournament selection and EP to have sexual 

reproduction. Operations that do not appear in nature can also be applied, such as 

genetic engineering techniques designed to improve the gene pool (Gero, 2001), or 

producing offspring from three or more parents (Fogel, 2000). The terms are based on 

those commonly used in the GA community, ignoring slight variations that may appear 

in other algorithms.  
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2.3.1 Population 

Most of the mechanisms in Figure 2.1 – transmission, selection and recombination (with 

the exception of mutation) – happen between individuals. Consequently, EAs need to 

maintain a population of solutions.  

The initial population is normally generated randomly. Each generation goes through 

reproduction, which adds new individuals as offspring. However, to maintain the 

selective pressure, population size needs to be kept stable. Therefore, only the fitter or 

lucky ones will survive at the end of each cycle. Some EAs reproduce more offspring 

than the required population and let them compete with each other for survival. Others 

reproduce the exact number needed but let the child generation compete with the 

parents.  

There are many discussions on the optimal population size. There should also be a 

question on the minimum population size, i.e. are two individuals sufficient?  

The first computer application of ES was named the two membered ES or (1+1)-ES 

because it has a population of two, parent and child. Its variation is solely generated by 

mutation, i.e. the child is generated by randomly mutating some of the parameters of the 

parent. The fitter one of the two, parent and child, is chosen as the next parent, while the 

other is deleted. In fact, one could also argue that it is a population of one because at the 

end of each cycle only one survives. However, since competition happens between the 

parent and child, it is more appropriate to call it a population of two. Because the search 

is essentially conducted by a single thread and the selection is deterministic, the 

exploratory ability is limited so it can be easily trapped into sub-optimal solutions 

(Bentley, 1999). However, if the selection is stochastic it will be less likely to be 

trapped, which is the case with Simulated Annealing (SA). Although SA researchers do 

not use terms like parent and child, it is essentially a two membered search algorithm. 

Section 2.3.7 will discuss SA further but its success suggests that a population of two 

might be sufficient to create a Darwinian system, although larger populations may be 

beneficial.  

2.3.2 Selective pressure 

In Figure 2.1, selective pressure can exist in two forms, parent selection and survivor 

selection.  
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The objective function and fitness function (optional) are used to measure individuals’ 

fitness. The objective function plays the role of natural environment, evaluating the 

performance of each candidate’s phenotype. The results of evaluation will then be 

scaled by a fitness function (linear or non-linear) into a fitness score, reflecting the 

relative level of fitness of each candidate which will then decide its chance of survival. 

A fitness function needs to meet two basic requirements (Goldberg, 1989): 

 It assigns a non-negative value for each possible solution to reflect its quality;   

 No scaling is required.  

Some objective functions can be used directly to measure fitness if they meet the above 

criteria, in which case a separate fitness function is not needed.  

Parent selection is to simulate individuals in the parent generation competing for 

breeding rights. This is normally done probabilistically, i.e. the ability to reproduce is 

proportionate to the fitness level. The fitter ones will have larger but not a guaranteed 

chance to reproduce more offspring. Rather than deleting the less fit parents altogether, 

they will still be given smaller chances to reproduce in case they have some good genes. 

It is intended to help avoiding sub-optimal traps.  

As stated in the last section, survivor selection could happen within the child generation 

or between the child and parent generation. For example, Evolutionary Programming 

uses asexual reproduction, in which each child is a mutated version of its parent. This 

leads to a consistent population size (µ) for every generation. To create selective 

pressure, the parents and children are mixed in a selection pool (2µ). Half will be 

eliminated so the next generation will have the population of µ (Bäck, 1996).  

Survivor selection could be deterministic. For example, in some Evolution Strategies , 

only the best µ out of λ children survive, so called ‘truncation’ or ‘breeding’ selection 

(Beyer and Schwefel, 2002).  

Others use stochastic selection processes such as roulette wheel or tournament. In 

roulette wheel selection, the chance of being selected is proportional to fitness. 

However, this method could result in the dominance of a few super fit individuals at 

early stages of the search. Furthermore, at later stages when the search approaches the 

vicinity of the optimum, it could struggle to maintain sufficient selective pressure, 
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resulting in slow convergence. A possible solution is dynamic rescaling of the fitness 

function, which scales down fitness values in early stages and scales it up in later stages 

(Goldberg, 1989; De Jong, 2006).  

Tournament is generally a better choice. To run a tournament, a candidate competes 

with a certain number of randomly chosen individuals from the population. During each 

pair-wise competition, if the candidate is no less fit than its opponent, it scores once. 

The highest scoring µ individuals will survive to the next generation (Yao, 2002). 

2.3.3 Transmission  

Transmission happens when a child inherits genetic material from its parent(s). Unlike 

cloning, it is copying with variations. The number of parents can vary from one (in 

asexual reproduction) to two (in sexual reproduction) or even many (in panmictic 

reproduction). In asexual reproduction, each child is a mutated copy of its single parent. 

In sexual reproduction, the child takes some genes from one parent and the rest form the 

other and then mutates them. In panmictic recombination, a randomly chosen individual 

acts as the base parent and for each gene it could get a randomly selected new partner 

from the entire population. The justification of panmictic recombination is that it might 

be able to take advantage of the entire gene pool, which is the unit of evolution (Bäck, 

1996).   

Most GAs use sexual reproduction. Evolution Strategies use sexual or panmictic 

reproduction. Evolutionary Programming generally uses asexual reproduction. 

2.3.4 Variation  

Recombination and mutation both lead to variation. All EAs use mutation but not all of 

them use recombination.  

Recombination 

Recombination is the process of mixing parents’ genes to produce the child’s. This is 

often done through crossover. In its simplest form, two parents swap their chromosome 

at a random point (Figure 2.2). More complex crossover operations could involve 

swapping genes in multiple locations.  
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Figure 2.2 One-point crossover operation 

There are two forms of recombination operator, discrete and intermediate. Discrete 

recombination takes genes from either parent while intermediate recombination 

averages the two using a weight. If the strategy parameters (see the next section) are 

included in the individual’s genome they can also be subject to recombination. 

Mutation 

Mutation changes the allele value of a gene. In GA it is normally just a random flip of 

number while in ES and EP it is often done through a Gaussian random variation N(0,σ), 

where N(0,σ) denotes a normal distribution with the mean of 0 and standard deviation 

of σ. So for a parent X = (x1, x2,…xn) its mutated child X’ will be:  

 𝑋𝑖
′ = 𝑋𝑖 + 𝑁𝑖 (0, σ𝑖) (2.1) 

Vectors can be mutated in independent or correlated ways. By introducing correlation 

coefficients of the normally distributed vectors, rotation angles α can be used to guide 

the mutation ellipsoids in the preferred search direction. Rotating the mutation ellipsoids 

vertical to the contours of the search space could lead more progress toward the peaks. 

Together the standard deviation σ and correlation coefficient α are called strategy 

parameters. They have large impacts on the search performance and their optimal 

values vary in different problems. Self-adaptation was developed to include the strategy 

parameters in the individual’s parameter set so it can also be evolved (Bäck et al., 1997; 

Yao, 2002).  

Recombination versus mutation  

The EA community is divided regarding to the role of crossover versus mutation. Many 

EAs use both recombination and mutation as variation mechanisms but their relative 

importance is controversial.  
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The popular belief held by many GA researchers1 (e.g. Booker, 1987; Goldberg, 1989) 

is that crossover is the primary variation operator and mutation is only secondary. For 

them, mutation acts like an insurance policy for recovering some potentially useful 

alleles that are lost during the course of the search. However, Evolutionary 

Programming only uses mutation and it appears to perform equally well (Chellapilla, 

1997). Fogel (1992) argues that the importance of crossover is often mistakenly 

overstated.  

As discussed in Section 2.2.5, the role of sex (and the genetic recombination that comes 

with it) is still a heavily contested topic in evolutionary biology (Hörandl, 2009). Since 

its initial introduction to evolutionary computing seemed to be based on some dated and 

contested theories such as August Weismann's (1889), its claimed advantages should be 

cautiously re-examined.  

Many of the modern biological theories attribute genetic recombination to biological 

phenomena that are unrelated to EAs. For example, the Red Queen’s Hypothesis still 

treats sexual reproduction as a variation generator but in the context of co-evolution, 

which is irrelevant to most EAs except Coevolutionary Algorithms2. Also, some theories 

regard genetic recombination as a protection against DNA damage and deleterious 

mutations, which also makes it irrelevant to EAs. It is because most EAs do not model 

meiosis3 (Appendix A), the essential mechanism for DNA repairs.  

The problem of mutation versus crossover in EA is difficult because either side could 

provide a definite answer and both can find empirical evidence supporting their 

argument. Fogel and Atmar (1990) demonstrated the superiority of Gaussian mutation 

over both one-point crossover and the combination of crossover plus mutation in 

solving linear equations. They argue that continuity between parent and child 

generations (the issue of exploitation in the next section) is crucial for the success of 

evolution. By shuffling the information between parents, crossover could indeed cause 

                                                 

1 There are mutation only GAs but most GAs tend to have both mutation and crossover. 
2 Paredis (2000) provides a good introduction to Coevolutionary Algorithms. 
3 Most EAs are haploid throughout the whole computing cycle. However, in nature even the haploid 
organisms become diploid during sexual reproduction and subsequently go through meiosis in which 
DNA damage could be repaired (Appendix A).  
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large disruptions to the evolution process. They dismiss the claim made by GA 

researchers that crossover is a necessary addition to mutation. Fogel (2000) claims that 

it can be mathematically proven that there are no universally best representations or 

variation operators. He also points out that crossover is just a subset of random mutation.  

The author agrees with the view that evolvability does not depend on sexual 

reproduction (Hörandl, 2009) and mutation is fundamental for evolution. Without it, 

crossover will eventually homogenize the population and halt evolution. Crossover 

might be beneficial in some circumstances but is not a necessary condition for 

evolution.  

This discussion is important because Section 5.5 will discuss the fact that on a 

phenotypic level COULD is a mutation-only process that entails evolvability.   

2.3.5 Exploitation and exploration 

The power of a robust search algorithm comes from a good balance between 

exploitation and exploration (Booker, 1987). Exploitation is to utilise the goodness of 

the existing solution while exploration is to explore the uncharted search space. 

Exploitation improves the efficiency and exploration brings robustness so both are vital 

to a successful search in complex spaces.  

Exploitation achieves efficiency because each step builds on previously discovered 

knowledge. Hill climbing is the perfect example of exploitation (Booker, 1987). The 

drawback of exploitation is its vulnerability to premature convergence when the search 

space is rugged.  

Exploration makes no use of previously discovered knowledge but keeps on discovering 

new knowledge. Random walk is the extreme example, in which the program randomly 

picks points in the search space. If the search is long enough, pure exploration strategies 

will find the optimum but for large problems this is often unattainable.  

A balance between exploitation and exploration makes the best use of finite computing 

power. As previously stated, transmission in Universal Darwinism plays the role of 

exploitation and variation plays the role of exploration.  
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2.3.6 Mapping 

Mapping in evolutionary computing refers to the process of coding and decoding 

between the genotype and the phenotype (Bentley, 1999).  

Evolutionary optimization often involves parameterising an existing design, then 

evolving the coded parameters (Bentley, 1999). Figure 4.1 provides an example of 

parametric design. All possible combinations of these parameters make up the search 

space, which consists of feasible and infeasible regions. These parameters are mapped 

to their counterparts in the solution space, which are the actual solutions (Bentley, 1999; 

Michalewicz, 1996). If the algorithm has separate genotype and phenotype, the former 

resides in the search space and the latter lives in the solution space. The fitness level of 

a solution is determined in the solution space (Bentley, 1999), just as a natural 

organism’s physical form (the phenotype) determines its ability to survive. The 

evolutionary algorithms are essentially search heuristics for seeking the global peak(s) 

in the solutions space, although the actual search is done in the search space. For 

algorithms that do not distinguish genotype and phenotype, their search space is the 

same as solution space, so the solutions are manipulated directly.   

Some researchers (e.g. Bentley, 1999) think that GA is the only EA that distinguishes 

genotype and phenotype, although not all GAs separate them (Mitchell, 1996). 

Genotype and phenotype could be introduced to all other EAs if required (Bentley and 

Kumar, 1999).  

As discussed in Section 2.2.3, the distinction between genotype and phenotype is 

important to the understanding of evolution. Mapping plays a role similar to phenotypic 

expression (Klug et al., 2013) in nature. A crucial difference is that in many EAs 

mapping is a static mathematical transformation that helps to smooth out the search 

space (Bentley, 1999), while natural phenotypic expression is a dynamic and interactive 

process that happens over time during development. This is not to dismiss the classic 

EAs for not separating genotype from phenotype or using static transformations. In fact, 

it is probably more effective when the cost of a dynamic development (Section 9.10.5) 

can be avoided. However, as Chapter 4 discusses, a dynamic process that generates 

phenotype from a minimal set of genotype does have advantages in COULD.  
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2.3.7 Simulated Annealing (SA) and Stochastic Hill-Slimber (SHC) 

Besides the classic EAs, other stochastic algorithms might also fit in the framework of 

Universal Darwinism. Simulated Annealing (SA) and its variation Stochastic Hill-

Climber (SHC) are two of them, although conventionally they are not considered 

evolutionary. Both SA and SHC will be tested as the guiding algorithm for COULD in 

Chapter 7 and 8 so they are discussed in greater detail. 

In metallurgy, annealing is the slow cooling technique (as opposed to quenching, the 

fast cooling process) used to strengthen a metal and relieve its internal stress. The 

mobility of atoms is positively related to the temperature, i.e. the higher the temperature 

the more freely they can move around their current positions. During the cooling 

process atoms gradually lose their mobility and become bonded. If the cooling process 

is slow enough, the atoms have sufficient time to vibrate around and line up to form 

large pure crystals. The whole system is then in a global optimum structure with the 

minimum energy state. If the cooling happens too fast, pure crystals will not form. 

Instead, crystals with defects or metastable (locally optimal) structures will appear 

(Kirkpatrick et al., 1983). Simulated Annealing mimics the natural annealing process to 

find the global optimum (Press et al., 2007).  

Statistical mechanics describes the aggregate properties of a thermal system that is made 

of numerous particulates. Kirkpatrick et al. (1983) first saw its connection to 

combinatorial optimization. In both areas, the system’s overall behaviour bears many 

degrees of freedom that are determined by the complex interaction of individual parts. It 

is therefore reasonable to assume that simulating the natural annealing process can be an 

effective way of finding optimal solutions for multivariate optimization problems.  

SA uses the Metropolis Algorithm at its core because of its computational efficiency in 

simulating the aggregate behaviour of interacting particles. Different to other algorithms 

discussed previously in this section, it only maintains a single solution (Si). As shown in 

Figure 2.3, at the start of each iteration a new neighbour (Si+1) of the current solution 

(Si) will be chosen at random. The two solutions will be measured by the objective 

function O. The difference ∆O = O(Si+1) – O(Si) decides whether to accept the new 

solution. For minimisation problems, when Si+1 performs better than or equal to Si 

(∆O≤0) then Si+1 replaces Si unconditionally. However, even if Si+1 is not as good as Si 

it still has chance to be accepted. Its chance of acceptance is then calculated by: 
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  𝑒−∆𝑂
𝑇⁄  (2.2) 

where T mimics the effect of temperature. T starts high and gradually drops according 

to a cooling schedule (Landau and Binder, 2009). The cooling needs to be slow enough 

to simulate an annealing process, but the determination of an appropriate 

cooling/annealing schedule is largely empirical in canonical SA. Adaptive Simulated 

Annealing improves this by linking the cooling schedule to the search progress (Ingber, 

1996).    

i = 0 

Initialize T 

Generate Si at random  

Repeat 

          Generate Si+1 neighbour of Si; 

          ∆O = O(Si+1) – O(Si); 

          if (∆O ≤ 0) then Si = Si+1; 

          else Si = Si+1 with probability e -∆E/T; 

          i = i + 1 

          T = c(T, i) 

until termination criteria met 

where:    
 i 

 
the loop counter 

T the current temperature; 
Si, Si+1 the current solution and its randomly generated neighbor; 

O() the objective function; 
c(T,i) the cooling/annealing schedule, where c(T,i)  c(T,i+1); 

 

Figure 2.3 The basic Simulated Annealing procedure (Michalewicz, 1996; Rodrigues and Anjo, 
1993) 

Essentially, SA is a stochastic climber that accepts inferior solutions probabilistically to 

avoid being trapped by suboptimal solutions (Mahlke et al., 2007; Michalewicz and 

Fogel, 2010). When the temperature is high, the chance of accepting a new inferior 

solution is also high. When the temperature decreases so does the chance. This 

simulates the fact that a particle’s mobility is positively related to its temperature. It is 

similar to the dynamic rescaling of the fitness function in GA. At high temperatures, the 

difference in the objective values is scaled down and at low temperatures, the difference 

is scaled up. If infinite time is allowed, SA’s convergence can be proven by Markov 

Chain analysis and its dependence on initial configuration is minimal (Aarts and Korst, 

1989; van Laarhoven and Aarts, 1987).  
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Simulated Annealing as special cases of EA 

Although SA was inspired by physics rather than biology, it shares many common 

characteristics with EAs. Both of them, together with many other algorithms, belong to 

stochastic search and optimization methods (Spall, 2003) or, more specifically, 

Stochastic Local Search (SLS) methods (Hoos and Stützle, 2005). The word local can 

cause some confusion. Unlike a complete systematic search, these local search methods 

begin at certain points in the search space, and crawl to neighbouring points, navigated 

by local knowledge, hence the name local (Hoos and Stützle, 2005). Although searching 

is done locally, SLS algorithms are designed to approach the global optimum. This is 

achieved by incorporating randomness in their decision making to avoid being trapped 

at local optima. Because of this, some authors also refer these techniques as global 

optimization methods (e.g. Fouskakis and Draper, 2002; Mahlke et al., 2007). Others 

think the use of a population distinguishes an EA from a local search method (e.g. Eiben 

and Smith, 2003). One thing certain is that these are stochastic methods designed for 

global optimization.  

SA and EAs are also considered Metaheuristics, a term coined by Glover (1986). This 

originally referred to methods in which higher-level heuristics are superimposed on 

local searches. The term now broadly includes any methods with built-in mechanisms of 

escaping local optima (Glover and Kochenberger, 2003). Glover and Kochenberger 

(2003) and Gendreau and Potvin (2010) provide good coverage of popular 

metaheuristics such as SA, EAs, Tabu Search, Swarm Intelligence, Artificial Immune 

Systems. 

Depending on whether the search is conducted concurrently at multiple places in the 

search space, metaheuristics and SLS can be divided into population-based and non 

population-based. That is probably the largest divergence between SA and EAs. As 

previously discussed, environment exerts selective pressure on individuals but it is the 

population that evolves. Therefore all EAs emphasise population. Search in SA is 

conducted on a single point so any attempt to categorize it as evolutionary will be 

controversial.  

SA, viewed as a mutation-only evolutionary algorithm with a population of two, fits in 

the general framework of EA presented in Figure 2.1 and also has all the elements 

defined in Universal Darwinism (Section 2.2.4). Eiben et al. (1991) propose an Abstract 
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Genetic Algorithm as the common framework for GAs and SA. Eiben and Smith (2003, 

page 146) define SA as a special evolutionary procedure with a population of one. As 

discussed in Section 2.3.1, it might be more appropriate to see it as a two membered 

(one parent and one child) evolutionary process, similar to two membered ES. Si in 

Figure 2.3 can be seen as the parent. Mutating it will produce its offspring Si+1. Then 

there is the probabilistic contest between them (based on their relative merits) to decide 

the only survivor, which will act as the next parent. The only fundamental difference 

between SA and two membered ES is that SA chooses the survivor probabilistically, 

while two membered ES does it deterministically (which limits its ability to escape from 

local optima).  

An advantage that EAs might have over SA’s one-threaded search is the intrinsic 

parallelism brought by their larger population size (De Jong, 2006). Different methods 

have been developed to introduce parallelism into SA. The main motivation is to reduce 

the computation time, one of SA’s major drawbacks (Aarts and Korst, 1989; Azencott, 

1992). 

Stochastic Hill-Climber (SHC) 

A close relative to SA is the Stochastic Hill-Climber (SHC), which can also be argued 

as a special case of EA. It employs the same procedure as SA but with two differences 

in the evaluation function (Ackley, 1987; Michalewicz and Fogel, 2010).  

Firstly, it uses a slightly different acceptance probability function: 

  1

1+ 𝑒
𝑂𝑏𝑗(𝑐𝑢𝑟𝑟𝑒𝑛𝑡)−𝑂𝑏𝑗(𝑛𝑒𝑤)

𝑇

 (2.3) 

The deviation from the standard SA evaluation (𝑒
Obj(current)−Obj(new)

𝑇 ) means the 

acceptance of all new solutions with better or equal results is no longer guaranteed. 

Equal solutions will get 50% chance of acceptance. The better ones will get more than 

50% and the worse ones will get less than 50%. The exact probability of acceptance will 

depend on how much better or worse the new solution is in comparison to the current 

one.  

Secondly, SHC uses a constant temperature (T). The probability of acceptance still 

depends on the difference between the new and current solutions but temperature 

changes the sensitivity to it. Higher T values make it less sensitive to the difference. A 



Chapter 2 Evolutionary methods for computer search and design  

32 

very high temperature makes the search close to a random walk and a very low 

temperature makes it close to the standard hill-climber (Michalewicz and Fogel, 2010).  

2.4 SUMMARY  

This chapter has reviewed Darwinian evolutionary theory and its computing 

applications. Richard Dawkins’ Universal Darwinism is adopted as a guide to examine 

what constitutes a generalized evolutionary system. The confusion and argument on the 

role of crossover are discussed with reference to the currently unresolved controversy 

about the role of genetic recombination in biology.  

The general framework of Evolutionary Algorithm (EA) that incorporates the key 

elements of Universal Darwinism is introduced. It is also argued that Simulated 

Annealing (SA) and Stochastic Hill-Climber (SHC) fit into this framework and 

therefore should be treated as a special case of EA.   

The relationship between genotype and phenotype is an important topic that this chapter 

has introduced but not discussed fully. It relates to a missing piece of the puzzle, 

development and its evolution, which will be discussed in Chapter 4. Before that, the 

phenotypic representation will be discussed in the next chapter.  
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CHAPTER 3 ALTERNATIVE REPRESENTATIONS IN 
SPACE AND THE UNIVERSAL MODULE 

3.1 INTRODUCTION 

Chapter 2 discussed Darwinian evolution, and how it has been applied to evolutionary 

computing. Evolution’s exploratory power is clear but its ability to search is still 

constrained by the space it operates in. The landscape of the search space is not only 

shaped by the nature of the problem but also by the way it is formulated. In COULD, 

this is determined by the design of phenotype and genotype and the separation between 

them, which are fundamental to this research. This chapter mainly focuses on the 

phenotypic representation and Chapter 4 mainly focuses on the genotype as well as the 

algorithm.  

As stated in Chapter 1, the aim of this research is to develop a computational model that 

is capable of generating urban layout plans automatically with no human assistance. To 

find a suitable phenotypic representation for this problem, the author has reviewed 

several candidate solutions that were previously developed to solve various space layout 

problems. They are discussed in Section 3.6 to 3.10 and the relevant appendices. 

Section 3.11 and 3.12 present two alternative solutions that the author developed for 

COULD and the reason for choosing the latter. 

This chapter provides some implementation details related to the chosen development 

platform Aimsun. They are important in understanding how the model is represented so 

that possible misinterpretations can be avoided. For example, the stacking of the two 

opposite directions (Figure 3.28) could give the false impression that all roads are one-

way streets. 

3.2 REPRESENTATION REQUIREMENTS  

Urban space is a complex system that consists of many elements, which can be put into 

two broad categories, roads and land parcels. The first includes not only roads for motor 

vehicles but also pedestrian and cycling paths. However, in this research all types of 

traffic are assumed to use the same road network, so no separate bike and pedestrian 

paths are considered. Land parcels are usable land between roads. They can be used for 

residential dwellings and public facilities such as train stations, shops, and parks. This 



Chapter 3 Alternative representations in space and the universal module  

34 

thesis is concerned with urban layout design on the neighbourhood level and limits land 

use type to residential dwellings only. Therefore, as stated in Section 1.4, the term land 

parcel is used interchangeably with dwelling.  

In the real world, there are many government regulations and standards for planning and 

engineering. As an abstract model that acts as a proof-of-concept, COULD does not take 

these into account and instead uses a generalised set of standards.  

A suitable representation for COULD should be able to:  

 Define subdivision (land parcel) boundaries; 

 Define geometrical and topological properties of roads; 

 Define how roads connect subdivisions.  

Despite the simplifications stated above, finding the right representation was still 

challenging, mostly because the complex topological and geometric relationships 

between the large number of elements. The next section contains a general review of the 

related areas of research. 

3.3 SPACE LAYOUT DESIGN 

Fundamentally, this thesis is concerned with the optimum allocation of discrete but 

interacting entities in a given space, satisfying functional requirements and other 

constraints. Similar problems appear in a range of space-allocation problems in various 

disciplines and different names have been used. To avoid confusion, they are 

generalized as Space Layout Design (SLD) in this thesis. 

A significant body of related research is in the area of Facilities Layout Design (FLD), 

which involves the optimal allocation of space to activities such as production or 

provision of services (Kusumah, 2001; Liggett, 2000). FLDs are generally NP-

Complete or NP-Hard, which means they do not have known efficient solutions (Drira 

et al., 2007; Foulds, 1983; Hu and Wang, 2004; Liggett, 2000). Early computer 

applications in this area emerged in the 1960s (Buffa et al., 1964; Liggett, 2000). 

Reviews of FLDs can be found in Meller and Gau (1996), Kusiak and Heragu (1987), 

and Drira et al. (2007).  
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Most FLDs are focused on the so-called Floor Plan (or Block Plan) Layout Problem, 

which is the allocation of floor space to various facilities or activities that take up 

certain areas (Liggett, 2000; Seppänen and Moore, 1970). In electronic engineering, it is 

applied to design floor plans for large-scale integrated circuits for performance 

improvement. It normally involves the arrangement of non-overlapping rectangular 

modules so that the total floor size and wiring can be minimised (Chen and Kuh, 2000; 

Guo et al., 2001; Kim and Kim, 2003; Rebaudengo and Reorda, 1996; Sherwani, 1999; 

Tang and Yao, 2007). Floor planning is also a significant problem for industries such as 

manufacturing and warehousing where complicated procedures and relationships 

between departments require careful spatial arrangement (Muther, 1973). The planning 

is done to optimize certain performance measures, such as minimising space, 

transportation costs, or maximising adjacency (e.g. Kusumah, 2001; Lee et al., 2003; 

Önüt et al., 2008; Yang and Kuo, 2003). It can also be used to generate building plans 

for offices and hospitals (e.g. Elshafei, 1977; Gero and Kazakov, 1998; Jo and Gero, 

1998; Liggett, 1985). Kusumah (2001) extends facilities layout design to include the 

location choice problems for public service facilities such as fire stations and healthcare.  

3.4 TOPOLOGICAL AND GEOMETRIC CONSTRAINTS 

In most space layout design problems, both interacting relationships and constraints are 

two-fold: topological and geometric. Topological relationships define how elements are 

linked on an abstract level and geometric relationships are related to the physical 

characteristics such as size, adjacency and orientation. 

In topological terms, the most important criterion for a feasible urban layout plan is 

connectedness. An urban layout plan is a network of spatial entities connected by roads. 

Connectedness in this context means at least one path exists between any two of these 

entities. In some instances, the path could include external roads that are outside the 

design area. The case study in Section 8.7 is an example. In this thesis, a road network 

is said to be connected if all residential dwellings and road sections are connected. 

Appendix H discusses relevant definitions and concepts in graph theory.  

Three topological constraints are required to ensure connectedness: 

 Each block of land must be attached to at least one section of road; 

 Each road section must be linked to at least one other road section;  
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 Each road section must be accessible to at least one entry/exit point of the 

network.  

This last constraint ensures every part of the local network is reachable from the outside 

world so no segment is isolated. With the possible help of external roads, any-to-any 

connectedness will be achieved.  

The basic geometric constraints are: 

 All road sections and dwellings are located within the given boundaries; 

 Spatial elements (roads and land parcels) do not overlap; 

 Each block of land has to have a reasonable shape and size.  

3.5 PARADIGMS FOR GENERATING URBAN LAYOUT 
PATTERNS 

Marshall (2009) discusses three possible paradigms of generating urban layout patterns, 

footprint formation, plot subdivision, route propagation. Footprint formation is the 

process in which buildings are placed in succession and the area left in between 

naturally forms streets and open space. Plot subdivision is the repetitive partitioning of 

plots into smaller land parcels. Roads could follow part of the subdivision boundaries. 

In route propagation, roads propagate into space and define the spatial structure.  

Most of the presentations discussed here could fit into one of the three paradigms. For 

example, Hillier and Hanson (1984)’s model (Section 3.7) is essentially footprint 

formation applied to grid cells. The slicing tree (Section 3.9) belongs to plot 

subdivision. Rewriting Systems (Section 3.10) and the branching tree (Section 3.11) use 

route propagation.  

Marshall’s paradigms reflect an important design decision for COULD, i.e. whether 

streets or land parcels should be treated first. Footprint formation and plot subdivision 

consider land use before street network, while route propagation does the reverse. 

Adopting any of the paradigms means land use and road network design are done in two 

separate steps. If land is subdivided first then how to lay a functioning street network 

has to be considered in the second stage. Similarly, if the streets are laid first then the 

areas in between streets need to be divided into usable land parcels in the second stage.  
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The interdependencies between land use and the road network pose potential challenges 

to the two-step approaches. For example, in the land-first approaches, how to generate a 

connected road network for all the land parcels produced in the first step might not be 

trivial. Conversely, if roads are defined first, the challenge is to ensure the areas 

between them are usable and ideal for the second stage. Furthermore, the second stage 

will change the results of the first stage. For example, in the land-first approaches, part 

of the subdivision boundaries could be used to lay roads in the second stage1. The 

problem is that the boundaries have no width so they need to be expanded to 

accommodate roads. Consequently, the blocks on the sides will have significant 

easement and possibly become unusable. Allocating road reserves along the boundaries 

could solve the problem but it has to be applied universally because it is not known yet 

in the first stage which part will be expanded into roads in the second stage. This form 

of redundancy will lead to larger than necessary blocks and therefore lower the yield.  

The representation developed and adopted for COULD employs a different approach. It 

avoids the land-first or road-first dilemma by laying and connecting roads and land 

parcels simultaneously so that their feasibility can be resolved in one step. Binding 

roads to land parcels enables the formation of the universal module that is central to this 

research (Section 3.12). Elements within each universal module are predefined to satisfy 

all constraints so feasibility checks only need to be done between different modules. 

When a new universal module is added, both its road and land components negotiate 

their presence with modules that already exist on the structure so that no second stage is 

required. 

The rest of the chapter will discuss different candidate representations in relation to the 

following three key factors: 

 Representation of space 

 Representation of spatial entities (roads and land parcels) 

 Representation of the topological relationships 

                                                 

1 In the extreme case, all subdivision boundaries could be turned into roads but that will waste useful land 
to produce excessive connectivity. 
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3.6 THE LINEAR REPRESENTATION 

Although all space layout design problems are spatial, not all of them involve geometric 

constrains. For example, the one-to-one assignment problem (or equal area layout 

problem), the simplest facilities layout design problem assumes that all activities require 

equal area, i.e. n activities are to be assigned to n locations so that each activity occupies 

one and only one location. The assumption of equal area eliminates the relevance of 

shape and dimensions (Hu and Wang, 2004; Liggett, 2000). The problem is often 

formulated as a quadratic assignment problem (QAP), following the lead of Koopmans 

and Beckmann (1957). Appendix G has more detailed discussions on QAP.  

The one-to-one assignment problem is useful in improving existing layouts but its linear 

representation is incapable of dealing with geometrical relationships, making it 

unsuitable for creating new layouts. More complicated layout problems require explicit 

representation of space. 

3.7 THE GRID CELL REPRESENTATION 

The grid cell is one of the most popular spatial representations. It divides space into 

cells. Resolution is a key factor in the grid cell representation. Models with coarse 

resolution could use one cell to represent one activity, making it an equal area problem.  

Hillier and Hanson (1984) use an abstract model to simulate the organic growth of 

urban space. The shaded cell in Figure 3.1 (a) represents a closed area (e.g. a building) 

and the blank cell in Figure 3.1 (b) represents an open space (e.g. a section of street). 

Since each closed area has to be linked to the open space to gain access, the authors 

formulated a so-called doublet by joining the two as a single unit (Figure 3.1c). The 

settlement pattern in Figure 3.2 is generated by randomly placing doublets, subject to 

the condition that the open cell in a doublet has to be linked to at least one other open 

cell, which guarantees the continuity of the open space.  
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a. b. c. 

Figure 3.1 Hillier and Hanson (1984)’s (page 59, reprinted) representation of open space, closed 
space and doublets  

 

Figure 3.2 Randomly generated settlement pattern (reprinted from Hillier and Hanson, 1984, page 
219) 

Hillier and Hanson (1984)’s problem is different to layout design. Their model is a 

random simulation for human settlement formation. The coarse resolution means no 

geometry is considered and it does not involve optimization. Instead of dividing the 

space into a grid explicitly, the model grows by attaching new doublets of the same size 

to existing ones. Nevertheless, in terms of space representation it still can be categorised 

as a grid cell system as it is made of square elements with the same size so the entire 

layout follows an orthogonal grid. The model displays spatial patterns similar to the real 

urban space but its resolution is too coarse for practical design.  

In order to model geometrical properties like shape, size and orientation more 

realistically, the assumption of equal area for each activity has to be abandoned. In fact, 

most space layout designs are unequal area layout problems. Therefore, it is necessary 

to increase the resolution of the grid, so that multiple cells represent one activity. 

The grid cell approach has been popular in solving unequal area layout problems. After 

Koopmans and Beckmann’s formulation of QAP in 1957, Armour and Buffa (1963) 
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first applied it to the floor layout design problem. Their representation illustrated in 

Figure 3.3 is still widely used today. 

 

Figure 3.3 Grid cell representation for unequal area layout problems (cells with the same letter 
make up one activity) 

The grid cell representation transforms continuous space into discrete cells and each cell 

belongs to one activity (Foulds, 1983; Liggett and Mitchell, 1981). One activity usually 

consists of multiple cells so the challenge is to group cells of the same activity to form a 

continuous entity. One approach is to assign very large dummy flows between cells of 

the same entity (Q(i,j) in Appendix G, Equation (G.1)) to encourage them to congregate. 

However, congregation is not guaranteed (Liggett, 2000).  

Bozer et al. (1994) use the space filling curve1 that visit all grid cells once and only once 

to ensure continuity of each entity. The facilities are laid sequentially along the curve. 

Each is given a designated number of cells before the next facility starts so all cells 

belonging to one facility are always joined together. Figure 3.4a shows the layout of 

facilities on a 1-2-3-4-5-6 order and Figure 3.4b shows the exchange of facilities 2 and 5 

(order changed to 1-5-3-4-2-6).  

                                                 

1 The space filling curve is a well researched mathematical topic and its strict definition is beyond the 
scope of the thesis. 
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Figure 3.4 Space filling curve example (reprinted from Liggett, 2000, page 211) 

The pixel nature of the grid cell representation means precise shape control is often 

challenging. Liggett and Mitchell (1981) use a bounding box (the minimum rectangle 

that can be drawn around the cells) to help measure each activity’s shape. Two ratios are 

calculated for the bounding box. Proportion ratio is the ratio of the shortest and longest 

sides and coherence ratio is the activity’s cell number versus the bounding box’s cell 

number (Figure 3.5). Hu and Wang (2004) use shape ratio factor, which is defined as 

𝑃𝑖/(4 ∙ √𝐴𝑖), where Pi is the perimeter and Ai is the area. Squares have the lowest factor 

of 1 and the more irregular the shape the higher the factor will be because of its longer 

perimeter. These ratios could be used to control shapes for land parcels but not for 

roads. Roads are interlinked to form a complex network and a bounding box for the 

whole network will be meaningless. Even for individual roads, it does not apply because 

roads can be curved and the straight ones are not necessarily better.  



Chapter 3 Alternative representations in space and the universal module  

42 

 

Figure 3.5 Proportion and coherence ratios for a bounding box (Liggett and Mitchell, 1981, page 
284, Figure 9, reproduced)  

The grid cell representation is popular in strategic land use models, which are not 

usually concerned with shapes. Good examples are UrbanSim (www.urbansim.org), and 

Cellular Automata models (e.g. LEAM, The Land-Use Evolution and Impact 

Assessment Model, www.leam.uiuc.edu). Each cell is assigned certain properties such 

as its land use status and land value (Waddell et al., 2007). The resolution varies, 

depending on the size of the studied area, data availability, and the purpose of the study. 

For example, Waddell et al. (2007) use 150 by 150 metre cells to model the Greater 

Wasatch Front area of Utah in the US, while the cell size in LEAM is normally 30 by 30 

metres (LEAM, 2008).  

At the neighbourhood level, the cell size has to be significantly smaller to provide 

enough details for the design. They should probably be no larger than one metre wide, 

which means one million cells will be required to represent a 1000*1000 metre site. 

This could require significant computing power and time to group this number of cells 

into reasonably shaped land parcels linked by a continuous road network (Liggett, 

2000).  

3.8 THE GRAPH REPRESENTATION 

Graph theory has important applications in many spatial problems, especially network 

analysis such as macroscopic traffic modelling (Sheffi, 1985). Appendix H discusses 

some of its basic concepts and how macroscopic traffic models use it to represent roads. 

Graph theory has also been used to solve facilities layout problems with complex 

topological and adjacency requirements (Appendix I). Nevertheless, it has not been 
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widely used in problems involving complex geometric requirements (Foulds, 1983; Wu 

and Appleton, 2002).  

Roads form so-called spatial networks, which are networks entrenched in the physical 

space. Their nodes have precise coordinates and links have specific geometric properties 

such as dimensions and shapes (Crucitti et al., 2006). The spatial aspect is important 

because urban layouts often have complex geometric structures (e.g. Figure 3.6). 

However, the main focus of graph theory is on the abstract topological relationships, not 

the spatial properties. Macroscopic traffic models take into account some spatial 

properties but ultimately translate them into length and capacity of the roads. The 

introduction of the dual of the graph (Appendix I) partially improves this but most 

applications are limited to shapes with horizontal or vertical orientation.  

 

Figure 3.6 A suburban street network in Western Australia (screenshot taken from Google Maps) 

 

3.9 THE SLICING STRUCTURE 

The slicing structure is produced by a series of cutting operations that slice the block 

plan into smaller partitions (Figure 3.7b). The instructions to generate the structure are 

expressed by a slicing tree (Figure 3.7a). Appendix J contains more details on the 

slicing structure. 
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a. b. 
Figure 3.7 The slicing structure (reproduced image of Liggett (2000, page 206, Figure 5) 

The slicing structure employs a prescriptive approach, i.e., rather than describing the 

position and geometry of each subarea, it prescribes how a solution can be constructed 

by partitioning the space. Section 4.2 will discuss more on prescriptive and descriptive 

approaches but in general prescriptive approaches have the advantage of reducing the 

number of variables needed to specify a plan. 

Compared to the grid cell approach, it is easier to control the shapes with the slicing 

structure. The difference is akin to a pixel-based program versus a vector-based 

program. Nonetheless, most of the existing slicing structure applications use vertical 

and horizontal cuts so angled cuts need to be developed for non-orthogonal designs.  

Wu and Appleton (2002) use a slicing structure to form the aisles between departments 

based on the slicing cuts. Similarly, when applied to urban layout the cuts could be 

turned into a road network. 

3.10 REWRITING SYSTEMS 

The dominant importance of the road network is one of the largest differences between 

urban layout design and the classic spatial layout design problems. Some layout 

problems deal with networks such as aisles within facilities but they are normally 

orthogonal. Location theories do consider networks but they are about choosing 

optimum locations within the given network, not about designing a network. The 

complexity of the road network calls for a more flexible representation that is capable of 

dealing with irregular road geometries.  

L-systems (Appendix K) and shape grammars were considered because of their ability 

to produce complex structures. They are both rule-based rewriting systems that are 

generative in nature. They start from an initial configuration then generate more 

complexity by repetitive application of the rule set. Each rule contains the left hand side 
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(LHS) and the right hand side (RHS). LHS mostly specifies the conditions to which the 

rules applies and the part to be rewritten. RHS mostly states the consequences of the 

rewriting. Appendix K contains examples of the rules. 

From a biological perspective, each rule set can be seen as a genotype (McCormack, 

1993) so L-systems and shape grammars are not just about the representation. These 

generative genotypes (although they are not commonly referred to as such) can produce 

large and complex structures from a relatively small set of rules. The downside is that it 

is hard to foresee what phenotypes they will produce. The unpredictability also means 

that small changes in the genotype often lead to large alterations in the phenotype. 

Evolution has been introduced to design L-systems that can produce the desired results 

(e.g. Mccormack, 1993; Mock, 1998). See Section 4.2 and 4.4.3 for more discussions on 

generative genotypes and how they compare with their descriptive counterparts. 

The street networks can be potentially modelled by L-systems as branching structures. 

What is shown in Figure 3.8 could be turned into a hierarchical street layout. However, 

one obstacle is that the standard L-systems can only produce acyclic topologies 

(Hemberg et al., 2008), called trees in topology terms (Appendix H). Therefore, they 

cannot produce loops that are common in roads.  

 

Figure 3.8 A tree structure produced by L-Systems (reprinted from Prusinkiewicz et al., 1990, page 
49) 

Map L-systems are modified L-systems that can model cyclic structures (Appendix K). 

They can model complex cellular structures but potentially complex modifications 

would have been required to make them suitable for this study.  
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The fundamentals of shape grammars are similar to that of L-systems. They mostly 

apply rewriting rules to geometric shapes instead of just lines and points (Figure 3.9). 

Research has been done in combining shape grammars with evolutionary computing, 

e.g. Caldas (2008), Couchoulas (2003), Lee and Tang (2008), Schnier and Gero (1998). 

Caldas (2008) also suggests that shape grammars seem to have limited capacity in 

handling complex 3D structures.    

 

Figure 3.9 A shape grammar example (based on Mitchell, 1998, page 143) 

COULD also uses generative genotype which will be discussed in Chapter 4. It was 

originally inspired by developmental biology so the author pursued the biological 

analogy and its theoretical framework. With hindsight, the model is seen to have 

characteristics of a rewriting system, which will be discussed in Section 9.5.1.   

3.11 THE BRANCHING TREE  

The next two sections present two alternative presentations developed for COULD, the 

branching tree and the universal module. Feasibility of solutions is one of the largest 

challenges for automated design from scratch. Problems like urban layout design have 

many degrees of freedom and interdependencies. Because there is no existing design to 

start with, a random walk in the search space is more than likely to produce infeasible 

designs and correcting them is no easy task. To solve this, both presentations are 

designed to start from the simplest solution and gradually evolve the final solution. In 
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doing this, the search is kept close to the last known feasible solution. Chapter 4 

discusses its advantages and disadvantages further. 

The hand-drawn example below demonstrates the branching tree approach. In this 

example, the task is to design a road network for the plot in Figure 3.10 and use all three 

given entry/exit points. The first step could be simply connecting all entries by straight 

lines (Figure 3.11 - Figure 3.12).  

 

Figure 3.10 The boundaries and entry/exit points of an existing plot in Perth metropolitan area, 
Western Australia 

 

 

Figure 3.11 Linking entry/exit 1 and 3 
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Figure 3.12 Linking entry/exit 2  

Three operators described below can be used to develop the solution from here. 

3.11.1 Sprouting 

Any existing roads can generate branches on either side or at the ends. Figure 3.13 is an 

example of sprouting. The solid lines are roads and the dashed arrows are potential 

branches. The locations of the branches are arbitrarily chosen for the purpose of 

demonstration.  

 

Figure 3.13 Sprouting operation for the branching tree 

 

3.11.2 Linking  

Linking connects nearby roads (Figure 3.14). 
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Figure 3.14 Linking operation for the branching tree 

 

3.11.3 Stretching  

A stretching operator changes the shape of a road by moving selected points (Figure 

3.15). Roads are treated as elastic bands that can be stretched and bent. 

 

 

 

Figure 3.15 Stretching operation for the branching tree 

Figure 3.16 to Figure 3.19 show a simulated procedure of how a layout could be 

generated by repeated application of these simple operations at different locations.  

 

Figure 3.16 Stretch the initial solution and sprout the first level branches 
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Figure 3.17 Sprout the second level branches and bend the existing ones 

 

 

Figure 3.18 Sprout the third level branches and continue modification of the existing ones (the 
dashed lines with arrow indicate linking operations). 
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Figure 3.19 The final network (the thickness of the streets is not related to their width but indicates 
the sequence in which they are generated). 

The branching tree only lays the roads so it still needs to be followed by a subdivision 

stage. It faces similar challenges to those discussed for other two-tiered approaches in 

previous sections. The universal module representation finally chosen for this study 

avoids the land-first or road-first dilemma by laying down the road sections and land 

parcels together. Both land and roads are considered simultaneously, eliminating the 

need for a staged solution.  

3.12 THE UNIVERSAL MODULE REPRESENTATION 

As the name suggests, the universal module is designed to fit anywhere in the structure. 

It changes its physical appearance to fit in the local context and will continue to change 

if the context changes. The inspiration for this approach comes from the fact that every 

cell in an organism contains the same set of genes and therefore the same developmental 

potential (Chapter 4). One advantage of encapsulating full developmental potential into 

every cell is that it enables each cell to develop according to its context. The many 

different types of cells that make up complex organic structures are the result of 

differentiation that happens at the right time and right place (Carroll, 2011). It also gives 

organisms, especially plants, the plasticity required during development.  

The universal modules in COULD never lose their ability to differentiate so they can 

always change their physical structures to whatever is needed throughout the process. 

The newly generated universal modules act like stem cells, either differentiate to grow 

new structures or regrow the part that has been cut.  
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Just like organic cells, the universal module is the basic functional unit of the system. It 

is made of a road section with ten buds (Figure 3.20). The buds have three potential 

states: land parcel, road section or void. The void state is also referred to as a suppressed 

state in this thesis. The local context dictates which form a bud takes. In Figure 3.20, 

they are all presented as land parcels. Each land parcel is modelled by a centroid (a 

special type of node in traffic models that can send and receive traffic, Appendix H) in 

Aimsun, shown as circles with a blue dot in the centre1. It connects to the roads by 

centroid connectors (Appendix H) shown as two thin lines. Because the universal 

module contains both the land and the road component, the requirements of both can be 

accommodated at the same time. All the dwellings are attached to the road in the same 

module and new roads have to grow out of the existing ones so the connectedness is 

ensured. In this respect, it is somewhat similar to Hillier and Hanson (1984)’s doublet 

construct presented in Section 3.7. The minimum size for each dwelling is guaranteed 

by predefined spacing requirements described later in this section. 

 

Figure 3.20 A module with all buds expressed as dwellings 

The situation in Figure 3.20 where all buds are expressed as dwellings will never 

happen. In order to connect to other modules, at least one bud needs to become a road 

section and some other buds might need to be sacrificed to clear the space. For example, 

the module in Figure 3.21 has one bud turned into road, and the bud above and below it 

eliminated because they are too close to the road. 

                                                 

1 It is important to note that these circles are not to scale so they do not represent the size of dwellings.  
The reason is that Aimsun automatically resizes them dynamically according to different zoom level and 
screen resolution. This function cannot be controlled or switched off externally via its API.  
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Figure 3.21 A module with one bud expressed as a road section 

 Figure 3.22 shows how a new module can grow out of a bud. 

 

 

 Figure 3.22 An example of budding a new module  

3.12.1 A hand-coded example 

The modular representation is versatile enough to produce complex networks. The 

following is a hand-coded demonstration of how the existing residential area in Figure 

3.23 could be modelled. 
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Figure 3.23 An existing residential area in Western Australia (screenshot taken from Google 
Maps) 

Figure 3.24 shows a series of intermediate steps. It starts by connecting Entry/Exit 1, 2 

and 3. In Figure 3.24a, the long vertical road on the left connects Entry/Exit 1 and 3, 

and the left side of the horizontal road connects to Entry/Exit 2. The structure then 

expands to the right, connecting to Entry/Exit 4 and forming the first loop by Figure 

3.24d. The second loop is formed in Figure 3.24f.  

The final layout in Figure 3.24f is slightly different to that in Figure 3.23, although 

topologically the same. This is because the buds were set to grow at angles with 45-

degree increments, i.e. 0, 45, 90, 135, 180, 270 degrees. Smaller or even non-fixed 

angles could be used but for the purpose of this research 45 degree increments are 

satisfactory.  

In addition to solving the land-first or road-first dilemma, the universal module also 

facilitate the adoption of the developmental approach which is discussed in Chapter 4. 

This is the main reason that it was chosen for COULD.  
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a. Snapshot 1 
 

b. Snapshot 2 
 
 

 

 

c. Snapshot 3 
 

d. Snapshot 4 

 
 

e. Snapshot 5 f. Final snapshot 
Figure 3.24 Hand simulated module growth 

 

The next section deals with the representation of roads that are generated by the 

universal module. 
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3.12.2 The representation of road sections 

Roads in COULD appear to be one-way because their two opposite directions are 

stacked on top of each other (Figure 3.28). This section explains the technical reasons 

behind this decision. Readers not interested in Aimsun implementation issues can jump 

to the last two paragraphs of the section.  

As in many other traffic modelling applications, the chosen development platform 

Aimsun (Section 1.4) represents the two opposite directions of the same road by two 

separate sections, which can be independently modified (Figure 3.25a). The modeller 

pairs and links these separate sections to reflect the network topology and geometry. 

This treatment offers great flexibility. For example, it can model roads with non-parallel 

lanes (Figure 3.25b), which is not unknown in the real world. 

 

  

 a. b. 
Figure 3.25 Representations of two road directions in Aimsun 

However, in a fully automated system such as COULD, automatic pairing of the two 

opposite directions becomes necessary. The system needs to know which pairs belong 

to the same road section so that it can apply the same operation to both of them to 

ensure consistency and integrity of the network.  

Pairing is more straightforward when the model is created by the program from scratch. 

One way is to use a two-dimension array to track the road sections that have been 

created or deleted. Each record represents a section, with its two dimensions recording 

the two opposite directions. Alternatively, two one-dimensional arrays of the same size 

can be used. Each tracks one direction and they both follow the same order, i.e., the 

records with the same sequence number always belong to the same pair. For example, in 
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Figure 3.26, the fifth record in OppositeRoadSections[]1 is always the opposite direction 

of the fifth record in RoadSections[].  

RoadSection[]  OppositeRoadSection[] 
RoadSection[1]  OppositeRoadSection[1] 

RoadSection[2]  OppositeRoadSection[2] 

RoadSection[3]  OppositeRoadSection[3] 

…  … 

RoadSection[m]  OppositeRoadSection[m] 

…  … 

RoadSection[n]  OppositeRoadSection[n] 

Figure 3.26 Pairing opposite directions through two identical arrays 

However, Aimsun files do not save these data arrays so it becomes a problem when the 

algorithm needs to open an existing model. Once a model is closed and reopened, the 

pairing information is lost so all the sections need to be re-paired. In COULD, there are 

two scenarios where a model needs to be reopened. The first is when a saved file is used 

to reverse the changes made by the previous step, an essential operation discussed in 

Section 5.3. The second is when it is used to improve an existing design as discussed in 

Section 7.3.4 and 8.4.4.  

Comparing the coordinates of the existing sections is the easiest way to re-pair them. In 

this study, all roads are made of parallel sections so the coordinates of the opposite 

direction can be calculated from one section’s own coordinates. Horizontal (Figure 

3.27a) and vertical sections are easier to calculate, while the angled ones (Figure 3.27b) 

require some trigonometry.  

 

                                                 

1 In this thesis square brackets [ ] are used to identify arrays. 
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a. b. 
Figure 3.27 Horizontal and angled roads with parallel sections 

The need for calculation can be eliminated by stacking one direction on top of its 

opposite. As shown in Figure 3.28, each of the overlapped sections has width R, which 

equals the total width of the original two sections. The pairing process is reduced to 

comparing whether one section’s starting point has the same coordinates as the other’s 

end point, and vice versa. If a match is found, the two will be recorded in 

RoadSections[] and OppositeRoadSections[] respectively, each with the same sequence 

number.  

 

Figure 3.28 Stacking the two opposite directions 

It is worth noting that in Aimsun the stacking of opposite directions does not alter the 

topological relationship among road sections so the network still functions as normal. 

The stacking also makes the display of traffic flow directions (the white arrows) 

arbitrary. For each section, whichever direction happens to be on top will be displayed 

but it does not affect operations of the network.  

Since the study only deals with residential areas, all roads are assumed to be local with 

only one lane on each direction. 
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3.12.3 The representation of nodes  

A node in Aimsun is where two or more road sections join. It includes, but is not limited 

to the concept of road junctions in the real world. A series of sections linked together 

can represent a continuous road, in which case the nodes between them are artefacts 

rather than real junctions. This type of ‘dummy’ node is a necessity for the modular 

approach, since the whole network is constructed by joining small modules together. 

In Aimsun each node comprises a number of turns. The permitted traffic flow between 

any two sections is considered a turn, even if the two sections are in a straight line. So 

when a node is formed, all the turns need to be defined. In Figure 3.29, two ‘turns’ (the 

two arrows in the ellipse) are established in the node. 

 

 

 

    

 

Figure 3.29 Set up ‘turns’ in a node that joins two straight sections 

Nodes in Aimsun do not necessarily have geometric dimensions, which is the case in 

this model. When the sections are linked, the second one always starts where the first 

one ends (Figure 3.30).  

 

Figure 3.30 Nodes with no physical dimensions 

Besides the artificially created nodes that are used to link modules, there are also nodes 

that represent road junctions in the conventional sense. Figure 3.31a shows the 
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configuration of a T-junction, in which six turns are defined. In reality, junction 

geometry needs to be properly designed according to regulations. Some junctions might 

occupy more space depending on the turn radius required to accommodate certain 

vehicle types and speed. The complication of junction design is beyond the scope of this 

idealised model which focuses on the algorithmic aspect of automated design. As shown 

in Figure 3.31b, all sections meet at the ‘node point’. It slightly under-represents the 

space requirements of intersections but since the road systems in a neighbourhood area 

are designed for small passenger vehicles with low speed it is safe to use this type of 

representation.  

 

Figure 3.31 Representing a T-junction by a node point 

3.12.4 The geometrical constraints  

This section discusses the geometrical constraints on land parcels and roads. The 

constraints are threefold: 

 Each type of element has certain shape requirements, such as the ratio between 

the width and length of rectangular land parcels; 

 Each type of element has dimension requirements, such as minimum and 

maximum width and length; 

 Spacing between elements, e.g., residences must be a minimum distance away 

from the pedestrian pathways, designated as setout in this thesis. 

Roads are predefined in the universal modules to meet the requirements on shape and 

dimensions. For land parcels, dimensions are more important than shapes. Although 
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regular shapes, particularly rectangles, might be preferred, a parcel is considered usable 

as long as it possesses the minimum dimensions, which is maintained by minimum 

distances to neighbouring elements. Therefore, in this study meeting the geometric 

constraints is reduced to maintaining adequate spacing between design elements.  

A land parcel is a destination as well as an origin of traffic. The network distance 

between land parcels is calculated by Aimsun’s built-in shortest path algorithm. For 

both land parcels and road sections, the availability of a path to the rest of the network is 

a sufficient condition for their connectedness. Section 5.2 discusses more details about 

how it is used in the model.  

There are five spacing parameters in the model (Figure 3.32): 

 R – The width of each road, including footpath;   

 S – The setout, a fixed distance required between footpath and dwelling;  

 W – The minimum width of each land parcel, i.e. the minimum side separation 

between dwellings (measured from centre to centre);  

 B – The minimum back-to-back separation between dwellings (measured from 

centre to centre); 

 D – The minimum distance between the setout line and the rear boundary, i.e. 

the minimum lot depth. 
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Figure 3.32 Spacing for an orthogonal layout 

Figure 3.33 is the interpretation of Figure 3.32 in the Aimsun model. W is used as the 

radius of the clearance circle to maintain the minimum spacing of each dwelling from 

surrounding neighbours. The model does not impose a maximum distance between 

centroids. 
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Figure 3.33 Spacing requirements represented in the Aimsun model  

Table 3.1contains the actual values used in the model: 

Table 3.1 The spacing parameters used in COULD 

 Value (metres) 
R 7 
L 20 
S 4.5 
W 14 
B ≥ W 
D W + B/2 

 

The examples in Figure 3.32 and Figure 3.33 are the simplest case, in which all blocks 

have the same size and shape. In reality, the blocks in generated plans are more likely to 

vary in size and shape, particularly when non-orthogonal designs are permitted. The 

variable distance and angles between neighbouring centroids result in differing block 

sizes and shapes. As the example in Figure 3.34 shows, this is often the case in real 

world designs.  
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Figure 3.34 Examples of irregular blocks (screenshot of a residential area in Western Australia, 
taken from Google Maps©) 

COULD focuses on laying out the streets and centroids, leaving the job of drawing the 

actual block boundaries to humans. Once the plan is laid out, the block boundaries can 

be drawn by dividing the space equally between all pairs of neighbouring centroids. 

First a virtual line is drawn to link the two centroids (the dashed line AB in Figure 

3.35a). Then the orthogonal line is drawn from its midpoint (line CD in Figure 3.35a). 

One boundary line ends when it crosses another one, as in Figure 3.35b. The boundary 

lines in Figure 3.35b were manually drawn by this method. The generation of these 

parcel boundaries are not automated because it does not have enough theoretical value 

to be considered as an essential part of the research.   

 

 

 

a.  b. 
Figure 3.35 Drawing block boundaries 
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3.13 SUMMARY 

This chapter compares possible candidates for the phenotypic representation. Several 

existing representations developed for space layout designs have been reviewed for their 

potential application in this study. Some of them might apply but need potentially 

complicated modifications to cope with the complexity of geometric and topological 

requirements involved in urban layout design. The slicing structure and L-systems are 

the most promising, L-systems especially, for its excellent ability to model complex 

shapes. However, both might require a two-step system to handle subdivisions and 

roads. The interaction between the two stages presents potential complications because 

the second stage needs to modify the results of the first stage and might subsequently 

change its results or even make part of it invalid.  

The author developed the branching tree and the universal module as alternative 

phenotypic representations for COULD. Both can produce topological structures 

required for the road network, such as intersections and loops. More importantly, both 

are generative and prescriptive in nature, which means they can start with the simplest 

solution and expand it by repetitive application of operations. Making progressive 

changes sorts out dependencies between components one at a time and it keeps the 

search close to the last known feasible solution so it can be easily reversed.  

The branching tree was not chosen for the final model because it still needs a complex 

two-step approach to deal with subdivisions. As noted at the end of Section 3.11, it only 

lays the roads so that it still needs to be followed by a subdivision stage. By contrast, the 

universal module solves this problem by simultaneously laying roads and land parcels. 

More importantly, the modules can self-propagate and self-adjust so there is no need for 

a mastermind to control the process. The next chapter will focus on this developmental 

approach.  
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CHAPTER 4 A GENERATIVE PARADIGM OF 
AUTOMATED DESIGN  

4.1 INTRODUCTION 

Chapter 2 has introduced genotype and phenotype. It has also mentioned that most 

evolutionary algorithms do not distinguish them. Even when they do, one-to-one 

mapping is mostly used to translate genotype into phenotype, treating the former as a 

‘blueprint’ that describes every detail of the latter. As this chapter will discuss, this is 

different to how nature generates living organisms. Natural genotypes are prescriptive, 

meaning they contain instructions on how to construct phenotypes instead of 

descriptions of every component (Section 4.2 and 4.4.3). Adult organisms are produced 

by a generative process known as development. It is a dynamic process that consists of a 

series of unfolding events that lead to the final production of the phenotype. Such a 

developmental process is simulated in this study to grow residential layout plans from 

scratch. The goal is not to simply mimic nature but to learn from its principles. 

This chapter first introduces the basic and relevant concepts of developmental biology 

then discuss their applications in this research. The focus is on the conceptual level, 

leaving detailed discussions of the actual mechanisms to Chapter 5. 

4.2 GENOTYPE TO PHENOTYPE MAPPING AND 
DIFFERENT TYPES OF GENOTYPES 

Most evolutionary design models belong to either of the two camps, parametric and 

generative (Janssen et al., 2005). One-to-one genotype to phenotype mapping works 

well for the former (Figure 4.1). It means each variable in the phenotype is coded in the 

genotype. The topological relationships (dependencies) between design elements and 

the number of parameters are predefined and normally remain constant during the 

search. The search space is made of genotypes and the solution space is made of 

phenotypes. One-to-one mapping also means points in the feasible regions of one space 

always have their counterparts in the feasible regions of the other.   
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Phenotype: 

Table consisting of fixed top and four legs defined by: 
Length of leg 1, distance of leg 1 from centre 
Length of leg 2, distance of leg 2 from centre 
Length of leg 3, distance of leg 3 from centre 
Length of leg 4, distance of leg 4 from centre 

Figure 4.1 An example of parametric design (Bentley, 1999, page 37, reproduced) 

However, as discussed in Section 1.1, design is more than tweaking the values of 

parameters. When there is no predefined structure to work with, the complex 

interdependency between a large number of elements means a randomly generated plan 

is more than likely to be infeasible. This was the largest challenge encountered during 

this study. Section 4.4 illustrates some of the difficulties.  

Another challenge of one-to-one mapping is scalability. Genotype size is coupled with 

phenotype size because every phenotypic component and dependency needs to be 

specified. The word ‘size’ here does not necessarily mean physical dimension. In the 

parametric approach, it takes the same number of parameters to define a small and a big 

table, as long as the design does not change. However, a more complicated design will 

require more specifications. The coupling would mean an unmanageable number of 

variables for ultra-complex systems such as the human body.  

One-to-one mapping does not exist in natural organisms so they do not have such 

coupling (Bentley and Kumar, 1999). There are enormous variations in organisms’ 

genome size, up to 80,000 times difference between the smallest and the biggest (Purves 

et al., 2004). In the meantime, more complex organisms do not necessarily have larger 

genomes. Figure 4.2 shows that the human genome does not contain many more genes 

than that of Arabidopsis (a very simple plant) and only about double that of the 

roundworm. This suggests that natural genotypes are scale-free. Much of this is because 

they do not have one-to-one descriptions for phenotypes. Instead, they contain 
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instructions (prescriptions) on how to construct phenotypes during the dynamic 

developmental process, which is the subject of the next section.  

 

Figure 4.2 Comparison of number of genes between humans and other organisms (reprinted from 
The Centre for Genetics Education, 2013, page 5) 

In this thesis, the term descriptive genotype refers to genotypes that describe the entire 

composition of their phenotypes. They act like blueprints, describing every phenotypic 

component so one-to-one mapping is required. In comparison, prescriptive genotypes do 

not contain descriptions (blueprints) of how the phenotype is made up. Rather, they 

prescribe instructions on how to make them. Generally, prescriptive genotypes are 

expected to be more compact. It is often easier to prescribe how to make a complex 

structure than describing all its geometric properties and dependencies between parts. 

That is because simple instructions often have complex spatial and structural 

consequences (Wolpert et al., 2007).  

The term generative genotype is used in this research to refer to a special type of 

prescriptive – they contain instructions but they are not step-by-step manuals, unlike 

some other prescriptive genotypes (for example the slicing structure discussed in 

Section 3.9) which embrace the entire set of instructions. Generative genotypes contain 

instructions that interact with each other and the environment to produce new 

phenotypic structures or modify existing ones. The size of generative genotypes is 

decoupled from the size of the phenotypes, which means a small set of genotypic 

instructions can generate phenotypes of various sizes. The downside is that the 

interactive process displays emergent behaviour, which makes the outcome 

unpredictable. Section 9.6 will propose potential solutions. The rewriting systems 

discussed in Section 3.10 also employ generative genotypes, although most of them use 

the term grammar instead. 
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Although the solution space for the generative genotype is still made of phenotypes, the 

search space is modified at every step by the limitations resulting from the preceding 

operations and the new possibilities revealed. There might be only one genotype but the 

process it guides is path dependent. Instead of being composed by genotypes, the search 

space defines what the genotype could generate in the next step and what actually 

happens in the next step will change the search space, the solution space and their 

feasible regions. The search space and the solution space dynamically change along the 

way, especially when stochasticity is involved. 

COULD employs a generative genotype. The word generative may give the impression 

that it always adds more elements. However, COULD’s genotype does contain genes 

that delete existing structures (see cutting operators in Section 5.2.3). The author thinks 

the term is appropriate even for these deletion genes because deleting some existing 

elements is just another way of generating new structures.   

4.3 CONCEPTS BORROWED FROM DEVELOPMENTAL 
BIOLOGY 

In Section 3.12, reference was made to the biological inspiration for the universal 

modules. In this and subsequent sections, the biological analogy is pursued. This section 

briefly touches on the relevant biological concepts and the next section explains how 

they are applied to this research. Appendix L contains additional background 

information on developmental biology. 

Development refers to the process during which an organism goes through its life cycle 

while consecutive changes lead to its various forms. It usually starts from an embryo, 

which is an animal or plant in its very early stage of development. Embryogenesis is the 

process of embryo formation and development. Computer models have been created to 

mimic embryogenesis (e.g. Bentley and Kumar, 1999; de Garis, 1999). However, the 

author prefers the term development since it extends beyond the embryonic period and 

for most species it is a process that lasts for a lifetime. Gero (1998) and Shi and Gero 

(2000) provide examples of previous research using concepts from developmental 

biology in design. Based on Gero (1998), the developmental approach can be 

understood as:  
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Phenotypet = d(genotype, phenotypet-1, environment) 

where,  

d() is the developmental process; 

t is the current time step; 

t-1 is the previous time step. 

Three intertwining processes are involved in development, growth, differentiation, and 

morphogenesis (Purves et al., 2004). The following outline is in terms of living 

organisms but all of the processes mentioned are relevant to the way COULD functions 

in developing residential layouts. 

4.3.1 Growth 

Growth is the expansion of an individual’s size achieved by the increase in the number 

of cells, the enlargement of individual cells and production/accumulation of 

extracellular structures (Wolpert et al., 2007). Cell division increases the cell 

population. Growth also affects morphogenesis (Section 4.3.3), when different parts 

enlarge at different rates to bring changes to the organism’s physical form. For some 

organisms, growth could last for a lifetime. 

4.3.2 Differentiation 

Differentiation results in specialisation of cells. Specialised cells have differentiated 

biochemistries, structures and functions but this is not because of differences in their 

genes. In general, all somatic cells1 have the same set of genes inherited from parent(s), 

a phenomenon referred as genomic equivalence in biology (Gilbert, 2003; Hodge, 2010; 

Purves et al., 2004). Differentiation does not affect genomic equivalence. Homogeneity 

in genotype can lead to heterogeneity in phenotype because of differential gene 

expression, which means only a subset of genes are activated and expressed in any 

particular cell.  

                                                 

1 With the exception of the reproductive germ cells in the multicellular organism. 
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Local interactions play an important role in development. Cell differentiation results 

from the interaction of the extracellular environment and its genetic package (Purves et 

al., 2004). The extracellular environment includes other cells, extracellular substances 

(fluids and gases) surrounding the cells, and external environment (for those that are in 

direct contact with the organism’s external environment). The chemical signals from the 

external environment can also reach the cells that are not in direct contact through 

extracellular fluids. In order to survive, differentiate and function properly, individual 

cells must be able to recognise, communicate and attach to one another (Barton et al., 

2007).  

Induction and lateral inhibition 

Cells adapt to their local context through cell to cell signalling and environmental 

inputs. They interact with one another through the intercellular signalling (cell-to-cell 

signalling), an often reciprocal process in which cells send signals to others and 

consequently determine the fate of one another. The determination of one cell or tissue’s 

fate by another is called induction. Its range is from one to a number of cells. 

As a cell-to-cell communication mechanism during development, lateral inhibition has 

particular significance for the modelling in this thesis. Lateral inhibition is a competitive 

process important to pattern formation in areas where neighbouring cells have equal 

developmental potential, such as the bird’s feather. Cells differentiating early will 

inhibit differentiation in adjacent cells to achieve regular spacing. Similarly, leaves on 

one plant are often involved in lateral inhibition. On a larger scale, comparable 

phenomena can be found in forests where trees compete for resources such as sunlight.  

The section on mosaic versus regulative developmental models in Appendix L further 

explains why development does not follow a blueprint. Rather, it is a process regulated 

via interactions during which cell differentiation is conditioned by local context.   

4.3.3 Morphogenesis  

Cell differentiation is closely linked to the third process, morphogenesis, formation of 

physical structure and shape in multicellular organisms. Variation in both spatial and 

temporal control of gene expression is capable of generating a diverse range of forms in 

organisms (Barton et al., 2007; Slack, 2013). During morphogenesis, differentiated cells 

need to be organised spatially to form structures, a process called pattern formation. 

Wolpert et al. (2007, page 521) describe pattern formation as ‘differentiation in a 



Chapter 4 A generative paradigm of automated design  

73 

spatially organised arrangement’. Appendix L contains more discussions of pattern 

formation. 

Morphology is studied in many areas beyond biology. For example, urban morphology 

studies patterns of human settlement (Batty, 2007, 2013). 

4.4 APPLYING THE PRINCIPLES OF BIOLOGICAL 
DEVELOPMENT  

This section introduces the ways in which biological concepts introduced in the last 

section are applied in COULD.  

4.4.1 Modularity and growth 

Multicellular organisms display enormous variety in morphologies, and modularity 

plays an important role in the development of such diversity. It creates division of 

labour so modules depend on one another for survival and the whole organism relies on 

the coordinated actions of individual modules. On the other hand, modules are also 

relatively independent. This relative independence permits modification of one module 

without affecting the functionality of other parts of the organism (Purves et al., 2004). 

At different levels, a cell, a tissue or an organ of the living organism can all be seen as a 

module. COULD does not mimic the formation of tissues or organs so its universal 

modules are more like cells, especially in the sense that all of them have the same set of 

genes and developmental potentials.  

Modularisation has significant impacts on the construction of the model. Instead of 

specifying numerous spatial elements in the design, the design decisions are reduced to 

two categories, the composition of the universal modules and how they are organised.  

The composition of the universal modules  

The universal module developed for this study was introduced in Section 3.12. The 

module needs to be a self-contained functioning unit that includes all the basic elements 

of the final design. In the case of residential layout, they are land parcels (for dwellings) 

and roads that connects them. 

As discussed in Section 3.4 the basic requirement of urban layout design is to have a 

connected road network. This could be complicated in either land-first or road-first 

approaches (Section 3.5) because the interdependence between the land parcels and 
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roads means changes in one will always bring complicated consequences to the other. 

The modular approach solves the problem by simultaneously laying down both the land 

parcels and the road. All the land parcels link to the road section in the same module so 

connectedness is guaranteed within each module. Spacing requirements are also 

satisfied by pre-programming the space in between the module elements.  

The organisation of modules 

Since each universal module is a ‘self-contained’ unit, the design of a layout becomes 

the question of how to assemble the units so that the topological and geometric 

requirements can be satisfied. COULD assembles modules by simulating growth during 

development. As explained in Section 4.3.1, growth can be achieved by three means. 

However, COULD only models the first – the increase in numbers. It is a process 

similar to budding or sprouting of the plant. One or more modules are initially placed in 

the design site as the embryo. Growth starts by budding a new module in place of one of 

its dwelling centroids (Figure 4.3). The new module’s roads connect to those of the 

existing one to ensure that connectedness is always maintained. To qualify as a feasible 

plan, spacing requirements also need to be met. Intra-modular spacing between 

elements within the same universal module is predefined by parameters L, S, and W  

(Table 3.1) and remains constant unless certain elements are suppressed or deleted by 

differentiation or lateral inhibition (discussed in the next section), which are responsible 

for maintaining inter-modular spacing between elements from different universal 

modules.  

 

 

 

Figure 4.3 Budding of a new module 

In addition to budding a whole new module, COULD can also bud single dwellings and 

road sections. Section 5.2.2 will discuss the three types of budding operations.  

The budding method reflects the process by which most multicellular organisms 

develop from a single fertilised cell to a full adult. There are rare exceptions to the 



Chapter 4 A generative paradigm of automated design  

75 

model found in nature, such as slime moulds. During their life cycle, slime moulds go 

through both unicellular and multicellular stages. When food is scarce, the single cells 

can aggregate to form a multicellular slug that is capable of migrating. Compared to the 

interdependent embryonic cells of most other organisms, this is cooperation between 

independent cells. It is assumed that both positional information and so-called cell 

sorting are involved in the differentiation process. Cell sorting involves cells 

differentiating randomly then sorting out their correct positions (Wolpert et al., 2007). 

Scientists have discovered that local interaction and self-organisation enable slime 

moulds to build complex and efficient networks (Tero et al., 2010).  

Cell-sorting was considered as an alternative solution to growth. Figure 4.4 

demonstrates one possible way of implementing it. First, a number of differentiated 

modules are randomly generated and then they will try to self-organise into one 

structure. It turned out to be a potentially complex procedure. There are always multiple 

ways to bring the modules together and further mutations are required for many of them 

in order to form a connected entity. To determine which one of the many options is best 

did not seem to be straightforward so the cell-sorting approach was not pursued. In 

contrast, budding new modules on the existing structure eliminates the need for 

complicated heuristics to deal with these problems. 

 

Figure 4.4 The problem of connecting randomly generated modules 

The difficulty in modelling cell-sorting seems to be backed up by the evidence that the 

aggregation of independent cells has never produced complicated structures. There 

ought to be good reasons that most multicellular creatures develop from a single cell. 

One of them could be genomic equivalence. 
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4.4.2 Genomic equivalence and conditional differentiation  

Genomic equivalence could have played an important role in enabling the formation of 

complex structures in multicellular organisms. Wolpert et al. (2007) reason that cells 

that inherit the same genetic package could potentially communicate and cooperate 

well, whereas mutation brings changes to individual cells and consequently makes it 

difficult for the independent cells in organisms such as slime moulds.  

Conditional differentiation 

COULD follows the principle of genomic equivalence, which means that all universal 

modules have the same genetic package and full developmental potential just like 

embryonic cells in the early developmental stage. On the other hand, any individual cell 

will only express part of its genes at any given time, which produces its particular 

physical form and function. The fate of embryonic cells (what they finally become) is 

determined progressively during development (Hodge, 2010; Müller, 1997; Slack, 

2013). Similarly, the universal modules change their fate constantly during 

development, taking different physical forms and functions. It is impossible to 

predetermine which part of the genetic package will need to be expressed so genomic 

equivalence is the natural choice. It enables robustness and flexibility that underpin 

phenotypic plasticity, the ability to adapt to different environmental settings.  

In this thesis, conditional differentiation refers to the process of determining which 

subset of genes to express, and how and where to express them. As the next section and 

Chapter 5 will discuss, genes in COULD are instructions to grow or modify the 

structure. Genomic equivalence gives each module the whole set of these instructions 

but not all of them are expressed since modules need to proliferate and differentiate 

conditionally according to their local environment. See ‘mosaic versus regulative 

development’ in Appendix L for more information on this topic.   

Local environment includes external factors as well as neighbouring modules within the 

same structure. Section 3.12 briefly discussed how neighbouring modules need to 

differentiate their buds to accommodate each other. Figure 4.5 contains another example 

of how four differentiated modules fit together to form a structure.  (a) is a cul-de-sac. 

(b) differentiates into a section of road with no land parcels attached. (c) represents four 

land parcels along the side of a road section and (d) is a similar configuration except 

that land parcels have different orientation.  
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Figure 4.5 Examples of differentiated modules 

For each module, the decision on which subset of genes to express is stochastically 

determined among its eligible buds. The outcomes of each instruction are also context 

dependent. They are maintained by two mechanisms, lateral inhibition and induction, 

which are both enabled by module-to-module communication.  

Lateral inhibition 

Lateral inhibition is used in this study to maintain appropriate inter-modular spacing. It 

does not follow the biological model where it normally happens between similar 

structures. In COULD, both the road and land parcel component of an existing module 

can inhibit the growth of a new module or part of it within its effective range. When all 

buds are expressed as land parcels, the module is in a self-contained and closed form. 

Therefore, in order to connect to the existing structure, some buds will always have to 

be expressed as roads. Most modules (if not all) will have buds that are in a suppressed 

(or void) state (Section 3.12). This is consistent with biological development where an 

embryonic cell always has more developmental potential than its current state. Figure 

4.6 shows that the land parcels on the right side of the left module (circled) need to be 

suppressed before it can grow out of the module on its right. The physical form of the 

existing module will affect that of the new one so in this sense lateral inhibition can be 

counted as a form of module-to-module induction.  

 

Figure 4.6 Differentiation caused by lateral inhibition 
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Environmental inhibition  

In COULD, environmental elements such as site boundaries and natural obstacles can 

also inhibit the growth of new structures. For example, in both Figure 4.7 (a) and (b), 

the growth of the structures stops at the boundary line on the right.  

 

 

 

a.  b. 

Figure 4.7 Inhibition by boundaries 

Induction over a distance 

As in living embryos, induction in this model is not only limited to those in direct 

contact. This is done by simulating morphogen which works by establishing a 

concentration gradient that declines with distance. It is conceptually similar to a 

geographical term known as distance decay, which describes the strength of interaction 

between locations declining with increased distance. For example, people are less likely 

to walk to public transport as the distance increases (Chapter 6), which has implications 

for Transit Oriented Design (TOD) where one of the main objectives is to increase the 

ridership of public transport. 

In COULD, morphogen is simulated by the shortest distance between two points, which 

is calculated through the chosen development platform Aimsun SDK (Section 1.4). 

Figure 4.8 demonstrates the shortest path between two highlighted land parcels.  
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Figure 4.8 The shortest path between two land parcels 

The use of the shortest distance is based on the assumption that the majority of residents 

in a neighbourhood know the shortest routes from their dwellings to other locations and 

will use them whenever needed (more in Section 6.6.6). It is also assumed that the 

volume of traffic generated mainly by the residents within the design area would not be 

great enough to cause extra time delays, even during peak hours. Traffic delay is not 

modelled because it largely depends on the actual travel demand which is unknown. 

Therefore, travelling speed on the streets is treated as constant so that distance can be 

used to represent all traffic impedances including travel time.   

Chapter 6 will explain how shortest distance is incorporated into the objective function. 

Basically, it is used to compare with Euclidian distance to determine how well the road 

network connects dwellings. This is done between each pair of dwellings except those 

in the same cul-de-sac. The average ratio of all dwellings is used as one of the two 

components that determine the fitness of the whole structure. Any changes to the 

structure will be assessed by their impact on the fitness of the whole to determine 

acceptability. That is effectively an induction process in which the existing modules 

determine the final outcome of changes.    

4.4.3 Generative versus descriptive genotypes 

This section discusses possible ways of implementing descriptive and generative 

genotypes and explains why the latter is used in COULD.  

Figure 4.9 shows one possible descriptive approach to code the genetic makeup of a 

module. Each bud is described by a two-bit binary string. Each bit acts as an on-off 

switch. The first bit controls the presence of the land parcel in that position, where 1 

means present and 0 means absent. The second bit is for the road section. Two switches 
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cannot be on at the same time for that will cause overlap of the land parcel and road 

section at the same position. But they can both be 0, representing an empty position that 

might be inhibited by other modules.  

 

Bud ID 1 2 3 4 5 6 7 8 9 10 
Gene  (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) 

Figure 4.9 The binary descriptive coding for a universal module  

Figure 4.10 The decimal descriptive coding for a universal module shows an alternative 

approach that uses decimal numbers. Each bud is coded as a digit, which can be 0, 1 or 

2. ‘0’ represents a void bud. ‘1’ represents a land parcel and ‘2’ represents a road 

section.  

 

Bud ID 1 2 3 4 5 6 7 8 9 10 
Gene  (1) (1) (2) (1) (2) (0) (1) (2) (1) (2) 

Figure 4.10 The decimal descriptive coding for a universal module 

More information is needed to record the inter-module relationships in a compound 

structure such as the one in Figure 4.11.  
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Figure 4.11 A two-module structure 

To describe the linkage between modules, each of them can be given an ID and two 

additional parts are needed for each bud. The first refers to the module ID that this bud 

links to, with 0 meaning no link. When a link is present, the second part identifies the 

bud ID on the other side of the link. Figure 4.12 is the decomposition of the structure in 

Figure 4.11. The string for Bud 8 of Module 1 is (0,2,3), meaning it has no land parcel 

or road section component, and it connects to Bud 3 of Module 2. The genetic coding 

for Bud 3 of Module 2 provides complementary information.  

 

Figure 4.12 Descriptive coding for the two-module structure in Figure 4.11  

The genetic information in Figure 4.12 can be written into the array below. The row 

numbers identify module IDs and the column numbers identify bud IDs. 

(1,0,0) (1,0,0) (2,0,0) (1,0,0) (2,0,0) (0,0,0) (1,0,0) (0,2,3) (1,0,0) (2,0,0)  

(0,0,0) (0,0,0) (0,1,8) (0,0,0) (0,0,0) (0,0,0) (1,0,0) (1,0,0) (1,0,0) (0,0,0)  

 
Each module needs 30 numbers and the genome size for the whole structure is 

proportionate to its module number. For large structures, genome size is not the only 

challenge. The more difficult task is to maintain feasibility and consistency between 

modules. In the above example, the two modules were manually given coherent 

information that describes a valid structure. Module 2 has to suppress seven of its ten 
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buds to be compatible with Module 1. As the module number increases, the inter-

modular dependency will become more complex since each module would have to 

accommodate multiple neighbours as well as the surrounding environment. A randomly 

generated genome unavoidably contains many invalid parts and therefore requires 

potentially complex heuristics to correct the inter-dependencies.  

To avoid this pitfall, a nature-inspired generative genotype was developed. It resides at 

the modular level, i.e. it defines the genetic composition of the universal module but 

does not describe the whole structure. The geometric properties of the module are 

predefined so they are not included in the genotype. Rather, the genotype is made of 

operators that specify rules of local interaction. Local interactions could be module-to-

module and module-to-environment. They govern the conditional expression of genes. 

Bentley and Kumar (1999) and McCormack (1993) have discussed rule-based genes. 

Chapter 5 will discuss the operators in detail. 

Instead of starting from the whole structure, COULD starts from a single module that 

acts as the embryo. Operators in the genotype direct the growth by sprouting new 

modules from the existing structure. It mimics the dynamic process of development in 

natural organisms. As Barton et al. (2007) state, development is the interactive 

unfolding of a series of events rather than the reading of a blueprint. As the example in 

Figure 4.13 shows, the structure emerges as the result of local interactions, similar to 

morphogenesis described in Section 4.3.3.  

 

 

 

 

 

Figure 4.13 An illustration of morphogenesis         
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4.4.4 Examples of morphogenesis – simple deterministic growth 

This section presents examples of morphogenesis from some early tests. They were 

conducted prior to the development of the complete set of genes presented in Section 

5.2 so no induction or loop forming was engaged. In COULD, genes are made of 

operators and the two terms are exchangeable in this thesis.  

All tests in this section are deterministic because they always produce the same results. 

The location for each operation was deterministically chosen, and no acceptance test 

(Section 5.4) was taken except feasibility checks so all feasible or partially feasible 

operations were accepted unconditionally. Bud-a-module (Section 5.2.2) was the only 

operator used to grow the structure. Basically it tried to grow a full module from its 

budding position. The actual result depended on lateral inhibition, which was enforced 

by validation operators (Section 5.2.1). Given the same local context, the combination 

of bud-a-module and validation operators will always produce the same outcome in the 

absence of probabilistic acceptance test.  

The purpose of this section is to show that even simple and deterministic interactions 

can generate rather complex patterns. Without loop forming, all the designs were trees 

in topological terms (Appendix H). They also contain obvious imperfections that will be 

discussed in Section 7.2.3.    
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The test setup 

The tests were carried out in a simple square design space (Figure 4.14).  

 

Figure 4.14 The initial design space, m,n=500 metres 

Test one: morphogenesis with a predefined arterial  

In this test an arterial linking entries/exits is produced in the initial stage. It is the 

simplest solution that acts as the base for later development, similar to the branching 

tree approach presented in Section 3.11.  

The arterial is generated by linearly connecting the modules from one entry/exit point to 

the other. Each module express one centroid on either side of the arterial (Figure 4.15). 

The graphic elements have been rescaled for a clearer display.  
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Figure 4.15 Morphogenesis with a pre-defined arterial 

The dwellings were numbered from bottom up, as demonstrated in the bottom half of 

the figure. The algorithmic method applies the bud-a-module operator (Section 5.2.2) on 

every nth centroid, subject to lateral inhibition (Section 5.2.1). Different values of n lead 

to different growth patterns presented below. 

Budding on every centroid (n=1) 

Budding on every centroid along the arterial (n=1) results in extension of the side 

branches but no extra dwelling could be added. This is because the branches are too 

close to allow extra dwelling to be grown without violating the minimum distance 

requirements.  
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a. 1st iteration b. 2nd iteration 
Figure 4.16 Budding on every centroid along the arterial (n=1) 

Budding on every alternate centroid (n=2)  

Because all the odd-numbered dwellings are located on the left side of the arterial and 

all the even numbers are on the right, all the dwellings on one side of the arterial are 

grown into branches while the ones on the other side are untouched in the first iteration 

(Figure 4.17a).  

In this and the following models, irregularity emerges. This is not due to randomness 

but to the sequential application of rules. In each case a repeated run produces the same 

plan. 

  

a. 1st iteration b. 2nd Iteration 
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c. 3rd Iteration d. 4th Iteration 
Figure 4.17 Budding on alternate centroids (n=2) 

However, in the next step, further growth of every other branch on the developed side 

has been suppressed by the neighbouring branches. For example, during the second 

iteration the branch number two developed further. It then suppressed further growth of 

branch number four (Figure 4.17b). The pattern starts to become more complex in 

subsequent steps (Figure 4.17 c and d). Figure 4.18 shows the n=2 plan generated within 

the 500*500 metre boundary. 

 

Figure 4.18 Final result of budding on every second centroid (n=2, 500*500 metre boundary) 
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Budding on every third centroid (n=3) 

This setting leads to wider spacing of main branches along the arterial. Iterations are 

shown in Appendix M; Figure 4.19 shows the final one. Other examples are also shown 

in Appendix M.  

 

Figure 4.19 Final result of budding on every third centroid (n=3, 500*500 metre boundary) 

Test two: morphogenesis without a predefined arterial  

It is also possible for the plan to be developed without a predefined arterial. The 

mechanism of applying the bud-a-module operator subject to lateral inhibition remains 

the same. The growth starts from a single module placed randomly in the design space 

(the centre, in this case). Before the program terminates, it looks for the closest point 

that can be linked to the entry/exit point. 
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a. Budding on every 3rd centroid  b. Budding on every 3rd centroid, but 

double headed growth is enforced 
for the embryo. 

Figure 4.20 Final result of budding without a predefined arterial (n=3); 500*500 metre boundary  
(b) shows the results before final links are made to the two entry/exit points 

4.4.5 Forming loops and phenotypic reversibility – an introduction 

The application of developmental principles discussed so far can generate complete and 

functional urban layouts. However, there are two major drawbacks. The first is that all 

the plans generated are acyclic tree-like structures. The second is that the development 

stops once the space is filled so no more changes could be made. To address these 

limitations, two more operators, linking and cutting, were created. 

Linking forms a loop by joining two branches within close range. Figure 4.21 shows an 

example, where new links were made by replacing the three pairs of closely located 

dwellings. Linking changes the topological nature of the network and gives more route 

choices to the affected dwellings. Section 5.2.4 discusses two types of linkage operator. 

 

a. b. 
Figure 4.21 Plan evolving by linking 
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Cutting enables phenotypic reversibility, which refers to the algorithm’s ability to 

reverse any existing phenotypic elements. Theoretically, it makes it possible for 

development to go on forever.  

Cutting works by eliminating dwellings and sections. It will be immediately followed 

by the shortest path algorithm to check whether any part of the plan has been cut off 

from the network. COULD initially has four types of cutting, which will be discussed in 

Section 5.2.3.  

4.5 SUMMARY  

This chapter explains the important concepts borrowed from developmental biology and 

gives a high-level overview of their relevance to this model. The challenges of applying 

a descriptive genotype in creative design are discussed. Its one-to-one relationship with 

the phenotype means a randomly generated plan needs a large number of corrections to 

sort out dependency problems between numerous elements. COULD avoids this 

complication by using a dynamic development process driven by a generative genotype, 

during which the universal modules negotiate their interdependencies through local 

interactions. A small generative genotype can generate large designs since its size is 

decoupled from that of the phenotypes.  

Instead of starting from a complete solution, COULD begins with the simplest one – the 

embryo. New modules grow out of the embryo and they all carry the same set of genes 

that gives them the same developmental potential. Each module’s physical appearance 

is the result of differentiation – the selective expression of genes conditioned upon the 

local environment. Genetic equivalence is preserved throughout development so the 

universal modules can remain adaptive.  

Initial examples of stepwise growth have been presented to demonstrate the way in 

which the defined basic module can be adapted and modified as development occurs. 

They show that even the incomplete genotype can generate a variety of feasible 

(although imperfect) plans. Whereas the simple models presented here are deterministic, 

they suffer similar problems to the blind stochastic growth processes presented in 

Section 7.2. Chapter 7 and 8 will explore how to solve these problems by guiding 

development with the objective function developed in Chapter 6. Before that, Chapter 5 

discusses the detailed technical implementations of the generative genotype.  
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The developmental model can be classified as an emergent system, which produces rich 

results from minimum inputs, to which the separation of genotype and phenotype is 

essential. However, as Section 4.2 points out, the conventional EAs’ approach of not 

distinguishing them or using one-to-one mapping between them are probably more 

effective when the search space can be clearly defined. Chapter 9 will discuss more of 

the pros and cons of the developmental approach. 
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CHAPTER 5 THE GENERATIVE GENOTYPE: THE 
OPERATORS AS GENES 

5.1 INTRODUCTION 

Chapter 4 has offered a conceptual overview of the developmental model. The universal 

module representation and the generative genotype are of central importance to 

COULD. The former was introduced in Section 3.12 and the latter is the focus of this 

chapter. It explains in detail how the developmental framework discussed in Chapter 4 

is realised in the model.  

5.2 THE GENOTYPIC OPERATORS  

COULD’s genotype comprises the fixed sequence of operators introduced in this 

chapter. The operators are seen as generative genes that dictate rules of interaction 

between the universal modules, similar to those that McCormack (1993) and Bentley 

and Kumar (1999) have used. As mentioned in Section 4.4.4, the terms gene and 

operator are exchangeable in this thesis. Examples of genotypes can be found in Chapter 

7.  

With the exception of the validation operators (which are responsible for feasibility 

checks), operators (genes) in this model are a collection of programming codes used to 

carry out certain changes to the design. All of them are context sensitive so the same 

operator could produce different results in different places.  

COULD is a stochastic model in two aspects. One is that the locations where the 

operators are activated are randomly chosen. The genotype is made of a fixed sequence 

of operators and each of them will be repeated a number of times at random sites before 

moving on to the next. Alternatively, the location choice could be deterministic. For 

example, an operator could be set to fire at the lowest scoring dwelling centroid. That 

did not make a significant improvement in a limited number of tests, so the stochastic 

approach was used in most experiments. The other stochastic factor is the acceptance of 

an operation, which is explained in Section 5.4. 

This section describes the four groups of operators, which perform validation, addition, 

cutting (deletion) and linkage. 
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5.2.1 Validation operators 

The role of validation operators is to maintain appropriate spacing required for lateral 

inhibition. They are carried out after each operation to check if any of the constraints 

discussed in Section 3.12 are violated. Violation does not necessarily result in the 

cancellation of the whole operation. An operation could be partially valid because it 

involves multiple elements, some of which might be valid while others are not. This 

results in partial expression of genes. Any invalid parts of the operation will be reversed 

while the feasible ones will be kept for the acceptance test discussed in Section 5.4.  

Check-centroid-to-centroids 

This operator checks whether a newly created centroid is far enough from all the 

existing centroids by checking whether the Euclidean distance between them is larger 

than the parameter W discussed in Section 3.12.4.  

Check-centroid-to-sections 

Checks whether a newly created centroid is sufficiently distant from existing road 

sections. The minimum space between a centroid and a road section is set to W/2 

(Section 3.12.4).  

Check-section-to-centroids 

Checks whether a newly created road section has sufficient clearance from existing 

centroids. As for check-centroid-to-sections, the minimum space of W/2 is applied. 

Check-section-to-sections 

Checks whether a newly created road section crosses or overlaps any existing road 

section. If the outline of a new section does not cross or overlap that of the existing 

sections, it is considered legitimate.  

Check-centroid-to-boundaries 

Checks whether a newly created centroid is located too close to the boundary. W/2 is 

used as the minimum distance. 

Check-section-to-boundaries 

Checks whether a newly created road section crosses a boundary. If it does, it is 

considered invalid.  
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5.2.2 Addition operators 

The addition operators add new elements (a module, road section or centroid) to the 

current design. There are three addition operators: 

Bud-a-module: buds a new module from an existing centroid; 

Bud-dwellings: grows one or more new dwelling centroids from an existing node; 

Bud-roads: grows one or more new road sections from an existing node. 

As Sections 3.5 – 3.12 discussed in detail, the universal module avoids the challenges 

faced by two-staged land-first or road-first approaches. Therefore, bud-a-module is the 

primary addition operator that realises this approach. The other two operators are 

complementary in filling small unused corners or helping the structure grow out of a 

narrow region. 

Bud-a-module 

Bud-a-module takes an existing centroid as the bud for a new module. Figure 5.1 shows 

the budding of the first module from the embryo.  

 

 

 

 

 

 

 

a.  b.  c.  d. 
Figure 5.1 Bud the first module from the entry point 

The operator first establishes a pair of new sections (the base sections) between the bud 

centroid and the road section to which it is attached (Figure 5.1b). If the validation 

operators find no violation of constraints, the base sections are established. The operator 

will then attempt to establish centroids around the tip of the base sections (Figure 5.1c). 

If no centroids can be grown due to local constraints, the base sections will be deleted 

so the design is returned to its original status. If one or more centroids are grown, the 

bud centroid will be deleted (Figure 5.1d).  
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Figure 5.1 and the following examples shows orthogonal growth with the 45 degree 

centroids and junctions disabled. This is done for convenience and visual clarity 

because orthogonal plans are less crowded. The main applications of COULD do not 

impose orthogonality (although it can be done by simply switching a parameter); 45 

degree angles are allowed without changing the applicability of the operators. 

Bud-dwellings 

Bud-dwellings checks whether new centroids can be attached to an existing node. The 

steps are illustrated in Figure 5.2. 

 

 

 

 

 

 

 

 

 

a.  b.  c. 
Figure 5.2 Bud-dwellings: attaching centroids to a node 

Bud-roads 

Bud-roads tries to grow road sections from an existing node (Figure 5.3).  

 

 

 

 

 

 

 

 

 

 

 
a.  b.  c. 

Figure 5.3 Growing road sections from a node 

As discussed in Section 3.12.3, the joint between any two or more road sections is 

considered a node, as circled in Figure 5.3a, to which both bud-dwellings and bud-roads 

can be applied. Figure 5.4 is a further application of bud-roads to extend the appendage 

on the left of Figure 5.3b.  
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a.  b. 
Figure 5.4 Extending an appended road section  

Figure 5.5 shows the application of bud-dwellings to the design generated in Figure 
5.4b.  

 

 

 

 

 

 

a.  b. 
Figure 5.5 Budding new dwellings to the design in Figure 5.4b  

5.2.3 Cutting operators 

This section presents the set of cutting operators that was initially developed. Cutting 

can be applied to a road section or dwelling centroid. Depending on where it is applied, 

there are four types of cuts as described below. Any subsequent loss of structure is the 

result of disconnection caused by the cut. As the author realised later, these cuts work in 

early development stages but became ineffective in pruning well-connected plans. 

Therefore the Type 3 cut was enhanced to a fifth type, as explained in Section 8.4.3. The 

rest of Section 8.4 also discusses more about the challenges related to cutting and 

explores potential solutions.  

Type 1 cut: deleting a dwelling centroid 

The target centroid is cut off to free up space for other elements, as the example in 

Figure 5.6 (a, b) shows. Figure 5.6 (c) a bud-dwellings operation grows a new centroid 

from a neighbouring node to fill the space.  
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a. b. 

 

   

c.  
Figure 5.6 a Type 1 cut removes a target centroid (a, b), which is replaced with a new one by bud-

dwellings operation (c) 

Type 2 cut: deleting a whole branch of roads and centroids 

A Type 2 cut does not directly delete centroids. Instead, it works on road sections. 

However, it can cause loss of centroids and the cut may leave the network disconnected1 

by isolating some centroids from the rest of the network. This happens when it operates 

on a pendant branch, where the targeted section is on the only path to the rest of the 

network (Figure 5.7). In graph theory, such section is part of a bridge2 . In a tree 

structure, almost all cuts lead to the deletion of dwellings since there is only one path 

between any two of them. Rare exceptions happen when the branch has no dwellings 

attached.  

                                                 

1 See Appendix H for definitions in graph theory.  
2 See Appendix H for definitions in graph theory.  
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Figure 5.7 Type 2 cut – deletion of a road section (the red section in the first diagram) leads to the 
deletion of centroids or even a whole branch. 

Type 3 cut: deleting a road section from a loop of sections 

This happens when the target section belongs to at least one loop. Because there is at 

least one alternative route in the loop, no centroid will be isolated after the cut. As in 

Figure 5.8, any single section in the highlighted loop can be deleted without 

disconnecting any of the centroids. The figure also shows that this kind of deletion often 

produces appendix sections (Pendant 1 and Pendant 2 in Figure 5.8b). 

  

a. b. 
Figure 5.8 Type 3 cut – deletes a road section from a loop of sections 

Type 4 cut: deleting an appendix road section 

The appendix roads could be useful in certain circumstances especially when the 

network is trying to grow out of a confined space. The bud-dwellings operator can also 

add centroids to them. However, it may also be necessary to delete some of them to free 

up the space. Figure 5.9 shows the result of adding a new centroid to Pendant 1 in 

Figure 5.8b and deleting Pendant 2. 
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Figure 5.9 Type 4 cut – delete Pendant 2 in Figure 5.8b and add a new centroid to Pendant 1 

An example of combined cutting and addition actions 

The example in Figure 5.10 shows an example of how cutting can work together with 

addition operators to improve the structure. In the first step, the circled centroid in 

Figure 5.10a is removed by a Type 1 cut, so the section to which it is attached becomes 

an appendix (Figure 5.10b). The appendix is then removed by a Type 4 cut as in Figure 

5.10c. This node is now eligible for addition operators bud-dwellings and bud-roads. In 

Figure 5.10d bud-dwellings is applied, which produces a better design than the original 

in Figure 5.10a because the redundant connector road has been removed. However, if 

instead bud-roads is applied, the appendix connector road will be recovered.  

  
a. b. 

  
c. d. 

Figure 5.10 Delete a centroid and its connector road then replace them with a new centroid 

Continuing the same example, bud-a-module is then continuously applied to the newly 

generated centroid (Figure 5.11). It is worth nothing that there is often more than one 
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way of producing the same result. Figure 5.10 and Figure 5.11 are just hand drawn 

examples of how different operators could combine to improve the design.  

  
a. b. 

 

 

c.  
Figure 5.11 Repeated applications of bud-a-module operator on Figure 5.10d’s results 

5.2.4 Linkage operators 

COULD has two linkage operators, link-dwelling-to-dwelling and link-dwelling-to-road. 

They both form rings that change network connectivity. Chapter 6 will discuss the 

significance of network connectivity in this research and Chapter 8 will discuss 

ringness.  

There is no link-road-to-road operator because it has little chance of being 

implemented. As stated in Section 5.2.2, the less-crowded orthogonal plans in this 

chapter are for illustration purpose and they might give the false impression that there 

are opportunities to link roads without deleting any dwellings as link-dwelling-to-

dwelling and link-dwelling-to-road do. The actual non-orthogonal plans in Chapter 7 

and 8 will show that there is rarely any chance for this so the author does not see much 

benefit in developing a link-road-to-road operator.  
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Link-dwelling-to-dwelling 

Link-dwelling-to-dwelling (Figure 5.12) picks the target centroid (either randomly or by 

some criterion) and checks if there are other centroids nearby. If the distance between 

them falls below the set threshold, it will delete both centroids and replace them by a 

road section.  

  
a. b. 

  
c. d. 

Figure 5.12 Link-dwelling-to-dwelling operator sequence 

A problem identified during the implementation is that link-dwelling-to-dwelling could 

result in small dead loops such as the one shown in Figure 5.13. This is prevented by 

imposing a minimum network distance between the two centroids.  
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a. b. 
Figure 5.13 Formation of a small dead loop by link-dwelling-to-dwelling – prevented by minimum 

distance 

Link-dwelling-to-road 

Link-dwelling-to-road checks if the target centroid is close to a nearby node. If close 

enough, it will form a link and delete the target centroid (Figure 5.14).  

  
a. b. 

 
 

c. d. 
Figure 5.14 Forming a new loop with link-dwelling-to-road 

5.3 REVERSING THE CHANGES 

There are two situations in which an operation could be rejected. One is that all the 

changes it brings are invalid and the other is that it does not pass the acceptance test 

(Section 5.4.3). When either occurs, the program needs to reverse the operation. One 

candidate procedure is to call the undo function that Aimsun provides. However, each 
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operator requires the undo function to be called an uncertain number of times for it to be 

fully cancelled. The number ranges from 1 to 22, which is entirely determined by 

Aimsun’s internal mechanisms. It varies from operator to operator and even for one 

particular operator it is not fixed because the type and number of elements involved 

differ each time. The unpredictability makes the application of the undo function 

difficult. 

COULD employs an alternative approach. It saves a copy of the file at the restoration 

point before any operation. The backup copy can be reopened to reverse any number of 

changes. It can also be used to record the best solution generated during the process. 

The simplicity does come with a cost. As mentioned in Section 3.12.2, Aimsun does not 

save the pairing information of road sections. Therefore, every time that a backup file is 

reopened, all its road sections will need to be repaired by the procedure, which adds to 

the computational overhead. 

5.4 THE COMPUTING ROUTINE, GENOTYPE AND THE 
ACCEPTANCE TEST  

5.4.1 The computing routine 

Figure 5.15 shows the computing routine for experiments that start from scratch. The 

model can also start from an existing design, in which case the first step will be changed 

to ‘open an existing file’. Everything else remains the same. 
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Figure 5.15 The computing routine for starting from scratch 

5.4.2 Genotype 

COULD’s genotypes are made of the operators discussed in previous sections of this 

chapter. The operators are treated as genes and are arranged in a fixed sequence. Each 

of them will be executed a number of times before moving on to the next. The genotype 

defines the execution sequence in a single iteration. Examples can be found in Table 

7.1, Table 7.3 and Table 7.6. The final number of iterations depends on the stopping 

criterion, which could be a maximum number of total iterations or non-progressing 

iterations. 

As mentioned in Chapter 4, the emergent nature of the developmental process makes it 

difficult to predict the final outcome (the phenotypes) so designing the phenotypes 

depends on trial-and-error, which is time consuming and somewhat arbitrary. A solution 

will be proposed in Section 9.6.  



Chapter 5 The generative genotype: the operators as genes  

106 

The program starts by placing the seed module(s)/embryo(s) (Figure 5.1), after which it 

executes the operators in random but suitable locations. This is equivalent to the random 

firing of genes from eligible universal modules. It contrasts with the descriptive 

approach that specifies every detail, which would be rigid and intolerant of changes. 

Instead of starting from scratch, the program could also start from an existing design, as 

shown in some experiments in Chapter 7 and 8. 

The locations where these operators are applied are randomly selected from the eligible 

candidates. For example, bud-a-module will be fired by a randomly chosen dwelling 

component of a randomly chosen module. Modules without dwellings will not be 

eligible for such an operation. For bud-dwellings and bud-roads, all existing nodes on 

road sections are possible candidates.  

5.4.3 The acceptance test 

The results of each operator depend on each module’s local context and will be 

immediately checked by the validation operators. If they are at least partially valid, their 

impact on the fitness value (Chapter 6) will be instantly calculated and used in the 

acceptance test to determine whether to keep the operation. The decision could be made 

stochastically or deterministically. In deterministic decision making, new operations 

meeting the set criteria are accepted unconditionally and the ones that do not are always 

rejected. With stochastic decision making, better results give a greater chance of 

acceptance but it is never guaranteed.  

Totally invalid operations that bring no meaningful phenotypic changes and those that 

do not pass the probabilistic acceptance test will be reversed. The algorithm terminates 

when the set criteria are met, normally the total number of iterations or time since last 

progress.  

5.5 PHENOTYPIC EVOLVABILITY 

Although in each experiment COULD uses a fixed genotype, it produces evolvable 

phenotypes. Separating evolvability of phenotype from that of genotype may be 

controversial. Nevertheless, since many evolutionary algorithms (EAs) discussed in 

Chapter 2 work directly on phenotypes, they are essentially about phenotypic 

evolvability. As noted in Chapter 2, evolvability depends on three elements of Universal 
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Darwinism, transmission, variation, and selection. COULD has all of them at the 

phenotypic level.  

Phenotypic reversibility introduced in Section 4.4.5 is vital to its evolvability. Without 

it, the plan cannot evolve further once the space is filled. Theoretically, the generative 

genes can keep on evolving the phenotype forever. However, as the experiments 

revealed, this form of evolution does have its limitations which are discussed in Chapter 

7.  

5.6 SUMMARY 

This chapter has presented the details of the genetic operators in COULD. The operators 

are categorised into four groups, which carry out validation, addition, cutting and 

linkage respectively. Depending on the outcome and the targets that they operate on, 

each group contains a number of operators. Addition, cutting and linkage operators are 

all designed to make phenotypic changes to the network while validation operators 

check for their feasibility. As mentioned in the computing routine, operations which 

produce at least partly valid results will be subject to the acceptance test. Those that 

produce totally invalid results or fail the acceptance test will have their changes 

reversed. It is also argued that although the genotypes are fixed in each experiment, 

COULD’s phenotypes have the characteristics of an evolutionary system.   

The acceptance test uses the objective function to evaluate the changes brought by the 

operations. The next chapter discusses the development of the objective function.  
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CHAPTER 6 THE OBJECTIVE FUNCTION  

6.1 INTRODUCTION  

The thesis follows the natural progression of developing the model then applying and 

improving it. While the previous chapters cover the first part, the second part becomes 

the focus from here on.  

Chapter 3 has shown that self-propagating universal modules can grow residential 

layout designs that meet the requirements for both land parcels and roads. From that 

point Chapter 4 has developed the analogy with biological growth by showing that a 

single module specification with fixed genotype can generate a variety of phenotypes to 

meet the planning and development constraints. Importantly it has shown that simple 

deterministic growth in which universal modules subject to constraints can develop 

feasible plans. Chapter 5 continued to develop the detailed elements and constraints 

needed to grow a realistic residential layout. It has shown how the addition, cutting, 

linkage and validation operators function and some examples of their combined actions; 

also, it has opened the question of using an objective function to guide plan growth.  

Although well-specified operators, constraints and rules can govern development, 

analogously with the biological growth discussed in Chapter 4, the development of a 

residential layout needs an evaluation measure which can also be used to guide the 

growth process. This chapter develops the evaluative objective function that is needed 

to drive the evolution of a plan. The purpose is not to capture all the important aspects 

of urban layout design but to demonstrate the workings of the evolutionary design 

system and test its performance. Instead of simply presenting the objective function, its 

theoretical basis is thoroughly discussed to provide a balanced view on social aspects of 

connectivity as well as various measures of connectivity. This requires a review of the 

relevant literature which has been left to this chapter so that issues are considered in the 

context of the actual study. Without context, the discussion could become esoteric and 

detached from real problems. An alternative objective functions is then formulated. 

Finally, manual models are constructed to serve as performance benchmarks for the 

computer generated models in the next chapter. 
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6.2 MEASURING THE FITNESS OF URBAN LAYOUT 
DESIGNS 

The objective function requires measurable goals. Urban layouts are more measureable 

than developments in related areas such as architecture but there are always aspects that 

are hard to quantify. The author takes the view that a multi-layered approach could be 

the solution. Computer models should be used on the quantitative aspects at one level, 

leaving the rest to humans on other levels, either before or after the computer modelling. 

For example, landscape designers could work on the open spaces to improve the 

aesthetics after computer generation of the master layout. Computer generated plans 

would serve as the basis to work on. Designers and planners could choose among the 

candidate solutions that the computer provides and make discretionary decisions on 

whether changes are needed. 

In view of the multi-objective nature of urban layout design, ideally an intricate 

objective function should be used to capture all the important aspects. However, the 

objective in this study is to include only a small number of elements while still being 

able to reflect the complex nature of the problem. This focuses attention on the 

mechanisms of the model, rather than being distracted by the complicated interplay 

between many variables. More comprehensive objective functions are proposed for 

future work in Section 9.11.5.  

6.3 ROAD NETWORK AND LAND USE 

This study focuses on a fundamental question of urban layout design for residential 

areas – the space allocation between roads and dwellings. It is essentially a complex 

Space Layout Design problem (Section 3.3). At the core is the competition and 

interdependence between usable land parcels and the road network that links them. The 

basic question each planner faces is how the space can be best divided between them.  

Roads sculpt cities and define the movement of traffic (Hillier and Hanson, 1984; 

Marshall, 2004; Southworth and Ben-Joseph, 2003). They connect land parcels but also 

occupy large amounts of space, making it unavailable for residential development. 

Roads cost money whereas land parcels generate utility and revenue. Hence, from a 

purely utilitarian point of view, one might want to put in as few roads as possible to 

maximize the usable land area. To meet that goal, a tree is the best topology because it 
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wastes no space on redundant links, so that the quantity of roads is minimized. In 

topological terms, it has connectivity of 1 (Appendix H). Not all tree layouts are 

efficient but the design with the maximum number of dwellings will inevitably have a 

tree topology. In urban layout, tree structures often lead to cul-de-sacs. It has been said 

that the popularity of cul-de-sacs is partly because they require less roads (Southworth 

and Ben-Joseph, 2003). On the other side, fewer roads make land parcels less 

accessible. Cul-de-sacs are often criticised for increasing travel distances (Frank et al., 

2006; Randall and Baetz, 2001). The question is how to find the balance.  

The construction of the objective function aims to answer this important question. It 

reflects the need to balance the two conflicting goals: 

 to have as many dwellings as possible; 

 and to connect them as well as possible. 

The first can be measured simply by the number of dwellings. In a given area, more 

dwellings mean fewer roads. The second is more complicated. It can be conceptualised 

as connectivity, which is determined by several factors. The abstract topology of the 

road network obviously matters, so do the physical aspects such as the road distance and 

even the geometry of the roads. Before discussing how connectivity can be measured, 

the next section first explores its significance in the context of urban design.  

6.4 SOCIAL ASPECTS OF CONNECTIVITY  

The built environment has profound impacts on people’s lives. It contributes to many 

environmental, social and economic problems that face society today. This section 

focuses on the social impacts of the street layout, with particular attention to 

connectivity.  

6.4.1 Car dependency and urban sprawl 

The prevalence of the automobile has not only created car dependent societies but also 

car dependent cities, which in turn reinforce the behaviour pattern. A large road network 

reduces the availability of land to serve other purposes. The accessibility of pedestrians 

and cyclists is sacrificed for that of the automobile. Therefore, the dominance of 

vehicular traffic makes the community less liveable and equitable (Southworth and Ben-

Joseph, 2003). 



Chapter 6 The objective function  

112 

As mentioned in Section 1.2, new urbanism and Transit Oriented Design TOD are 

becoming popular answers to break the cycle of urban sprawl and car dependency. The 

primary focus of TOD is access to train stations. This study deals mainly with the 

development of a residential area with good train station access, so that long-distance 

car commuting is curtailed. The development favours walking or cycling access to the 

station, as well as park-and-ride. 

On the neighbourhood level, it boils down to better street designs. For a long time, the 

streets have been largely shaped by regulations made by traffic engineers, who favoured 

automobile over other transport modes (Southworth and Ben-Joseph, 2003). By 

contrast, new urbanists advocate pedestrianism and call for street walkability and 

bikeability. Encouraging walking and cycling have potential benefits on several fronts, 

of which public health is one of the most important.   

The impacts of the road system on public health are twofold, the traffic related local 

externalities and the physical activity level of the residents. The former is well known 

and researched. It is manifested mostly as traffic related pollutions and accidents 

(Delucchi, 2000; Frank et al., 2006; Litman, 2003, 2008; Mccubbin and Delucchi, 1999; 

Small and Kazimi, 1995). Vehicle-emitted pollutants are known to cause various health 

complications such as respiratory problems (Frank et al., 2006). These result in large 

external costs (Delucchi, 2000) but Sallis et al. (2004) argue that physical inactivity 

poses a bigger public health risk. Unfortunately, the environmental influence on 

physical inactivity has not received much attention until recently (Frank et al., 2004; 

Gauvin et al., 2005). 

6.4.2 Social implications of the built environment  

New urbanism versus defensible space 

Besides satisfying physical needs, streets also have social functions. A community 

where the residents participate more in active living may also be more cohesive. Sense 

of community (Cohrun, 1994; McMillan, 1996; Sarason, 1974), community cohesion 

(Community Cohesion Unit, 2003; Local Government Association, 2002), neighbouring 

(Plas and Lewis, 1996) are the common terms used to describe the quality of 

relationship among residents and the sense of belonging they share (Litman, 2014). 

Cohrun (1994) argues that the design features advocated by neo-traditionalists and new 

urbanists could strengthen the sense of community, which includes high walkability. 
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Study of a town planned by neo-traditionalist principles also confirms that its 

environmental features have stimulated a sense of community (Plas and Lewis, 1996). 

Walking and cycling could provide more opportunities for unplanned social encounters 

(Hillier and Hanson, 1984), or informal social contacts (Kuo et al., 1998), which create 

neighbourhood social ties that underpin the sense of community (Ebbesen et al., 1976). 

Empirical evidence suggests that an increased level of walking in new urbanist 

communities does enhance sense of community (Kim and Kaplan, 2004; Lund, 2002).   

More cohesive communities are safer to live in (Plas and Lewis, 1996) when the 

residents assume the responsibility of maintaining a good neighbourhood (Cozens et al., 

2001b). In addition, more walkers and cyclers on the streets can also provide better 

natural surveillance, best described by Jacobs’ famous term ‘eyes on the streets’ 

(Jacobs, 1962). As Hillier and Hanson (1984, page 139) put it, ‘it is the controlled 

presence of passing strangers that polices space; while the directly interfacing 

inhabitants police the strangers’.  

However, these views have been challenged by various authors backing Oscar 

Newman's (1972, 1996) well known defensible space principles advocating territoriality 

through maximizing private space over the public space (Beavon et al., 1994). Town 

and O’Toole (2005) believe that openness and accessibility in new urbanist designs 

actually compromise safety. They criticise the design guidelines laid out in the book 

SafeScape (Zelinka and Brennan, 2001), which was published by the American 

Planning Association. They argue that these guidelines are against defensible space 

principles. A concept closely related to Newman’s is Crime Prevention Through 

Environmental Design (CPTED), which was originally coined by Clarence Jeffery 

(1971) in his book by the same name. The modern CPTED framework is based more on 

Newman’s defensible space rather than Jeffery’s original (Cozens et al., 2001a; Crowe, 

2000; Moffatt, 1983). CPTED forms the basis of the British government’s Secured By 

Design (SBD) initiative (U.K. Police, 2014).  

Hillier and Hanson (1984) heavily contested the theory of territoriality, the core of 

Newman’s framework. Defensible space and CPTED have also been widely criticised 

on other theoretical and practical grounds, including inconsistencies in their 

effectiveness (Cozens et al., 2001a). A later review (Cozens et al., 2005) has identified 

an increasing number of favourable but not conclusive findings.  
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Permeability and connectivity 

When it comes down to street layout, much of the focus is on permeability, the ease of 

an outsider penetrating the neighbourhood (Taylor and Gottfredson, 1986). High 

permeability reduces the sense of territoriality. Some research shows that more 

permeable neighbourhoods are more vulnerable to burglary (e.g. Beavon et al., 1994; 

White, 1990). Brantingham and Brantingham (1991) theorise that from a spatial 

awareness perspective regular grids are more predictable and therefore more permeable 

than the curvilinear patterns with cul-de-sacs. Defensible Space and CPTED advocators 

therefore prefer low-connectivity conventional patterns over the highly connected 

traditional grids promoted by new urbanists (Cozens and Hillier, 2008; Cozens et al., 

2005; Newman, 1980).  

Communities with high permeability also tend to attract more through traffic 

(Brantingham and Brantingham, 1991). Increased traffic has pros and cons (Hillier and 

Sahbaz, 2005). It could provide additional eyes on the streets which, as Jacobs (1962) 

argued, naturally look out for the neighbourhood. Nevertheless, it could also increase 

the chance of exposure to potential offenders (Cozens et al., 2005). However, it might 

depend on whether it is local or through traffic and this is further complicated by the 

potential existence of offenders inside the community (Beavon et al., 1994). 

Hillier and Sahbaz (2005) argue that while Town and O’Toole’s view on some tactical 

issues (e.g. problems associated with footpaths and alleys) are backed up by some 

recent studies, their criticism on more structural matters (e.g. cul-de-sacs versus grids) is 

not based on sufficient evidence. Space syntax studies show the relative safety of cul-

de-sacs versus grids is complicated and situation dependent. Cul-de-sacs might confer a 

relative advantage when placed among other streets, but if they fill the whole area in a 

hierarchy safety could be worsened (Hillier and Shu, 2000; Hillier, 2004). Hillier and 

Sahbaz (2005) point out that the benefits of natural movement outweigh its potential 

problems in coherent communities, which is supported by Newman (1972). They also 

argue that adequate permeability is necessary to maintain necessary traffic flow, but it 

should not be overdone. Too much permeability will result in shorter street segments, 

which are shown to be less safe in their study.  

Environmental influence on behaviour is complex so isolating the factors is no easy 

task. The evidence gathered so far is still inconclusive (Cozens et al., 2001a, 2005). 
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Although more research is needed to draw conclusions that can be generalised, the 

author takes the new urbanists’ view that natural movement of people and traffic, 

particularly those from the residents themselves, is beneficial to the safety of the 

community.   

6.5 MEASURING CONNECTIVITY 

Although the existence of correlation between the environment and physical activity is 

commonly agreed, writers differ in identifying and decomposing the environmental 

factors. Some use subjective measures while others use objective ones (Humpel et al., 

2002). The subjective measures are typically self-reported perceptions of accessibility to 

facilities, neighbourhood safety and environmental aesthetics (Ball et al., 2001; Booth et 

al., 2000). The following sections review some of the objective measures. 

6.5.1 Environmental factors affecting walkability and bikeability 

Many factors could influence walkability and bikeability, among which connectivity, 

population density, land use mix and distance to non-residential destinations are the four 

most commonly cited (Badland and Schofield, 2005; Frank et al., 2005, 2006; Leslie et 

al., 2005; Owen et al., 2007; Saelens and Handy, 2008; Saelens et al., 2003). Models 

developed for this thesis only contain residential housing as the single land use; the 

issue of land use mix is not included. Density is a straightforward concept; it can be 

achieved by maximising the number of dwellings in a given area, assuming that higher 

building density leads to higher population density. Distance to non-residential 

destinations (a train station in this case) can be incorporated into connectivity. 

Unlike the other three factors that are relatively easy to measure, connectivity is more 

complex in nature. As discussed in the next section, many measures have been used in 

different studies. Some are more direct and precise and others are indirect estimations. 

The author hypothesizes that the many different measures of connectivity could 

contribute to contradictory findings.  

High connectivity shortens the travel distance. Research has shown that pedestrians are 

sensitive to distance and 400 metres is commonly accepted as a walkable distance 

(Atash, 1994; Aultman-Hall et al., 1997; Randall and Baetz, 2001). Therefore, it is 

plausible that connectivity is positively related to walkability. The more dwellings that 

can be placed within the catchment area of non-residential destinations the higher the 
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walkability of the whole community. It is also assumed that connectivity positively 

relates to bikeability, although possibly to a lesser degree.  

6.5.2 Measures of connectivity 

Urban planning literature generally defines connectivity as route directness (e.g., 

Saelens et al., 2003) or straightness but there is no single agreed measure on 

connectivity (Dill, 2004).  

Compared to lollypop street patterns, well-connected streets have shorter distance 

between destinations, which is thought to encourage walking and bicycling (Dill, 2004). 

Good connectivity also provides alternative routes (Dill, 2004; Saelens and Handy, 

2008), and more evenly distributed traffic.  

Much of this section is based on Dill (2004), which provides a good summary of some 

commonly used connectivity measures. Some measures focus on the street blocks, 

capturing their physical dimensions (e.g. length or size) or density (the number of 

blocks per unit area). Despite the technical differences, the common goal is to achieve 

smaller blocks. The rationale is that small blocks naturally require more streets and 

intersections, and therefore lead to better connectivity.  

In a similar fashion but applied to streets and intersections instead, some measures 

calculate street or intersection density. Higher numbers indicate better connectivity.  

Others use ratio-based measures, e.g. connected node ratio compares the number of 

intersections against the sum of intersections and cul-de-sacs. Another example is link-

node ratio, which calculates the ratio of the number of road links to the number of 

intersections.  

The grid layouts score very high and often the highest on many of the connectivity 

measures, making them favoured by neo-traditionalists. Some have even developed 

measures based on the assumption that grids are the ideal solution. For example, the 

proportion of four-way intersections is used to indicate how closely the streets resemble 

a grid pattern.  

A more direct measure is the network distance via roads. Since pedestrians (and many 

cyclists) are sensitive to distance, some researchers use the road distance to measure 

connectivity and calculate catchment areas for local public destinations such as transit, 
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education and other amenities. The problem of this measure is that it is an absolute 

number that does not take into account the network size so that a normalised measure of 

distance such as pedestrian route directness (PRD) (Hess, 1997) may be better. 

Dill (2004) suggests that PRD is one of the best measures of street connectivity. It is the 

ratio of the shortest distance on the network to the Euclidean distance.  

Commonly used software for sustainable planning, INDEX, rates PRD 1.2-1.5 

(equivalent to straightness centrality of 0.833-0.667) as favourable, and 1.6-1.8 

(equivalent to straightness centrality of 0.625-0.556) as unfavourable (Criterion 

Planners, 2009). Empirical results show that the pre-war grid patterns with small street 

blocks exceed the post-war circuitous cul-de-sac patterns in terms of PRD. The former 

score 1.2 in Hess (1997) and 1.4-1.48 in Randall and Baetz (2001). The cul-de-sac 

patterns score 1.7 in Hess (1997) and 1.63-1.88 in Randall and Baetz (2001).  

Chin et al. (2008) found that if pedestrian paths are taken into accountant then the 

connectivity of a conventional neighbourhood is considerably higher than counting the 

street network alone. Nevertheless, since research has shown that footpaths could 

introduce problems and compromise safety of dwellings (Hillier, 2004) and is unpopular 

among residents (Town and O’Toole, 2005), this thesis assumes all pedestrians and 

cyclists travel along sidewalks on the streets. It does have some limitations. For 

example, it removes the possibility of having a non-car access way between two 

adjoining cul-de-sacs. Section 9.11.6 will discuss proposed future work to improve this. 

Dill (2004) also suggests that PRD is not widely adopted because of practical 

difficulties, particularly in large-scale analysis. Due to the technical complexity, it is 

often estimated by sampling selected pairs of locations. Correct sampling in a complex 

network is difficult so the results could be inaccurate. This does not affect COULD 

because it is fully computerised model, in which PRD can be computed precisely on an 

any-to-any basis. As a normalised measure, PRD filters out the impact of the network 

size and focuses purely on the structural aspect, making it an ideal choice for this study. 

The COULD algorithm does not use PRD per se, but a closely related concept, 

straightness centrality (Crucitti et al., 2006; Wang et al., 2011). The next section briefly 

introduces centrality measures.  
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6.6 CENTRALITY 

The concept of centrality has its origin in structural sociology, where it is applied to the 

networks of human interaction. The Group Networks Laboratory at M.I.T. led by 

Bavelas was the first to explore the concept of centrality (Bavelas, 1948). They found it 

relevant to the performance of the whole group and to the influence and satisfaction of 

the individuals within the group (Freeman, 1979). Many attempts were made to measure 

centrality in the following three decades. However, the conceptual framework and 

measurement had not been properly established until the publication of Freeman’s 

landmark work (Freeman, 1977, 1979).  

Based on other researchers’ previous work, Freeman developed three categories of 

centrality measures based on degree, closeness and betweenness. For these, Freeman 

developed absolute point centrality, relative point centrality and graph centrality. The 

absolute point centralities are used to measure individual nodes and their values are 

related to the size of the networks. The relative point centralities are normalised 

measures derived by dividing absolute point centralities by the theoretical maximum. It 

makes network size irrelevant and cross-network comparison possible. The graph 

centralities measure the centrality of the graph as a whole. The following gives a brief 

review of Freeman’s centrality measures.  

6.6.1 Degree centrality (CD) 

CD of a vertex is the number of edges it has. In simple graphs, where only one edge 

could exist between any pair of vertices and no vertex is allowed to connect to itself, 

this number equals the number of the vertex’s adjacent nodes (neighbours) (Clark and 

Holton, 1991; Diestel, 2000):   

𝐶𝐷(𝑝𝑘) = ∑𝑎(𝑣𝑖, 𝑣𝑘)

𝑛

𝑖=1

 (6.1) 

where,  

𝑎(𝑣𝑖, 𝑣𝑘) = 1 if and only if vertices (nodes) 𝑣𝑖 and 𝑣𝑘 are connected by a line; 

𝑎(𝑣𝑖, 𝑣𝑘) = 0 otherwise. 

In the context of social interaction, the intuitive explanation of CD is that the more direct 

contacts one person has the more central he/she is. 
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In a graph with n nodes, the maximum possible degree any one node could have is n-1, 

in which case it directly connects to all other nodes. So the relative point degree 

centrality for a given vertex (node) vj can be calculated as:  

𝐶′𝐷(𝑣𝑗) =

∑ 𝑎(𝑣𝑖, 𝑣𝑗)
𝑛

𝑖=1

𝑛 − 1
 (6.2) 

It is the share of all nodes that are directly connected to vj. 

6.6.2 Closeness centrality (CC) 

CC measures how close one node is to all others. It is the inverse of one node’s shortest 

distance (also known as geodesic) to the rest of the nodes. In graph theory, the shortest 

distance between two nodes is measured by the number of edges on the shortest path 

between them.   

𝐶𝐶(𝑝𝑘)
−1 = ∑𝑑(𝑝𝑖, 𝑝𝑘)

𝑛

𝑖=1

 (6.3) 

The node with theoretical maximum CC should have the shortest distance of 1 to all 

other n-1 nodes, i.e., it is directly linked to all other nodes. Therefore, the theoretical 

maximum of CC should be (n-1)*1, which is used as the denominator to define the 

relative closeness centrality: 

𝐶′
𝐶(𝑣𝑗) =  

[
 
 
 ∑ 𝑑(𝑣𝑖, 𝑣𝑗)

𝑛

𝑖=1

𝑛 − 1
]
 
 
 
−1

 (6.4) 

C’c could be interpreted as the inverse of one node’s average of geodesics to all other 

nodes.  

6.6.3 Betweenness centrality (CB) 

The betweenness concept reflects how crucial one node is to others as an intermediate. 

A vertex vk is said to be between a pair of vertices vi and vj if it appears on all their 

shortest paths. The underlying assumption is that interaction happens only on shortest 

paths (Porta et al., 2006).  
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If there is only one shortest path for a pair of nodes vi and vj, the calculation of the 

betweenness score for node vk is not complicated, as it is either on or not on the path. 

However, if there is more than one shortest path between the pair, the calculation is 

based on the ratio: 

𝑏𝑖𝑗(𝑣𝑘) =
𝑔𝑖𝑗(𝑣𝑘)

𝑔𝑖𝑗
 (6.5) 

where, 

gij is the number of all shortest paths between vi and vj; 

𝑔𝑖𝑗(𝑣𝑘) is the number of shortest paths between vi and vj that contain vk. 

The global betweenness score for vk in a graph G is the sum of its betweenness score for 

all other pairs of vertices:   

𝐶𝐵(𝑣𝑘) = ∑ 

𝑛

𝑖=1

∑𝑏𝑖𝑗(𝑣𝑘) 

𝑛

𝑗>𝑖

 (6.6) 

where, 

n is the total number of vertices; 

i ≠ j ≠ n 

The maximum CB(vk) in a graph is (Freeman, 1977): 

C𝐵(v𝑘) 𝑚𝑎𝑥 =
𝑛2 − 3𝑛 + 2

2
 (6.7) 

where, 

n is the number of vertices in the graph. 

So the relative betweenness centrality is derived as: 

𝐶′𝐵(𝑣𝑘) =  
2𝐶𝐵(𝑣𝑘)

𝑛2 − 3𝑛 + 2
 (6.8) 

Freeman (1977) concludes that CB and CC
 are about controlling, but in different ways. 

CB
 is about the ability to control the interaction between others, while CC is about not 

being controlled by others. Porta et al. (2006) categorise them in another way. They 
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understand CD and CC
 as the indicators of how close one node is to others and CB

 as 

being a crucial agent (intermediary) in broking the interaction of others.  

6.6.4 Graph centrality  

Before Freeman, some authors advocated the concept of compactness in graph theory to 

be used as the centrality measure for graphs as a whole (e.g. Bavelas, 1950; Beauchamp, 

1965; Flament, 1963; Sabidussi, 1966). The compactness of a graph measures how 

closely the vertices in a graph are interlinked. The inversed sum or average distance 

between all vertices forms the basis of the calculation.  

The approach proposed by Freeman and others (e.g. Freeman, 1977; Leavitt, 1951; 

Mackenzie, 1966) focuses on how the vertex centralities are skewed toward the most 

dominant point. They argue that the more the most central vertex scores above the 

average vertex on centrality, the more centralised the whole graph is. This reflects how 

dominant the most central vertex is within a graph (Leavitt, 1951).    

Freeman (1979) introduces graph centrality measures for degree, closeness and 

betweenness, which are all are expressed as ratios. The generic form of graph centrality 

is:  

𝐶𝑥 =
∑ [𝐶𝑥(𝑝

∗)  −  𝐶𝑥(𝑝𝑖)]
𝑛
𝑖=1  

𝑚𝑎𝑥 ∑ [𝐶𝑥(𝑝∗)  −  𝐶𝑥(𝑝𝑖)]
𝑛
𝑖=1

 
(6.9) 

where, 

𝐶𝑥(𝑝𝑖) is one of the point centralities defined in Section 6.6.1 to 6.6.3; 

𝐶𝑥(𝑝
∗) is the largest 𝐶𝑥(𝑝𝑖) for any point in the network; 

𝑚𝑎𝑥 ∑ [𝐶𝑥(𝑝
∗)  −  𝐶𝑥(𝑝𝑖)]

𝑛
𝑖=1  is the maximum possible sum of differences in point 

centrality for a graph of n vertices.  

The numerator calculates the summed difference between the most central vertex and 

other vertices, reflecting how much more central it is compared to others. The 

denominator is the maximum possible value for the summed difference. The ratio Cx 

shows how the graph compares to the most centralised graph with the same size. The 

original paper (Freeman, 1979) contains specific calculations of these graph centralities.  
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6.6.5 Efficiency centrality and straightness centrality 

Freeman’s centrality measures are constructed for topological networks (unweighted 

graphs), where the only concern is whether links exist between pairs of vertices. These 

unweighted simple graphs can be translated into an adjacency matrix A(G)= (aij)n*n, 

where aij=1 if vertices vi and vj are connected, otherwise aij=0.  

The topological graphs are powerful tools to investigate structural properties of a 

network but their abstraction also brings limitations. For example, they only count the 

topological distances but not the physical ones. In many cases both types of distance are 

important so weighted graphs are more appropriate where the weights of the links can 

capture the physical distances. Research has shown that using unweighted graphs and 

weighted graphs to analyse transport networks could lead to totally different 

conclusions (Latora and Marchiori, 2001; Vragović et al., 2005).  

A spatial (or geographic) graph, as Porta et al. (2006) put it, is a type of weighted graph 

whose vertices possess actual spatial positions. The spatial graph can be described by 

two matrices, the adjacency matrix (aij) and the length matrix (lij). lij is the metric length 

of the link between vi and vj. In earlier papers Latora and Marchiori (2002, 2003) 

defined lij as the Euclidian distance between two vertices. However, in the road 

network, links often do not follow straight lines so using the actual link lengths may be 

more appropriate.  

The separation between a pair of vertices can be best described by the length of the 

shortest path between them. In unweighted graphs, it is simply the least number of 

continuous links that connect the two, and the result is the topological separation. In 

social science, it relates to the famous term, degree of separation, discovered by 

Milgram in 1967 (Milgram, 1967). Milgram’s discovery sparked a lot of interest in so-

called small-world problems.  

Watts and Strogatz (1998) used the term small-world network to describe a class of 

network in which most pairs of nodes are not directly connected but have a small degree 

of separation between them. They developed characteristic path length to measure the 

average shortest distance between pairs of vertices in unweighted graphs:   
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𝐿(𝑝) =
∑ 𝑑𝑖𝑗𝑖,𝑗∈𝑁;𝑖≠𝑗

𝑁 (𝑁 − 1)
 (6.10) 

As a global property, L(p) measures how well the vertices in a graph are connected to 

each other. The shorter L(p) is, the better connected the graph is so small-world 

networks tend to have short characteristic path (Watts and Strogatz, 1998).  

Watts and Strogatz (1998)’s method only applies to unweighted graphs. In spatial 

graphs, the shortest distance is the least metric path length. It describes the physical 

separation between two points. Latora and Marchiori (2001) used the inverse of 

physical distance dij between vi and vj to define the efficiency (Eij) of communication via 

the network1: 

𝐸𝑖𝑗 =
1

𝑑𝑖𝑗
 (6.11) 

And the whole graph’s efficiency E(G) is the average of all vertex pairs: 

𝐸(𝐺) =
∑ 𝐸𝑖𝑗𝑖≠𝑗∈𝐺

𝑁 (𝑁 − 1)
=  

∑
1
𝑑𝑖𝑗

𝑖≠𝑗∈𝐺

𝑁 (𝑁 − 1)
 (6.12) 

Unweighted graphs will have an E(G) score between 0 and 1. But a weighted graph 

could vary greatly so normalisation is required. Like Freeman’s centrality measures, the 

value of the ‘ideal’ situation could be used as the normalisation factor. Latora and 

Marchiori (2001, 2002) chose the sum of Euclidean distances between all pairs of 

vertices as the normalisation factor, which represents the ideal situation where straight 

lines connect every vertex to all the rest. So in this case the length of the shortest path 

between a pair of vertices equals their Euclidean distance.  

𝐸′(𝐺) =
𝐸(𝐺)

𝐸 (𝐺𝑖𝑑𝑒𝑎𝑙)
=  

∑
1
𝑑𝑖𝑗

𝑖≠𝑗∈𝐺

∑
1

𝑑𝑖𝑗
𝐸𝑢𝑐𝑙

 

𝑖≠𝑗∈𝐺

 (6.13) 

                                                 

1 If vi and vj are not linked by the network, dij = +∞ and eij = 0 
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Vragović et al. (2005) proposed a variation of this measure. Instead of calculating the 

efficiency of the entire network then normalising it, it normalises efficiency for each 

path then averages all paths for the whole graph.  

𝐸’(𝐺) =
𝐸(𝐺)

𝐸 (𝐺𝑖𝑑𝑒𝑎𝑙)
=  

∑
𝑑𝑖𝑗

𝐸𝑢𝑐𝑙

𝑑𝑖𝑗
𝑖≠𝑗∈𝐺

𝑁 (𝑁 − 1)
 

(6.14) 

As the name straightness centrality suggests, Vragovic et al.’s measure reflects how 

closely the average shortest path in a network resembles the straight line between its 

origin and destination (Porta et al., 2006). Although Equations (6.13) and (6.14) give 

different values, they are positively correlated and order preserving, i.e. they should 

give consistent evaluations of the networks.  

6.6.6 Space syntax theory and intelligibility  

Space syntax is the leading theory on the interaction between spatial structure and social 

activities (Bafna, 2003). More specifically, it investigates the relationship between a 

network’s topological structure and the movement of people but not Euclidean measures 

of association (Batty, 2004). The underlying logic is that the way that space is organised 

has a far more profound social impact than the superficial appearance of style of the 

built environment. ‘Buildings are not just objects, but transformations of space through 

objects’ (Hillier and Hanson, 1984, page 1). Porta et al. (2006) argue that space syntax 

is the application of structural sociologists’ closeness centrality, being normalised. One 

unique aspect of the space syntax approach is its dual representation, which is different 

from the dual graph introduced in Appendix I. Space syntax’s dual is on the 

representation level. It represents streets (actually ‘generalized streets’, more exactly: 

‘lines of sight’ or ‘lines of unobstructed movement’ along mapped streets) by nodes and 

the intersections of these straight lines in edges. Space syntax treats the distance 

between nodes (streets) as the number of intervening edges (intersections) along the 

shortest path, using the number of intervening ‘steps’, whatever the lengths of those 

steps (Porta et al., 2006). Space syntax implies that better connectivity is related to 

fewer turns in the routes between houses rather than to the actual shortness of distance 

between them.  

Associated with space syntax is intelligibility, described by Blanchard and Volchenkov 

(2008) as a part-whole relationship between local and global properties of the spaces of 
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motion. Bafna (2003) says that the intelligibility of a configured space is the property 

that allows a situated or immersed observer to understand the space in a way enabling 

that person to find his or her way around in it. Intelligibility is defined in terms of the 

correlation between connectivity as in space syntax and integration, the latter 

representing the average depth of the spatial unit from all other units, being affected by 

the entire spatial configuration. Bafna (2003) contrasts a grid structure, where it is 

difficult for people to orient themselves, with streets in a market town providing cues 

which bring even a disoriented visitor to the main streets. Environments providing 

cognitive cues for both local and global properties of space – so that the two are 

correlated – will 'feel' intelligible. 

Physical distance can be introduced to space syntax (Batty, 2004; Salheen and Forsyth, 

2001; Salheen, 2003). Batty (2004) has shown that the topological measures of space 

syntax can be augmented with measures based on Euclidean distance, each segment 

between nodes having coordinates from which straight line distances can be computed. 

However the correlations based on shortest paths and the space syntax measures of 

accessibility in the benchmark village of Gassin are low. Omitting any account of the 

number of turns makes distance by the shortest path very different from the topological 

measures. 

Experimental work on people navigating from one location to another has been reported 

in the psychology literature. Bailenson et al. (2000) noted that observed asymmetries in 

route selection conflict with choice of the shortest route. One experiment indicated that 

subjects prefer a straight initial portion, regardless of how circuitous is the rest of the 

route. In another experiment using maps, subjects preferred straight paths over 

alternatives with turns, a result consistent with space syntax. As a comment on 

asymmetry, traffic assignment models based on stochastic user equilibrium (e.g. Bekhor 

et al., 2008) recognise that actually chosen routes are distributed around the shortest 

path, which allows for a different route on a return trip. 

The work of Wiener et al. (2004), using virtual environments, suggests a tendency to 

focus on local landmarks. Subjects did not perceive or report a conflict when global 

landmarks were rotated while local landmarks were kept stable. Yang and Schwaninger 

(2011) found that participants in experiments preferred the route whose initial direction 
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was toward the final destination, with turns being less influential. However they too 

used maps for their experiments. 

Hölscher et al. (2011) asked participants familiar with an area (downtown Freiburg) to 

plan the route they would follow to a particular destination. But when asked to walk to 

that destination, all twelve participants deviated from the planned route, making it 

considerably shorter by including more turns. More complex tasks with 24 participants 

and explicit map based planning gave a similar result: the routes actually chosen when 

walking were considerably shorter than the planned routes and had more turns. The 

authors conclude that directions given to a stranger are simple and easily remembered 

whereas one's own route is fairly direct, usually including more turns than the easily 

described route. 

While recognising the significance of space syntax measures, straightness centrality 

between pairs of residences was chosen on two grounds (Section 6.7). The first is the 

evidence suggesting that the routes actually taken by residents between points, as 

distinct from planned routes, are close to the shortest paths, regardless of turns. The 

second is that the modelled example is for a suburban area with none of the central 

character of the village of Gassin or a city centre. This is also the basis of the decision 

not to include an intelligibility measure: the example is intentionally modelled in the 

imperfect suburban form noted by Phelps (2010) without a distinct centre (Lovejoy et 

al., 2010) and is designed for residents who can find their way around, not for 

disoriented visitors (Bafna, 2003).  

6.7 THE OBJECTIVE FUNCTION FOR THIS STUDY 

This section presents two alternative forms of the objective function, the multiplicative 

and the additive. The majority of the study uses the former but the latter was developed 

to see if it can solve the problems of the former. They will be compared in Section 8.2. 

Both objective functions were used as fitness functions without transformation since 

they satisfy the two basic requirements of a fitness function listed in Section 2.3.2. 

Therefore, in this thesis the objective value always equals the fitness value and the term 

objective function is interchangeable with fitness function. 



Chapter 6 The objective function  

127 

6.7.1 The multiplicative objective function 

As discussed in Sections 6.3 and 6.4, roads compete with dwellings for space but a well 

planned road network could make the neighbourhood more liveable. The objective 

function reflects the balance between network efficiency and dwelling quantity by 

taking the product of its two elements, the number of dwelling centroids and their 

average centrality value. The goal is to have as many well-connected houses as possible.  

For a given design, the objective: 

𝜉 (𝑁)  =  𝐶𝑎𝑣𝑔(𝑁) ∗ 𝐻 (6.15) 

where, 

H is the number of houses in the solution; 

Cavg is the average centrality of the solution.  

The straightness centrality in Equation (6.14) is adopted: 

𝐶𝑎𝑣𝑔(𝑁) =  

∑
𝑑𝑖𝑗

𝐸𝑢𝑐𝑙

𝑑𝑖𝑗
𝑖<𝑗∈𝑁

𝑁 (𝑁 − 1)/2
 

(6.16) 

where,  

𝑑𝑖𝑗
𝐸𝑢𝑐𝑙 – Euclidean (straight line) distance between centroid i and j;  

𝑑𝑖𝑗 – The shortest network distance between centroid i and j;  

N – The total number of countable centroids in the solution. N is different to H because 

pairs of centroids from the same cul-de-sac are excluded from this calculation, as 

explained  below. 

Out of the different measures discussed in Section 6.6, straightness centrality was 

adopted to reflect the need to maximise connectivity and increase walkability and 

bikeability. It has a similar impact to PRD (pedestrian route directness) discussed in 

Section 6.5. It was chosen also because it has no edge effect, which means this measure 

is location neutral so that the centroids close to the boundaries will not be 

disadvantaged. Other centrality measures could be applied or the combination of several 

measures could be used, as in Crucitti et al. (2006).  
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Cavg measures the average everyone-to-everyone connectivity instead of everyone-to-

one. A tree structure can achieve high everyone-to-one connectivity, if the ‘one’ is 

located at the root of the tree. However, in reality most networks have multiple 

destinations within them, for which trees will perform poorly. The manually constructed 

networks in Section 6.8 demonstrate this point.  

When centrality is applied to networks the focus may shift from central nodes to the 

distribution of centrality values through all nodes. Centrality ‘is treated like a shared 

resource of the network “community” – like wealth in nations – rather than the unique 

property of the excellent’ (Porta et al., 2008, page 41). The study is concerned with a 

street network facilitating social contact, based on the view that ‘human societies use 

space as a key and necessary resource in organizing themselves’ (Bafna, 2003, page 17). 

Instead of centrality being a relationship between a single node and others (Jiang and 

Claramunt, 2004) it is generalized to cover the centrality of each residence in relation to 

the others. 

Cavg in the objective function has the effect of minimising network distance between any 

pair of dwellings, assuming all neighbours are potential destinations with equal 

importance. As discussed in Section 6.4, the author takes the view that connectivity is 

beneficial to the community so the goal is to create a ‘street system [which] is highly 

interconnected, and is aimed at reducing local travel distances’ (WA Planning 

Commission, 2009). Of course, access to some destinations, especially public facilities, 

is more important than to any random neighbours and weights could be used according 

to the relative importance of destinations. However, since COULD only has residential 

dwelling as the single land use, weights are not implemented. Nevertheless, many-to-

one accessibility to a train station is evaluated for a generated plan in Section 8.6.3. 

Section 9.11.4 will also discuss future improvement on the centrality measure.   

Equation (6.16) assumes the shortest distance matrix is symmetric, i.e. from centroid i 

to j is the same as from j to i. This halves the amount of calculation needed and implies 

the exclusion of one-way streets. In addition, pairs of centroids from the same cul-de-

sac are excluded from the calculation. They score 1 or very close to 1 in centrality. 

Their exclusion will imposes a downward bias on the centrality value Cavg, but it has the 

benefit of limiting the growth of cul-de-sacs. For a single pair of centroids the 

straightness centrality value is the reciprocal of the pedestrian route directness (PRD) 
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ratio (Dill, 2004; Hess, 1997; Randall and Baetz, 2001). The goal of maximising this 

measure implies that interactions are strongest along shortest paths. 

The final form of the multiplicative objective function is obtained by substituting 

Equation (6.16) into Equation (6.15):   

𝜉 (𝑁)  =  𝐶𝑎𝑣𝑔(𝑁) ∗ 𝐻 =  

∑
𝑑𝑖𝑗

𝐸𝑢𝑐𝑙

𝑑𝑖𝑗
𝑖<𝑗∈𝑁

𝑁
(𝑁 − 1)

2

∗ 𝐻 (6.17) 

Note that N does not cancel out H because the former does not include the houses in the 

same cul-de-sacs.  

Equation (6.17) only contains two factors because the study needs to focus on 

developing the computational design model without being distracted by the added 

complexity of more objectives. Theoretically, the same model should be able to cope 

with more objectives. 

Figure 6.1 is an example of how the straightness centrality is calculated between a pair 

of dwellings.  

 

Figure 6.1 Contribution to straightness centrality by one pair of dwellings (ratio of direct distance 
to shortest road distance) 

6.7.2 The additive objective function 

This alternative objective function uses the sum rather than product of the two 

measures. In order to do that the dwelling counts need to be normalised. To match the 

already normalised centrality value range of 0 to 1, the theoretical maximum number of 

houses can be used as the denominator in the dwelling density measure.     
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𝜉 (𝑁) =  𝐶𝑎𝑣𝑔(𝑁) + 𝐻′ (6.18) 

where,  

H’ – the normalised house number, which is calculated as:  

H’ = H / Hmax (6.19) 

where, 

H – The total number of houses in a design; 

Hmax – The theoretical maximum number of houses for a particular site, and: 

Hmax = As / Ah (6.20) 

where, 

As – The total area of the site; 

Ah – The minimum area of a block 

Equation (6.20) provides the simplest way to calculate Hmax. It overestimates Hmax 

mainly for two reasons. Firstly, it assumes all space is allocated to dwellings, ignoring 

the need for roads. Secondly, it does not consider the geometrical constraints, 

particularly if the site has an irregular shape. Consequently, the effective range for H’ is 

certainly somewhere below 100%. In the meantime, the effective range of Cavg(N) for 

any realistic plan should also be quite a few percentage points below 100%, which 

hopefully makes the two factors in Equation (6.18) comparable.  

6.8 EVALUATION OF MANUALLY CONSTRUCTED GRIDS 

The main purpose of this section is to apply the objective functions to manually 

constructed grids, both to compare the merits of the alternative grids and to provide 

benchmarks for comparison with computer generated plans. 

Much of the argument about street patterns is polarised. While new urbanists praise the 

virtue of traditional grids, others defend the conventional tree-like cul-de-sacs (Figure 

6.2). It is noted that most people focus on the between-group difference while ignoring 

the in-group difference. Not all grids perform the same; neither should all cul-de-sacs. 
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a. Conventional suburban development  b. Traditional neighbourhood 
Figure 6.2 Comparison of conventional suburban development and traditional neighbourhood 

development (reprinted from Kulash et al., 1990) 

For human designers, the grid pattern is the easiest and most obvious choice. Atash 

(1994) lists some major advantages of grids: 

 More alternative routes; 

 Shorter distance between points so trip distances are shorter; 

 Better intelligibility – although this is disputable; 

 More evenly distributed traffic, compared to the hierarchical networks. 

The test grids were constructed with the same software as COULD but rather than 

automatically generating designs, the author hand prescribed the entire sequence in the 

genotypes. 

In order to make fair comparisons, the test grids are formulated under the same 

geometrical constraints that COULD is subject to (Section 3.12.4). The author also used 

the universal modules as the basic building blocks. The grids were used because they 

are the natural choice for a human designer under this circumstance. In fact, the author 

tried to construct non-orthogonal layouts using the universal modules but it turned out 

to be too time consuming. The grids presented here are probably not the best a human 

designer can do but they are reasonably good outcomes that can be achieved without 

excessive use of time. Given the rising popularity of grids among new urbanists, they 

are good candidates for benchmarking other patterns. 
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6.8.1 Manually constructed grids 

Grid Model 1 (Figure 6.3) is a pure tree structure, with very long cul-de-sacs. This 

extreme and unrealistic model is constructed to demonstrate how pure trees perform 

against other structures. In the subsequent four models (Grid Models 2-5, Figure 6.4), 

Grid Model 1 was gradually transformed into a grid by adding one horizontal connector 

road at a time (so that the impact of each can be assessed).  

 

Figure 6.3 Manually constructed grid (Grid Model 1) 

  

a. Grid Model 2 
 
 

b. Grid Model 3 
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c. Grid Model 4 d. Grid Model 5 
 

Figure 6.4 Manually constructed grids (Grid Models 2-5) 

6.8.2 Measuring everyone-to-one centrality of the grids 

This section investigates the everyone-to-one centrality, with a non-residential 

destination (train station with surrounding shops) as the one point of interest that every 

dwelling wants to have a direct link to (Table 6.1). The rationale is that walking can be 

encouraged by shortening the average distance to non-residential destinations, which are 

often clustered in one place.  

Roads and houses compete for space. The horizontal connector roads in these models all 

have the same length so each of them costs 14 houses. At the same time, they also 

change the average centrality of the remaining houses. The change in the multiplicative 

objective value depends on whether the latter (if positive) can compensate for the 

former.   

Table 6.1 Summary of everyone-to-station centrality and fitness 

 Number of Houses Centrality Fitness (multiplicative) 
Grid Model 1 402 0.752 302.439 
Grid Model 2 388 0.750 290.946 
Grid Model 3 374 0.749 280.303 
Grid Model 4 360 0.751 270.307 
Grid Model 5 346 0.749 259.159 
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Figure 6.5 shows that adding roads barely changes the everyone-to-train station 

centrality. 

 

Figure 6.5 Comparison of everyone-to-train station centrality 

Since all five grid models have very similar centrality values, the one with the least road 

will have the most houses and consequently the highest objective value. In this case the 

pure tree in Grid Model 1 is the winner (Figure 6.6). This demonstrates that if everyone-

to-one centrality is the measure, a tree structure rooted in that one point of interest could 

be the most effective solution. If the tree is correctly formed, there is no need to add 

extra connector roads since they will not change the shortest path from everyone to the 

point of interest. The movement within the tree would be difficult because there is only 

one path between any two points and pairs located on different branches will have a 

long distance between them. This might be ideal for defensible space advocates (Section 

6.4.2) but it is exactly what the new urbanists try to avoid. Also, in reality it is hard to 

imagine that everyone has only one point of interest. When multiple points of interest 

are involved, the tree should no longer be the best solution.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 1 2 3 4 5 6

C
e

n
tr

al
it

y 

Model Number 



Chapter 6 The objective function  

135 

 

Figure 6.6 The fitness (everyone-to-train station) and number of houses of the five grid models 

6.8.3 Measuring everyone-to-everyone centrality 

Instead of allocating more points of interest, everyone-to-everyone centrality is used in 

this section. The rationale is to provide good connectivity everywhere and alternative 

traffic routes, especially for pedestrians and cyclists.  

Table 6.2 shows that the multiplicative and additive objective functions give consistent 

rankings of the five models, from the highest to the lowest: Grid Models 3,4,5,2,1. 

Although the sample size is too small to draw definite conclusions, this indicates the 

order preserving feature of the two objective functions. The main purpose of an 

objective function is to compare the relative performance of different models (Fogel, 

2000). Since the two objective functions are order-preserving, either of them could be 

used. However, the additive objective function is site specific because it requires a 

specific normalising factor for each site. The multiplicative objective function has the 

advantage of not being specific to any site so it can be applied universally without any 

modification. For this reason most of the study is based on the multiplicative version.  

 

  

0

50

100

150

200

250

300

350

400

450

0 1 2 3 4 5 6

Obectivej Value Number of Houses



Chapter 6 The objective function  

136 

Table 6.2 Summary of everyone-to-everyone centrality and fitness 

 Dwellings Centrality 
(everyone-to-everyone) 

Fitness 
(multiplicative) 

Fitness 
(additive) 

Grid Model 1 402 0.480 193.073 1.085 
Grid Model 2 388 0.574 222.543 1.157 
Grid Model 3 374 0.656 245.292 1.218 
Grid Model 4 360 0.673 242.443 1.215 
Grid Model 5 346 0.690 238.740 1.210 

 

Figure 6.7 shows that with each additional connector road, the average centrality value 

increases. However, the rate of increase slows after Grid Model 3, indicating a 

diminishing return. Although this result is based on an abstract model, it has practical 

implications. As discussed in previous sections of this chapter, new urbanists advocate 

traditional grids with smaller street blocks and more intersections for the sake of 

connectivity. Ignoring this diminishing return may have contributed to the perception 

that there is a lack of quantitative evidence in support of new urbanism (Song and 

Knaap, 2003). After a certain threshold, each additional connector road can only 

marginally improve connectivity, and yet it occupies precious space that could have 

been used for other purposes such as dwellings or parks. This diminishing return could 

also help to understand why the small-world networks (Section 6.6.5) are efficient. 

Links usually have a cost so when it comes to streets, it is not a case of the more the 

better.  

 

Figure 6.7 The everyone-to-everyone centrality of the five manually constructed models 
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Figure 6.8 shows that the best trade-off can be found at the point where the return from 

connectivity slows down and excellent connectivity can be achieved with just a few 

connector roads. As discussed previously, each horizontal connector road in Grid 

Models 2 to 5 costs the same number of houses so from Grid Model 1 to 5 the dwelling 

number declined linearly. In the beginning, the payoff from each additional connector 

road outweighs the loss in house numbers, so the overall objective value increases. 

Nevertheless, as the centrality return diminishes the benefit of an additional connector 

road can no longer justify the space it costs, so the objective value peaks at Grid Model 

3.  

 

Figure 6.8 The objective value (everyone-to-everyone) and number of houses of the five models 

Minor modifications were made in an attempt to further improve Grid Model 3 (Figure 

6.9).  
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a. Grid Model 3.1 b. Grid Model 3.2 
Figure 6.9 Grid Model 3.1 and Grid Model 3.2 

Table 6.3 shows that Grid Model 3.1 and 3.2 both have lower objective values than Grid 

Model 3. Therefore, Grid Model 3 is taken to represent the best grid result and its 

performance will be compared with that of the computer generated models in Chapter 8. 

The dwelling density in these manually prescribed layouts cannot be any larger, 

although most of them are further apart than the distance specified by the clearance 

circle in Figure 3.33. The rigidity of the grid means distance between parallel streets has 

to be in increments of L (20 metres) that is specified in Table 3.1. Greater density can 

only be achieved by adding a whole new row or column of dwellings, which will violate 

the clearance constraint. This is important because the computer generated layouts in 

Chapters 7 and 8 appear to be given an unfair advantage by having greater densities in 

various places. Although some of their centroids are indeed closer than the test grids’, 

they all comply to the same clearance specification. The non-orthogonal layouts that the 

computer generated are not as rigid as grids so the algorithm managed to squeeze in 

dwellings wherever it could.  

It can be argued that reducing L would make grids more suited to rectangular or square 

sites. Table 6.3 contains the results of an added Model 3.3, in which L is reduced from 

20 metres to 14 metres (the same as W in Table 3.1). The centrality value was assumed 

to be the same as Grid Model 3. Although Grid Model 3 will be used for most 

comparisons, Grid Model 3.3 provides an upper bound to the grid’s performance. 



Chapter 6 The objective function  

139 

Table 6.3 Comparison of Model 3, 3.1 and 3.2 results 

 Dwellings Centrality 
(everyone-to-everyone) 

Fitness 
(multiplicative) 

Grid Model 3 (L = 20) 374 0.656 245.292 
Grid Model 3.1 (L = 20) 372 0.657 244.460 
Grid Model 3.2 (L = 20) 376 0.633 237.943 
Grid Model 3.3 (L =14) 523 0.656 343.088 

 

6.9 SUMMARY 

This chapter discusses the significant influence that the built environment can have on 

society. Some of the influence comes from more tactical features such as landscape and 

architectural design but others have deeper structural reasons. Connectivity is one of the 

latter. It is heavily contested between new urbanists and defensible space advocates. 

Research so far on this complex issue remains inconclusive. This thesis takes the new 

urbanist view that connectivity could encourage walking and bicycling which are 

beneficial to the individual as well as the neighbourhood. Various measures of 

connectivity are explored and straightness centrality is finally chosen as the core part of 

the two alternative objective functions. A finding of interest is the diminishing return in 

the centrality value that each additional connector road can provide, as revealed by the 

five manually constructed grids. 

The next chapter presents the experiment results using the multiplicative objective 

function. Relevant issues and solutions will be discussed in both Chapter 7 and 8. The 

performance of the computer generated models will be compared with the manually 

constructed grids in this chapter.  
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CHAPTER 7 IMPLEMENTING THE MODEL AND 
IDENTIFYING PROBLEMS 

7.1 INTRODUCTION 

This chapter presents the results of experiments to demonstrate the effect of jointly 

applying the model elements presented in previous chapters. It starts with the results and 

problems of restricted models and then works through the application of Simulated 

Annealing to guide model development. The subsequent Chapter 8 completes the 

development of models and deals with the effects of varying the objective, making 

special modifications and applying the model to irregular spaces. It also presents a 

comparative evaluation of results. 

The experiments use the same hypothetical square site of 25 hectares as in Chapter 4. 

The multiplicative objective function developed in Chapter 6 is used initially to evaluate 

results and then later to guide the growth of the structure. The goal is to balance the 

number of houses with good everyone-to-everyone connectivity, which has proved to be 

difficult. The model has a tendency to increase the dwelling number, even when it 

means making bad structural decisions. The causes and candidate solutions are 

explored.  

The challenge of growth overpowering quality is potentially present in a whole class of 

computational design problems where the number of dimensions of the design space 

keeps changing. It is not a problem in conventional optimizing problems where the 

dimension number is fixed. 

Finding the best optimizing algorithm for the task has been difficult but revealing. 

Various settings are tested in order to gain insights into the nature of the model but not 

all possible combinations of parameters have been exhausted. Instead of just presenting 

the final results, a number of experiments are presented to give more insight into the 

model. After further exploration of blind stochastic growth and its problems in Section 

7.2, guided development with evolutionary algorithms is introduced in Section 7.3. The 

last section analyses the problems encountered in applying the objective function. 

There has been criticism on how the science literature often hides failures and only 

presents the final glory as if it has been a smooth ride. The author holds the view that 
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the failed experiments are just as valuable because there is much to be learnt by 

analysing why they fail. Many failed experiments have not been included. The included 

ones in this chapter and the next are here because they offer some analytical value. 

7.2 BLIND STOCHASTIC GROWTH 

Section 4.4.4 has demonstrated that basic deterministic growth can generate feasible 

plans. The following Experiments 1 and 2 test the performance of blind stochastic 

growth in terms of both numerical and visual results. The word blind refers to the fact 

that no assessment or guiding algorithm is used so all feasible and partially feasible 

operations are accepted. They are stochastic because the location of each operation is 

randomly decided.  

These two blind stochastic experiments also have more operators than those presented 

in Section 4.4.4. Together with the manually designed orthogonal grid in Chapter 6, 

they will serve as base cases for evaluating the performance of alternative guiding 

algorithms. Experiment 1 contains only addition operators while Experiment 2 contains 

addition and linkage operators. The comparison between these two indicates the impact 

of linking. There are two reasons that cutting is left out in both random growth cases: 

 Random cutting is too destructive for growth to proceed. In the trial runs, it 

constantly overpowered the combined efforts of addition and linkage. One cut 

could demolish a large part of the structure that takes many steps to build. The 

trials show that random processes with cutting failed to make any substantial 

growth. 

 Cutting serves no purpose in a random process. In a guided process, cutting is 

used for correction, as discussed later in this chapter. It removes bad structures 

to make room for regrowth. However, a random process cannot distinguish 

‘good’ from ‘bad’ because no assessment is done. Without any guidance, the 

space emptied by cutting will be refilled with similar structural patterns by the 

same random process.  

7.2.1 Experiment 1: blind stochastic growth without linking    

Development in Experiment 1 started from a seed module (embryo) placed in the 

entry/exit (Figure 5.1).  Table 7.1 contains Experiment 1’s genotype, i.e. the operator 
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sequence for a single iteration. Since no fitness assessment was done, all attempted 

operations that pass the validation checks have been accepted. Obtained by trial-and-

error, the number of executions for each operator was somewhat arbitrary. The same 

applies to other experiments, as discussed in Section 5.4.2.  

Without the cutting operators, this blind proliferation process has no reversibility. Once 

the space is full, no more progress can be made so it will stop. 

Table 7.1 Experiment 1 Genotype1 

Operator Number of executions 
Bud-a-module 60 
Bud-dwellings 

Bud-roads 
20 
20 

 

Without linking, the generated road networks are tree structures in topological terms 

(Appendix H). The first experiment (Experiment 1.0) produced a layout with 415 

centroids, average centrality value of 0.515, and the objective value of 213.87. Ten 

repeats (Experiment 1.1 - 1.10) were carried out to check the variability of results.  

The randomness resulted in visually distinct designs for each run, as illustrated by the 

two cases in Figure 7.1. 

                                                 

1 It is important to note that all genotypes in COULD contains the validation operators discussed in 
Section 5.2.1, although they are not explicitly listed. 
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a. Experiment 1.0 b. Experiment 1.10 

Figure 7.1 Examples of Experiment 1 visual results  

Table 7.2 shows that the numerical differences are not as great as one might expect from 

the varied layouts. With a small coefficient of variation of 2.8% on fitness, eight 

experiments produced results within 3% of the average and the other three were within 

5.5% of the average.  

Development is a series of chained events so there is a path dependence in the 

generation of designs. In stochastic processes this leads to different results being 

produced for every run. However, further examination reveals that although the results 

are visually different, there are similarities in the patterns. Despite the random execution 

locations, repeated applications of the same operator sequence has produced similar 

patterns of growth. This might explain the small fitness variations. The results indicate 

that genotypes determine patterns and patterns determine the fitness value. In 

comparison, the randomness seems to have little impact on fitness. 
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Table 7.2 Experiment 1 numerical results  

 Number of 
dwellings Centrality Fitness  Compared to the 

average 
Experiment 1.0 415 0.515 213.869 -0.3% 
Experiment 1.1 426 0.495 210.821 -1.7% 
Experiment 1.2 423 0.494 209.041 -2.5% 
Experiment 1.3 409 0.545 222.946 3.9% 
Experiment 1.4 426 0.503 214.124 -0.2% 
Experiment 1.5 420 0.525 220.663 2.9% 
Experiment 1.6 418 0.516 215.495 0.5% 
Experiment 1.7 423 0.511 216.245 0.8% 
Experiment 1.8 422 0.526 222.117 3.5% 
Experiment 1.9 422 0.501 211.582 -1.4% 
Experiment 1.10 403 0.503 202.691 -5.5% 

Mean 419 0.512 214.509  
Stand Deviation 7.2 0.015 6.027  

Coefficient of Variation 1.7% 3.0% 2.8%  
 

7.2.2 Experiment 2: blind stochastic growth with linking  

Experiment 2 was set up as Experiment 1 plus two linking operators (Table 7.3). Its 

development also starts from a seed module (embryo) placed in the entry/exit (Figure 

5.1).  The purpose of keeping everything constant except the addition of linking 

operators is to test the impact of adding links to the tree structure.  

Table 7.3 Genotype of Experiment 2    

Operator Number of executions 
Bud-a-Module 60 
Bud-Dwellings 20 

Bud-Roads 20 
Link-Dwelling-to-Dwelling 20 

Link-Dwelling-to-Road 20 

 

Adding links to a tree structure creates redundant paths between some centroid 

(dwelling) pairs. As a result, some of them will have more direct routes so that 

centrality increases. Meanwhile roads compete with dwellings for space. The links 

occupy space that otherwise could have been used for dwellings. Each link-dwelling-to-

dwelling operation sacrifices two dwellings for a new link and each link-dwelling-to-

road sacrifices one. The question this experiment tries to answer is whether the gain in 
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centrality could more than compensate for the loss in dwelling numbers. As in 

Experiment 1, there was no evaluation or guidance except validation.  

Experiment 2’s numerical results (Table 7.4) again displayed small variability,  with a 

coefficient of variation close to that of Experiment 1’s. Figure 7.2 shows an example of 

its visual representation.  

Table 7.4 Experiment 2 results 

 Number of 
dwellings  Centrality Fitness  

Compared to the 
average  

Experiment 2.0 383 0.604 231.457 1.6% 
Experiment 2.1 382 0.586 224.034 -1.6% 
Experiment 2.2 373 0.595 222.011 -2.5% 
Experiment 2.3 378 0.589 222.630 -2.2% 
Experiment 2.4 386 0.577 222.751 -2.2% 
Experiment 2.5 390 0.601 234.232 2.9% 
Experiment 2.6 379 0.598 226.542 -0.5% 
Experiment 2.7 376 0.584 219.65 -3.5% 
Experiment 2.8 383 0.594 227.385 -0.1% 
Experiment 2.9 401 0.601 240.866 5.8% 

Experiment 2.10 392 0.595 233.312 2.5% 
Average 384 0.593 227.715  

Stand Deviation 8.0 0.008 6.510  
Coefficient of Variation 2.1% 1.4% 2.9%  

 

 
Figure 7.2 Experiment 2.0 visual result (as an example) 

The comparison of Experiments 1 and 2 shows that linking performed on tree structures 

can improve fitness values. Although the best of Experiment 1 (Experiment 1.3) 
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achieved slightly higher fitness value than the worst of Experiment 2 (Experiment 2.7), 

on average the gain in centrality outweighs the loss in dwelling numbers (Table 7.5).  

Table 7.5 Comparison of Experiments 1 and 2 average results 

 Dwelling number Centrality Fitness  

Experiment 1 (no linking) average 419 0.512 214.5 

Experiment 2 (with linking) average 384 0.593 227.7 

Change from Experiment 1 to Experiment 2 -8.4% 15.8% 6.2% 
 

7.2.3 Problem patterns resulting from blind growth and linking 

Blind growth and linking can fill the space with feasible designs but both Experiment 1 

and 2 results as well as those in Section 4.4.4 have many obvious structural defects. 

There are two common problem patterns. 

The first problem pattern is that two streets (often parallel) are so close that there is no 

room to put any houses in between (Figure 7.3).  

 

Figure 7.3 Problem Pattern 1 

The second problem is that many centroids are linked to the street network by redundant 

access roads, as for the two highlighted centroids in Figure 7.4. These roads occupy 

extra space but serve no purpose. In the real world, this kind of design would incur 

unnecessary infrastructure cost. Connecting them directly to the street network, as for 

the top centroid in Figure 7.4 would be more sensible.  
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Figure 7.4 Problem Pattern 2 

In both problems, the overgrowth of the road network leads to underutilisation of space. 

They are the results of the total acceptance of feasible growth operations. Growth 

operators expand the structure into empty spaces. Bud-dwellings attaches new dwellings 

directly to the existing roads so no extra roads are added. In contrast, bud-a-module and 

bud-roads both extend the road network. Extending the roads is often necessary for the 

structure to grow but is not always beneficial. Accepting these operations 

indiscriminately leads to excessive growth of roads.  

Road overgrowth causes inefficient use of space. Figure 7.5 is an example. Bud-a-

module replaces one existing house with another, plus an extra piece of access road 

which is unnecessary. Because the added road occupies the space that could have been 

used for dwellings, it reduces the total number of dwellings. In rare cases, such an 

operation could enable the structure to branch out from a narrow space but most of the 

time it produces an unwanted piece of road. Such a redundant access road does not 

necessarily reduce centrality, depending on how it changes the relative position of the 

target centroid and the others. In fact, the experiments did show that it could increase 

centrality on occasions (Table 8.1).   

 

 

 

 

Figure 7.5 How low-yield bud-a-module can produce problem pattern 2 

Experiment 2 has a third problem that is not present in Experiment 1. Linking often 

produces zigzag roads (Figure 7.6). It simply joins two neighbouring elements without 
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further adjustment. Such indirect paths are unlikely to increase centrality, so one aim of 

imposing a guiding algorithm is to stop such links being formed or to correct them 

afterwards.  

 

Figure 7.6 Zigzag linkage roads in Experiment 2 

7.3 STOCHASTIC SEARCH TO GUIDE GROWTH 

As noted in Chapter 5, in stochastic models better results are given greater chance of 

being accepted but it is never guaranteed. By the same token, the operations with worse 

scores are not always rejected. Many experiments in this and the next chapter use the 

probability function from either Simulated Annealing (SA) or the Stochastic Hill-

Climber (SHC) (Section 2.3.7) in the acceptance test (Section 5.4, Figure 5.15). With 

SA, the algorithm deterministically accepts a solution that is better than or as good as 

the previous solution but rejects worse ones stochastically. With SHC, it accepts all 

solutions stochastically, better ones having greater probability of acceptance.  

Experiments using the SA acceptance probability function employ an annealing 

schedule, which gradually decreases the temperature. Lower temperatures mean less 

chance of accepting inferior solutions. At each temperature, the program will loop 

through the genotypic operators a number of times until one of two conditions triggers 

the update of temperature: either a sufficient number of successful operations have been 

made or the maximum number of operations have been tried. SHC has a fixed 

temperature so it does not need an annealing schedule. Operations that fail a validation 

test or do not pass the probabilistic acceptance test will be reversed.  

In contrast to the classic population-based evolutionary algorithms discussed in Chapter 

2, COULD works on two individuals only, a parent and child, similar to 1+1 ES (two 

membered Evolution Strategies, Section 2.3.1), to Simulated Annealing and to the 
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Stochastic Hill-Climber (Section 2.3.7)1. The procedure starts with a seed solution and 

evolves it by making a series of local variations. Transmission happens between two 

consecutive steps when a new solution (the child) is made by randomly varying the 

existing solution (the parent), a form of inheritance with modification. Selection is done 

when the algorithm decides which one of the two to keep as the parent for the next step. 

The selection process in 1+1 ES is conducted in a deterministic manner, while COULD 

employs a stochastic selection mechanism borrowed from Simulated Annealing and 

Stochastic Hill-Climber to avoid being trapped at sub-optimal points. 

Phenotypic reversibility introduced in Section 4.4.5 is vital to evolvability. Without it, 

the plan cannot evolve further once the space is filled. With it, the plan could be evolved 

forever. 

The following experiments examine whether the problems of blind growth can be 

overcome by introducing evaluation and a guiding mechanism. The location of each 

operator’s execution is still random but rather than accepting all feasible operations, the 

guiding algorithm will decide whether to accept or reject the operation.  

As shown in Figure 5.15, after each modification of the network its impact is assessed 

by the objective function which requires a separate calculation for every pair of 

dwellings. For an average of about 350 dwellings this means more than 60,000 

calculations at each application of a linking or cutting operator. There are typically 100 

computation cycles with at least 50 operations for which the objective is evaluated 

(giving almost 300 million shortest path determinations, and an equal number of 

relatively simple Euclidean distance calculations, between dwelling pairs).  

7.3.1 Guided development  

The success of a guiding algorithm depends on its ability in performing the following 

two sets of actions: 

 Generation: generating new structures. This is about making good decisions 

on whether to accept or reject the growth and linking operations; 

                                                 

1 As discussed in Section 2.3.1, although at any given time only one individual is being developed the 
survival competition is between the parent and the child so they are regarded as a population of two. 
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 Corrective pruning: identifying existing substructures that need to be replaced 

and remove them by cutting. The emptied space will then be refilled by newly 

generated structures. 

These two sets of activities are intertwined. Good generative ability could reduce the 

need for corrections later on. Furthermore, one could argue that the ultimate success of 

corrective pruning depends on whether generation can refill the space with better 

solutions. On the other hand, it could also be argued that good generative ability is 

beneficial but not necessary. It is conceivable that if bad structures are constantly 

removed then only good ones will remain eventually. 

Different guiding algorithms employ different strategies in generation and pruning, 

which will inevitably affect their performance. Algorithms are compared both in terms 

of the fitness achieved and ability to remedy problem patterns. The best result of 

Experiment 2 (Experiment 2.9, fitness value of 240.866) is used as a benchmark to 

evaluate the performance of the guiding algorithms which should outdo the best of the 

random results. 

In Section 2.3.7 Simulated Annealing (SA) was presented as an ‘evolutionary’ 

algorithm with the potential to solve the residential design problem. This section 

presents the first attempts to use SA as the guiding algorithm. To outperform the 

random development, a guiding algorithm needs to be discriminating in the operations 

that it accepts. A simplistic way is to evaluate each operation by calculating how much 

it changes the fitness value and to accept only the better outcomes. However, as 

discussed in Chapter 2, this kind of greedy method is likely to get trapped in local 

optima. Theoretically SA could avoid this by accepting inferior solutions on a 

probability basis.  

After each operation SA decides whether to accept the result based on the change in the 

fitness value. According to the standard SA procedure, all operations with better or 

equal fitness are accepted and those with reduced values are subject to a probabilistic 

rejection based on Equation (2.2). The probability of acceptance is based on a ‘cooling 

scheme’ with a starting ‘temperature’ and an annealing schedule that decides the speed 

of its progressive reduction. Since the objective here is to design a layout with 

maximum fitness, new changes with positive scores will be 100% accepted, and those 

with negative scores will be accepted with a probability defined by the current 
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temperature. The higher the temperature the greater the probability of accepting inferior 

changes.  

A pilot run was used to estimate the parameters. The starting temperature was set to 2 

which was then decreased by 5% at each successive temperature step, so that the 

acceptance of any negative changes became less likely at later stages. Experiment 3.1 

tests whether the SA directed process, with cutting, can perform better than the random. 

Experiment 3.2 focuses on its generative ability by turning off the cutting operator. The 

corrective ability of cutting is tested further in Experiment 4, where SA temperature is 

raised in an attempt to improve upon Experiment 2 results. Details of SA’s performance 

in relation to its ‘temperature’ settings are reported in Appendix N. 

7.3.2 Experiment 3: SA directed growth from the embryo 

The genotype of Experiment 3 (Table 7.6) is similar to that of Experiment 2 and it also 

starts from the embryo. The main difference is the addition of the cutting operator. 

Because cutting can be very destructive, every execution loop only includes one cutting 

operation.  

Table 7.6 Experiment 3.1 genotype 

Operator Number of executions 
Bud-a-Module 20 
Bud-Dwellings 20 

Bud-Roads 20 
Link-Dwelling-to-Dwelling 60 

Link-Dwelling-to-Road 60 
Cut 1 

 

In this initial application, the SA guided procedure failed to produce better results. The 

fitness value peaked at 230.352, whereas the base case (Experiment 2.9) result was 

240.866. After the rapid increase of the first 70 or so SA steps (Figure 7.7), the fitness 

plateaued. The layouts produced in the first stage (to the left of the dashed line in Figure 

7.7) featured a rapidly expanding structure filling the space. The space was almost fully 

occupied at the end of the first stage. The 300-odd steps in the second stage (to the right 

of the dashed line in Figure 7.7)  only made marginal improvement in the fitness value. 

The design changed little between steps.  
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Figure 7.7 Experiment 3.1's fitness curve 

Experiment 3.1’s visual results (Figure 7.8) have all three problem patterns exhibited in 

Experiment 2. The fact that these patterns emerged in the first place implies that SA did 

not improve the generative ability and the limited progress after the space was filled 

suggests that the corrective mechanisms did not work. Most cutting operations were 

rejected by SA. 

 
Figure 7.8 An example of Experiment 3.1’s visual results 

In the following sections, the generative and corrective abilities of the SA guided 

process are investigated separately. Experiment 3.2 focuses on the former and 

Experiment 3.3 on the latter. 
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7.3.3 Experiment 3.2: test of SA’s generative ability with constant low 

temperature and no cutting 

This experiment tests the temperature setting’s impact on SA’s generative ability. One 

possible reason for SA’s poor generative performance is its acceptance of inferior 

solutions. The cooling scheme and probabilistic acceptance of inferior solutions are 

designed to enable SA to escape local optima but, in this context, starting from a high 

acceptance rate of inferior solutions may have adverse effects. It might result in too 

many inferior solutions being accepted, making it too difficult for later correction. If 

this is true, lowering the acceptance rates for inferior solutions from the very beginning 

should be more effective in filling the space. 

Lower acceptance rates were achieved in each case (Table 7.7) by applying a constant 

low temperature, which does not mean a universal acceptance rate. The actual rate for 

each operation still depended on the change in the fitness value. 

This experiment uses no cutting operator. It employs the same genotype as Experiment 

2 (Table 7.3) and also starts from an embryo so their results are comparable. The three 

experiments achieved similar fitness values, which are about 3-4% better than the base 

case. The impact of varying SA temperature in Experiment 3.2 is discussed further in 

Appendix N. 

Table 7.7 Experiment 3.2 results compared to the base case 

 Temperature Number of dwellings Centrality Fitness  

Exp. 3.2.1 0.85 404 0.617 249.104 
Exp. 3.2.2 0.15 412 0.603 248.613 
Exp. 3.2.3 0.05 417 0.599 249.652 

Base Case 2.9  n.a. 401 0.601 240.866 

Graphically, the layouts (Figure 7.9) still suffer from the three problem patterns 

discussed in Section 7.2.3, although to a seemingly lesser degree than Experiment 2. 

Questions arise as to why such low acceptance rates can only bring marginal 

improvements and largely fail to stop inferior solutions being accepted. Before 

discussing the reasons, the next section investigates SA’s corrective ability further. 
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Figure 7.9 Experiment 3.2.2’s visual result 

7.3.4 Experiments 4.1 and 4.2: testing the corrective ability with higher 

acceptance rates 

Experiment 3.2 shows that the SA guiding process gives little advantage in filling the 

space. Experiment 3.1 has also shown that SA failed to make significant progress after 

the space had been filled. Experiments 4.1 and 4.2 were designed to investigate the 

corrective ability by starting the process from one of the blindly generated stochastic 

plans in Experiment 2. They also test whether there is any advantage in starting the 

process with an existing solution as opposed to starting from scratch. 

The general rejection of cutting in Experiment 3.1 would have been the result of failing 

the fitness evaluations. It appeared possible that the temperature had dropped too low 

when the second stage started, causing the algorithm to be intolerant of any temporary 

setbacks brought by cutting. Experiments 4.1 and 4.2 test this assumption by running 

SA with higher temperatures.  

Experiment 4.1 has the same genotype as Experiment 3.2.1, and the temperature was set 

to a constant 0.85 degree. Because the temperature did not drop, more cutting operations 

were accepted than in Experiment 3.1, about 25% in total. However, this did not 

produce better results (Figure 7.10); both fitness and number of dwellings declined from 

the start. Although some recovery was made in the second stage, the starting score was 

never exceeded.  
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Figure 7.10 Experiment 4.1 results: fitness and dwelling centroids 

Compared to Experiment 2.9, both dwelling number and average centrality value are 

lower. The latter indicates a worse structure (Table 7.8).  

Table 7.8 Comparison of Experiment 4.1 results to the Base Model 

 Number of centroids Centrality Fitness 

Base Model (Experiment 2.9) 401 0.601 240.866 
Experiment 4.1 333 0.578 192.725 

Difference -16.96% -3.83% -19.99% 
 

Experiment 4.2 is discussed in Appendix N. The SA starting temperature was increased 

to 6.25 degrees to increase the acceptance rate for cutting. The original SA cooling 

scheme was used to scale back on cutting gradually so that the structure could be 

regrown. Nevertheless, the regenerated structure only achieved a peak fitness value of 

163.9, about 29% lower than where it started.  

To summarise, in Experiments 3.1, 3.2, 4.1 and 4.2, Simulated Annealing (SA) with 

various settings failed to outdo or improve upon the random results. This suggested that 

the problem was not about SA settings. Rather, it was caused by the changing number 

of variables and their relationships which in turn constantly changed the search space, as 

explained in the next section.   
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7.4 PROBLEMS IN APPLYING THE OBJECTIVE 
FUNCTION 

Close examination of the experimental data reveals that the fitness value often does not 

truly reflect the quality of operations. The root cause is the imbalance of power between 

its two components (the average centrality value and the total number of houses). In all 

experiments the fitness was always more sensitive to dwelling numbers than to 

centrality. The next two sections discuss the implications of this imbalance for both 

generative and corrective abilities. 

7.4.1 Implications for the growth operators 

As a result of the imbalance, all growth operations with a net gain of dwelling numbers 

were accepted, because they all raised the fitness value. Only when the growth 

operations do not increase the total dwelling numbers is the fitness value likely to be 

reduced. But even then, the reductions have been shown to be marginal in all cases, 

leading to low rejection rates1. Consequently, the discretionary power of SA has little or 

no impact on the growth of the structure, which explains why Experiment 3 has all the 

problems that Experiment 2 has.  

Some mathematical analysis makes the problem clearer, using bud-a-module as the 

example. The following exposition can be read in relation to Figure 7.11, which shows 

five possible scenarios and the resulting changes in dwelling number.  

                                                 

1 The actual rejection rates also depend on the current temperature. Ultra-low temperatures can be used to 
raise the rejection rates but it will also make the rejection rates of other operations undesirably high 
because they often produce larger reductions in the fitness value. 
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a. ∆H=0 
 
 

b. ∆H=1 
 

 
 

c. ∆H=2 
 

d. ∆H=3 

 

 

e. ∆H=4 
 

 

Figure 7.11 The net increase of centroid number (∆H) as the result of a bud-a-module operation 

The operation will be subject to probabilistic rejection only when it lowers the fitness 

value, i.e.  
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𝜉1 − 𝜉0 <  0 (7.1) 

where, 

𝜉0 – the fitness value before the bud-a-module operation 

𝜉1 – the fitness value after the bud-a-module operation 

and 

𝜉0 = 𝐶𝑎𝑣𝑔 ∗ 𝐻 (7.2) 

𝜉1 = (𝐶𝑎𝑣𝑔 + ∆𝐶𝑎𝑣𝑔) ∗ (𝐻 + ∆𝐻) (7.3) 

0 ≤  ∆𝐻 ≤  4 (7.4) 

where, 

H – the total number of dwellings before the bud-a-module operation 

ΔH – the net increase of dwelling number after the bud-a-module operation. The 

operation can generate between 1 and 5 dwellings but it always sacrifices an existing 

one so the net increase ranges from 0 to 4 (Figure 7.11).  

Cavg – the average centrality before the bud-a-module operation 

ΔCavg – the change in average centrality after the bud-a-module operation 

Substitute Equation (7.2) and (7.3) into (7.1):  

(𝐶𝑎𝑣𝑔 + ∆𝐶𝑎𝑣𝑔) ∗ (𝐻 + ∆𝐻) − 𝐶𝑎𝑣𝑔 ∗ 𝐻 < 0 (7.5) 

which can be rewritten as: 

∆𝐶𝑎𝑣𝑔

𝐶𝑎𝑣𝑔
 < −

∆𝐻

𝐻 + ∆𝐻
 

(7.6) 

 

∆𝐶𝑎𝑣𝑔

𝐶𝑎𝑣𝑔
 is the rate of change in centrality and 

∆𝐻

𝐻+ ∆𝐻
 is the rate of change in centroid 

numbers, although the former uses the value before the operation as the denominator 

while the latter uses the value after the operation. Since both H and H are non-
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negative,  − ∆𝐻
𝐻+ ∆𝐻

< 0. Therefore, for Equation (7.6) to be valid, ΔC<0 is a necessary 

(but not sufficient) condition for rejection. 

Equation (7.6) suggests that a bud-a-module operation will be subject to probabilistic 

rejection only when: 

 it causes negative changes in the average centrality, i.e. ΔC<0, and 

 the relative loss in centrality value outweighs the relative gain in dwelling 

numbers.  

The problem is that although about 48% of sampled bud-a-module operations satisfied 

the first condition, only about 16% satisfied both conditions. This means only 16% of 

the total bud-a-module operations were subject to probabilistic rejection, leaving the rest 

unconditionally accepted. Furthermore, all of these 16% of cases have one thing in 

common – they produce no net increase in centroid number. In other words, whenever 

there is an increase in the number of dwellings, the relative gain in dwelling number 

always outweighs the relative loss in average centrality, so the fitness value will 

increase and the operation will be unconditionally accepted. Strict mathematical proof is 

difficult but this is true for all the experiments conducted. 

To make matters worse, all of the 16% of cases faced only small probabilities of 

rejection because they only brought tiny negative changes to the objective value. 

Eventually only 3% were rejected after evaluation. Lowering the temperature will 

increase the rejection rates but will only work for these 16% of cases. This explains why 

Experiment 3.2 only marginally improved on the base case (Table 7.7). 

Other growth operators face the same problem. They are likely to be unconditionally 

accepted as long as they add more dwellings. The quality of growth becomes irrelevant. 

It appeared possible that as the dwelling number increases, there could be a tipping 

point where the balance between dwelling number and average centrality reverses. 

Since each growth operation can only add a limited number of new dwellings, as the 

structure grows larger it will have diminishing impact on both sides of Equation (7.6). If 

the right side declines faster than the left side, they might eventually cross. Even if such 

a tipping point exists, the shifting balance would create the opposite problem. The trade-
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off between the two factors still would not happen. In addition, if by any chance the 

structure gets pruned back below the tipping point then the old problem will resurface. 

Weights are commonly used in multi-criteria analysis to balance different factors. For 

this objective function, they could be applied as exponents. The difficulty is that 

weights need to be variable to reflect the shifting balance between the two factors. 

Determining an effective and dynamic schedule for the changing weights would be a 

difficult task, if ever achievable. In Chapter 8, a weighted sum formulation of the 

objective function is tested for its capacity to shift the balance between the two 

objective components. 

7.4.2 Implications for corrective ability – categories of cuts 

The ‘number-over-centrality’ problem discussed above also hinders effective cutting, 

which is essential to corrective ability. It removes unsatisfactory development and clears 

the way for appropriate generation of new structure. Section 5.2.3 introduced four types 

of cuts, which can be grouped into two categories depending on their outcomes. Types 1 

and 2 result in deletion of centroids while Types 3 and 4 do not.  

Category 1 cuts (Type 1 and 2 cuts) 

Both Types 1 (deleting a dwelling centroid) and 2 (deleting a whole branch of roads and 

centroids) result in the loss of centroids but they do not affect the shortest paths between 

the remaining dwellings. They could either increase or decrease the overall centrality, 

depending on whether the deleted dwellings had centrality values below or above 

average. However, as discussed in Section 7.4.1, the potential increase in centrality can 

never make up for the loss in dwelling number. Therefore, Category 1 cuts will reduce 

the fitness value because they delete centroids. Large cuts with more centroid deletions 

will cause more reductions in the fitness so are less likely to be accepted.  

Category 2 cuts (Type 3 and 4 cuts) 

Type 3 (deleting a road section from a loop of sections) and 4 (deleting an appendix 

road section) cuts do not change the number of centroids so they are not affected by the 

imbalance in the fitness function.  

As with Category 1 cuts, Category 2 cuts can only reduce the fitness value or leave it 

unchanged at best. There is no change in centroid number so the fitness change will be 

solely caused by changed connectivity. As illustrated in Figure 5.8, Type 3 cuts are 
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likely to cause the recalculation of shortest paths between some centroid pairs. When 

this happens, the new shortest paths will be longer (or equal at best), and therefore 

centrality and fitness value will both be lower. A Type 4 cut (deleting an appendix road 

section) does not affect any existing centroids or shortest paths between them so it will 

not have any impact on the fitness value. 

Challenges in cutting 

Both Category 1 and 2 cuts bring two major challenges, large variations in the 

execution results and the lack of immediate payoff.  

In both categories, the number of affected centroids varies greatly (Figure 7.12) but the 

reductions in fitness value are much larger than those caused by other operators. Since 

all operations are evaluated by a single objective function, the large variations make it 

difficult to set the parameters for the acceptance test. 

 

Figure 7.12 Large reductions in fitness caused by cutting 

Setting the right parameters is also about balancing between cutting and regeneration. If 

too many large cuts are permitted, the regeneration will never be able to catch up, so 

that the structure will shrink. If the cuts are too small it will be difficult to make large 

structural changes because there is no continuity in such an iterative and random 

process. The location of the next cut is randomly chosen within the whole structure so it 

is unlikely to continue from the previous cut. Meanwhile, the regeneration process that 

works in parallel is likely to quickly refill the space cleared by small cuts.  
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Cuts are necessary first steps for correction, clearing spaces for later regeneration. 

However, the fact that cutting cannot increase the fitness value on its own means it 

never offers immediate payoff. Its true value can only be realised by other operators 

later. The lack of immediate payoff means all cuts (except a few that do not change the 

fitness value) are unfavourable as far as the objective function is concerned.  

7.4.3 Making generation and cutting work together 

Conceptually, cutting should be assessed as part of the whole correction procedure, 

which is made of cutting and regeneration. Cuts reduce the fitness value and 

regenerations normally increase it. The net result is the difference between the two and 

ideally that is what the whole process should be judged on. However, the random nature 

of the procedure means a full cycle of correction will take an unknown number of steps 

to complete. It takes an unpredictable number of random growth and linking operations 

to refill the space emptied by a cut that is executed at a random location, which also 

inevitably has a variable cut size. Calculating the payoff for a correction cycle is 

difficult when the number of steps contained in it is unknown. A solution is to create a 

cutting loop which incorporates regeneration after a cut. This and other potential 

improvements to the solution method are considered in Chapter 8. 

7.5 SUMMARY 

This chapter presents a series of experiments designed to explore different aspects of the 

model. Most importantly, the experiments have demonstrated the difficulties in using an 

objective function to guide the design process. The changing number and relationship 

between variables is the root cause of the difficulty. In this case, it means every increase 

in the number of dwellings will increase the fitness, which makes the objective function 

ineffective in judging the quality of adding operations.  

This problem is taken up in the next chapter, where a satisfactory solution is reached. 

However it does not alter the conclusion indicated by the experiments and analysis of 

this chapter that the cutting operation cannot be as effective as was initially thought, 

leaving careful specification of the growth and linking elements in the genotype as the 

main prospects for solving the general planning problem. 
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CHAPTER 8 VARIATIONS, EXTENSIONS AND FINAL 
RESULTS 

8.1 INTRODUCTION 

It was noted in Section 1.1 that the main feature of design as opposed to optimization is 

the ever-changing search space. This is manifested in the model developed in this thesis 

as both a changing number of variables and changing relationships between them. The 

objective function reflects the goal of having as many well-connected dwellings as 

possible but it has been found that the quantity component (dwelling number) tends to 

overpower the structural quality component (centrality).  

This chapter starts by checking whether the additive objective function considered as an 

alternative in Chapter 6  can solve the problem. It goes on to test the objective function 

with alternative hill climbing approaches. Refinements of model genotype with budding 

and linking lead to substantial improvements. The problem that cutting removes 

dwellings is met by modification of the whole growth cycle and eventually the 

improved cutting procedure results in further moderate improvement. Comparative 

evaluation of the best results for the 25 hectare square area with the benchmark 

networks presented in Chapter 6  and with published results for pedestrian route 

directness (PRD) show the superiority of the computer generated model. To 

demonstrate model versatility the chapter ends with an application to a more realistic 

site with an irregular boundary, multiple entries and natural obstacles. 

8.2 EXPERIMENT 5: TESTING THE ADDITIVE OBJECTIVE 
FUNCTION 

The additive objective function is considered as an alternative to the multiplicative 

function that has been used so far, particularly with a view to dealing with the difficulty 

of the dwellings objective tending to overwhelm the centrality objective. As the name 

implies, this objective is a weighted sum of dwellings and the value of everyone-to-

everyone centrality. However, analysis and experiments show that the additive objective 

function cannot cope with a growing structure as well as the multiplicative function. 

There is a threshold in the total dwelling number that causes the algorithm with the 
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additive objective to swing from almost indiscriminately rejecting all growth operators 

to almost indiscriminately accepting them.  

Mathematical analysis similar to that in Section 7.4.1 provides insights, again, using 

bud-a-module as the example. The operation is subject to probabilistic rejection only 

when it lowers the fitness value, i.e.: 

𝜉1 − 𝜉0 <  0 (8.1) 

where, 

𝜉0 = 𝐶𝑎𝑣𝑔 +
𝐻

𝐻𝑚𝑎𝑥
 (8.2) 

𝜉1 = (𝐶𝑎𝑣𝑔 + ∆𝐶𝑎𝑣𝑔) +
𝐻 + ∆𝐻

𝐻𝑚𝑎𝑥
 

(8.3) 

0 ≤  ∆𝐻 ≤  4 (8.4) 

where, 

𝜉0 – the fitness value before the bud-a-module operation 

𝜉1 – the fitness value after the bud-a-module operation 

H – the total number of dwellings before the bud-a-module operation 

Hmax – the theoretical maximum number of centroids 

ΔH – the net increase of dwelling numbers after the bud-a-module operation (Figure 

7.11) 

Cavg – the average centrality before the bud-a-module operation 

ΔCavg – the change in average centrality after the bud-a-module operation 

Substitute Equation (8.2) and (8.3) into (8.1):  

(𝐶𝑎𝑣𝑔 + ∆𝐶𝑎𝑣𝑔) +
𝐻 + ∆𝐻

𝐻𝑚𝑎𝑥
− 𝐶𝑎𝑣𝑔 −

𝐻

𝐻𝑚𝑎𝑥
<  0 

(8.5) 

which can be rewritten as 

∆𝐶𝑎𝑣𝑔 < −
∆𝐻

𝐻𝑚𝑎𝑥
 

(8.6) 
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Because  −
∆𝐻

𝐻𝑚𝑎𝑥
 ≤ 0 ,  ∆𝐶𝑎𝑣𝑔  ≤ 0  is a necessary condition for Equation (8.6) to be 

valid. This means that only those bud-a-module operations lowering the average 

centrality will be subject to probabilistic rejection. 

Equation (8.6) can be rewritten as 

|∆𝐶𝑎𝑣𝑔| > |
∆𝐻

𝐻𝑚𝑎𝑥
|  (8.7) 

Equation (8.7) states that the absolute reduction in the average centrality (|ΔCavg|) must 

be more than the relative gain in centroid numbers (| ∆𝐻

𝐻𝑚𝑎𝑥
|). For a specific site, Hmax is 

predetermined and ΔN is an integer between 0 and 4, so | ∆𝐻

𝐻𝑚𝑎𝑥
| only has five possible 

values throughout the experiments. Following Chapter 6 ’s calculation, Hmax is set to 

665 for the hypothetical square site of 25 hectares, so | ∆𝐻

𝐻𝑚𝑎𝑥
| ’s possible values are 0, 

0.0015, 0.0030, 0.0045 and 0.0060.  

The problem is that ΔCavg’s value range changes with the total dwelling number. Adding 

the same number of centroids to a smaller structure will have a larger impact on the 

average centrality than to a larger structure. Therefore, |ΔCavg| starts large but shrinks as 

the structure grows. Consequently, the chance of rejection for bud-a-module is large in 

the beginning and decreases when more dwellings are added.  

In Experiment 5 the additive objective function was used to guide development from the 

embryo. Its results in Figure 8.1 show two distinct stages. In the first stage, almost all 

bud-a-module operations were rejected because of the large negative ΔCavg they 

produced. Visual results show slow growth at this stage. In contrast, after the dwelling 

number passed the threshold at the second stage, most bud-a-module operations 

increased the fitness value and therefore were unconditionally accepted.  
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Figure 8.1 Average change in fitness produced by bud-a-module operations (Experiment 5) 

The numerical results of Experiment 5 cannot be compared to other experiments 

because of the different objective function. Nevertheless, graphic results show the same 

problem patterns, which suggests the additive function is not a better alternative.  

Applying different weights to the additive objective function would face challenges as 

its multiplicative counterpart (7.4.1). A variable weight schedule would be required to 

cope with the oscillation problem. 

Since the additive objective function shown no performance advantage and is slightly 

more cumbersome to use, because Hmax has to be estimated for each specific site, the 

multiplicative objective function is used. The following sections explore different ways 

to solve corrective and regenerative ability separately. 

8.3 OVERCOMING THE PROBLEM OF BLIND GROWTH 

To overcome the serious problem that SA accepts all solutions that increase the fitness 

value, meaning that any operation increasing dwelling number is unconditionally 

accepted, the Stochastic Hill-Climber (SHC) introduced in Chapter 2 was tested 

(Section 8.3.1). SHC calculates an acceptance probability for every solution, whether it 

produces positive or negative changes in the fitness value. Although only one of the 

SHC experiments produced some improvement, it led to a simple but effective solution 

to overcome the problem of blind growth (Section 8.3.2). Both Experiments in this 

section started development from a seed module (embryo). 
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8.3.1 Experiment 6: Stochastic Hill-Climber controlled development 

The Stochastic Hill-Climber still uses 'temperature' to govern the probability of 

acceptance but it is a fixed value in contrast to SA's changing temperature throughout 

the process. In total, 730 bud-a-module records were sampled to determine the 

appropriate temperature. The results are grouped in Table 8.1 by their net increase of 

dwelling centroids (Figure 7.11). The average change in fitness is calculated for each 

group. When the budding operation produces no net increase in centroids (ΔH=0) it can 

change the objective value either positively or negatively, so the group is split into two 

subgroups. Based on the estimated probabilities of acceptance for each group, three 

different temperatures (2, 0.85, and 0.2) were chosen to represent high, medium and low 

temperatures in Experiments 6.1, 6.2 and 6.3. At each temperature, the more the net 

increase in fitness value the higher the acceptance rate. At the extremely low 

temperature of T=0.2, the ΔH=1,2,3,4 groups will be almost certainly accepted, while 

the acceptance rates for the ΔH=0 negative group decreases significantly.  

Table 8.1 Estimated acceptance probability for bud-a-module (Experiment 6) 

 ∆H=0 
Negative* 

∆H=0 
Positive* 

∆H=1 ∆H=2 ∆H=3 ∆H=4 

Experiment 6.1 (T=2) 48.29% 51.48% 56.88% 63.66% 69.13% 78.05% 
Experiment 6.2 (T=0.85) 45.99% 53.49% 65.75% 78.91% 96.96% 95.19% 
Experiment 6.3 (T=0.2) 33.55% 64.43% 94.11% 99.63% 99.97% 100.00% 
Average fitness change -0.1367 0.1188 0.5543 1.1215 1.6127 2.5375 

H is the net increase in number of centroids after a bud-a-module operation (Figure 7.11). 
* For H=0  there can be a negative or positive change in fitness. 

Table 8.2 shows that the experiments with temperatures 0.85 and 2 did not perform 

well. In fact Experiment 6.1 (T=2) had a slightly worse result than the base case. Only 

Experiment 6.3 (T=0.2) showed appreciable improvement. 

Table 8.2 Experiment 6 results compared to the base case (Experiment 2.9) 

 Fitness Compared to base case (Experiment 2.9) 
Experiment 6.1 (T=2) 232.486 -3.48% 

Experiment 6.2 (T=0.85) 243.457 1.08% 
Experiment 6.3 (T=0.2) 261.287 8.48% 

 
Although the acceptance rates in the experiments confirmed those in Table 8.1, the 

absolute number of accepted cases paints a different picture (Table 8.3). While the low-

yield (low ΔH) groups have lower acceptance rates in Table 8.1, they occur more 

frequently than the high ΔH groups. For example, in Experiment 6.1, the ΔH=0 negative 
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and ΔH=0 positive group have average acceptance rates of 48.29% and 51.48% 

respectively (Table 8.1), which is far lower than 78.05% of the ΔH=4 group. However, 

ΔH=0 negative and positive together make up 38.7% of the total occurrences while 

ΔH=4 only occur 0.3% of the time (Table 8.3). Consequently, of in the finally accepted 

bud-a-module operations, in Experiment 6.1, ΔH=0 negative and positive make up 

34.8% but ΔH=4 only make up 0.5%.  

A reason for low-yield operations to occur more frequently is that they can fit into 

cramped or irregular spaces better than high-yield ones, as indicated by Figure 7.11. 

Only in Experiment 6.3, was the share of accepted ΔH=0 cases dragged down to 26.1% 

(Table 8.3) by the low acceptance rate listed in Table 8.1 for the ΔH=0 negative group.  

Table 8.3 The breakdown of attempted and accepted bud-a-module operations (Experiment 6) 

 H=0 H=1 H=2 H=3 H=4 Total 
Experiment 6.1 (T=2)       

Occurrences  38.7% 27.6% 23.4% 10% 0.3% 100.0% 
Accepted  34.8% 27.9% 25% 11.8% 0.5% 100.0% 

Experiment 6.2 (T=0.85)       
Occurrences 42.3% 27.5% 21.6% 8.3% 0.3% 100.0% 

Accepted  36.6% 27.0% 24.7% 11.2% 0.5% 100.0% 
Experiment 6.3 (T=0.2)       

Occurrences 43.4% 25.9% 20.7% 9.6% 0.4% 100.0% 
Accepted  26.1% 33.1% 27.5% 12.6% 0.6% 100.0% 

* ΔH is the net increase in number of dwelling centroids after the bud-a-module operation (Figure 7.11). 

It was concluded from the analysis in this section that blocking low-yield bud-a-module 

operations should lead to better results, which is developed in the next section. 

8.3.2 Experiment 7: blocking low-yielding bud-a-module operations in the SHC 

guided process 

To eliminate the counter-productive effect of ΔH=0 Negative cases, Experiment 7.1, 

with genotype based on Experiment 6.3, simply barred all ΔH=0 bud-a-module cases 

and produced fitness value 17% higher than the base case. Experiment 7.2 went further 

by also barring ΔH=1 bud-a-module, which produced a 24% improvement in fitness 

compared to the base case (Table 8.4). This seems to be the extent to which this simple 

strategy can go because Experiment 7.3 shows that barring ΔH=2 bud-a-module will 

stop the growth prematurely (Figure 8.2).  
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Figure 8.2 Experiment 7.3's visual result – failure due to blocking all ΔH=2 bud-a-module 
operations 

Experiment 7.1 and 7.2’s total acceptance of high-yield bud-a-Module seems less than 

ideal. Improvements were made in Experiment 7.4 and 7.5 by applying acceptance 

probabilities proportionate to the yield of dwelling centroids (ΔH), which further 

increased the fitness value Table 8.4). In fact Experiment 7.5’s outcome is among the 

best ever achieved by COULD.  

In Experiment 7.4 and 7.5, the use of probabilistic acceptance based on dwelling yield 

means SHC played no role in deciding whether to accept bud-a-module operations. It is 

simple but effective in overcoming the blind growth problem. The curious thing is that 

it is a local solution since it only looks at the absolute number of new centroids being 

generated each time, taking no consideration of the operation’s global impact on the 

overall fitness value. Yet, it preformed better than both SA and SHC that make 

decisions based on the overall fitness.  

It is worth mentioning that SHC was still applied in the acceptance test for linking.  
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Table 8.4 Experiment 7: settings and results of blocking selected outcomes of bud-a-module 

 
Base case 
(Exp 2.9) 

Exp 7.1a Exp 7.2 Exp 7.3 Exp 7.4 Exp 7.5 b 

Acceptance 
probability set for              

ΔH = 0 Random blocked blocked blocked blocked Blocked 
ΔH = 1 Random 100% blocked blocked 30%  Blocked 
ΔH = 2 Random 100% 100% blocked 45%  40%  
ΔH = 3 Random 100% 100% 100% 60%  60%  
ΔH = 4 Random 100% 100% 100% 75%  80%  

Number of cuts per 
execution cycle 0 1 0 0 0 0 
Fitness value 240.9 282.9 298.3 58.2 306.1 315.6  
Relative to Base Case N/A 117% 124% 24% 127% 131%  
Centroids 401 460 497 78 485 495  
Relative to Base Case N/A 115% 124% 19% 121% 123%  

Centrality 0.601 0.615 0.600 0.750 0.631 0.638 
Relative to Base Case N/A 102% 100% 124% 105% 106%  
a. Experiment 7.1 was repeated with similar results: fitness 281.5, centroids 457, centrality 0.616. 
b. Experiment 7.5 was repeated with similar results: fitness 314.6, centroids 493, centrality 0.638. 

 

Although the yield-based probabilistic acceptance mechanism for bud-a-module does 

not consider anything other than dwelling numbers, it actually leads to better structures. 

Figure 8.3 plots the number of dwelling centroids for each centrality value range in 

Experiments 7.2 and 7.5. The figure shows that Experiment 7.5 result has an obvious 

shift towards higher centralities compared to Experiment 7.2, which indicates a better 

structure. The higher total centrality achieved by Experiment 7.5 also confirms this 

(Table 8.4). The likely reason for the structural improvement is that the yield-based 

probabilistic acceptance mechanism encourages dense growth, which naturally leads to 

better structures.  
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Figure 8.3 Distribution of centrality values by number of dwelling centroids: Experiments 7.2 and 
7.5 

The visual result of Experiment 7.5 in Figure 8.4 shows a layout that is an improvement 

on the base model.  

It is worth noting that Experiment 7.2 – 7.5 did not apply cutting (Table 8.4). With good 

growth and linking operators alone, Experiment 7.5 achieved the highest fitness value 

before Experiment 9. The problem is that with no cutting, the model lacked the 

reversibility discussed in Section 4.4.5, i.e. the structures cannot be corrected or 

improved after they have been laid. Once the site is fully occupied, the growth will 

cease. The next section discusses how to make cutting work.  
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Figure 8.4 The layout generated by Experiment 7.5 (with the small centroid connectors removed) 

8.4 BETTER CUTTING TO IMPROVE THE CORRECTIVE 
ABILITY 

This section resumes the consideration of cutting problems begun in Chapter 7 (Sections 

7.3.4 and 7.4.2).  

8.4.1 Experiment 8.1: centrality-based cutting 

As a limited step towards better cutting, Experiment 8, based on Experiment 7.5, 

accepts a cut if it increases centrality. It starts from the scratch and has the same 

genotype except for the addition of 10 centrality-based cuts. Instead of using the whole 

fitness value, a cut is accepted if the centrality is greater than or equal to the current 

value. 
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The centrality-based cutting is designed to work with the yield-based budding described 

in Section 8.3.2. The idea is to overcome the imbalance between the quantity 

component and the quantity component in the objective function (Section 7.4) by letting 

cutting deal with quality and budding deal with quantity.  

Table 8.5 shows that Experiment 8.1 produced fitness value a little less than Experiment 

7.5’s but it did produce a slightly higher centrality value, although not enough to offset 

the loss of two dwellings in the fitness calculation. 

Table 8.5 Comparison of Experiment 7.5 and 8.1 numerical results 

 Dwelling centroids Centrality Fitness 

Experiment 7.5 495 0.6376 315.625 
Experiment 8.1 493 0.6382 314.657 
Difference (%) -0.40% +0.10% -0.31% 

 

The layout generated by Experiment 8.1 (Figure 8.5) is visually more elegant than that 

of Experiment 7.5. It has less structural problems and larger road circuits (see Section 

8.6.2 for discussion of ringness). The centrality-based cutting seems to have 

counterbalanced the greedy nature of budding and it appears that the marginal 

improvement in centrality of 0.1% is associated with the removal of some messy 

features in Experiment 7.5 (Figure 8.4). Given the similar fitness values, the question 

whether the structural improvement outweighs the decrease in dwellings is a matter of 

judgement.  

Although the centrality-based result is important, the goal is to achieve a cutting 

procedure which increases fitness. This objective is taken up again in the following 

sections. 
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Figure 8.5 The layout generated by Experiment 8.1 (with centroid connectors removed) 

8.4.2 Two problems of cutting 

The first serious problem with cutting, when it is assessed on fitness value, is the 

resilience of growth and linking. At later stages of development, circuits are well 

formed so most cuts are Type 3 (deleting a road section from a loop of sections), which 

only results in the deletion of one section that is not sufficient to cause any significant 

structural change. For example, in Figure 8.6 a cut on the left was quickly reversed by a 

new link in the nearby branch. 
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Figure 8.6 Impacts of a cut being cancelled by a linking operation 

The second problem with cutting is the lack of immediate payoff. As discussed in 

Section 7.4.2, most cuts reduce fitness. Cutting alone does not increase fitness, which 

causes it to be treated as unfavourable at every step. The value of a cut can only be 

realised later on by consequent growth and linking, so ideally cutting should be assessed 

after the space has been refilled. However, the stochastic nature of the process means it 

takes an unpredictable number of steps to refill the space cleared by cutting and its 

value is hard to assess. 

8.4.3 Experiment 8.2: applying the large cut operator (Type 5 cut) 

The solution to the first problem is obvious although technically somewhat challenging 

– the Type 5 cut was introduced to make continuous application of Type 3 cuts (deleting 

a road section from a loop of sections). In addition to deleting the target section as a 

Type 3 cut, it eliminates all the neighbouring sections and dwellings until it reaches the 

next one or more junctions (depending on settings) on both sides (Figure 8.7).  
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a. Choose a target section (highlighted) 
 

b. Delete the target section 

  

c. Delete the whole segment adjoining 
the target section  

d. Further delete the neighbouring 
segments 

Figure 8.7 An example of a Type 5 cut 

The Type 5 large cut operator was successfully tested in Experiment 8.2, where it was 

applied to an existing random solution to see whether it would be successful in cutting 

large parts of the old model. It succeeded in doing this, quickly cutting most of the 

original layout (Figure 8.8 a – b). Then the combined action of cutting, adding and 

linking not only to regrow the cut area but also to extend further (Figure 8.8  c – i).  

The selected steps in Figure 8.8 illustrate the way in which the deletion and cutting 

operators removed segments of the evolving plan and enabled growth and linking to 

generate improved layouts. The result was a fitness of 287. Although better than the 

base case, it still fell considerably short of the 316 achieved by Experiment 7.5. This 

shows the large cut alone could not solve the problem; to do it the cutting loop was 

developed. 
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a. Step 5 b. Step 6 c. Step 11 

   

   

d. Step 12 e. Step 17 f. Step 18 

   

   
g. Step 35  h. Step 36 i. Step 96 

Figure 8.8 Selected steps of Experiment 8.2 

8.4.4 Experiment 9: applying the cutting loop with large cuts 

The cutting loop was created to tackle the second problem of cutting, the lack of 

immediate benefit. It incorporates the large cut operator together with adding and 

linking into one feedback loop to regrow the cut area. All feasible cuts are accepted 

initially. Then adding and linking operators are attempted at random locations within a 

given radius of where the cutting started. This enables more targeted regrowth near the 
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cut area. They are repeated until no progress has been made for a specified number of 

steps. At the end of the loop, the change in the fitness value is used to decide whether to 

accept the results. If the result is no better than when it started the changes are dropped 

and the experiment reverts to its previous state. If some improvement is made, the result 

is saved and becomes the basis for further development. 

Experiment 9.1 used the new cutting loop (Table 8.6) to improve Experiment 7.5’s 

result.  

Table 8.6 The composition of the new cutting loop for Experiment 9.1 

Operator Number of executions 
Large cut 1 

Bud-a-module 1 to 40 (random) 
Bud-a-road 1 to 20 (random) 

Bud-dwellings 1 to 20 (random) 
Link -dwellings 1 to 20 (random) 

Link-dwelling-to-road 1 to 20 (random) 

a. The acceptance probabilities for operations with net yield (H, Figure 7.11) of 0, 1, 2, 3, 4 are 0%, 
0%, 45%, 60%, 75% respectively  

 

Although Experiment 9.1 was only marginally better than Experiment 7.5 (Table 8.7), it 

was the first time that cutting and reversibility had improved the plan. The improvement 

is small because the growth strategy used in Experiment 7.5 had done an excellent job 

in producing a good solution. The smallness of the Experiment 9.1 improvement is not 

surprising because the deleted part of the structure was regenerated by the same 

genotype that produced it in the first place. As mentioned in Section 7.2.1, the same 

genotype tends to generate the same fitness value. A potential improvement would be 

mutating the genotype in each cutting loop to refill the emptied space (Section 9.11.2).  

Table 8.7 Experiment 9.1's results in relation to Experiments 7.5 and 8.1 

 Dwelling centroids Centrality Fitness 

Experiment 7.5 495 0.6376 315.625 
Experiment 8.1 493 0.6382 314.657 
Experiment 9.1 496 0.6393 317.086 
Improvement: 9.1 over 7.5 +0.2% +0.27% +0.46% 
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Experiment 8.1 did improve the centrality but by less than Experiment 9.1. Figure 8.9 

shows that Experiment 9.1 improved Experiment 7.5’s layout in the top right corner, 

where the roads are changed and there is one extra dwelling.   

 

a. Experiment 7.5 layout b. Experiment 9.1 layout 
Figure 8.9 Comparison of Experiment 7.5 and Experiment 9.1 layouts (the dashed line and 

highlighted dwellings show where the structure was cut and regrown) 

8.5 SUMMARY OF EXPERIMENTS AND PLANS FOR THE 
25 HECTARE SQUARE AREA 

Table 8.8 shows milestones in model development from the blind stochastic growth 

through guided development with no cutting to a fully developed model with cutting. 

The first major step is Experiment 2.9, which shows that well designed generation and 

linking operators applied randomly can achieve a reasonable outcome. The measure of 

success in this experiment was the product of number of dwellings and everyone-to-

everyone centrality; in subsequent experiments this became the objective function. 

From then on, progressive improvements were made by applying objective function 

guidance. Simulated Annealing (SA) in Experiment 3.2.3 was found to be inferior to the 

Stochastic Hill-Climber (SHC) with ultra-low temperature setting, as in Experiment 6.3, 

and eventually it emerged that a well specified set of procedural rules, subject to the 

same composite objective, could themselves guide the search to the excellent result in 

Experiment 7.5. 
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Cutting was introduced to reverse any inferior development and Experiment 8.2 showed 

that large cuts can remove big segments, leaving space for better development. 

However, Experiment 7.5 demonstrated that a well specified procedure may enable 

generation and linking operators alone to achieve excellent results. Finally, Experiment 

9.1 has shown that the remodelling capability of cutting can lead to an even better 

result, although the improvement is small. 

Table 8.8 Key stages in plan development for 25 hectare square area 

Exp.  Centroids Centrality Fitness  
2.9 Random generation and linking 401 0.601 240.9 

3.2.3 SA, same genotype as 2.9, no cutting 417 0.599 249.7 
6.3 SHC, reduced temperature, no cutting 425 0.615 261.3 
7.5 Only accept ∆H=2* or more, no cutting 495 0.6376 315.6 
8.1 Modified Experiment 7.5, cuts accepted if  

centrality increased 
493 0.6382 314.7 

8.2 Only accept ∆H=1* or more, large cuts, improving 
an existing random plan 

441 0.650 286.7 

9.1 The cutting loop incorporating large cuts was applied 
to improve Experiment 7.5’s result  

496 0.639 317.1 

* ∆H is the net increase in number of dwelling centroids after a bud-a-module operation (Figure 7.11). 

8.6 COMPARISON AND EVALUATION OF COMPUTER 
GENERATED PLANS 

Experiment 8.1’s result has been used for visual presentation even though it is a little 

inferior to the results of Experiments 7.5 and 9.1. The roads and the dwelling centroids 

are shown in Figure 8.10. The final lot layout, to be generated by some type of 

computer aided design (CAD) software, would show a normal arrangement of block 

boundaries and street frontages. The 495 dwellings in the 25 hectare area give a density 

of 19.8 dwellings per hectare. 
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Figure 8.10 Street and house layout generated by Experiment 8.1 

8.6.1 Solved problem patterns and remaining issues  

Compared to the random results, good guided processes not only generate better 

numerical values but also better visual results. Figure 8.10 is free of the two problem 

patterns discussed in Section 7.2.3, which shows that a good guiding algorithm can 

produce good structures by avoiding blind growth and linking.  

Two non-critical issues remain. One is that near the optimum there are only small 

increases in objective value but changes in layout may be substantial. The second issue 

is the algorithm’s acceptance of apparently unproductive features. The irregularity of 

circuits is an effect of random target selection but there is no payoff from straightening 



Chapter 8 Variations, extensions and final results  

184 

them. A small modification may even lose a dwelling without an offsetting increase in 

centrality. A further anomaly is acceptance of a few long cul-de-sacs which add 

dwellings even though average route distance to other dwellings is high. However 

joining cul-de-sacs to create a circuit will lose dwellings which may not be offset by 

increased centrality.   

8.6.2 Comparison with grid networks  

Chapter 6 has presented the grid layouts manually developed by the author, which used 

the same dimensions and constraints as for Figure 8.9b (Experiment 9.1). Their results 

are compared in Table 8.9. 

The Experiment 9.1 layout achieves the highest dwelling density (Table 8.9). This is 

partly because it features a number of cul-de-sacs, even though these have been partially 

suppressed by the objective formulation as discussed in Section 6.7.1. At the same time, 

dwelling density has not been at the expense of interconnectedness which is not far 

short of the two best grid layouts. There is a degree of irony in the fact that the model 

leading to Experiment 9.1 was developed to achieve everyone-to-everyone centrality 

but its success is in housing density with little sacrifice in centrality. 

Experiment 9.1’s fitness is about 8% lower than Grid Model 3.3. However, as stated in 

Section 6.8.3, parameter L in Grid Model 3.3 was reduced to L = 14 to favour the grid 

so it can provide a result at the upper bound. A smaller L (= 14) would also certainly 

improve the performance of the computer generated plans because of higher density. 

However, an equivalent exercise has not been done to estimate the outcome with the 

Experiment 9.1 genome and L=14 for a fair comparison.   

Table 8.9 Comparison of grid networks with the plan developed in Experiment 9.1 

Model Number of 
dwellings 

Everyone-to-everyone  
centrality 

Fitness 

Grid model 2  (L = 20) 388 0.574 223 
Grid model 3  (L = 20) 374 0.656 245 
Grid model 5  (L = 20) 346 0.690 239 
Grid model 3.3 (L= 14) 523 0.656 343 
Experiment 9.1 (L = 20) 496 0.639 317 

The algorithm achieves comparable accessibility to the grid layouts by evolving a high 

degree of ‘ringness’ (Hillier and Hanson, 1984), defined by Erath et al. (2009) as the 

ratio of the total length of arterials on rings to the total length of arterials. Here the ratio 
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refers to all roads; the higher it is the shorter are the routes between pairs of dwellings. 

Ringness is not a goal but emerges as a result of the search for short routes. Figure 8.11 

shows a low proportion of shared roads and thus a low level of ringness. In contrast the 

computed plan in Figure 8.10 shows 12 circuits with many shared road links giving a 

high degree of ringness and interconnectedness. Roads in circuits amount to 78% of 

total road length. 

 

Figure 8.11 Three road circuits showing shared links in bold 

8.6.3 Comparison of pedestrian route directness (PRD) 

Pedestrian route directness (PRD) deals with access to significant locations. The PRD 

ratio is the reciprocal of straightness centrality but is averaged over the ratios of road 

distance to direct distance from each dwelling to the destination. Many PRD measures 

are to central points, such as schools, whereas for Figure 8.10 it is to the entry point 

(notionally a train station). 

Table 8.10 shows PRD calculated by various methods in six previous studies. Some use 

large samples of actual trips while others are calculated from selected points. Although 

not strictly comparable, they all measure essentially the same thing. The lowest (most 

favourable) value is 1.2 for access to the central area of Wallingford a neighbourhood 

with a grid street pattern and small blocks (Hess, 1997). As Bejleri et al. (2009) note, 

‘…early road networks were of a gridiron pattern and thus have higher connectivity.’ 
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Table 8.10 Comparison with reported street based pedestrian route directness (PRD) 

Source Destination Study location Case PRDa 
Hess (1997) Centre Seattle, Washington           Wallingford 1.2 

   Crossroads 1.7 
Randall and Baetz 

(2001) 
School Hamilton, Ontario              Base case  

Improved 
1.70 
1.37 

Timperio et al. (2006) School Melbourne, Victoria             Average 1.6 
Chin et al. (2008) School Perth suburbs,  

W. Australia    
Conventional 
Traditional 

1.63–1.93 
1.44–1.60 

Yi (2008) Park Houston Heights, Texas           Average 1.57 
 School  Average 1.36 

Bejleri et al. (2009) School Tampa, Florida       Hillsborough County 
Pasco County 

1.9 
2.0 

Figure 8.10 Station (hypothetical)  1.32 
aPedestrian Route Directness ratio, excluding off-street pedestrian networks. The smaller the ratio the 

better the access. 

Although the hypothetical model does not have a PRD goal, Table 8.10 indicates that its 

interconnectedness ensures good access from dwellings to train station similar to or 

better than the accessibility in many existing residential areas. 

8.6.4 Distribution of centrality values 

Section 6.7.1 has noted that one of the advantages of straightness centrality is that it has 

no edge effect. This is demonstrated by the interior locations of the 50 dwellings with 

the lowest centrality values in Figure 8.12, using Experiment 7.5 as the example.  
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Figure 8.12 The 50 dwellings with the lowest centrality values in the Experiment 7.5 layout 

8.6.5 Connectivity, permeability and the small-world network 

Section 6.4.2 discussed the polarising views on connectivity held by new urbanists and 

their critics. One of the main reasons that defensible space and CPTED advocates 

dislike high connectivity is that it is usually associated with high permeability. 

However, the results of this research show that high connectivity does not have to come 

with high permeability. In Experiments 7.5, 8.1 and 9.1, high connectivity has been 

achieved without the high permeability of the grid.  

The modelled street patterns are somewhat organic. They are characterised by winding 

roads, ringness, and cul-de-sacs, which make the layout less predictable and therefore 

harder to navigate by possible intruders (Brantingham and Brantingham, 1991). This 
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should not pose a problem for the residents themselves since they are familiar with their 

surroundings.  

Layouts produced by COULD are certainly distinct from those designed by humans. 

They incurred discomfort and criticism when presented to practitioners in the field. The 

organic feel and the winding roads drew some of the main comments. The author argues 

that this type of design satisfies both new urbanists and defensible space advocates. It 

promotes walkable and coherent communities through high connectivity within the 

community while maintaining territoriality and low permeability. From the traffic point 

of view, it is less likely to be used by through traffic than a grid. Compared to the 

lollypop patterns, it has shorter travel distances and better connectivity, which should 

result in more evenly distributed internal traffic.  

One possible downside that the winding roads bring is the irregular shapes of the 

residential lots. However, it is not uncommon in some areas, as Figure 3.6 has shown. 

The author also argues that the slight unpredictability and irregularity of this type of 

layout create more diverse and interesting street space.   

8.7 PLAN GENERATION FOR AN IRREGULAR AREA 
WITH RESERVED SPACES 

So far the model has only been applied to the hypothetical square one-entry site. This 

section demonstrates a more realistic case where the site has irregular shape and 

multiple entries. To enhance the sense of community (Rogers and Sukolratanametee, 

2009), outdoor spaces were specified first and the model was required to build the 

residential precinct around them.  

Figure 8.13 shows the model developing in a curvilinear space embracing three reserved 

areas. Each of the five entries was given one ‘embryo’ (or seed module, as in Figure 

5.1) so the plan started developing from these five locations separately.  
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Figure 8.13 Incomplete plan with five entries and three irregular reservations 

In Figure 8.13, networks developing from Entry 1 and 2 in the Eastern part have merged 

into one; so have the networks developing from Entry 3, 4 and 5 in the West. However, 

there is a gap in between them. Figure 8.14 shows how the model closed this gap as 

computation progressed.  

 

Figure 8.14 Almost completed plan 
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The artist’s representation in Figure 8.15 (a) of an area adjoining the small reservation 

in the south-west of the plan in Figure 8.14 indicates appropriate amenity in terms of 

houses and landscape.  

  

(a) (b) 

Figure 8.15 Artist’s representation (a) of the street layout in (b) portion of Figure 8.14 plan 

The main point is the model's capacity to cope with variable topography. In addition, 

this example shows that growth from separate entry points is made possible by the 

linked circumferential roads. Any precinct is likely to have multiple entries and model 

application requires a prior link between them. It could be a hypothetical link to be 

discarded partially or entirely when the plan is completed. COULD is designed to 

discard any isolated parts so development starting from multiple embryos will not be 

possible without linking them first. 

8.8 SUMMARY  

This chapter has continued with the series of experiments, begun in Chapter 7, which 

trace the development of the model. The experiments further demonstrated the difficulty 

of using an objectives function to guide the design process. The simple solution found 

for budding operators was to accept them based on probabilities calculated from their 

net yield of additional dwellings (∆H). Conversely, the same challenge also caused 

problems in cutting. Almost every cutting reduces fitness and therefore cuts are not 

favoured by the objective function. The solution was to create a cutting loop which 

incorporates regrowth after the large cut.  
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The results have shown that good growth strategy can produce significantly better 

results than the random base case and it largely reduce the need for reversibility. 

However, the cutting loop was shown to be able to improve the results marginally.  

The experiments also show that despite the differences in graphic details the same 

genotype tends to produce similar patterns with similar fitness. Although not established 

mathematically, it seems that the genotypes determine the patterns and the patterns 

determine the performance.  

The best results of this chapter have shown that complex networks can be formed by 

interactions between individual modules. When the results are compared to manually 

generated designs they are seen to have performed better in quantitative terms.  

The last case study has also shown that the model is flexible enough to be applied to 

complex sites with irregular reserved spaces and multiple entries/exits.  
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CHAPTER 9 CONCLUSIONS AND FUTURE WORK  

Through the development of COULD, this thesis presents a developmental approach to 

computational design of urban layout. COULD is capable of automatically designing a 

street system and residences and its designs performed well compared to manually 

defined grids in numerical terms. This chapter gives more detailed discussion of the 

contributions listed in Chapter 1. It also discusses limitations of the research and 

possible future research directions.  

9.1 THE DEVELOPMENTAL APPROACH 

Perhaps the greatest challenge in getting computers to do ‘creative’ design is the ever 

changing search space and the difficulties it created in defining feasible regions (Section 

1.1). As discussed in Section 4.4, complex interdependency between elements means 

that starting from randomly generated solutions would be difficult because they are 

likely to be infeasible. Complicated correction mechanisms might be developed (if ever 

possible) to bring the solutions back to feasible regions but they will be time 

consuming. Although this thesis uses urban layout design as an example, many of the 

general principles derived from developmental biology can be applied to other problem 

domains. 

The author has taken an approach which differs from population based evolutionary 

algorithms by incorporating principles of developmental biology. It is believed that the 

principles listed in this section could be applicable to other computational design areas.  

9.1.1 Separation between genotype and phenotype 

In contrast to evolutionary algorithms, which either do not distinguish genotype and 

phenotype or have one-to-one relationships between them, this study demonstrates the 

benefits of decoupling genotype and phenotype in computational design applications.  

The problem of the one-to-one approach is that the specification grows with the size of 

the problem (Section 4.2). Decoupling makes it possible to design complex systems that 

are currently out of reach. Nature’s solution seems to be a sensible alternative.  
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Interaction within genotype and between genotype and the environment produce 

phenotype. The same genotype can be applied to generate phenotypes that suit different 

environments.  

Section 4.2 also points out that the one-to-one mapping or direct phenotypic evolution 

would be more effective when the search space is pre-established such as in 

optimization.   

9.1.2 The generative approach – expressing phenotype through development 

Genotype needs to be generative in order to decouple its size from phenotype. This 

contrasts with the descriptive approach, where every component is specified. It is also 

different to the pure prescriptive approach where all dependency needs to be specified 

in a step-by-step manual. Besides the size issue, it is difficult to randomly generate 

feasible prescriptive genotypes and they are vulnerable to random changes the algorithm 

makes during the search (Section 4.4).  

Phenotype (the physical solution) is generated through local interactions during 

development. The development process is determined by genotype. It sorts out the 

interdependencies between elements so that they do not have to be specified, which 

minimises genotype size. In theory, a small genotype could generate infinitely large 

phenotypes.  

As opposed to working on full scale solutions from the start, as most evolutionary 

algorithms do, COULD takes a gradual approach. It starts from the simplest feasible 

solution (the embryo), and grows it step by step. The structure emerges, so no grand 

description of the whole structure is ever needed. The gradual modification of 

phenotype during development keeps the search close to the previously known feasible 

solution so any changes can be reversed easily. 

9.1.3 Universal modules and genomic equivalence 

Modularity is widely used by engineers and others to manage complexity. For example, 

programmers use functions to encapsulate reusable routines. However, most 

engineering systems involve modules of different types. A distinctive feature of 

COULD is the universal module that is inspired by cells in organisms. There is only one 

type of module so the complexity of choosing between different types has been 

removed.  
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The application of a universal module calls for genomic equivalence, which means all 

modules contain the same genetic package that gives them the same developmental 

potential. However, in order to fit each other to form a functional structure, individual 

modules never fully express their genes. Just like living cells, the partial expression is 

conditioned upon the module’s local environment, which is made of other modules and 

the external environment. 

The major advantage of the universal module is encapsulation of complexity. Once the 

composition of the module is determined, the structure can be defined by specifying 

how the modules are connected, leaving the rest to local interactions. It also makes 

changing the structure easy, which happens constantly throughout the developmental 

process. Changes in complex structures often have ripple effects. When it occurs, the 

affected modules will self-adjust and take new physical forms if necessary.  

9.1.4 Genotype for local interactions 

Decoupling of genotype and phenotype also requires genotype to contain rules of local 

interactions rather than a blueprint of the grand structure. This means genotype needs to 

reside on the modular level rather than the system level. Development is the generative 

process in which genotype encapsulated in individual modules materialises into the 

phenotype of the whole structure. 

In COULD, genotype governs three forms of inter-modular interactions: 

 Connectivity checking 

Modules ‘communicate’ with each other to decide their fates and forms. They 

also depend on each other for survival. Connectivity checking is to ensure all 

modules can be reached by the outside world. This is done by applying 

Aimsun’s shortest path function between the target dwelling and the original 

embryo, which is normally placed in the entry/exit point to the external 

network. If any modules become isolated as a result of certain operations they 

will be eliminated from the structure.  

As discussed in Chapter 4, modules need to suppress certain genes in order to 

maintain connectivity.  
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 Lateral inhibition 

Lateral inhibition is one of the major forces behind partial gene expression and 

pattern formation in COULD. It resolves local conflicts between neighbouring 

modules by suppressing the genes of the newer modules. If a space is already 

occupied by an existing module, it cannot be used by the newly added module. 

This requires partial expression of genes of the new modules. Sometimes it 

even stops the addition of a new module altogether.  

The external environment (site boundaries, natural obstacles, etc.) also has 

similar effects to lateral inhibition, causing total or partial suppression of a 

new module’s genes.  

 Remote induction  

While lateral inhibition can only happen between neighbouring cells, remote 

induction deals with modules over a distance. It is to ensure the structure as a 

whole is structurally sound.  

In COULD, remote induction is based on the everyone-to-everyone 

straightness centrality value, which feeds into the objective function. 

Aimsun’s shortest path function is used to derive the shortest network distance 

between the target dwelling and all others with the exception of those located 

in the same cul-de-sac. The algorithm could make a decision on whether to 

keep or remove certain dwellings based on their impact on fitness.    

9.1.5 Phenotypic plasticity 

The generative genes and developmental process gives COULD phenotypic plasticity, 

which is ‘the property of a given genotype to produce different phenotypes in response 

to distinct environmental conditions’ (Pigliucci, 2001, page 1). COULD achieves 

phenotypic plasticity similar to that of plants through contextual gene expression. This 

makes the same genotype applicable to different environments without the need for any 

modifications. As demonstrated in Chapter 8, the model can deal with irregular shapes 

and natural obstacles. 
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9.1.6 Phenotypic reversibility 

Phenotypic reversibility is realised by the cutting operators. It is the ability to remove or 

change any existing physical features during development, which is important because it 

enables continuous improvements. One would normally associate development with 

growth. However, if the model can only add structures, development will halt once all 

the space is filled and none of the previously made decisions can be reversed. Making 

probabilistic decisions on whether to remove randomly chosen parts is important to 

phenotypic development in COULD. It is possible that as the structure develops, some 

previously good features no longer fit. Similar things are found in the biological world: 

organisms often discard their parts during development, a process known as 

programmed cell death (Gilbert, 2003). Plants also have the ability to change their 

physical forms even after maturation.  

Phenotypic reversibility has shown limited benefit in the experiments. It is probably due 

to the constant genotype used throughout the same experiment, which has the tendency 

to produce the same fitness value repeatedly (Section 8.4). Section 9.10.5 will discuss 

the idea of eliminating cutting to save time, while Section 9.11.2 will discuss the idea of 

mutating genes as a potential solution to improve it. 

9.2 THE EVOLVING PHENOTYPE 

Although this thesis emphasises the benefits of separating genotype and phenotype, 

COULD‘s phenotype possesses some evolvability. While genotypes for individual 

experiments remained constant, the development of phenotype can be seen as a 

mutation-only evolutionary process. It has a population of two, a parent and its mutated 

child, similar to two membered Evolution Strategies (Section 2.3.1). It is a form of 

‘descent with modification’ (Purves et al., 2004, page 430) but on the phenotypic level. 

Cutting gives the process reversibility that differentiates it from biological development.   

Most conventional evolutionary algorithms either do not distinguish genotype and 

phenotype or have one-to-one mapping between them, and their success has shown that 

phenotypes can evolve. COULD’s phenotypic development has all the three elements of 

Universal Darwinism (Section 2.2.4). As the experiments have shown, the phenotypic 

evolvability is somewhat limited by the genotype, because despite the randomness the 

latter determines patterns of development, which in turn affects fitness.  
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9.3 DIMINISHING RETURNS TO CONNECTIVITY 

As Chapter 6 discussed, adding connector roads increases connectivity but its returns 

become nominal after a certain threshold. Adding more streets beyond that point is 

simply a waste of space and investment. Although it sounds obvious, not much 

literature has been found on this topic. Diminishing returns to connectivity suggests 

streets should follow principles of small-world networks to achieve a balance between 

density and connectivity. COULD has produced street layouts that can achieve 

centrality comparable to that of the grids, without compromising density.  

9.4 STREET PATTERNS THAT COMBINE HIGH 
CONNECTIVITY WITH LOW PERMEABILITY 

As discussed in Section 8.6.5, the layouts generated by COULD show that it is possible 

to combine high connectivity with low permeability. This should satisfy both new 

urbanists and defensible space advocates.  

9.5 DESIGN BY EMERGENCE AND PARALLELS TO 
OTHER GENERATIVE PARADIGMS  

Darwin’s theory of evolution has been widely accepted by biologists. In the planning 

context however, separating genotype from phenotype and evolving the former instead 

of the latter would seem to be an indirect solution (Section 2.2).  

The developmental process discussed in Chapter 4 reviews some advantages of the 

Darwinian approach, one of which is ‘much coming from little’, a term that Holland 

(1998, page2) uses to describe emergence. Development has many of the characteristics 

of an emergent system and its generative nature means a relatively small set of rules can 

produce complicated structures. As Carroll (2011) points out, the mechanisms behind 

complex life are much simpler than expected.  

This work focuses on finding the minimal set of inputs that can generate complexity. 

Just as Richard Dawkins (1988) says in his paper, let the structure emerge as much as 

possible. Emergence produces rich novelty but on the other hand, it is also known for 

unpredictability (Knight, 2003). Section 9.6 will present the Evo-Devo framework as 

the solution.  
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Although COULD was originally inspired by biology, and the thesis is built upon a 

biological framework, the model could fit into other paradigms such as rewriting 

systems and agent-based modelling discussed here. In hindsight, these parallels are 

perhaps not surprising, given the generative nature that they all share. Different 

paradigms provide different perspectives to the same approach, which is beneficial. The 

fact that the model could be expressed in different terms does not devalue its principles.  

9.5.1 Comparisons to rewriting systems 

Section 3.10 has mentioned that COULD has characteristics of a rewriting system and 

the same is probably true to most generative systems.  For example, the bud-a-module 

operator could be expressed as a set of rules that rewrite an existing dwelling into a 

module. Multiple rules are required to cover all possible situations under which 

different forms of conditional differentiation are required, which the standard rewriting 

systems a comparative disadvantage. It might be possible to parameterise the rules to 

simply the process, similar to parametric L-systems (Appendix K). Lateral inhibition 

described in in Section 4.4.2 is also akin to ‘exogenous controls’ in ‘sighted’ L-systems 

which have applications such as avoiding overcrowding of branches (Prusinkiewicz, 

1995). 

Given the rewriting systems’ generative nature, especially L-systems biological root, 

perhaps it is no surprise to find parallel features in COULD. Although all operators 

discussed in this chapter could all be expressed as rewriting rules, the cutting operators 

would seem atypical because L-systems or shape grammars do not normally contain 

reduction processes as such. The same could be said to linking.   

9.5.2 COULD as an agent-based model 

One of the most popular definitions describes an agent ‘as a self-contained problem-

solving system capable of autonomous, reactive, proactive, social behavior’ 

(Wooldridge and Jennings, 1999). The other two elements in ABM are environment and 

rules. Environment defines a space in which agents interact and rules define the way 

agents behave (O’Sullivan and Haklay, 2000). ABM is a bottom-up approach capable of 

simulating complex systems with emergent behaviour. The universal modules are self-

propagating agents that are adaptive and autonomous. They interact by rules 

encapsulated in their ‘genes’. Complex structures arise from these simple rules of 

interactions, demonstrating the emergent behaviour. 
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As in other agent-based models, COULD takes a bottom-up approach that utilises 

decentralised intelligence of the agents. In contrast to humans’ often top-down 

approach, there is no grand plan. The organic growth of historical cities produced rich 

texture – another example of how structures can emerge through local interactions. 

Distributed intelligence has also been popular in building robust robotic systems, e.g. 

Rubenstein et al. (2014). 

9.6 EVO-DEVO FOR COMPUTATIONAL DESIGN 

This thesis focuses on applying generative genotype-phenotype mapping to 

computational design. It has many advantages over the conventional one-to-one 

mapping used in classic EAs. However, it has its own challenges, such as 

unpredictability caused by emergence. As the experiments in Chapter 7 and 8 have 

shown, outcomes cannot be foreseen from inputs. A small change in the latter could 

cause a large difference in the former, which makes it difficult for the user to set the 

parameters such as the sequence of operators in the genotype and the number of times 

each operator needs to be repeated in each loop. Manually optimizing genotype to get 

desired developmental outcome proved to be labour-intensive. 

The Evo-Devo framework for computational design (Figure 9.1) provides a solution. It 

is inspired by evolutionary developmental biology (Evo-Devo), which is about the 

evolution of developmental processes (Carroll, 2011). In nature, complex phenotypes do 

not just appear, they emerge from simple forms. Although evolution does not have a 

particular defined direction, organisms at the top of the evolutionary tree are 

significantly more complex than their ancestors. Likewise, a computational design 

system should start from a simple but functional development and evolve it into 

something more complex. Ultimately, it is about the evolution of the developmental 

processes. 

The Evo-Devo framework incorporates COULD’s developmental procedure into that of 

the conventional evolutionary algorithms (Figure 2.1), which is used to evolved 

genotypes so they do not have to be manually set. Its population consists of multiple 

COULD like procedures acting as individuals. They compete on the fitness of the 

phenotypes that they develop. Importantly, only genotypes (not phenotypes) are 

selected, recombined and mutated to produce the next generation. This is similar to 

what Dawkins (1988) used for his program of Blind Watchmaker. The genotypes need 
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to have variable length between individuals and generations in order to encourage 

increasing complexity.  

 

Figure 9.1 The Evo-Devo framework for computational design (*Selection, transmission and 
variation as in Figure 2.1) 

Since the ‘evo’ part has been well researched and understood, this thesis only focuses 

on the ‘devo’ part. Fitness increases not only down the vertical evo axis of Figure 9.1 

but also along the horizontal devo axis as each individual matures and develops.  

Although this framework overcomes some of the challenges in designing a genotype, it 

poses other challenges in computation because the development of each individual is 

time consuming.  
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9.7 UNIQUE CHALLENGES IN CREATIVE DESIGN 

The main feature of Creative Designs is the ever changing search space. Both the 

number of variables and the relationships between them change constantly. The 

objective function reflects the goal of having as many well-connected dwellings as 

possible but it has been found that the quantity component (dwelling number) tends to 

overpower the structural quality component (centrality).  

The imbalance between the quantity and quality components can cause the guiding 

algorithm to fail to distinguish good growth from bad. The developmental process has a 

tendency to blind growth, i.e. any increase in the number of variables is favoured and 

any decrease is disfavoured. This means cuts will have no immediate payoff, even 

though they are necessary to remove parts of the old structure and make room for new 

growth. The lack of immediate feedback makes it difficult for the algorithm to judge the 

merits of such actions. If weights were to be used to change the balance, they would 

need to follow a dynamic schedule, which could be difficult to establish.   

As discussed in Chapter 8, the solution is twofold. One part is to have better growth 

strategies. Modifications have been made to the growth operators to eliminate the low-

yield ones. This has resulted in a large improvement in results. The second part of the 

solution is to incorporate the regrowth into the evaluation cycle. The delayed evaluation 

means the merits of cutting operations can be judged on the returns to the regrowth 

operations later on. This has resulted in some moderate improvements. However it 

appears that the modified growth operators did well and left little room for cutting to 

improve.  

9.8 REPRESENTATION IS KEY 

Representation is key to solving the space layout problem. The universal module 

representation developed here has the following advantages: 

 Lay down roads and at the same time determine land use 

Land use and transport network are the two principal components of urban 

layout planning. They compete with each for space but they are also 

interdependent. An efficient road network is meaningless without good land 

use and vice versa. If an algorithm completes the road network then divides 
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the remaining land into blocks there might be many unusable parcels. If the 

algorithm lays the blocks first then it might have difficulty connecting them.  

COULD does the two simultaneously to avoid these problems so that both 

road connectivity and land usability can be satisfied at any given stage of the 

development. 

 It facilitates the use of the developmental approach 

COULD’s representation is consistent with its developmental approach. The 

universal modules can take appropriate forms to reflect the status of their gene 

expression.  

 Easy translation into real designs 

Compared to some of the existing representations such as grid cells and 

graphs, COULD’s representation can be easily translated into real designs. 

The major design elements (roads, intersections, dwellings) all have direct 

representations so the amount of human interpretation is relatively small.   

There are also limitations in this representation, which will be discussed in Section 

9.10.1.  

9.9 ACTUAL APPLICATION: GENERALITY OF THE 
ALGORITHM 

Although most of the test applications reported here have been done to an abstract 

square-shaped suburban space, the developed algorithm can be used for a variety of 

situations. It has been demonstrated in a case study that the model is robust in dealing 

with irregular boundaries, natural obstacles and multiple entries. 

In order to focus on the development of the methodology, a two-objective function has 

been used. However, the model could be generalised to incorporate a multi-objective 

function.  

The remaining issue is the way the model would work in an actual planning task and the 

added criteria that would come into play if it is to be used to design a project. For 

instance there are vacant sites where the 25 hectare example could be implemented but 

this would entail laying out services in addition to roads, particularly water supply, 



Chapter 9 Conclusions and future work  

204 

sewer lines and storm-water drainage; additionally the topography and soil conditions 

might put constraints on the road network. The least acceptable approach would be to 

take the plan as a given and expect project engineers to adapt the services to it. This 

would only be tolerable if nothing in the implementation invalidated any part or aspect 

of the modelled plan. 

The more adequate approach is to incorporate all significant issues in the modelling 

procedure. Topography or soil conditions could be treated as constraints – like the 

reservations in the second example – but it would be more realistic to vary costs 

according to conditions. A developer or planning agency seeking to minimize 

infrastructure costs would need these to be included in the objective function. Any goal 

can be included so long as the effects of each network modification in the iterative 

search can be properly counted. For instance drainage costs would be functionally 

related to road costs and other services would be functionally related to dwellings or 

roads. However a service that deviates, possibly a water or sewer main, may have to be 

treated as a separate engineering task when the plan is implemented. 

Changing or enlarging the objective function poses no serious problems. Costs might 

simply be specified as cost per metre of road plus added costs for intersections and 

culverts. Soil conditions could be mapped and road cost varied accordingly. However 

there must be at least one benefit goal: a simple objective function would be to 

maximize the sum of the monetary value of dwellings less the developer’s costs. A 

more complex planner’s objective would be to maximise something like the composite 

connectivity and dwellings goal used in the example, weighted to give it an arbitrary 

money value, less development costs. Going further, the whole character of the model 

application could be changed by using as the main structural goal pedestrian route 

directness or a space syntax measure of accessibility. These are countable and 

functionally related to the road layout, though not necessarily easy to calculate 

repetitively. 

9.10 LIMITATIONS 

9.10.1 Representation limitations 

The use of the universal module is critical to the success of the model but it also poses 

some challenges.  
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Incomplete presentation of the solution space  

The model uses discrete modules rather than continuous parameters for representation. 

Each element in the universal module has fixed dimensions and angles so it cannot 

represent all the possible solutions. Although it is possible to introduce variable length 

and angle, the chances of producing irregular and undesirable designs would also be 

significantly higher.  

If the same approach is to be applied to another design field, the same question will also 

arise. By definition, each module is a functional unit, but it can be defined at different 

levels. For example, the universal module of a building could be a cubic metre of space 

or it could be a room. Different levels of resolution will pose different constraints on the 

representation. 

The parametric approach could represent the solution space better because it describes 

all the variables and their relationships. However, the number of variables in the 

parametric approach is significantly higher because all the parameters need to be 

defined. The modular approach has the advantage of generating complex topologies 

with minimal coding.  

Segmented roads 

Roads are represented by straight segments and the angles between segments use 

increments of 45 degrees. While introducing curved sections is more complicated, using 

smaller angle increments is straightforward. 

Simplified intersections 

COULD employs a simplified representation of intersections without consideration of 

design regulations on such things as turn radius and speed. Therefore its road 

intersection footprints are smaller than the real ones. At the neighbourhood level it is 

reasonably close since the intersections generally have small footprints.  

Implicitly defined dwelling block boundaries, shapes and sizes 

COULD does not explicitly draw dwelling boundaries, although developing such an 

algorithm is not difficult. They can be based on the centre lines between each dwelling 

and the neighbouring dwellings (Figure 3.35). 

The shapes of the dwelling blocks were not taken into account so they might be 

irregular. Nevertheless, they should still be better than those generated by the grid cell 
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approach. Some shape-judging algorithms might be incorporated into the objective 

function to encourage more regular shapes. 

In COULD, the spacing controls the minimum lot size but the precise size of each block 

is hard to predefine because it is the result of the developmental process.  

Limited types of spatial elements 

COULD only has three spatial elements, house and roads and ‘obstacles’. To introduce 

more elements, especially land use types will require more operators. Section 9.11.3 

shows how lateral inhibition could be enhanced to deal with it. 

9.10.2 Real life limitations 

Many real life limitations (e.g. regulations on road and intersection design, such as 

sightline distance, and topography) are not considered in the model but as discussed 

before, more objectives, constraints and enhanced operators can be introduced to 

incorporate them.  

9.10.3 Single road network for all traffic modes 

This study assumes pedestrians, cyclists and motor vehicles all share the same network, 

limiting the possibility of dedicated pedestrian and cyclist path ways. Although 

pathways alongside residents’ fence are not particularly popular (Section 6.5.2), they 

could greatly improve connectivity for pedestrians and cyclists if used strategically. A 

good example is linking two adjoining cul-de-sacs with a non-car access road. Section 

9.11.6 will discuss possible solution to overcome this limitation.  

9.10.4 Unpredictability  

Generative mapping means there is no longer a one-to-one or even linear relationship 

between genotype and phenotype. How changes to the former translate to the latter 

might be unpredictable, i.e. small changes in genotype could lead to large differences in 

phenotype. The genetic similarity between humans and mice is an example of such a 

phenomenon. 

This is in line with the critiques on the main weakness of ABM – the weak link between 

micro-level rules and macro-level system behaviour (Batty, 2007; O’Sullivan and 

Haklay, 2000). Most data available are aggregate and how to link it with individual 

agent’s behaviour remains a major challenge (Batty, 2007). 
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Potentially this could be solved by incorporating the developmental process into the 

evolutionary framework, as discussed in the next section.  

9.10.5 More computationally demanding 

The dynamic developmental process does come at a cost. It is more computationally 

demanding compared to the static transformation between genotype and phenotype or 

not separating them (Section 2.3.6). This becomes more pronounced when cutting is 

turned on to enable phenotypic reversibility. There are two possible solutions: 

 Eliminate cutting operations 

The incorporation of ‘evo’ (Figure 9.1) makes phenotypic evolvability less 

important or probably unnecessarily so that it could eliminated to speed up the 

development of individual solutions, which will stop as soon as the site is fully 

filled. Since there is no reversing of preciously established structures, there 

will be a significant time saving. This has been shown by the much shorter 

running time of Experiment 7.5 compared to that of Experiment 9.1.   

 Use parallel and distributed computing techniques 

Applying parallel and distributed computing to evolutionary algorithms has 

been well researched (Alba and Troya, 1999; Alba, 2002, 2005), which will 

accelerate the ‘evo’ part of the process in Figure 9.1. The suitability of the 

‘devo’ part requires further investigation.      

9.11 FUTURE WORK 

9.11.1 Implementing the full Evo-Devo framework 

Since this thesis only focuses on the devo part of the Evo-Devo framework, the next 

logical step would be implementing the complete framework presented in Section 9.6. 

Although computationally demanding, this should produce better results than the 

manually constructed genotypes.   

9.11.2 Mutating genes for the cutting loop 

Since the constant genotype might hinder the cutting loop’s ability to improve the 

structure (Section 8.4.4), the idea of mutating genes before regrowth is worth exploring. 

The best way is probably to let a good genotype (e.g. Experiment 7.5’s) fill in the site 
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then start the cutting loop (Section 8.4.4) to improve it. After the large cut, the original 

genotype will be mutated to refill the emptied space. If the fitness is increased at the end 

of the cutting loop, the structural change will be accepted and the new genotype will 

replace the old one in the next cutting loop.  

Unlike the mutation in the Evo-Devo framework, this mutation would happen during 

the development of each individual solution, along the horizontal axis of Figure 9.1.   

9.11.3 More and enhanced operators for multiple land use types, better 

intersection separation etc. 

More operators can be developed to improve the model. For example, lateral inhibition 

can be enhanced to deal with different land use types such as open space or public 

facilities that requires larger clearance distances (Figure 9.2). An existing centroid could 

be chosen to mutate into a larger block so its inhibition range increases. As a result, the 

surrounding elements falling into this range will be cleared so that the mutated centroid 

can have sufficient space. The location of such mutation could be random or based on 

some criterion such as high betweenness centrality (Section 6.6.3).  

  

a.  b.  
Figure 9.2 Lateral inhibition for different land use type that requires larger clearance distances 

Lateral inhibition could also be applied to intersections to stop them being too close to 

each other so that the layout can comply with the traffic engineering standards (Figure 

9.3).  
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Figure 9.3 Intersection inhibition 

In the existing model, the inhibitor is released by the established structure to prevent the 

growth of similar new structure within its reach. However, reverse lateral inhibition 

could be developed where the new structure could inhibit the old. Figure 9.4 compares it 

with the existing lateral inhibition method. This method might make it easier for the 

new structure to replace the old ones, especially at later stages of development when 

loops become difficult to break.  

 

  

 

a. The existing structure b. Result of reverse lateral inhibition 
(Centroids C, D, E, F inhibited) 
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c. Result of the existing lateral inhibition 
method (Centroids C, D, E, F remain) 

  

Figure 9.4 Comparison of reverse lateral inhibition and the existing lateral inhibition methods 

9.11.4 Improvement of centrality calculations 

The current objective function uses everyone-to-everyone centrality (Section 6.7.1) 

which worked well in producing well-connected street networks. However, it requires a 

large number of shortest-path calculations that are computationally intense. A possible 

improvement is to use ‘everyone-to-many’ instead. The ‘many’ could be a number of 

randomly sampled dwellings to represent multiple destinations within the network. With 

sufficient samples, it is likely that much less computation is required to achieve similar 

results. Ideally, the ‘many’ should contain multiple public facilities, when more land use 

types can be modelled by the proposed operators in the last section. This would 

represent residents’ interests in visiting those places and the goal of giving them equal 

access. Public places could be given heavier weights to in centrality calculations.    

9.11.5 More objectives 

Although COULD uses an objective function with only two elements, the same 

developmental process could be applied to more comprehensive objective functions.  

Additional objectives could be introduced to incorporate more conflicting goals to 

reflect the complicated interaction between social, economic and environmental factors 

behind urban planning; or to deal with the real life limitations discussed in Section 

9.10.2. The mathematical form of the objective function could also be more complex if 

required.     
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9.11.6 Adding dedicated pathways for pedestrians and cyclists  

In Aimsun, access to roads or lanes can be restricted to certain vehicle types, which can 

be used to create dedicated pathways for pedestrians and cyclists. In this instance 

pedestrians are treated as a special type of vehicle.  

The easiest solution is to create an additional road type for the dedicated paths, keeping 

the existing road type for the mixed-traffic. The latter ensures the basic connectivity and 

the latter increases it for pedestrians and cyclists. Separate trip matrices need to be 

created for all three modes so that their connectivity indices could be measured 

independently. It might be better to only give linking operators the ability to generate 

the pedestrian/cyclist path. Since they only generate short links, which would minimise 

the chance of producing the unpopular long pathways alongside dwellings (Section 

6.5.2). In the meanwhile, these short pedestrian/cyclist paths are the most cost effective 

way of increasing street connectivity for them. 

9.11.7 Testing sensitivity to geometrical parameters 

The experiments conducted so far have confirmed the unpredictability caused by 

changes in genotype (Section 9.10.4). How changes in geometrical parameters (Figure 

3.33) affect the outcome has not been tested. Further testing on this subject should 

provide more insights into this bottom-up approach to design.  

9.11.8 Applications to other computational design areas 

The developmental approach to computational design could be potentially applied to 

other computational design areas. For example, it could be applied to grow buildings. In 

that case, the universal module will need to be three dimensional. More research is 

needed on how to define universal modules in different domains.  

9.11.9 Implementing parallel and distributed computing 

As discussed in Section 9.10.5, parallel and distributed computing techniques could be 

applied to shorten the computing time. 
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APPENDIX A. MEIOSIS AND ITS CONTRIBUTION TO 
VARIATION 

Meiosis is a special cell division that produces gametes for sexual reproduction. In 

diploid organisms, the reproductive cell replicates all its chromosomes once then 

divides its nucleus twice successively to produce four haploid gametes. Two haploid 

gametes from both parents merge (a process called fertilization) to produce a diploid 

fertilized egg (zygote) (Ott, 1999; Strickberger, 2005).  

In diploid organisms, a pair of alleles exist on two homologous chromosomes. The two 

homologous chromosomes, one from each parent, carry corresponding but generally not 

identical genetic information. They then separate again during the reproductive process 

so the allele pairs residing on them also segregate (Purves et al., 2004).  

This is the mechanisms behind Mendel’s law of segregation. It also reveals why his 

second law is only partially true. It is not difficult to see his law of independent 

assortment applies more to chromosomes than to genes. Chromosomes assort 

independently (Figure A.1), but genes located on the same chromosome do not because 

they are linked to the same chromosome (Purves et al., 2004). However, the linkage of 

genes from the same chromosome could be broken if a crossover happens between the 

homologous chromosomes (Figure A.2), i.e., the exchange of their corresponding parts 

during meiosis (Barton et al., 2007).  
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Note: Allele ‘A’ dominates ‘a’ and Allele ‘B’ dominates ‘b’ 

Figure A.1 Recombination due to segregation (Barton et al., 2007; Hodge, 2010; Purves et al., 2004) 

Figure A.1 and Figure A.2 show that both crossover and assortment promote variation 

in offspring. In each scenario, the diploid reproductive cell produces four zygotes, each 

with a unique genetic makeup. Most evolutionary algorithms use haploid chromosomes 

so the recombination due to segregation is not modelled. 

 

 

Figure A.2 Recombination due to cross-over between the genes during meiosis (Barton et al., 2007; 
Hodge, 2010; Purves et al., 2004) 
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APPENDIX B. EVOLUTIONARY THINKING IN HUMAN 
DESIGN PRACTICES 

Evolutionary thinking also has profound impact on design practices. One useful 

framework is the Pattern Language. It was originally developed by mathematician 

turned architect Christopher Alexander (Alexander, 1979; Alexander et al., 1977) to 

discover, capture and communicate core solutions for the repeatedly occurring problems 

in urban and architectural design. Alexander’s theory originated from the observation 

that building and urban design frequently display repetitions of ‘successful solutions’ 

through history and across cultures. The work represents an attempt to create a language 

that explains and rationalises the artistic process of architecture design, challenging the 

‘traditional notions of creativity being subject only to the artistic whims of the designer’ 

(Kimble and Selby, 2000).  

Although it is not widely embraced by architects, the Pattern Language approach has 

been applied to a number of disciplines as a tool for knowledge transfer, predominantly 

in software design (e.g. Buschmann et al., 2013; Gamma et al., 1995; Manolescu et al., 

2006). Other related applications include organisational contexts (Coplien, 1996); 

business process reengineering, systems reengineering structure and process (Beedle, 

1997; Falconer, 1999; Lloyd et al., 1999); e-commerce applications (Adams et al., 2001; 

Cranmore et al., 2002a, 2002b) and requirements engineering (Ferdinandi, 2002). 

Patterns have also been adopted as a means of presenting ethnographic work (Martin et 

al., 2001), and studying workplace design (Erickson, 2000). They have even been used 

for baseball training (Coplien, 1999).  

Inspired by the beauty of nature, Alexander uses the term ‘gene’ to explain the role 

patterns play in the construction of spaces. Creatures of the same species have common 

characteristics in their appearance because they share the same pool of genes. 

Nevertheless they never look exactly the same. The input of environmental factors and 

the mutation of genes generate varieties. Similarly, as the gene of space, patterns define 

the relationship of spatial elements at an abstract level and when applied to different 

contexts these abstract rules should lead to different concrete forms. Alexander argues 

that when context varies, the concrete form should vary accordingly in order to keep the 

relationship consistent. In other words, simply duplicating the physical form actually 
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changes the relationships defined by the pattern. No contexts are the same so no 

buildings should be the same.  

The model illustrates a dynamic and circular process of externalisation and 

internationalisation of patterns, highlighting the adaptation and reflection between 

human minds and the man-made world. It shares some similarities with Nonaka and 

Takeuchi (1995) model of the continuous learning process within organisations, 

especially the tacit characteristic of the patterns in the mind. However, patterns in the 

minds do not equal tacit knowledge. They are more profound and generative, 

connecting to human intuition and culture.  

Just as the natural genes, patterns evolve. Each individual builder can only have a 

portion of the shared patterns in mind, and he or she can only act on that particular 

portion at the time of building. After buildings are completed, people test the patterns so 

that bad patterns gradually die off and good ones become widely shared. This procedure 

contributes to the variety of man-made environments and explains why patterns can 

only be alive when they are shared. 

Patterns have been adopted widely in the field of software design, observable within 

their widespread appropriation in object-oriented research circles, leading to the 

development of a series of PLoP (Pattern Languages of Programs) conferences focusing 

exclusively on patterns and the on-line research community, the Hillside group. Within 

this movement, pattern writing and shepherding facilitate the conversion of tacit to 

explicit knowledge through introspection, peer review and refinement (see Taylor, 

2001). 
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Figure B.1 Patterns in the world, Patterns in the minds and Alexander’s Pattern (Sun and Lloyd, 
2005) 

While Alexander applies evolutionary principles to frame human’s design process, 

Frazer (1995) directly utilizes Darwinian evolution as a design method. His book 

records thirty years of research, which attempts to model architectural forms as if living 

beings that are subject to natural selection. Evolution, genetic coding, morphogenesis 

and other biological concepts are used to generate architectural forms. Even Genetic 

Algorithm is used.  

Marshall (2009) offers a comprehensive review of evolutionary thinking in urban design 

and planning.  
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APPENDIX C. GENETIC ALGORITHM (GA) 

Pioneered by John Holland (1973, 1975), GA is not the earliest EA but is the most 

widely implemented and researched. It also has the highest fidelity to natural selection 

among the four major Evolutionary Algorithms (Bentley, 1999).  

As in other stochastic algorithms, GA employs a structured search strategy embedded 

with random elements (Goldberg, 1989). It starts from a number of stochastically 

generated points in the search space as the first generation of solutions. Each point 

consists of a string of genes (numerical values) that specify a candidate solution. Each 

gene can take alternative values known as alleles. The standard GA uses both 

recombination (crossover) and mutation as variation operators.  

Some researchers (e.g. Bentley, 1999) think that GA is the only EA that distinguishes 

genotype and phenotype, while others think it is not true to all GAs (Mitchell, 1996). In 

fact genotype and phenotype could be introduced to all other EAs if required (Bentley 

and Kumar, 1999). The real important question is whether it can lead to any advantages. 

Chapter 4 gives more detailed discussions on this topic. In most GAs, all genes in the 

genotype are often contained a single chromosome, reflecting the lifecycle of haploid 

organisms to a certain degree (Michalewicz, 1996). It needs to be mapped back to the 

actual solution, phenotype.  

Fitter individuals are given greater opportunity to have offspring in the hope that their 

better genes are carried over to the next generation. Simple GAs use so called roulette 

wheel selection. Its drawbacks and better alternatives such as the tournament are 

discussed in Section 2.3.2. Two individuals swap the parts between randomly given 

points within the string (Section 2.3.4). 

Most GAs are haploidic, meaning they only have one copy of the chromosome. Its 

popularity is because its efficiency and effectiveness identified by early researches 

(Goldberg and Smith, 1987). However some researchers find diploidic chromosomes do 

give advantages under certain circumstances. For example, Goldberg and Smith (1987), 

Greene (1994), Kominami and Hamagami (2010) all found diploidic and properly 

designed dominance rules perform better under changing selective pressure, because 

they can better preserve diversity and prevent previously learnt knowledge from being 
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eliminated by the temporarily unfavourable environments. In other words, diploidic 

chromosomes and dominance could provide better exploitation under dynamic 

environments. Goldberg (1989) provides a detailed discussion on the treatment of 

diploidy and dominance. Appendix A also discusses how segregation of chromosomes 

can promote diversity.  

Mutation alters the allele value of a gene. The chance of mutation is usually set to be 

small. In mainstream GAs, mutation is considered as a supplement to reproduction and 

crossover operations, mainly as a tool for exploration and prevention of suboptimal 

convergence. Bäck (1996) argues that this view is an underestimation of mutation. 

A framework of simple GA is displayed in Figure C.1.  

 

Figure C.1 The framework of a Simple Genetic Algorithm, adopted from Bentley (1999) with minor 
modifications  
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APPENDIX D. GENETIC PROGRAMMING (GP) 

GP is a subset of GA developed by (Koza, 1992) to automatically evolve computer 

programs. Each individual GP is a program with given inputs. Its outputs are compared 

to the desired results to compute its fitness.  

GP differs to GA mainly in its data structure. It uses hierarchical representation of 

solutions to enable manipulation of variable-length chromosomes. Standard GA is only 

capable of recombining fixed length chromosomes but variable-length chromosomes are 

necessary for computer programs to evolve.  

The tree like data structure also requires changes to crossover and mutation operator. 

Because the data is organized in tree like structures, the crossover operators can cut 

branches off both parents and swap them (Figure D.1). The mutation operator in GP is 

also modified for its tree data structure. When a random mutating point in the structure 

is chosen anything below it will be discarded and replaced with a randomly generated 

new branch. Koza (1992) concludes GP’s crossover and mutation can achieve similar 

goals so mutation is sometimes abandoned. 

 

Figure D.1 An example of crossover in GP (Koza and Poli, 2005) 

One of the major challenges of GP is the disruptive nature of its crossover and mutation 

operators. In GA the fitness of a child generation normally improves over its 

predecessor but GP often produces child solutions less fit than their parents. New 

operators have been proposed to limit the level disruption. Most of them only recombine 

the solutions with a high degree of similarity (Bentley, 1999). 
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APPENDIX E. EVOLUTION STRATEGIES (ES) 

Evolution Strategies was not originally designed as a computer algorithm. It was first 

developed in the 1960s to optimize physical shapes and structures and the procedure 

was performed on the actual objects (Beyer and Schwefel, 2002; Fogel, 1998; 

Rechenberg, 1965). 

The first computer application of ES was named the two membered ES or (1+1)-ES 

because it has the population of two, a parent and a child. Its variation is solely 

generated by mutation, i.e. the child randomly mutates the parameters of the parent. The 

fitter one of the two is chosen as the next parent, while the other is deleted. Because the 

search is conducted on a single point and the selection is deterministic, the exploratory 

ability is limited so it can be easily trapped into sub-optimal solutions (Bentley, 1999). 

More recent Evolution Strategies became closer to GA by introducing population and 

recombination, which has led to significant performance improvements (Bäck, 1996; 

Schwefel, 1977). Depending on how the child generation is generated, two main 

versions are denoted as (µ,λ)-ES or (µ+λ)-ES, where µ is the number of parents and λ is 

the number of children. In (µ,λ)-ES, the next generation is chosen from the children 

deterministically, i.e. only the best µ out of λ children go into the next generation, so 

called ‘truncation’ or ‘breeding’ selection (Beyer and Schwefel, 2002). The 

deterministic selection is one of the main distinctions between ES and GA. In order to 

exert selective pressure and keep the population size constant, λ must be larger than µ. 

In (µ+λ)-ES, both the parents and children can be chosen to form the next generation. 

Currently (µ,λ)-ES seems to perform better in general. 

Mutation plays a more important role in ES than in GA. It is more sophisticated than the 

random mutations seen in most GAs. It is often done through a Gaussian random 

variation and self-adaptation introduced in Section 2.3.4. 

Recombination takes the form of sexual and panmictic. Recombination operator in ES 

could be either discrete or intermediate. The strategy parameters can also be subject to 

recombination. 

As in GP, ES does not distinguish genotype and phenotype so the search operators work 

directly on the problem variables and the search space overlaps with the solution space. 
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APPENDIX F. EVOLUTIONARY PROGRAMMING (EP) 

Since Lawrence Fogel invented Evolutionary Programming in the 1960s, it received 

little interest until his son David Fogel redeveloped the algorithm in the 1980s (Bentley, 

1999). Although developed independently, EP is very similar to ES in many aspects. 

They both use normally distributed mutations, self-adaptation of strategic parameters, 

and do not differentiate genotype and phenotype (Yao, 2002). 

EP’s asexual reproduction method makes it unique among evolutionary algorithms in 

their standard forms. In other words, no recombination is used so mutation is the only 

mechanism for generating variation. Each child is essentially a mutated copy of its 

parent.  

Selection is one of the main differences between EP and ES. EP’s asexual reproduction 

leads to a consistent population size (µ) for every generation. To create selective 

pressure, the parent and its child generation are mixed in a selection pool (2µ) and half 

will be eliminated so the next generation will have the population of µ (Bäck, 1996). 

Unlike the deterministic selection in ES, EP employs tournament selection that is very 

common to GA.  

Some EPs also implement the so called continuous replacement approach similar to that 

of steady-state GA. Instead of going through the µ - 2µ - µ reproduction and selection 

loop, the replacement happens right after a new individual is generated. The new 

individual will join the parent generation and the least fit individual will be abandoned 

(Bentley, 1999).  

Depending on how the type of self-adaptation and how the replacement is run, there are 

six different breeds of EPs (Bäck, 1996): 

 Standard EP 

No self-adaptation, µ - 2µ - µ replacement 

 Continuous Standard EP 

No self-adaptation, continuous replacement 

 Meta-EP 
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Self-adaptation (variances is included in genotype), µ - 2µ - µ 

replacement 

 Continuous Meta-EP 

Self-adaptation includes standard deviation σ is included in genotype), µ 

- 2µ - µ replacement 

 Rmeta-EP 

Self-adaptation includes both standard deviation σ and correlation 

coefficient α, µ - 2µ - µ replacement 

 Continuous Rmeta-EP 

Self-adaptation includes both standard deviation σ and correlation 

coefficient α, continuous replacement 
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APPENDIX G. QUADRATIC ASSIGNMENT PROBLEM 
(QAP) 

In Quadratic Assignment Problem (QAP), m activities are to be assigned to n locations 

(m≤n 1  ), in the way that each activity gets one location and each location can 

accommodate maximum one activity. The objective is to find a configuration with 

minimum cost. The cost function is defined as (Armour and Buffa, 1963; Hillier and 

Connors, 1966; Koopmans and Beckmann, 1957; Liggett, 2000; Nugent et al., 1968): 

𝐶𝑜𝑠𝑡(𝐴) = ∑ 𝐹(𝑖, 𝐴(𝑖))

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖

+ ∑

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖

∑ [𝑄(𝑖, 𝑗)𝐶(𝐴(𝑖), 𝐴(𝑗))]

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

 (G.1) 

 

where, 

 A is the facility layout; 

A(i) is the location of activity i according to layout A; 

A(j) is the location of activity j according to layout A; 

F(i, A(i)) is the fixed cost of assigning activity i to its location A(i); 

Q(i, j) measures the cost of exchanging flows (e.g. traffic, material) between 

activity pair i and j over one unit distance, i.e., Q(i,j) = uij * vij, where uij is the 

cost of one unit interaction over one unit distance and vij is the number of units 

of interaction between i and j. Q(i,j) is independent of A(i) and A(j);  

C(A(i), A(j)) is the distance between A(i) and A(j); 

The first part of the cost function is determined by one activity’s relationship with the 

site, and the second part is determined by its relative location with other activities. 

                                                 

1 If m < n, dummy activities with F(i, A(i))=0 and Q(i,j)=0 can be created to fill in extra locations (Hillier 
and Connors, 1966). 
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There are special cases that only one of the two is considered (Hillier and Connors, 

1966).  

In QAP, space is simplified to locations so it can be represented as distances in 

matrices. Therefore, no graphic representation is necessary in most cases. QAP is a 

discrete combinational optimization problem, of which the famous Travelling Salesman 

Problem (TSP) can be seen as a special case (Lawler, 1963). Theoretically, this kind of 

problems can be solved by enumeration. However, the number of possible solutions for 

n facilities and locations is on the order of n! (Nugent et al., 1968), which causes the 

computation time increases exponentially with n. Classified as NP-Complete (Garey 

and Johnson, 1979), generally no exact solution can be guaranteed for QAPs with more 

than 15-20 facilities within a reasonable timeframe (Hu and Wang, 2004; Liggett, 

2000). A number of solution procedures have been developed for QAPs of moderate 

size, and more recently meta-heuristics such as Simulated Annealing, Tabu Search, and 

Genetic Algorithm have also been applied to find approximate solution to QAPs (Hu 

and Wang, 2004; Liggett, 2000).   

Although the formation of spatial relationship in equal area layout problem might be 

oversimplified for most layout design problems, it has a number of applications in 

which geometric aspects are not concerned, e.g. one-to-one office space assignment. It 

can also solve some unequal area layout problems (Liggett, 2000).  
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APPENDIX H. GRAPHS AND MACROSCOPIC TRAFFIC 
MODELLING 

The traffic models can be roughly categorised into macroscopic, mesoscopic and 

microscopic models, depending on the level of aggregation and representation of the 

traffic. Macro-models simulate the system in the aggregate and static manner (Barceló 

et al., 2005), while their microscopic counterparts model individual vehicles as discrete 

agents that react to the environment and interact with other agents both spatially and 

temporally (Leclercq and Moutari, 2007; Miller et al., 2004). Macro-models are 

computationally efficient and are normally sufficient to produce the average expected 

results. However, they do not reveal the evolution and fluctuation of traffic. Therefore 

micro-models are needed to provide dynamic insights of the traffic spatio-temporally. 

Mesoscopic models sits in between, choosing patrons of traffic as the modelling unit.  

Macroscopic traffic models use graph representation. In Graph Theory, a network can 

be represented as a graph G consists of two finite sets, the vertex set V(G) and the edge 

set E(G). The vertex set contains vertices (or points, or nodes), and the edge set contains 

edges (or lines). Each edge joins two vertices so it is defined by a pair of vertices (u,v). 

If each vertex pair in E(G) is ordered, i.e. (u,v) does not equal to (v,u), a graph is said to 

be directed. The order of the vertex pair brings direction to the edge, so for vertex (u,v), 

u is the origin (or initial vertex) and v is the terminus (or terminal vertex) (Clark and 

Holton, 1991; West, 1996). In other words, the edge e(u,v) is directed from u to v 

(Diestel, 2000). The directed edges are also referred as arcs, which are represented by 

arrows in the graph (Figure H.1) (Clark and Holton, 1991).   

 

Figure H.1 Arcs and Nodes in graph (Sheffi, 1985, page 11) 
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A walk in a graph G(V,E) consists of a series of alternating nodes and edges, 

v0,e1,v1,e2,v2,…,vk-1,ek,vk, where every edge ei = vi-1vi (1 ≤ i ≤ k) belongs to G. Since 

vi-1vi implies the existence of ei, the edges are often omitted, i.e. a walk can be written 

as v0,v1,v2,…,vk-1,vk, where vi-1vi (1 ≤ i ≤ k) defines an edge of G. If vk ≠ v0, the walk 

is said to be open, or it is closed. A walk can contain repetitive nodes and edges but if 

there is no repetition of edges, the walk is a trail; and if there is no repetition of nodes, 

the walk is a path. Since edges are defined by two nodes, non-repetition of nodes means 

non-repetition of edges. Therefore a path is necessarily a trail. If a closed trail with more 

than two nodes and the end vertices are the only repetitive nodes, it is a cycle (Buckley 

and Harary, 1990; Swamy and Thulasiraman, 1981). 

In macroscopic traffic modelling, directed graphs are used to represent the road 

networks. Each link is assigned with impedance, which in most cases is associated to 

time needed to travel through that link. Level of service is also used in places of 

impedance. The two concepts have an inverse relationship, i.e., high impedance leads to 

low level of service. Impedance exists is because the road performs differently under 

different traffic loadings. Therefore increased traffic flow leads to longer travel time 

(worse level of service), especially when it comes close to the maximum capacity of the 

road. The performance function (mostly volume-delay functions) is used to produce 

travel time according to the traffic volumes. The interactions also incur impedance but 

unlike the links, nodes cannot be assigned impedance directly so its impedance is 

normally borne by neighbouring links. The impedance of a path is the summation of its 

links’ impedances (Sheffi, 1985). 

The connectedness is an important concept for road networks. Two nodes are connected 

if there is at least one path between them. A network is connected if all pairs of nodes 

are connected, or it is said to be disconnected (Diestel, 2000; Sheffi, 1985; Swamy and 

Thulasiraman, 1981). In graph theory, the term connectivity describes the minimum 

number of nodes or edges that need to be removed to make the graph disconnected, 

referred as vertex connectivity and edge connectivity respectively (Buckley and Harary, 

1990; Swamy and Thulasiraman, 1981). 

A graph with no cycles is said to be acyclic, and named a forest. If the graph is acyclic 

and connected, it is a tree (Figure H.2). So a forest is made of trees. In a tree, every pair 

of nodes is connected and only connected by one path so a tree has a connectivity of 1 
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(Diestel, 2000). If one tree contains all nodes in a graph, it becomes a spanning tree of 

the graph. A connected graph will necessarily contain one spanning tree (Diestel, 2000; 

Swamy and Thulasiraman, 1981). By adding an edge between any pair of non-

connected nodes in a tree, the resulting graph will have one and only one cycle (Buckley 

and Harary, 1990). 

 

Figure H.2 A tree (reprinted from Diestel, 2000, page 12) 

If the removal of one node makes a connected graph disconnected, this node is said to 

be a cutnode. Similarly if the removal of an edge makes a connected graph 

disconnected, the edge is called a bridge. 

In macroscopic traffic models, roads are normally represented by directed links (so two-

way street will have two opposite arrows) and intersections are represented by nodes. 

The representation is not unique, i.e. the same physical network can be represented by 

different graphs. Figure H.4 shows two different interpretation of the same intersection 

in Figure H.3 (Sheffi, 1985). Figure H.4 (a) uses a single node to represent the 

intersection. Since the node cannot bear the impedance (traffic time in this case), the 

incoming links are used to count for both its own impedance and that of the intersection. 

The pitfall of this treatment is that the turning restrictions (left turns on both northbound 

and southbound) can be reflected all turnings. Furthermore, since the intersection’s 

impedance is bounded to the incoming links, the travel time to all directions at the 

intersection has to be the same. Figure H.4 (b) resolves this problem by using four 

nodes to represent the intersection. The links between the four nodes count for the 

impedance occurs on different turning directions in the intersection. Therefore, the 

turning restrictions can be reflected and the travel time on different directions can be 

differentiated. The links coming in and out of the intersection only bear their own 

impedance. 
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Figure H.3 A four-way intersection (reprinted from Sheffi, 1985, page 12) 

 

 

Figure H.4 Two alternative graph representations of the four-way intersection in Figure H.3 
(reprinted from Sheffi, 1985, page 12) 

The traffic models also introduce a different kind of ‘node’, the centroid. In order to 

make the models more manageable, the study area is divided into traffic zones. The size 

and number of the zone vary from case to case, depending on the purpose of the 

modelling and availability of the data etc. A centroid is the aggregate representation of 

the collection of the actual origin and destinations in its traffic zone. What makes 

centroids different to other nodes in the network is that they generate and absorb the 

traffic. In other words, traffic always starts from one centroid (the origin) and ends in 

another centroid (the destination). The origin-destination matrix is used to define the 

interchange of traffic flows between origins and destinations. Traffic goes in and out of 

centroids via so called centroids connectors that link centroids to the road network. The 

connectors are the aggregate representation of the road networks within the traffic zone. 

Figure H.5 shows an origin centroid connected to the road network by four connectors. 

The aggregation of traffic zones into centroids and centroid connectors screens out the 
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details of intra-zonal details so the modellers can focus on inter-zonal traffic (Sheffi, 

1985). 

 

Figure H.5 An origin centroid and four centroid connectors (reprinted from Sheffi, 1985, page 15) 
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APPENDIX I. THE PLANAR GRAPH AND ITS DUAL 

Levin (1964) and Krejcirik (1969) are among the earliest applying graph theory (GTH) 

to facilities layout design. There are three steps in this approach. The first is to generate 

an adjacency graph that defines the interrelationships between facilities. The second is 

to generate its dual as the layout but with no consideration on geometric constraints. 

Lastly the dual is adjusted to accommodate the geometric constraints (John and 

Hammond, 1999; Liggett, 2000). Two concepts, the planar graph and its dual, are key to 

this approach. 

A planar graph can be drawn on a plane in the way that its edges do not intersect, 

except at vertices (Swamy and Thulasiraman, 1981). All planar graphs have a 

corresponding dual, which is also a planar. The dual has one vertex in each region of 

the original graph and everyone of its edges crosses one and only one of the original 

edge (Clark and Holton, 1991; Evans and Minieka, 1992). For strict definition of region, 

see (West, 1996, page 248), (Diestel, 2000, page 68) but basically a region is what is 

enclosed by a cycle of edges and nodes (Prusinkiewicz et al., 1990). 

In the adjacency graph the facilities are treated as nodes while in the actual layout they 

are regions. Edges in the adjacency graph specify interdepartmental relationships while 

edges in the block plan define boundaries between activities. So the block plan is dual to 

its adjacency graph (Figure I.1). Since duality is a reciprocal concept, the adjacency 

graph can also be seen as the block plan’s dual (Seppänen and Moore, 1970). An edge 

in the adjacency graph links two adjacent facilities, and it is crossed by the edge in the 

block plan that divides the same facilities (Foulds, 1983). Because layouts exist on a flat 

surface, planarity is a necessary condition for their feasibility (Seppänen and Moore, 

1970). Therefore both the block plan and its adjacency graph are planar. Figure I.1 also 

shows that the external environment is normally treated as a facility so that its spatial 

relationships with the facilities can be modelled by the graph (Foulds, 1983; Seppänen 

and Moore, 1970).   
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Figure I.1 Layout graph and its dual graph (reprinted from Seppänen and Moore, 1970, page B-
245) 

A planar graph is said to be maximal if it has maximum number of possible edges, i.e. 

no more edges can be added without making the graph non-planar. Some procedures 

require maximal planarity of the graph to be maintained at each iteration. In the first 

step, a maximal planar graph is constructed, where the nodes represent activities and 

their adjacency is reflected by the edges between them. To represent the preference of 

adjacency between nodes (except those must and must not be adjacent, for which the 

relationship has been predetermined), the planar graph is weighted by assigning a non-

negative weight to each of its edges. The optimal solution is the planar graph with the 

highest sum of weights. If the optimal solution is not maximal, dummy links with zero 

weight can be added to make it maximal (Foulds, 1983). Some argued that such dummy 

links could hinder the search process and therefore proposed alternative solutions that 

do not require the maximal planarity of the graph (e.g. Al-Hakim, 2002; John and 

Hammond, 2000). 

Planarity is commonly achieved in two different ways. One is to check it after the new 

graph is constructed. The other is to modify an initial planar graph in the way that 

planarity is always maintained. The latter approach is more popular because its 

efficiency achieved by eliminating the need to check for planarity (John and Hammond, 

2000). 
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APPENDIX J. THE SLICING STRUCTURE  

In a slicing tree (Figure 3.7 a), the leaves (a concept in graph theory that refers to the 

last node in each branch) represent the resulting rectangles and the internal nodes define 

the cutting operators. There are four cutting operators L (left cut), R (right cut), U 

(upper cut), and B (bottom cut). The tree structure can be further simplified to a string 

that contains the nodes in the tree. For example, the slicing tree in Figure 3.7 can be 

represented by string 65U4L32U1BR. Changes in the cutting operator can result in 

different structures (Figure J.1). Changing the operators in the internal nodes is all it is 

needed to produce different designs for the same slicing tree structure. So the string that 

represents a given slicing tree only needs to contain the operators. In Figure 3.7’s case, 

it becomes ULUBR. The slicing tree is usually constructed before the slicing operation. 

Different techniques can be used in the construction to produce trees that optimize 

certain criteria such as adjacency (Tam, 1992).  

 

Figure J.1 Change in the operator string results in a different structure (reprinted from Tam, 1992, 
page 67) 
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APPENDIX K. L-SYSTEMS 

The theoretical biologist Aristid Lindenmayer first developed L-systems (Lindenmayer-

systems) in 1968 as a mathematical modelling technique for multicellular organisms 

and plant development (Prusinkiewicz et al., 1990). An L-system is a grammar that 

defines a seed (or axiom) and a collection of rewriting rules (or production). It is 

essentially a procedure of rewriting that starts from the seed and successively replaces 

parts of it according to the rules. Rewriting in L-systems is parallel rather than 

sequential, i.e. it is executed concurrently in places where the rules are applicable. This 

parallelism reflects the biological process where simultaneous growth happens in 

different parts of the body (Hemberg et al., 2008; Prusinkiewicz et al., 1990). String 

rewriting is the simplest L-system. The string is made of letters, each of which is 

assigned with a rewriting rule (McCormack, 1993). Following is an example given by 

Prusinkiewicz et al. (1990, page 3-4): 

Seed: a  

Rewriting Rule 1: a→ab (replace a with ab. a is the left hand side (LHS) of the rule and 

ab is the right hand side (RHS) of the rule)  

Rewriting Rule 2: b→a (replace b with a. b is the left hand side (LHS) of the rule and a 

is the right hand side (RHS) of the rule) 

The rewriting process: 

 

The strings can be interpreted graphically. One popular interpretation is the turtle 

graphics. A pretend turtle moves according to the direction and steps given by the 

strings leaving its trace as the generated graph (Hemberg et al., 2008). The turtle 

interpretation combined with L-systems can generate complex curves such as those in 

Figure K.1. Nonetheless, no matter how complicated it might appear, each of these 



Appendix K. L-Systems  

264 

curves is made of a single line. The turtle might redraw the same section multiple times 

but its movement in the space is always continuous.    

 

 

Figure K.1 The Turtle interpretation of L-systems (reprinted from Prusinkiewicz et al., 1990, page 
11 & 14) 

With the generic turtle graphics it is difficult to represent the plants’ tree (in topological 

terms) structures modifications are required. The bracketed string representation is one 

solution (Figure K.2). For detailed discussions on this approach see Prusinkiewicz et al. 

(1990, page 24 - 27). The following gives an intuitive explanation of the process in 

Figure K.2. The turtle departs from the root. The ‘trunk’ of the structure is constructed 

by a series of forward movements, each represented by a letter F. A branch is generated 

when the turtle is diverted to the left or right side of the trunk, represented by +F and -F 

respectively. When that happens a bracket is used to delimit the instructions to grow this 

branch including its substructures. Each branch can have its own trunk (generated by F) 

and sub-branches (generated by +F and –F). Therefore brackets can contain brackets 

and so on. When the instructions in one bracket end, the turtle is ‘airlifted’ back to 

where the bracket started, leaving no traces in between. At the new location, it will 

continue with the instructions that follow the bracket it just left.   

 

Figure K.2 Bracketed string representation of L-systems (reprinted from Prusinkiewicz et al., 1990, 
page 24) 
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Figure K.2 is an example of a simple deterministic and context free L-system, which 

produces the same structure with high regularity every time it is executed. Stochastic 

process can be introduced to the interpretation and/or production to model the natural 

variations (Hanan, 1992). Also context-sensitive L-systems were developed to model 

interactions between parts of the plant. 

In the basic L-systems described above, the turtle can only move at the unit length, 

which severely limits the range of graphs they can model. For example the turtle 

moving at unit steps cannot be produce the triangle in Figure K.3 because of the 

irrational length of the hypotenuse (Prusinkiewicz et al., 1990). Parametric L-systems 

overcome this by assigning numerical parameters to the symbols. The use of parametric 

symbols facilitates the modelling of continuous shapes and organic processes (Hanan, 

1992). 

 

Figure K.3 A triangle with the irrational length of the hypotenuse (reprinted from Prusinkiewicz et 
al., 1990, page 40) 

Map L-systems are modified L-systems to model a specific type of cyclic structure 

called maps. A map is a collection of regions and a region is defined by a cycle of edges 

and nodes (Prusinkiewicz et al., 1990). Map L-systems replace the edges of the graph 

according to the specified rules, which also include information on where to place so 

called markers during the replacement. The markers are the potential points where new 

edges can grow. When two markers in the same region are matched, a new edge 

connecting them will be generated so the region is divided into two halves. In Figure 

K.4 a, the two branches inside the square (each marked with a letter A) are markers. In 

Figure K.4 b a region splitting edge is formed between them. 
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a.  b. 
Figure K.4 An example of Map L-systems (reprinted from Prusinkiewicz et al., 1990, page 148) 

The Map L-systems can model complex cellular structures (e.g. Figure K.5a). If the 

width of the roads is ignored, land subdivisions (e.g. Figure K.5b) are essentially 

cellular structures with specific geometric requirements. This suggests the Map L-

systems may be used to realise the plot subdivision paradigm discussed in Section 3.5.  

 

 

a. (reprinted from Prusinkiewicz et al., 
1990, page 154) 

b. (a screenshot taken from Google 
Maps©)  

Figure K.5 Similarity between cellular structures and urban layout 

The Map L-systems are capable of producing more complex shapes than the slicing 

structure or the graph theory approach. In the meanwhile, it might also face similar 

problems in modelling roads.   

One option is to subdivide the plot by a Map L-system then overlay the road network, 

using part of the subdivision boundaries as the basis of its formation. It will face the 

problem of roads take space away from land parcels, as discussed in Section 3.5 (page 

37).  

The alternative is to use the Map L-systems to generate the skeleton of the roads. This 

means expanding the edges in the generated map into roads, and then sub-dividing the 
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space in between them into smaller blocks. Edges in the Map L-systems form closed 

loops as regions so they cannot model cul-de-sacs at the first stage. If not all matching 

markers have to be linked, it is possible to use unlinked markers as cul-de-sacs. 

However, it would not be able to produce cul-de-sacs with complex geometry and 

hierarchy such as the ones in Figure K.6. To do that, something similar to the Bracketed 

L-systems is needed to further grow the markers. Potentially another layer of Map L-

systems is needed for the subdivision at the second stage. 

 

Figure K.6 Examples of cul-de-sacs with complex geometry (screenshot taken from Google Maps) 

Both approaches required a two-tier L-system. One deals with the subdivision and the 

other deals with the road network. Even if these are feasible, significant modifications 

to the existing L-systems are required. 
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APPENDIX L. ADDITIONAL BACKGROUND 
INFORMATION ON DEVELOPMENTAL BIOLOGY 

Cleavage 

The cell population is increased by mitotic cell divisions but not all cell divisions 

enlarge the embryo. For most animal embryos, the zygote’s initial divisions multiply the 

number of cells without changing the size of embryo, a process called cleavage, which 

leads to increasingly smaller daughter cells.  

Differentiation 

Differential gene expression leads to the production of a particular set of proteins, which 

then determine the cell’s behaviour and properties (Gilbert, 2003; Slack, 2013).  

The developmental potential of cells narrows as the organism develops. The fertilised 

egg is totipotent, i.e., it possesses the information and ability to produce all types of 

cells to form the entire individual (Gilbert, 2003). During the development process, cells 

become increasingly specialised and consequently lose the totipotency. However, there 

is generally no genetic information being lost during the process, i.e. genomic 

equivalence is maintained. Experiments such as cloning show that the differentiated 

cells possess all the genetic information and capability required to direct the 

development of the whole organism if induced correctly. The environment keeps 

somatic cells specialised and non-totipotent. 

In intercellular signalling, two types of signals can be transmitted through direct 

contact, either by interacting molecules on cells’ surface or by molecules small enough 

to traverse neighbouring cell’s membranes. Signals between non-contacting cells are 

transmitted by the diffusible substances travelling in the extracellular environment 

(Müller, 1997). Some induction mechanisms (permissive induction) only trigger one 

response when the strength of a signal is greater than certain threshold while others 

(instructive induction) might trigger different responses at different threshold levels 

(Wolpert et al., 2007).  

Several mechanisms initiate cell differentiation, and other regulating mechanisms 

maintain its stability. Two chemical signalling mechanisms are vital in driving the 
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differentiation process, cytoplasmic segregation and induction (Purves et al., 2004). 

Cytoplasmic segregation (or cytoplasmic localisation) is the uneven distribution of 

substances called cytoplasmic determinants. Cytoplasmic segregation causes the 

asymmetrical cell division, which produces two different daughter cells. Asymmetrical 

cell division eventually leads to the asymmetrical development of the embryo, such as 

polarity, the occurrence of two distinctive ends (such as the head and tail in animals) of 

the embryo (Hodge, 2010; Purves et al., 2004). While cytoplasmic segregation is 

intracellular, cell induction is an intercellular process.  

Organisms from the same species share the way that the differentiated cells are 

organised. It produces distinctive morphologies that collectively referred as body plans, 

which are used by the biologists to categorise different species. There is a large 

diversity of body plans among multicellular organisms. To produce a specific body 

plan, the differentiation process needs to be controlled both spatially and temporally in 

an accurate manner, i.e. to differentiate cells at the correct time and location. Variation 

in both spatial and temporal control of differentiated gene expression is capable of 

generating diverse range of morphologies in organisms (Barton et al., 2007; Müller, 

1997). Section 4.4.4 gives some examples on how this is applied in COULD.  

Mosaic and regulative development model 

Mosaic and regulative development are the two originally proposed developmental 

models closely related to differentiation and morphogenesis. They are receiving less 

attention currently, and indeed some controversy arose on the terms’ appropriateness 

(Lawrence and Levine, 2006). However, revisiting them will help understand some 

basic issues of development, particularly the importance of cell-to-cell communication.  

Mosaic development model was first proposed by Weismann in late 19th century 

(Gilbert, 2003). It assumed that the zygote’s nucleus encloses a mosaic of so called 

determinants attached to chromosomes. The determinants were supposed to be the 

discrete substances that are responsible of determining the fate of cells. He proposed 

that cell divisions result in uneven inheritance of chromosomes among daughter cells 

therefore different cells are produced according to the different determinants in their 

nuclei. The uneven distribution of determinants causes asymmetrical cell divisions that 

produce differentiation and pattern formation (Hodge, 2010; Slack, 2013). Another way 

to understand mosaic development model is that the adult organism can be seen as a 
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mosaic of cells and tissues. Each embryonic cell in the cleavage contribute to a specific 

part of it. Therefore if any of them are absent so will be their contribution (Gilbert, 

2003; Purves et al., 2004). Although Weismann’s assumption about the existence of 

determinants in the nucleus is incorrect, as it contradicts genomic equivalence (Section 

4.3.2), later progress proved that localised determinants do exist in the cell’s cytoplasm. 

Cytoplasmic segregation can cause asymmetric cell division.  

 

Figure L.1 ‘Weismann's theory of nuclear determination. Weismann assumed that then were 
factors in the nucleus that were distributed asymmetrically to daughter cells during cleavage and 

directed their future development.’ (Wolpert et al., 2007, page 7, reprinted) 

In mosaic development, a cell’s fate is predetermined and fixed by its local 

determinants, so the differentiation process is autonomous – independent of its 

surroundings (Gilbert, 2003), i.e. each cell differentiates without any dependence on 

others. Early experiment conducted by a French medical student, Laurent Chabry in 

1887 seemed to be consistent with this idea. He separated some of the blastomeres (cells 

that are produced by cleavage) and found the resulting larva missed structures that 

would normally be formed by those removed blastomeres. In the meantime, the 

removed blastomeres still developed the structures according to their ‘normal’ fate. The 

separation of blastomeres showed no impact on their fates and each of them contributes 

to a fixed part of the larva’s mosaic. In 1970s, Whittaker confirmed that cytoplasmic 

segregation is the mechanism drives this phenomenon (Gilbert, 2003).  

However, when Driesch separated sea urchin’s blastomeres at two-cell stage zygote, the 

result was contradicting. Although one of the blastomeres normally could not survive 

the separation, both of them could develop into a full but smaller than usual larva 

(Gilbert, 2003; Wolpert et al., 2007). This experiment first revealed the embryogenesis 

model known as regulative development, and demonstrated three important aspects: 
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The embryonic cells could possess more developmental potentials than its designated 

fate in normal embryogenesis, during which these developmental potentials are 

constrained/regulated by other cells so it is only partially realised (Hodge, 2010; Müller, 

1997). 

The fact that cells can regulate one another’s fate implies the existence of cell-to-cell 

communication, which can take the form of direct contacts between neighbouring cells 

or the morphogen gradient (Lawrence and Levine, 2006). The differentiation of a cell 

during regulative development must be conditional upon its local context, as opposed to 

autonomous differentiation in mosaic development. Embryonic cells that differentiate 

conditionally by acting on the positional information provided by its environment 

(Hodge, 2010). Positional information is needed by cells to form a particular pattern. It 

can be delivered by direct cell-to-cell contact or by soluble substances called 

morphogen. As morphogen is being defused across cells, its concentration falls to 

generate a concentration gradient. Cells at different levels of the gradient react 

differently to it by expressing different set of genes (Purves et al., 2004). 

The regulative development is much more flexible and robust than mosaic development. 

The regulative action of cells ensures cells can acquire new fates if the loss of some 

blastomeres happens so that the embryo can still develop normally, although variation 

in size often occurs.  

Traditionally embryos are categorised into mosaic or regulative. For example, 

vertebrates are thought to be regulative while many invertebrates are thought to be 

mosaic. However, as modern biology has revealed, no pure mosaic or regulative 

embryos have ever been found (Lawrence and Levine, 2006). In other words, all known 

species have both developmental mechanisms during the embryogenesis. Therefore, the 

terms mosaic embryo and regulative embryo are no longer appropriate. Lawrence and 

Levine (2006) attribute these terms as biologists’ own imaged abstractions rather than 

reality. They even advocate abandoning these terms because all developments consist of 

complex interactions between a series of mosaic and regulative developmental 

mechanisms. However, stopping calling an embryo mosaic or regulative should not 

diminish the importance of these two mechanisms.  
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Pattern formation 

Lewis Wolpert’s French flag model (Wolpert, 1968; Wolpert et al., 2007) is widely used 

to illustrate the mechanisms of pattern formation. In the model, individual ‘cells’ have 

the potential of being blue, white or red. The goal is to reassemble the three-stripe 

pattern of the French flag. 

Both mosaic and regulative development models can be implemented. Development 

based on cytoplasmic segregation is mosaic. To reproduce the French flag pattern based 

on mosaic model, the ‘cytoplasmic determinants’ need to be disseminated in the zygote 

in the way that reflects the colour sequence of the flag so that the receiving daughter 

cells will display the correct colour. As the process is mosaic so the sequence is 

predetermined and there is no cell-to-cell interaction. 

The regulative model utilises each cell’s positional information in relation to the 

boundaries. Two mechanisms are involved, defining the positional information for each 

cell (in this case a one dimensional relative distance to the boundaries is used) and 

acting upon it by each cell. The significance of keeping the positional information 

independent of its interpretation is that different patterns can be formed by different 

interpretation mechanism, based on the same positional information. In living 

organisms, the positional information is acquired through morphogen gradient, direct 

cell-cell interaction and ‘timing mechanisms’ (Wolpert et al., 2007).  

The two French flag models also reflect the differences between ‘mapping’ genotype 

used by conventional GA applications and ‘generative’ genotype theme/scheme used in 

this thesis. The mosaic model is closer to the ‘mapping’ process in the sense that both 

are descriptive, i.e. there is a centrally defined scheme that predetermines what the cells 

would become, despite the fact that living cells carry the determinants their cytoplasm 

instead of genes in nucleus.  

On the other hand, the regulative model is more generative and responsive. Suppose the 

gradient does not fall linearly, the cells would automatically respond to the change be 

generating the colour stripes with different widths. Furthermore, suppose the cells in the 

model do not only receive signals from the gradient but also emit them to influence one 

another’s fate, like their living counterparts, a more complicated pattern will be 

produced easily. Conditional differentiation plays a more dominant role in latter stages 
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of the development (Hodge, 2010; Wolpert et al., 2007), and it might be due to its 

ability to generate complicated patterns.    

Both mosaic and regulative models are mechanisms of cellular differentiation. Inside 

the cells, the developmental process is ultimately directed by the regulated interactions 

and expression of genes (Slack, 2013). Genes and proteins interact through complex 

networks. The correct genes have to be switched on at the correct time and correct 

place, which then produce the correct proteins that lead to particular cellular properties 

and behaviours. Genes also produce genes-regulatory proteins that activate or suppress 

other genes.  

  



Appendix M. Further examples of morphogenesis in residential layouts  

275 

APPENDIX M. FURTHER EXAMPLES OF 
MORPHOGENESIS IN RESIDENTIAL LAYOUTS  

Test one (continued): morphogenesis with a predefined arterial  

Budding on every third centroid (n=3) 

 

 

 

First Iteration (hand illustration)       2nd Iteration 
 

  
         3rd Iteration            4th Iteration 
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             5th Iteration              6th Iteration 
 
 

  
             7th Iteration       Final (500*500M boundary) 

 

  



Appendix M. Further examples of morphogenesis in residential layouts  

277 

Budding on every twelfth centroid (n=12) and a random n between 3 to 10 

  

n=12 Random n between 3 to 10  

Test three: the orthogonal grid  

By disabling the growth of the 45 degree angled dwellings, the orthogonal grids can be 

generated. 

  

n=15, 150 iterations n= 3, 50 iterations, forced double headed 
growth for the embryo 
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Random n between 3 to 10, 50 iterations, 
Forced double headed growth for the 

embryo 
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APPENDIX N. EFFECTS OF VARYING SA 
‘TEMPERATURE’ 

SA employs a cooling scheme that consists of a starting temperature and a cooling rate. 

A pilot run was used to estimate the parameters. The starting temperature was set to 2 

which was then decreased by 5% at each successive temperature step. 

Experiment 3.2 (Section 7.3.2) employs constant low temperatures so the rejection 

probabilities can be more easily controlled and compared. Without a proper cooling 

scheme the algorithm no longer resembles the proper SA, and its ability to escape 

suboptimality is consequently impaired. However, for the purpose of this experiment it 

is not an issue.  

Based on the previous results, three temperatures were chosen, 0.85, 0.15 and 0.05. 

Under these temperatures, SA is significantly less tolerant to inferior solutions than 

under the starting temperature of 2 degrees that was used in Experiment 3.1. It is worth 

noting that constant temperature does not mean a universal rejection/acceptance rate to 

all inferior solutions. The actual rejection rates still depend on the negative change that 

the fitness value incurs. The temperature of 0.05 is so low that almost all inferior results 

will be rejected.  

 

Table N.1 Acceptance rates under different temperatures for some typical negative fitness value 
changes found in the experiments 

Temperatur
e 

 Difference in fitness value  
-0.30 -1 -2 

2 86.07% 60.65% 36.79% 
0.85 70.26% 30.84% 9.51% 
0.15 13.53% 0.13% 0.00016% 
0.05 0.25% 0.0000002% ~0% 

 

Experiments 4.1 and 4.2 deal with the problem that almost all of the cutting in the 

second stage of Experiment 3.1 was rejected. These experiments address the possibility 

that the temperature had dropped too low when the second stage started, causing the 

algorithm to be intolerant to any temporary setbacks brought by cutting. 
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Experiment 4.1 has the same genotype as Experiment 3.2.1 where the temperature was 

set to constant 0.85 degree. As the result of increased temperature, about 25% of cutting 

operations were accepted but this did not produce better results. Both fitness and 

number of dwellings declined from the start (Figure 7.10 in the text). 

Experiment 4.2 has its temperature increased to 6.25 degrees to achieve significantly 

lower rejection rates on cutting.  

Early results showed more and lager cuttings were accepted. However, the structure 

kept on being pruned to the minimal and never managed to grow back. For this reason, 

the original SA cooling scheme was used. A cooling scheme scales back on cutting 

gradually so that the structure can be regrown. 

The fitness value had a large dip in the early stage (Figure N.1), which indicates the 

majority of the existing structure was removed. The growth operators had been 

overpowered until the temperature was cooled enough (around step 250 onwards) to 

restrain cutting. Nevertheless, the regenerated structure only achieved a peak fitness 

value of 163.903, about 29% lower than where it started.  

 

Figure N.1 Stepwise fitness value of Experiment 4.2 

 

 

0

50

100

150

200

0 100 200 300 400 500

O
b

je
ct

iv
e

 V
al

u
e

Computation Step


