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Abstract

Abstract

The ambition of this research is to abstract principles of homeostasis and its connection to 
the evolutionary development of natural systems to define and develop a set of experiments 
to produce a computational design engine that generates testable mathematical models with 
a specified degree of mutability, or adaptation to differing circumstances or environments. 
The abstracted principles are utilised to evolve a set of urban tissues with the focus on the 
environmental behaviours of their interstitial spaces across a range of temporal and spatial 
domains and is complemented with the conceptual and computationally simulated designs, 
evaluations and principles of implementation. 

Although biomimicry has been established for many decades and has made significant 
contributions to engineering and architecture, homeostasis has rarely been part of this field of 
research. As discussed in the difference between the revised and original editions of Steadman, 
1979 ‘The Evolution of Designs: Biological Analogy in Architecture and Applied Arts’, the idea of 
nature from formal metaphor has changed to a repository of interconnected dynamic processes 
available to be investigated and simulated. Seeking deeper insights into the natural systems 
and processes has sped up in the past two decades due to environmental emergencies. There 
is a growing confidence that the application of principles of natural systems and processes 
in architectural design processes can facilitate a better conformity between architecture and 
nature. 

Homeostasis is the term for the biological processes by which individual beings and collectives 
maintain a steady state in their environment, and there is a wide range of morphological and 
behavioural traits across multiple species that are rooted in their homeostatic behaviours. These 
morphological characteristics are governed by homeostasis and evolutionary developmental 
processes. To examine and reflect on the interrelations of forms, these processes, and behaviours 
can yield useful strategies for computational urban design methodologies that require significant 
environmental performance enhancements. 
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Introduction

Living species develop efficient means of adapting to extreme environmental stresses throughout 
their evolutionary development. Individual living species and colonies tend to maintain their 
steady-state when encountering extrinsic or intrinsic fluctuations. This tendency plays a crucial 
role in evolutionary development and adaptation of species at both ontogenetic and phylogenetic 
levels. Homeostasis is the term for this biological process by which individual beings and collectives 
maintain steady-state in their environment, and there is a wide range of morphological and 
behavioural traits across species that are rooted in their homeostatic mechanisms. This scale-
free and the universal biological process by which the adaptability of natural systems to their 
environment is ensured is manifested through forms, processes, and behaviours throughout their 
evolutionary developments. Recent breakthroughs in biology and advances in computer science 
led to the implementation of principles of evolutionary development of species to solve real-
world problems. In recent decades, the application of evolutionary multi-objective optimisation 
strategies in architecture and urban design disciplines as stochastic search processes started 
to be considered a well-grounded practice to solve complex problems, comprising conflicting 
objectives.

Homeostasis has rarely been a focus in biomimetics; a field that has been established for many 
decades and has made significant contributions to the engineering and architecture fields. 
Biomimetics (a term that was coined by Otto Schmitt in 1950s) refers to imitation of natural 
models, systems, and principles to solve complex human problems (Vincent et al., 2006). This 
research examines and reflects on the interrelations of forms, processes, and behaviours of 
natural systems, which are imperative to their homeostatic behaviours, to yield useful and 
testable regulatory mechanisms to be implemented within the evolutionary design processes. 
The objective is to investigate the application of homeostatic principles within the evolutionary 
design processes to address a set of urban problems that comprise adaptation to the ecological 
and climatic stresses. The proposed methodology is investigated in different environmental and 
geographic scenarios to evolve urban tissues with embedded morphological characteristics with 
significant environmental performance enhancement.
 
Investigation and implementations of homeostatic principles within the evolutionary design 
processes are developed, and a comprehensive analysis and validation sequences are 
established. To achieve this, a thorough inquiry of two primary fields of biology and urban 
design is conducted in the literature review chapter. Principles of these two fields are connected 
through the application of a set of computational methodologies in the urban design processes 
in design experiments chapter.  The product of the developed generative and analytic workflows 
is a family of urban tissues with morphological attributes and a high variation of interstitial 
spaces that are crucial for their adaptation to the environmental changes of their context across 
a range of temporal scales.
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1.1. From Biological Homeostasis to Urban Design 
Nature has long been considered a source of formal and metaphorical inspiration within the 
architectural discourse. Nonetheless, the contemporary reconfiguration as it is reflected in 
the difference between the revised and original editions of Steadman, 1979 ‘The Evolution of 
Designs: Biological Analogy in Architecture and Applied Arts’, has changed the idea of nature from 
formal metaphor to a repository of interconnected dynamic processes available to be analysed 
and simulated. “Seeking insights at deeper levels into biological processes, from which designers 
might derive models and methods” has sped up in the last two decades (Steadman, 2008a, p. 
XV).  This is due to two parallel events. One is the environmental awareness and a flourishing 
belief that architecture in closer conformity with nature needs to take lessons not only from 
organic forms but also from natural systems and processes and second is the introduction of 
computer-aided design within everyday practice (Steadman, 2008a). 

In biology, metabolism comprises processes of change inside the organisms in contact with 
outside environment (Faraud, 2017). Urban metabolism is the application of analysis of vital 
changes within the living organisms to cities, and it has a relation to the descriptions and concepts 
of metabolism in nature (Faraud, 2017). Karl Marx and Friedrich Engels were the first figures who 
raised concerns regarding issues which nowadays are known as urban metabolism. However, 
their definition is rooted deeply in sociology and revolved around social organisation of the 
Earth’s material by analysis of dynamic relationships between humans and nature (Pincetl et al., 
2012). To describe the urbanisation process, Marx used the expression “metabolism between 
man and earth” which is referred explicitly to the phases of plant nutrients (Martínez Alier and 
Schlüpmann, 1990). In response against the urban industrialisation in 1885, Geddes was the first 
scientist who pursued an empirical description of urban metabolism by providing input/output 
table for energy and material flow within an urban context (Fischer-Kowalski, 1998).

Abel Wolman was the first scientist who fully developed and used the term urban metabolism 
as it is mostly used in its contemporary version. He determined exchange of materials within a 
city, mostly water and waste, in a form of a hypothetical model in his research ‘the metabolism 
of city’ (Ethan H. Decker et al., 2000; Wolman, 1965). However, Wolman’s model investigated 
efflux of energy and matter to a city in its mature form and did not concern the impact of such 
exchanges in its growth and adaptation processes (figure 1.1.).

Founded based on Wolman’s model, there are two main approaches to urban metabolism, 
‘Emergy’ and ‘Material Flow Analysis’. Emergy coined by Howard T. Odum in 1970s  emphasises 
the significance of the sun as the source of almost all types of energy on the planet (Kennedy 
et al., 2011; Odum, 1996) (figure 1.2.). On the other hand, material flow analysis, known as the 
mainstream school of urban metabolism, was founded by Baccinni and Brunner in 1990s and 
referred the calculation of materials flowing into a system, internal processing and changes of 
the system and the outputs which can impact other systems (Pincetl et al., 2012; Brunner and 
Rechberger, 2004). These schools of thought, however, concentrate on the material and energy 

exchanges of the mature form of an urban morphology and mostly concern with what occurs 
within the boundaries of individual buildings. The interstitial spaces within an urban morphology 
are the neglected areas in the field of urban metabolism. Throughout the growth and evolution 
of urban tissues, interstitial spaces can obtain adaptive attributes suitable for regulation of 
energy flows across different spatial and temporal domains of urban areas and adjustment of 
urban metabolism.

Interstitial spaces exist in biological colonies as well as within urban morphologies. There 
is a strong link between interstitial spaces and the metabolism of individual and collective 
beings. Species throughout evolution have developed processes by which their metabolism is 
regulated, and it contributes to their survival and adaptation to external environmental changes. 
Homeostasis is a biological process responsible for this regulatory behaviour. In nature, forms 
are not evolved only to create morphological variations; rather morphology is a crucial aspect 
of establishing the internal homeostasis in relation to the external environment. According to J. 
Scott Turner, homeostasis is not an outcome rather a process; a “simple steadiness on internal 
environment -the outcome- is not sufficient evidence for homeostasis” (Turner, 2002, p. 192). 
He continues, “to qualify as homeostasis, a system should display the signs of that process in 
operation- ideally signs that are independent of the context within which it is working” (Turner, 
2002, p. 192). This process governs morphological formation and adaptive behaviours of species. 
The term homeostasis covers a broad spectrum of regulatory processes in biology. It is a process 
by which a variety of variables within species are being monitored and regulated. Its principles 
has inspired other disciplines such as social science, engineering, and almost every discipline 
in which the central area of focus revolves around the adaptation processes rather than a 
final product. Norbert Weiner who originated the cybernetics field in 1948 drew a connection 
between the homeostatic mechanisms in living beings and machines (Wiener, 1948). Hence, and 
aligned with Steadman’s position on models and processes in nature, homeostasis is a process 
worth of analysis and investigation in the architectural discourse.

Figure 1.1.
This	figure	illustrates	Wolman’s	
Metabolism	 of	 a	 City	 that	
shows	the	input	and	output	of	
a	hypothetical	city	of	1	million	
people.	The	inputs	and	outputs	
are	 respectively	 water,	 food,	
fuel,	sewage,	solid	refuse,	and	
air	pollutants	 (Wolman,	1965,	
pp. 181–182). 
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The application of biological principles in design, in the context of this research homeostasis, 
can be investigated from two positions: top-down and bottom-up approaches. Mechanistic view 
towards “life-as-machine” (Turner, 2016, p. 3) has resulted in the former approach. According to 
that, the biological principles can be abstracted to a set of deterministic rules to be applied in an 
artefact. Turner argues in the article ’Homeostasis is the Key to the Intelligent Building’ that the 
consequence of such approach is that architects and designers become the “specifiers” (Turner, 
2016, p. 4) of the artefact’s complexity. By expanding this view across the architectural discourse, 
space would become a constant variable to which the occupants have to conform (Turner, 2016). 
In a larger scale, the city then equals to conformity machine. 

The latter (the emergent properties of natural systems via bottom-up processes) suggests a 
different approach toward the application of biological principles in the architectural discourse. 
It implies that complexity is not the conclusion of a set of deterministic rules. It arises from 
bottom-up processes and assemblage of components across a range of scales. The constituent 
components of any complex organisation attempt to maintain their steady-state; in other words, 
homeostasis in the bottom-up processes. Through these processes, they may interact with each 
other across a range of spatial and temporal scales and result in the emergence of interstitial 
spaces with high variation in sizes and morphologies. According to Turner, design principles 
extracted from this approach transform the role of architects from ‘specifiers’ to ‘facilitators’. 
With the same reasoning, the application of biological principles of homeostasis in urban 
morphological configurations induces the urban morphology to be in favour of homeostatic 
imperatives of its constituent components. These components can be divided into two major 
categories of interstitial spaces and building buildings. 

Figure 1.2.
This	 figure	 illustrates	 Odum’s	
interpretation	 of	 the	 flow	
of	 material	 and	 energy	 in	
environmental	systems.	Inputs	
and	outputs	are	described	and	
the	 significance	 of	 sunlight	 is	
highlighted	(Odum,	1971,	p.	3)

To investigate the principles of homeostasis in biological systems in a range of scales may yield 
useful parameters to extract and form regulatory mechanisms to be applied in the early stages 
of design explorations. These principles can impact the energy exchanges between inside and 
outside of urban areas and enhance the energy flows within the interstitial spaces across urban 
morphologies. This can lead to the emergence of cultural activities within these spatial domains.

1.2. Interstitial Spaces
It might be thought that there is nothing that can be inside and outside simultaneously. 
However, a gradient of changes from inside to outside can form a spatial domain that is stretched 
in-between of these two opposite ends. In the context of the architecture and urban design 
disciplines, inside is the spatial domain exclusive to people and on the contrary outside is 
equal to external environment. This separation also appears in biology and is enabled by the 
morphology. This resembles the dichotomy of inside and outside which is present at the level of 
any artefact placed in nature. Architecture from a single building to a city, which is the ultimate 
creation of humans, is the physical manifestation of the act of design; therefore, it aligns to 
Herbert Simon’s definition of an artefact and is regarded as one. As Simon stated in ‘The Science 
of Artificial’, artefacts, either synthesised or biological, are not apart from nature, and there is a 
reciprocal relationship between an artefact and its context, nature (Simon, 1996). Similar to the 
morphologies that collective biological beings create in nature (i.e. bees and termites), the inside 
and outside spaces across an urban area form a different spatial relationship than within a single 
building. The boundaries between inside and outside of an urban area are fluid as the interstitial 
spaces stretched between the building blocks are attributed with qualities from both inside and 
outside spaces. The interstitial spaces across the city, where the city exists, play a fundamental 
role in the reciprocal relationship between nature and the city as an artefact and hence is a 
crucial component for its adaptation.

In the early 19th century, the relationship between inside and outside and its significance in the 
portrayal of space in its totality gained momentum and started to be a subject of scholarly writings 
(Hegel and tr Petry, 1970). Hegel’s thesis of contradicting processes between opposing sides and 
hierarchical organisation of the natural world was extended to architecture and design discourse 
by the works of philosophers (Zevi, 1993; Grütter, 1987; Giedion, 1974). Inside, outside and what 
emerges in-between gained momentum in architectural discourse since then. If previously, this 
relationship was a by-product of placement of an architectural object within a context, from the 
mid-20th century and with the modern movement, it started to be investigated more objectively 
through architectural projects and radical ideas.

Frank Lloyd Wright highlighted the physicality of inside-outside relationship by emphasising the 
idea of growth from within the context (Wright, 1931). Louis Sullivan underlined the significance 
of the external forces and their equal weight to the internal factors (Sullivan, 1979). Le Corbusier, 
on the other hand, believed the exterior (outside) is the result of the interior (inside) (Le 
Corbusier and Etchells, 2014). Venturi, in the book ‘Complexity and Contradiction’, argued that 
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architecture happens at the intersection of the interior (inside) and exterior (outside) forces  
(Venturi, 1996). Radical urban proposals of the mid-20th century, however, took on a different 
trajectory. Superstudio and Archizoom (Superstudio et al., 1973; Archizoom Associati, 1971) 
in the 1960s, Aroclogy in the 1970s portrayed speculative scenarios. While Superstudio nearly 
erased the inside component from the equation by only stressing on the outside, Archizoom 
group rejected the outside world by only emphasising on the inside. Around a similar time, Paolo 
Soleri through Arcology depicted a more radical approach; interiorising what is outside, inside 
(figure 1.3.). In all discussed instances, while inside and outside were the prime focus, interstitial 
spaces were left with less and sometimes no regard.

Described by Herbert Simon, the central goal of any artefact is the conformity between inside and 
outside. According to him, the objective of any artefact is conditional to three entwined criteria, 
first, the purpose of an artefact, second its character which stems in its inner components and 
third, the environment in which artefact performs (Simon, 1996). The materiality of an artefact 
with regards to inside and outside environments can be investigated quite symmetrically, as if 
the artefact is an interface “in today’s terms between an “inner” environment, the substance 
and organisation of the artefact itself, and an “outer” environment, the surroundings in which 
it operates” (Simon, 1996, p. 6). In other words, the artefact is a domain in which outside and 
inside will be blended, a part of outside is inside, and a part of inside is outside. Formulating 
a city as an artefact highlights the significance of the relationship between inside and outside 
environments. In the context of a city, this relationship is facilitated through interstitial spaces 
stretched across its tissue. These interstitial spaces provide a spatial domain in which inside and 
outside can be blended. 

In contrast a single building that has clear boundaries, the boundaries of internal and external 
environments of an urban tissue are fluid and are beyond the materiality of its constituent 
components (figure 1.4.). The environmental vigilance, unexpected climatic conditions (outside) 
and functional and structural advances of human societies (inside) increased awareness of the 
spatial relationships between inside and outside in recent decades. Interstitial spaces as the 
facilitators of this relationship play a critical role in their conformity. Buildings, individually or 
collectively, should be adaptable to a wide range of external and internal fluctuations. Ultimately 
a city will last and survive with the current trend of environmental and climatic changes if it 
comprises necessary morphological attributes to adapt to its internal and external changes 
throughout a range of temporal scales in its life span.

Figure 1.3.
An	 example	 of	 Arcology	
by	 Paolo	 Soleri.	 Arcology	
attempted	 to	 interiorise	 what	
is	outside	inside	the	city	as	an	
artefact	(Soleri,	2006,	p.	119).	

Figure 1.4.
The	 relationship	 between	
inside	 and	 outside	 of	 a	 single	
building	 is	 different	 than	 the	
relationship	 between	 inside	
and	 outside	 domains	 of	 an	
urban	 tissue.	 The	 interstitial	
spaces	 become	 the	 crucial	
spatial	 domains	 within	
an	 urban	 tissue.	 A	 similar	
relationship	 exists	 in	 biology	
when	 comparing	 a	 single	
individual	 to	 the	 colony	 of	
individuals.	 The	 colony	 of	
individuals	 forms	 a	 dynamic	
morphology.
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1.3. Homeostasis in Nature 
D’Arcy Wentworth Thompson in 1917 in his book ‘On Growth and from’, published his studies 
on the impact of external forces of environment on the morphological development of species. 
His research highlighted the significance of morphological configurations in understanding the 
growth and development of species under external environmental forces (Thompson, 1992) 
(figure 1.5.). He attempted to answer the question on “form and its determination as a result of 
growth” (Thompson, 1992, p. 958). His research comprised a multi-scalar inquiry on morphological 
configurations of species that led to recognising the phenomenon of adaptation in various parts 
of morphological development of species. One of which was the clear demonstration of form 
to fulfill a “mechanical fitness for the exercise of some particular function or action which has 
become inseparable from the life and well-being of the organism” (Thompson, 1992, p. 958).

However, as described by Edmund Ware Sinnott, the external morphological configurations in 
comparison to the internal complexities of organisms appear to be simple. In the contemporary 
views, these respectively refer to the phenotypic and genotypic characteristics of species.  In 
the book ‘The Problem of Organic Form’ he stated that morphology of an organism is not only 
determined by the genes, but it is a product of the interactions between constituent genes 
and external environment (W. Sinnott, 1963). This reiterates the role of environment in the 
emergence of adaptive morphological characteristics.

In biology, an organism’s longevity is contingent on the metabolic processes actuating change 
within the organism in response to its local environment (Faraud, 2017). These metabolic 
processes are the driving forces of life across a range of scales, from “molecular to the intricate 

dynamics of ecological systems”. Michael Weinstock, in his article ’Metabolism and Morphology’ 
further, explains that “metabolism determines the relations of individuals and populations of 
natural forms with their local environment” (Weinstock, 2008a, p. 27). Through time, species 
have evolved highly efficient processes of maintaining their metabolism within a stable range, 
allowing for their adaptation to external environmental pressures, which in turn affects their 
‘homeostasis’. Homeostasis which was initially coined by Walter Bradford Cannon in 1930s 
(B Cannon, 1963) is a process by which natural systems maintain their steady-state through 
perturbations caused by intrinsic and extrinsic stimuli. Morphological configurations in biology, 
within individuals and collective beings, facilitate their homeostasis in relation to external 
changes.

Homeostasis is a fundamental biological process in all species across a range of scales and plays 
a significant role in maintenance and perpetuation of life. These processes operate in a spatial 
domain defined by three components, the internal environment (inside of a system), the external 
environment (outside of a system) and the boundary by which they are separated (Figure 1.6.). 
These spatial domains are determined differently within the context of each homeostatic 
process in an organism. Furthermore, these spatial domains may transcend from boundaries of 
individuals to form collective behaviours, such as the social insects (termites and bees). In the 
instance of collective beings in biology, the morphology of the colony’s nest is a crucial aspect by 
which the homeostasis is achieved. Additionally, the density based on which the colony is formed 
is a critical component of energy flows and homeostasis. Based on the same principles, urban 
tissues develop a similar relationship to their context as collective beings’ colonies in biology. 

Figure	1.5.
This	 figure	 illustrates	 the	
similarities	 between	 the	
shapes	 of	 the	 cranium	 in	
human	 and	 chimpanzee’s	
foetuses	 and	 the	 difference	
between	their	adult	forms	that	
is	the	result	of	the	evolutionary	
developmental	 process.	 Grid	
alteration	 demonstrates	 the	
growth	 orientation	 (Lewin,	
2005).		

Figure	1.6.
The	 boundaries	 between	
inner	 environment	 and	
outer	 environment	 across	
the	 collective	 beings	 is	 fluid	
and	 less	 definitive	 than	 a	
single	 individual	 thus	 the	
spatial	 domain	 of	 interstitial	
spaces	becomes	an	 important	
component. 
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1.4. Evolution and Urbanism
The understanding of cities, the most prominent artefacts ever made by humans, has 
fundamentally changed from the beginning of the 20th century. Patrick Geddes was the 
first figure who laid the foundation of conceptual similarities between cities and biological 
organisms. Although metaphorically, Geddes drew a connection between growth of an organism 
and a city based on the evolutionary principles in nature (Geddes, 1915). Since then, various 
interpretations of such connections have been put forward by researchers and scientists. Patrick 
Abercrombie proposes the idea of a top-down organisation of cities and regional planning. He 
highlighted the necessity of deterministic top-down planning as opposed to “resilience upon the 
evolutionary chaos” (Abercrombie, 1937, p. 16). His argument contradicted the indeterministic 
bottom-up evolutionary process. Lewis Mumford established a comparison between growth of a 
city to an amoeba in which society is the social chromosome. He drew a connection between the 
boundary conditions of an organism and a city by suggesting both have definite boundaries and 
thus, the maximum size (Mumford, 1938). The city, to his opinion, was “the point of maximum 
concentration for the power and culture of a community” (Mumford, 1938, p. 14). Kostof and 
Tobias argue that although these natural analogies between a city and an organism were popular 
at the time, the level of abstraction failed to capture the essence of growth as a process (Batty 
and Marshall, 2009a; Kostof and Tobias, 1999).

After half a century, the top-down approach to cities as systems in equilibrium has changed. 
The reciprocal impacts between the cities and their surrounding environments, together with 
rapid changes in societies, portrayed a different image of cities. According to Michael Batty in 
contemporary views, cities are constantly changing and far from equilibrium (Batty, 2012). They 
are not “centrally ordered but evolve mainly from the bottom up as the products of millions of 
individuals and group decisions...In short, cities are more like biological than mechanical system” 
(Batty, 2012, p. 1). 

In contrast, the bottom-up processes and growth based on the principles of evolutionary 
developments established a better explanation of complexities evolved in the cities (figure 1.7.). 
The cities that were once known as grand designs started to be recognised as evolving complex 
systems (Batty, 2012). Accordingly, ways of studying architecture of cities have changed, and 
a new morphological approach to cities, which concerns how efficient they occupy space in 
relation to their context gained momentum (Batty and Longley, 1994). This aligned with the 
significance of morphology in individual species and colonies in biology and its essential role in 
establishing homeostasis in relation to their context.
 
There is an extensive discourse that a city is either an organism or grows and evolves by the 
same principles of evolution. No organism reaches to its adaptive form without going through 
the evolutionary process. This highlights the relationship between the morphology and the 
evolutionary adaptation of species. With the same reasoning, adaptive urban morphologies 
can evolve through the application of evolutionary principles via evolutionary computation. 

Evolutionary computation is founded based on the same principles of evolution in nature. 
Although it is commonly utilised to generate adaptive morphological variations in the design 
disciplines, this research examines the morphology in relation to the emergent interstitial 
spaces. This is a crucial relationship that exists in biological understanding of morphology as well, 
in individuals and collective beings. By drawing a connection between the principles of evolution 
in nature and the emergence of urban tissues, the relationship between inside, outside, through 
interstitial spaces across the urban patches, becomes critical and is the point of interest in this 
research.

1.5. Design Research Domain
Buckminster Fuller around 1960 called for a ‘design science revolution’ based on which, science, 
technology and rational approach towards environmental problems should be prioritised over 
political and economic approaches (Cross, 2001; Baldwin and Fuller, 1996). To start the book 
with “humanity is moving ever deeper into crisis – a crisis without a precedent”(Fuller, 1982, 
p. xvii) and conclude it with “having committed ourselves to solving humanity’s problem with 
artefacts”(Fuller, 1982, p. 309), Fuller emphasised the significance of the act of design. Simon 
systematically delineated the science of design in his work titled ‘The Science of Artificial’ (Simon, 
1996). He positioned design as a science amongst other scientific disciplines. According to him, 
while natural science is concerned with how things are, design is concerned with how things 
should be (Simon, 1996). To design an artefact is to understand the “peculiar properties of the 
artefact [that] lie on the thin interface between the natural laws within it and the natural laws 
without” (Simon, 1996, p. 113). Alexander presented a clear distinction between the scientist and 
the designer; scientists aim to recognise parts of an existing structure; designers try to develop 
the components of a new structure (Alexander, 1965). In this process “the ultimate object of 
design is form”(Alexander, 1965, p. 15) and it cannot be recognised without having established 
a clear understanding of forces to which the form is exposed. This multi-dimensional network of 
forces comprises physical, social amongst others and reiterates D’Arcy Thompson’s definition of 
form as a “diagram of forces” (Thompson, 1992).

Figure	1.7.
The	 diaspora	 between	
organised,	 heavy	 handed,	
top	 down	 planning	 methods	
compared	 to	 bottom	 up,	
emergent	 and	 interdependent	
planning	 methods	 was	
highlighted	 through	 the	 work	
of	Christopher	Alexander	in	his	
comparison	of	a	tree	(planned	
city)	 and	 a	 semi-lattice	
(natural	 or	 evolved	 city);	
examining	 the	 rationalisation	
of	 two	 opposing	 planning	
methods	 and	 their	 impact	 on	
city	growth	and	development.	
It	was	through	the	work	of	the	
likes	 of	 Christopher	 Alexander	
and	Jane	Jacobs	that	called	for	
an	 immediate	 revision	 of	 the	
organised	 planning	 methods	
developed	 throughout	 the	
20th	century.
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As discussed by Bill Hillier, quantitative analysis of ‘how things are put together’ is a crucial step 
in the design process of spatial relationships in architecture and urbanism (Hillier, 2007). He 
highlights “architectural and urban design, both in their formal and spatial aspects, are seen as 
fundamentally configurational in that the way the parts are put together to form the whole is 
more important than any of the parts taken in isolation”(Hillier, 2007, p. 1). He continues that this 
can support computational experimentation and simulation in research. The space as a product 
of morphological configurations has a relationship to humans and is governed by two laws as 
Hillier states, the laws of “spatial emergence” and” generic functions”(Hillier, 2007, p. 262). The 
former refers to a set of bottom-up localised morphological interventions that concludes in large 
scale spatial configurations and the latter describes the generic constraints of a space that is 
defined by basic human activities such as mobility and immobility. Hillier argues morphological 
configuration of cities is the manifestation of these laws in a range of scales.  The cities to his 
image are “things made of space” (Hillier, 2007, p. 262). In the context of this research, cities are 
evolved, investigated and evaluated with respect to the interstitial spaces that are one of the 
components of this assembly.

The contribution of homeostasis in design has been mostly limited to the application of energy 
regulatory mechanisms within the boundaries of buildings. These techniques mandate high use 
of energy and resources to maintain steady-state of a set of variables in the buildings. However, 
the boundaries between inside and outside areas across an urban morphology are less definitive 
than a single building. The homeostatic principles can drive evolutionary design processes to 
evolve urban morphological characteristics suitable for adaptive behaviours. This adaptive 
behaviour is investigated through a range of spatial and temporal scales within interstitial spaces 
across the urban tissues, where the city lives.

A connection is drawn between factors that govern adaptation and homeostasis of species to the 
governing factors of adaptation of urban tissues across a range of temporal and spatial scales. 
The application of extracted principles in the design phase is approached through two fronts: one 
is the process (the implementation of the extracted regulatory mechanisms in an evolutionary 
design process), and two is the morphology (application of abstracted morphological attributes 
in the experiment setup process). An evolutionary process is required in which multiple levels 
of evaluation, regulation and adjustment occur iteratively. The model should account for 
external forces and internal changes at the same time. Additionally, homeostasis occurs in the 
evolutionary development of species. Therefore, an evolutionary model is the selected design 
system by which the proposed workflow is studied.

To achieve this and throughout this research, the necessary skills and knowledge are acquired 
through a thorough analysis of biological processes of homeostasis in the context of evolutionary 
development of species. To apply those principles in urban design through computation, an 
investigation into evolutionary principles of adaptation is necessary. Hence, understanding of 
the application of biological principles of evolution through evolutionary computation field is 
considered crucial to forming a design workflow within which feedback regulatory mechanisms 

will be explored. A sequence of implementations, objective evaluations and validations are 
developed accordingly. This research is situated within the design science domain by bridging 
the gap between two disciplines of biology and urban design through a set of objective and 
rational computational experimentations that culminates to a family of urban morphologies 
that respond to a set of design problems. The outcome of this research provides an extended 
knowledge and insight for urban designers who are interested in the impact of morphology on 
the heat flux of interstitial spaces that are the cultural domains of urban tissues 

1.5.1. Research Questions and Thesis Statements
This research explores the application of homeostatic principles in evolutionary design processes 
to evolve urban morphologies with homeostatic characteristics. The abstracted principles are 
extracted from regulatory behaviours and their morphological manifestations across species. 
This is examined through computational experimentations comprises a generative and analytic 
sections, with a sequence of evaluations and validation methods. This sequence evaluates the 
efficiency of the computational workflow in evolving context-sensitive urban morphologies with 
embedded homeostatic attributes via three levels of inquiries, evolutionary-based inquiries, 
morphological-based inquiries, and energy-based inquiries.
 
Thus, this research addresses two categories of questions. The first category concerns with the 
emergence of urban morphologies with formal characteristics appropriate for adaptation to 
their context, and the second category investigates computational application of homeostatic 
principles in evolutionary design processes.

 
Primary	Research	Question:
1. Can analysis and investigation of homeostasis, together with the identification 

of a correlation between homeostatic processes, forms and behaviours of 
natural systems yield useful operative concepts, parameters and ways of 
implementation to develop a computational design system that evolves urban 
morphologies with context-sensitive formal characteristics that offer significant 
environmental performance enhancements?

Design	Oriented	Research	Questions:
2. Can the designed computational system (the evolutionary models with 

embedded homeostatic principles) address a set of selected environmental and 
urban objectives across a range of different geographic and cultural settings 
and temporal scales, and generate optimised urban morphologies unique to 
each selected context?
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Computation	Oriented	Research	Questions:	
3. Can principles of homeostasis be embedded within the evolutionary design 

processes as the regulatory mechanisms? Moreover, can morphological 
attributes abstracted from homeostatic processes in nature be embedded 
within an evolutionary design model?  

4. Can an evaluation method be developed to test and validate the results of the 
computational experiments? Furthermore, can the developed method measure 
the sensitivity of the evolutionary system to the regulatory mechanisms and 
seasonal changes? 

1.6. Research Significance and Contribution 
This research contributes to two primary fields: urban design and evolutionary computation 
through computational experimentation of biologically driven evolutionary design simulations. 
It emphasises the significance of urban morphologies in adaptation to their environmental 
contexts through unexpected changes across a range of spatial and temporal scales. To achieve 
this, a crucial biological process, homeostasis, which ensures the adaptation of species through 
their interactions to their local context, is investigated. Through a series of computational 
experimentations, the abstracted genotypic and phenotypic attributes derived from biological 
homeostatic mechanisms will be studied to evolve urban morphologies with embedded 
homeostatic characteristics appropriate for their context.

The contribution of this research is a computationally driven design model that is adaptive to a 
range of changes in the environment (natural and man-made) and to generate highly organised 
and condensed urban morphologies. These proposed urban morphologies share a common 
attribute; their formal characteristics stem from localised morphological interventions and 
interactions to their environment. Through establishing a connection between principles of 
homeostasis of species to governing factors of adaptation of urban tissues to their context, the 
design models will be studied in three environmental and geographic scenarios. This is to test 
the mutability of the model and its application to a range of urban scenarios. The design models 
generate alternative morphologies to the conventional lateral expansion of urban tissues. This 
thesis does not propose a new urban typology with all sub-systems. Instead, this research 
highlights the significance of morphological characteristics of urban tissues in adaptation to their 
environmental context in a range of temporal and spatial changes.

In the field of computation and mainly in its application in design, the contribution of this 
research is in the application of evolutionary computation for evolving context-sensitive urban 
morphologies. The contribution of this research is the formulation of a computational workflow 
to incorporate abstracted phenotypic and genotypic principles of homeostasis into evolutionary 
design processes. Furthermore, it establishes a systematic method of implementation, selection 
,evaluation and validation of the results.

This research abstracts principles of homeostasis and evolution of natural systems, to define 
and develop those principles through experiments to produce a computational design engine 
to generate testable mathematical models with a specified degree of mutability, or adaptation 
to differing circumstances or environments. It will be complemented by a series of conceptual 
and computationally simulated designs, evaluations and principles of implementation that are 
delineated in the design experiments chapter. The primary objective of the research is to propose 
an evolutionary design methodology to evolve urban morphologies within which interstitial 
spaces are attributed to homeostatic characteristics and behaviours. By doing so, these spaces 
where the city exists will be adapted to a broader range of changes as discussed in the conclusion 
chapter.

1.7. Research Methodology
As discussed, this research is located in the domain of Design Science through which an extensive 
collection of principles of form, behaviour, and integrated knowledge from the natural or cultural 
sciences set a unique class of inquiry. Design Science as opposed to scientific design, which is 
a mix of intuitive and non-intuitive design exercises that reflects the reality of modern design 
practices, encompasses a systematic inquiry of design process through understanding the 
scientific and technological cornerstones of the design of an artefact (Cross, 2001). This research 
proposes a design model that outputs design solutions that are attributed to the characteristics 
of an artefact laid out by Herbert Simon, “the artefact as interface” (Simon, 1996, p. 6) between 
inside and outside.

The methodology through which the hypothesis and the questions of this research are tested 
comprises two connected stages, the generative and the analytic, which the latter evaluates 
and validates the former objectively and quantitatively through three levels of inquiries. Both 
stages are informed by the knowledge acquired through biological and urban investigations 
in chapter two. Through the generative phase, ways of implementation of phenotypic and 
genotypic principles of homeostasis in the early phase of design explorations are developed and 
tested. Through the analytic phase, a set of objective and systematic analysis and evaluation 
sequences are proposed to validate the outputted results. Simon argued, it is impractical to 
project every event in future, “What makes such design even conceivable is that we need to 
know or guess about the future only enough to guide the commitments we must make today. 
Future contingencies that have no implications for present commitment have no relevance to 
design” (Simon, 1996, p. 160). Built upon Simon’s argument, both stages, generative and analytic, 
comprises a level of abstraction and are conducted through a set of predictive simulations. 

Through a detailed examination of homeostasis across species and its connection to their 
forms, behaviours and adaptation to environment, species are tagged, and a morphological and 
behavioural taxonomy based on their homeostatic processes is established. The investigation 
extends to evolutionary development of species, to identify genotypic and phenotypic 
manifestations of homeostatic processes. Their principles are abstracted, and regulatory 
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mechanisms and morphological characteristics are incorporated in the genotype and phenotype 
of a set of evolutionary design experiments across different environmental and urban scenarios. 
Homeostasis comprises processes of detection and adjustments; thus, iterative evaluations 
and reconfiguration of generated results is a necessary step in the design process. Hence an 
understanding of evolutionary computation field and its origins in Darwinian evolution and 
evolutionary development of species is crucial. 

Evolutionary design processes as the chosen design methodology of this research are generative; 
thus, the process gains more weight than the goal, and a set of candidate solutions replaces a 
single outcome. The developed evolutionary models are studied in three scales, first is the entire 
simulation, second is a family of the selected solutions and third is a single selected individual. Each 
scale of investigation has and independent objective. These three levels of inquires investigate 
the core argument of the thesis (application of homeostatic principles in design) from three 
prospects that respectively are, process-oriented (evolutionary-based inquiries), morphology-
oriented (morphological-based inquiries) and behaviour-oriented (energy-based inquiries).  

A thorough knowledge from a set of subdomains of biology and urban disciplines that forms 
the theoretical background of the research is required to develop these evolutionary design 
models to address the research questions of the thesis. This theoretical background forms the 
foundation of the computational experimentations of the thesis to evolve urban morphologies 
with homeostatic behaviours in different environmental and geographic scenarios.

Background and Context:
The research is founded upon two domains of biology and urban design. The gap between 
these two is bridged by the application of a set of computational methodologies. Morphology 
and adaptation are the main areas of focus in biological and urban studies of chapter two, to 
draw a connection between the factors that govern the adaptation of biological systems to the 
governing factors of urban morphological configurations. In the context of this research, the 
domains of biological and urban studies share a common concern and that is the relationship 
between inside and outside through interstitial spaces.

To identify the relationships between the homeostatic regulatory mechanisms and the phenotypic 
characteristics (morphological characteristics) of species, two important homeostatic mechanisms 
of thermoregulation and social regulation, evolutionary development, evolutionary adaptation, 
and morphological variation of species are the chosen subdomains that are investigated in 
biological studies in chapter two. These homeostatic processes (thermoregulation and social 
regulation) are selected to be investigated and to understand and abstract their regulatory 
principles, and their connection to morphological attributes evolved in species. These processes 
are studied from two standpoints, behaviour, and morphology, based on which species are 
classified. Furthermore, evolutionary adaptation of species through their morphological variations 
is studied, to draw a connection between phenotypic and genotypic attributes evolved in species 

that facilitate their homeostasis. A series of behavioural and morphological characteristics are 
abstracted from these studies to be implemented in urban design process through evolutionary 
computation. The ability to detect and adjust internal and external changes, to modify the size 
of different phenotypic parts, to emerge phenotypic attributes for self-shading mechanism and 
the ability to evolve phenotypic characteristics to adjust the surface to volume ratio are amongst 
the principles that are extracted from biological studies in chapter two.

Urban morphology is the primary subdomain in urban studies that is investigated from several 
standpoints. Its evolution, the connection between morphological configurations and density, 
the metabolism of matter and energy in an urban area, the bottom-up and dynamic relationships 
between the components of urban tissues, are the perspectives from which urban morphology is 
investigated in chapter two. By doing so, a connection between form, metabolism and evolution 
of species and urban morphologies can be drawn.

To address the problems of changing climatic conditions and exponential population growth 
through urban morphologies, a series of studies is conducted on the proposals of the mid-20th 
century that have addressed these issues through radical ideas. Arcology, Archigram, Superstudio 
and Archizoom are the proposals that are examined concerning urban morphological configurations 
and relationships between inside and outside. The outputs of the design models proposed in 
this research are situated in the same field of radical urban proposals with an interdisciplinary 
design approach inherited from the design science domain. To implement biological principles in 
urban design processes and to evaluate and validate the results, evolutionary computation is the 
chosen method by which the generative model is developed. Energy simulation is the evaluation 
method by which the validation of the results is conducted. Therefore, a brief overview of these 
two domains in computation is provided prior to the computational experimentation in chapter 
three. 

Computational Experiments:
The proposed design methodology in this research (with its two stages generative and analytic) 
is tested through three scenarios to ensure the mutability and adaptability of the design model. 
Three environmental and geographic scenarios are selected to develop the evolutionary design 
models of the experiment. Fes, in Morocco, Chicago in the USA and Istanbul in Turkey are the 
selected locations due to their relative differences in their environmental and urban contexts. 
The environmental data and simplified urban context of each location are extracted to form the 
foundation of the evolutionary design models in chapter three. 

Generative Design Models: 
The first phase of the computational experiments in chapter three is the development of an 
evolutionary design model to generate urban morphologies that are optimised for a set of 
environmental and urban objectives and obtained homeostatic characteristics. 
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The evolutionary model is built upon the knowledge gained from biological studies of 
the principles of Darwinian evolution, evolutionary development, homeostasis, and their 
computational translation within the algorithmic framework of evolutionary computation. The 
construction of the phenotypes and the rules and regulations in the genotypes are the crucial 
steps in this stage. By doing so, the design model will have the necessary toolset to direct the 
model towards optimising for morphological characteristics with homeostatic behaviours that 
are well adapted to environmental stresses.

Three experiments, each with four evolutionary models, create a total of twelve evolutionary 
models in this phase. Each experiment has two versions of summer and winter solstices to study 
the sensitivity of the model and explore morphological characteristics that may evolve in two 
different seasonal scenarios. Each seasonal scenario is conducted in pairs, one evolutionary 
model with a regulatory mechanism applied to keep homeostasis of a proxy variable and one 
without. This is to study the impact of the employed method in evolutionary simulations and 
evolved urban morphologies.

Analysis and Validation Models: 
The second phase of the experiments comprises a set of systematic selection, evaluation and 
validation strategies that are performed on the outputs of the evolutionary models to test the 
hypothesis and the questions of the research thoroughly. This phase comprises three levels 
of inquiries, Evolutionary-based inquires, Morphological-based inquires, and Energy-based 
inquires. 

Evolutionary-based inquiries comprise a set of statistical analysis of the data outputted by all 
evolutionary simulations (in total 12) with two objectives: first is to examine to what extent the 
evolutionary models generate urban morphologies that are optimised for a set of environmental 
and urban objectives and maintain a degree of morphological variation. The second is to measure 
the impact of the implemented regulatory method applied in the evolutionary simulations to 
keep a proxy variable in homeostasis throughout the process.

In the Morphological-based inquires, a comprehensive selection strategy is developed to filter 
down the population of the outputted results into a smaller family of candidate solutions. One 
candidate solution per simulation is selected for the morphological-based inquiries, (in total 
12 design candidates). The objective of the morphological-based inquires is twofold. First is to 
understand the morphological complexities emerged in the evolutionary design processes and 
their contribution to a set of selected urban criteria. Additionally, to understand the impact of the 
implemented method in keeping a proxy variable in homeostasis, in the evolved morphologies. 
Second is to examine and compare the interstitial spaces evolved from the evolutionary 
simulations with the simplified version of urban morphology of their context.

One design candidate is selected per each seasonal scenario to be analytically compared with 
the simplified urban morphology of its context in the Energy-based inquires. This analysis is 
conducted to understand the impact of urban morphological changes on the exchange of energy 
between inside and outside through interstitial spaces across a range of spatial domains. By 
doing so, a matrix of data is formed that represents the energy behaviours of interstitial spaces. 
The objective of this set of investigations is to highlight the significance of urban morphology and 
only morphology, regardless of material and occupation specificities, to the energy behaviour 
of external interstitial spaces throughout the urban fabric. These external interstitial spaces are 
where the city exists and cultural activities occur. 

In biology, inside and outside are the crucial components in any homeostatic process in nature 
which is achieved, both by behavioural changes and morphological traits. A set of homeostatic 
principles has been embedded in the evolutionary models of chapter three to evolve urban 
morphologies. These experiments highlight the significance of evolved morphologies in the 
energy behaviours of interstitial spaces, where the city lives. The studies conducted in this 
research provide urban designers with the necessary insight and knowledge to derive meaningful 
parameters that are inherited from homeostatic principles, to be implemented in urban design, 
development and redevelopment of current and future urban scenarios. The outputs of the 
developed computational design system that are thoroughly investigated in chapter three 
belong to the lineage of radical urbanisms of the mid-20th century with a shift in the principles 
of urban design and evaluations, that put a significant weight to the interstitial spaces across 
urban tissues and their role in the metabolism and adaptation of the urban areas. 
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Literature Review

2.1. Introduction
The literature review focuses on the intersection of two primary domains of biology and urban 
design. There is a strong interest and necessity to investigate the sub-domains of homeostasis 
and evolution, urban evolution, urban metabolism and morphology and radical urban theories 
to look for their core principles to abstract knowledge and draw meaningful and practical 
connections between the domains of biology and urban design. The biological and urban 
principles are abstracted through this investigation and are incorporated in the urban design 
process as a set of computational algorithms in the early design explorations; thus, a brief 
introduction of evolutionary computation and energy simulation is conducted in section 3.2 prior 
to the computational experiments in chapter three. The objective of this chapter is to establish 
a correlation between the governing factors of morphological characteristics and adaptation 
of species to the design principles and morphological attributes of urban tissues, to propose a 
computational design system in chapter three that enhances the adaptation characteristics of 
urban morphologies. This link forms a foundation to develop a design methodology (generative 
and analytic) by which the research questions and hypothesis will be examined (figure 2.1.). 
 
Homeostasis, Evolution and Morphological Characteristics
Although biomimicry has played a significant role in architecture and engineering, homeostasis 
has rarely been part of this field of research. Thorough investigations of the significance 
of homeostasis in biology are conducted in this chapter. It is realised that the homeostatic 
mechanisms lead to the emergence of morphological and behavioural attributes suitable for 
the adaptation of species in the face of internal and external changes in a short temporal scale. 
Therefore, useful parameters can be extracted to be implemented in the early phases of urban 
design processes. 

In a larger temporal scale, morphological and behavioural characteristics of species evolve 
through their evolutionary adaptation to their environmental context. The significance of these 
principles is investigated in the context of this chapter to abstract knowledge and parameters 
to develop a design system to evolve design options that are well adapted to a set of design 
constraints. This design system follows the same principles of evolutionary adaptation of species 
in nature. The field of evolutionary computation is founded upon the biological principles of 
evolution. Algorithmic interpretation of these principles leads to form a foundation of the 
robust problem-solving strategies that have been utilised recently. Evolutionary computation 
strategies gained a reputation amongst design disciplines with the help of 3D generative 
platforms developed in recent decades. As such, the methodologies to solve complex design 
problems comprise multiple objectives have been enhanced significantly. Given the significance 
of homeostasis in the evolutionary development of species, its principles can be implemented 
as a set of computational algorithms in the evolutionary models. This can direct, inform, and 
enhance the evolutionary model towards the emergence of morphological attributes adaptable 
to a broader range of environmental fluctuations.
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Urban Morphologies with Homeostatic Characteristics
The governing factors of urban morphological configurations and their metabolism with respect 
to the interstitial spaces across their tissues are investigated in this chapter. The significance 
of density and spatial organisation of urban tissues are studied to draw connections between 
an urban tissue and a biological colony with respect to their metabolism and adaptation 
characteristics to changing environments. 

The increasing need for adaptive urban tissues due to the exponential population growth and 
unpredictable environmental changes is a complex design problem that needs to be addressed 
immediately. Since these problems are required to address a multiple set of conflicting objectives 
simultaneously, the evolutionary computation can be a suitable problem-solving methodology 
to be employed. Throughout the 20th century, numerous solutions were proposed for the future 
urban configurations; some of which has been put into practice while some left at the stage of 
ideas due to their radical nature. 

The following chapter will examine different sections within the domains of biology and urban 
design to establish the state of the art of each discipline (figure 2.1.). The primary focus is 
the essential role of morphological characteristics, more particularly its interrelation with the 
interstitial spaces, in the adaptation of biological and urban phenomena. This section forms the 
foundation based on which the computational simulation and experimentation will be conducted. 
This chapter culminates with the synthesis of an intellectual model that connects the principles 
of biological adaptation to urban morphological configurations. This model is utilised in chapter 
three and leads to the development of a computational design system that allows the principles 
of homeostasis to be applied in the evolutionary models at the early phase of design exploration, 
to evolve urban morphologies with significant environmental and urban enhancements. 

Figure 2.1.
Literature	 domains	 and	
the	 intellectual	 map	 of	 the	
intersection	of	 three	domains.	
It	identifies	the	intersections	of	
these	 domain	 that	 inform	 the	
field	 of	work	 in	 this	 research.	
Two	 primary	 disciplines	 of	
biology	 and	 urban	 design	
are	 connected	 through	 the	
discipline	 of	 computation.	
The	 relationship	 between	 the	
morphological	 characteristics,	
interstitial	 spaces	 and	 their	
role	in	the	adaptive	behaviours	
across	 biology	 and	 urbanism	
is	 the	 primary	 focus	 of	 the	
literature	review.

Literature Domain 1

Literature Domain 2

Bridge Between Literature Domain 1 and 2
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2.2. Biology
This section covers subdomains within the domain of biology concerning homeostasis and 
evolutionary adaptation of species to changes within their environments. It focuses on the 
significance of morphological and behavioural characteristics of species. Responsive behaviours 
and adaptation to ecological changes comes through regulatory mechanisms. This section 
starts with a brief overview of the biological development and the associated terminologies. 
It continues with an overview of the homeostasis of species and their regulatory mechanisms 
to maintain their internal stability through external perturbations. This steady-state will be 
highlighted and investigated in a range of scales, from individuals to collective beings. Two 
homeostatic processes of thermoregulation and social regulation are investigated in-depth. 
The investigations highlight the significance of processes, forms, and behaviours of species 
in their adaptation and draw a connection between homeostasis of individuals and collective 
beings to their morphologies. This section concludes with reviewing the roots of contemporary 
evolutionary thought in Darwinian evolution, modern synthesis and evolutionary development, 
and the significance of genotypes in the phenotypic variations and species’ adaptations. The 
significance of homeostasis in the evolutionary development of morphology is highlighted. 
The behavioural and morphological characteristics of species, Individually or collectively, will 
be abstracted through a set of parameters. The extracted parameters provide a framework to 
draw connections between principles that govern homeostasis and adaptation of individuals 
and collective beings and the principles of adaptation in urban tissues. These principles can be 
utilised in the computational experiments to evolve urban morphological configuration with 
homeostatic characteristics in a range of temporal and spatial domains.

2.2.1. Biological Development
The growth process is regulated in a manner that can be abstracted to a set of rules by which the 
size and morphology of an organism are expressed (Fred H.Wilt, 2011; Wilt and Hake, 2004). This 
process might be limited or widely distributed throughout the organism and takes part in stages 
or at once. Through this process, living beings gradually develop their functional and spatial 
complexities. In addition to positive changes in morphology, growth may occur with negative 
alterations in a system that are triggered either by internal or external factors. This highlights the 
differences between the connotation of growth and development in biology. There is a consensus 
in the scientific communities that suggests that growth refers to the increase in the size of a 
developing system in the development process (Conrad H. Waddington, 2019). In contrast, 
the term development describes a variety of changes in this period. It describes progressive or 
regressive, qualitative or quantitative changes in size, morphology, and function of an organism 
that might unfold in single or multiple phases, normally or abnormally (Conrad H. Waddington, 
2019) (figure 2.2.). 

The origin of form has been at the centre of attention amongst scientists for a long time. While 
traditionally it was a property of matter, in contemporary views, form is a product of complex 
interactions with the environment. From the time of D’Arcy Thompson (1860-1948) to Alan 

Turing (1912-1954), several interpretations have been put forward to describe the emergence of 
form. D’Arcy Thompson firmly believed that form is a static representation of the external forces 
(Thompson, 1992).  His work has influenced many scientists since then, one of which was Alan 
Turing. Turing’s description of form considers internal impacts as well as external influences. 
By factoring the internal organisation of organisms, he portrayed that form emerges through 
dynamic internal chemical interactions as well as external forces (Turing, 1990). Eventually, this 
point of view led to the contemporary definition of morphogenesis (figure 2.3.).

The dichotomy of biological development has been the subject of debate amongst philosophers. 
Heraclitus presumed natural beings are continually going through alterations, whereas 
Democritus considered the world is made up of the combination of atoms while atoms stay 
unaltered. The latter understanding of the world was dominant until the recent century, while the 
significance of process and development gained some ground. The atom, the building blocks of 
any entity which seemed unalterable to John Dalton (1766-1844) (Dalton et al., 1969), has been 
proved to be divisible and Its identity linked to the processes of interaction between several sub-
components which themselves must, in certain aspects, be regarded as processes rather than 
matter. Albert Einstein’s (1879-1955) theory of relativity (Einstein, 1915) and the continuum of 
space and time, demonstrates that everything is in a continuous process. In other words, natural 
beings are in continuous development and interactions with their external environment (Conrad 
H. Waddington, 2019).

12 DNA to Diversity: Molecular Genetics and the Evolution of Animal Design

Figure 1.7
The diversification of homologous parts

All vertebrate forelimbs are homologous structures whose anatomy has undergone considerable diversification in the evolution and
adaptation of these various vertebrate lineages. Not to scale.

Source: Redrawn from Ridley M. Evolution, 2nd edn. Malden, MA: Blackwell Science, 1996.
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Figure 2.2.
The	arms	of	various	organisms.	
This	 figure	 illustrates	 that	 the	
variation	in	the	rate	of	growth	
of	 the	 same	 morphological	
characteristics	 leads	 to	
highly	 varied	 and	 specialised	
functions	 (Carroll	 et	al.,	2005,	
p. 12).
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Although contemporary biology values the Heraclitan view of the world, there have been different 
understandings of the emergence of form before the rise of morphogenesis; Epigenesis and 
Preformationism. The former portrayed the effect of surrounding in the process of development 
while the latter described in the emergence of form based on the building blocks in such a way 
that development does not affect the final form of the entities. Nonetheless, the contemporary 
view of morphogenesis indicates that an organism has a fixed set of genes that makes its 
genotype, and only a subclass of the genotype is being expressed to evolve the phenotype. 
The phenotype, throughout the development, adapts to the environmental conditions to some 
extent; this adaptation process results in the evolution at the level of each individual, which is 
called ontogeny. On the other hand, the theory of evolution and the generational adaptation 
of species is called phylogeny (On growth and shape in nature: Mathematical approaches to 
morphogenesis (P. Ciarletta), 2016). Homeostasis is a critical aspect of both of these processes at 
the level of individual organisms and collective beings such as bee and termite colonies (figure 
2.4.).

The core definition of biological development takes a different view than two other critical 
biological processes. The first is the ‘metabolism’ which is the fundamental repetitive chemical 
changes involved in the maintenance of the phenotype. The second is the ‘evolution,’ which is the 
longer-term changes and consists of the sequence of several or many life histories. Throughout 
the biological development, all parts of a system “come to have a definite shape or to occupy 
particular relative positions in space which may be regarded as the architecture of development” 
(Conrad H. Waddington, 2019). 

Figure 2.3.
This	 figure	 shows	 the	
Galapagos	 finches	 and	
their	 different	 shaped	 beak	
morphologies	 which	 is	 the	
result	 of	 environmental	
impacts	 that	were	manifested	
in	 their	diverse	 feeding	habits	
(Futuyma	 and	 Kirkpatrick,	
2018,	p.	62).	

While morphological characteristics and adaptive behaviours of species are evolved through 
evolution and development, at every stage of life, they need to sustain a steady-state of a range 
of variables such as heat and energy. Due to external environmental fluctuations, the surrounding 
circumstances of an organism may change. Homeostasis is the ability of an organism to maintain 
internal conditions despite external and environmental changes (B Cannon, 1963). Organism’s 
structural configuration, the morphology and internal metabolic changes can be influenced 
by, and facilitate this adaptation process. Homeostasis is a key feature of the evolutionary 
development of morphology (figure 2.5.).

2.2.2. Homeostasis 
Torday argues that to fully understand the mechanism of evolution and its impact on species’ 
morphology and behaviours, a simultaneous study of organisms’ ontogenetic (biological 
development, internal changes) and phylogenetic history (evolution and external changes) is 
necessary (J. Torday, 2015). Homeostasis is a crucial biological process which is present in all 
stages of biological development and evolutionary adaptation. Thus, it is essential to be studied 
from both viewpoints. Any system, biological or synthetic, has to adapt to potential unexpected 
changes within its context in a range of temporal scales to survive. Herbert Simon argued that 
regulatory mechanisms are more practical to adjust an artefact to the environmental changes 
than designing an artefact based on some predictive speculations. He argued two processes 
of, “homeostatic mechanisms that make the system relatively insensitive to the environment 
and retrospective feedback adjustment to the environment’s variation”(Simon, 1996, p. 149) are 
more effective than predictive behaviours in the process of adaption. 

Figure 2.4.
This	figure	represents	the	Hox	
clusters	(a	group	of	genes	that	
are	related	to	the	specific	parts	
of	 the	 body	 plan)	 and	 their	
genomic	 preservations	 and	
simultaneous	 morphogenetic	
variation	 across	 different	
species.
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Claude Bernard, in the late 19th century, originated the term ‘Milieu Interieur’,  referring to 
“the stability of internal environment”(Bernard, 1974). According to him, It is a condition to 
ensure a free and independent life of any biological organism (Bernard, 1974). Bernard believed 
multicellular organisms’ internal organs and tissues are surrounded by interstitial fluid by which 
their stability through the external environmental changes is maintained. Bernard’s research was 
the fundamental principle of what Walter Bradford Cannon coined as homeostasis later in the 
early 20th century (B Cannon, 1963). Homeostasis is a process by which a biological organism 
maintains its steady-state(Martin, 2008). This stability will eventually result in “maintenance of 
life and evolution”(Novak, 1968, p. 99). To keep the internal condition of a biological system at 
steady-state, many parameters, each being controlled by a homeostatic process, are involved. 
Cannon highlighted that homeostasis is a highly organised process and a result of the organism’s 
self-governance (B Cannon, 1963). This is an attribute that is crucial in the responsiveness of a 
system to its context and at a larger temporal scale, its evolutionary adaptation. 

Homeostasis is conventionally considered as a “synchronic (same time) servo-mechanism that 
maintains the status quo for organismal physiology” (J. Torday, 2015, p. 573). Nonetheless, 
from the perspective of developmental physiology, homeostasis is known as a dynamic, 
intergenerational, and “diachronic (across-time), mechanism for maintenance, perpetuation 
and modification of physiologic structure and function”(J. Torday, 2015, p. 573). It is a process 
by which all species and their constituent subsystems, at the individual or collective level, are 
continuously being adjusted to the internal and external changes. These changes might be at the 
level of chemicals, may cause by external stimuli (e.g., temperature) or even maybe triggered by 
morphological changes as a result of growth and development. 

Figure	2.5.
Homeostasis	 is	 one	 of	 the	
crucial	 biological	 processes	
that	 influences	 a	 range	
of	 biological	 phenomena	
including	 morphology	 and	
behaviour.

Due to constant and unexpected changes in the environment, homeostasis is considered a 
dynamic process. However, it is not necessarily a perceptible operation. A biological system 
may be observed inactive while it is continuously maintaining its steady-state in contact with its 
external environment (Rye et al., 2017).  Alvin Nason, in the textbook of ‘Modern Biology’, refers 
to it as a ‘remarkable’ ability of almost all the animals to maintain their stability through extreme 
changes (Nason, 1965). John S. Torday, in the article ‘Homeostasis as the Mechanism of Evolution’, 
highlights the significance of this process in the evolutionary adaptation of species. He argues 
that not only homeostasis assures steady-state of a  biological organism “but also [it] provides 
the reference point for change if necessary for survival in an ever-changing environment”(J. 
Torday, 2015, p. 574). Through external fluctuations and the stresses on the phenotype coupled 
with its behaviours, specific morphological or behavioural characteristics may be expressed and 
passed on via the responsible genes throughout the evolution. 

Homeostasis can be extended to almost any level of organisation within the ‘biotic world’ 
from the micro-scale ( e.g., molecules) to the macro scale at the size of a colony (Novak, 1968). 
Reiterated by John S. Torday in A Central Theory of Biology, homeostasis operates at all levels 
of organisations in biological systems as a ‘fractal’ and independent of scale (J. S. Torday, 2015) 
(figure 2.6.).

  

Figure	2.6.
Homeostasis	 is	 an	 essential	
biological	 process	 that	 exists	
both	at	individual	and	collective	
scales.	 There	 is	 an	 important	
relationship	 between	 the	
morphology	 of	 species	 to	
their	 homeostasis	 both	 at	
individual	and	collective	levels.	
Morphological	 characteristics	
and	spatial	proximities	impact	
homeostasis.			
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2.2.2.1. The Processes of Homeostasis
German physiologist Eduard Friedrich Wilhelm Pfluger in 1877 highlighted the significance of 
the interaction of an organism to its context by stressing “the cause of every need of a living 
being is also the cause of the satisfaction of the need to maintain a steady-state [homeostasis]” 
(Nirmalan and Nirmalan, 2017, p. 1; Pflüger, 1877). Any force by which a biological system is 
disturbed out of its steady-state results in a call for an action to counteract its effect. Systems 
with higher degrees of complexity, require more sophisticated regulatory processes to achieve 
a steady-state (Nirmalan and Nirmalan, 2017). Nonetheless, the fundamental principles of 
all homeostatic processes are similar and comprise three essential components, a setpoint, 
receptors and effectors. 

The primary purpose of a homeostatic process is to keep a controlled variable around a value 
called setpoint. Heat and energy are instances of the crucial controlled variables in species. The 
setpoint values of a variable may differ across different species; for instance, the setpoint value 
for the heat variable varies across all species. Some animals can tolerate a broader spectrum of 
changes in temperature while others cannot. A receptor or a set of receptors detect any changes 
in controlled variables caused by either internal or external stimuli. The organisms’ control 
centre (mostly brain and nervous systems in species) detects any deviation in the controlled 
variable’s value, and if the detected difference is beyond an acceptable range, an effector or a 
set of effectors attempt to reverse the direction of the stimuli to adjust the variable back to the 
setpoint (Rye et al., 2017) (figure 2.7.).

Figure	2.7.
A	homeostatic	process	and	 its	
constituent	components.	

The energy needed to keep a system (biological or synthetic) at homeostasis is at its minimum 
amount if the value of the controlled variable fluctuates within an acceptable range. Though, if 
it deviates from its homeostatic condition, energy requirement will increase subsequently. Any 
deviation in a variable controlled by a homeostatic process would cause Thermodynamically 
Favoured Flux (TFF), which needs to be counteracted by a Physiological Flux (PF)(Turner, 2016). 
Bigger TFF deviates a system farther from its homeostasis and increases the amount of energy 
necessary for initiating PF to take it back to homeostasis. This causes a series of energy exchanges 
across different spatial domains that the homeostatic process operates. The significance of 
energy in the longevity of an organism makes homeostasis a critical process. Highlighted by 
Novak in ‘Homeostatic Mechanisms’, “matter and energy are the components of the struggle for 
existence of any form of life”(Novak, 1968, p. 101). Disturbance of a steady-state of any system 
initiates an energy exchange between the system and its environment to restore its homeostasis 
(Novak, 1968).

The main goal of any homeostatic process is to neutralise the effects of stimuli through feedback 
loops. The negative feedback loop is the operation by which the direction of stimuli will be 
reversed to restore the system’s steady-state. If a controlled variable detected to be higher than 
its homeostatic state, multiple subsystems operate in coordination to one another to decrease 
its value and keep it within an acceptable range. Conversely, if the value is lower than the 
homeostatic state, a set of subsystems operate to increase its value and recover homeostasis 
(Rye et al., 2017). This behaviour is present in almost all natural systems, individually or at the 
collective level. Contrary to the negative feedback loops, the positive feedback loops cause the 
acceleration of stimuli and in some cases is a necessary and vital behaviour in order to continue 
life (figure 2.8.). Positive feedback loops are abundant across the growth and developmental 
processes in nature.

Figure 2.8.
The	 components	 of	 negative	
and	 positive	 feedback	
loops	 that	 may	 occur	 in	 a	
homeostatic	process.	
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Philip Gerlee et al. in the article ‘Evolving Homeostatic Tissue Using Genetic Algorithm,’ argue 
that homeostasis, a significant property of any living beings, “involves the ability to self-regulate 
in response to changes in the environment in order to maintain a certain dynamic balance 
affecting form and/or function” (Gerlee et al., 2011, p. 415). Through simulated and abstracted 
behaviours of collective agents, this research highlights the significance of homeostasis in self-
regulation attributes of a system in a range of spatial or temporal scales. 

Many variables need to be regulated frequently within the individual or collective biological 
systems. Heat and energy (thermoregulation), and morphology (social regulation) are two crucial 
variables chosen for further studies and investigations in this thesis (figure 2.9.). In the following 
sections, homeostasis is going to be investigated within the context of the selected variables. 
Biological organisms are tagged and classified based on their forms, processes and behaviours in 
maintaining homeostasis. This study highlights the key homeostatic principles (behavioural and 
morphological) to be abstracted and employed in the generative design process.

2.2.2.2. Thermoregulation 
The phenotypes’ temperature is one of the critical variables that must be continuously regulated 
in almost all species. Most of the vital physiological processes in living beings are dependent on 
temperature. Thermoregulation is the term refers to the regulatory processes responsible for 
controlling the amount of heat to be conserved or dissipated in order to keep the phenotype’s 
temperature in an acceptable range. Species have distinct thermoregulatory processes and 
behaviours due to the phenotypic variations and their environmental contexts and can be 
classified into distinct categories based on processes by which they maintain their homeostasis 
(figure 2.10.).

Figure	2.9.
The	scope	of	the	 investigation	
of	homeostasis	in	this	research	
at	 the	 scale	 of	 individual	 and	
collective	organisms.	

Endotherms are a group of species capable of controlling their temperature at a constant level 
in the face of environmental changes (i.e. mammals are endotherms). Conversely, species 
which their temperature is at the same range of their local environment are Ectotherms. 
They rely on external sources to regulate their body temperature (i.e. amphibians are well-
known ectotherms). There are significant behavioural and morphological differences of how 
endotherms and ectotherms maintain the energy exchange and their thermal stability, in other 
words, homeostasis. Endotherms, conventionally known as warm-blooded, can adjust their 
body temperature independent of external environmental changes by relying on their internal 
processes. Endothermic species control their body temperatures, and therefore, they have a 
high metabolic rate to produce heat. As a conclusion, their matter and energy intake are at a 
high frequency as well, which in turn, give endotherms a great ability to survive (Freeman, 2010).

On the other hand, ectotherms, which are conventionally called as cold-blooded, are highly 
dependent on their local ecological context. They regulate their internal temperature by relying 
on external environmental changes. Ectothermic species do not have control over their body 
temperature and operate at an efficient metabolic rate. The source of energy and heat for 
ectothermic species are their immediate local environment (Hildebrand and Goslow, 2001). 
To conserve their energy, they hibernate their body and minimise their activities. Dissimilar 
to endotherms, ectotherms exploit individual or collective behavioural changes to adjust their 
energy exchange and maintain their homeostasis.

Figure	2.10.
The	 taxonomy	 of	
thermoregulatory	 behaviours	
of	 species.	 This	 taxonomy	
informs	 the	 identification	 of	
the	homeostatic	behaviours	of	
urban	tissues	in	chapter	three.
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Species can be further classified based on the range of temperatures they can acquire. 
Homeotherms are a group of species that have a constant body temperature in different climatic 
conditions. On the contrary, poikilotherms are a category of species which their temperature is 
constantly fluctuating in the face of environmental changes. Endotherms and ectotherms can fall 
into both homeothermic and poikilothermic categories. For instance, amphibians are ectothermic 
species with a constant fluctuation in their body temperature; thus, they are poikilotherms as 
well. Alternatively, some of the insects are endothermic, but they allow their body temperature 
to vary in a broader range; therefore, they are endothermic as well as poikilothermic. Most of 
the mammalian species are both homeotherms and endotherms since they have a constant 
body temperature. However, deep oceanic organisms are ectotherms, but since there is a little 
temperature fluctuation within their local environment, they are considered as homeotherms as 
well. The principles of endothermic and ectothermic behaviours of species inform the behaviour 
of the urban tissues generated in the experiments presented in chapter 3 of this thesis. 

Forms Processes and Behaviours at the Individual Scale 
“Heat is a form of energy, contained in substances as molecular motion or appearing as 
electromagnetic radiation in space. Energy is the ability or capacity for doing work, and it is 
measured in the same units. Temperature is the symptom of the presence of heat in a substance” 
(Szokolay, 2008, p. 6). Described by Szokolay, specific heat is a notion that bridges the gap 
between heat and temperature and is a quantity of heat required to increase the temperature 
of a unit mass by one-degree (Szokolay, 2008). 

Heat flows from high to low temperatures and is the controlled variable in the thermoregulatory 
processes of species. It can be exchanged between an organism and its immediate environment 
through three mechanisms, radiation, convection and conduction. “Radiation is the emission of 
electromagnetic heat waves” (Rye et al., 2017, p. 961). Radiation occurs from an object with a 
warmer to an object with a cooler surface. Convection is a form of heat flow from a “solid body 
to a fluid (liquid or gas) or vice versa”(Szokolay, 2008, p. 8). In a general term, convection is the 
movement of heat from one surface to another by a fluid. Conduction is the flow of heat through 
molecular movements of objects in direct contact with one another, which is highly dependent 
on the property of the substances (Szokolay, 2008). 

Species have developed different thermoregulatory processes and morphological characteristics 
throughout evolution. Endotherms primarily benefit from internal physiological processes and 
their unique morphological characteristics to maintain their homeostasis. On the other hand, 
ectotherms mainly rely on their behavioural patterns, individually or collectively. 

The morphology of endothermic species is mostly covered by a layer of fur or feathers. It forms 
a layer of insulation air between the body and the environmental context. To further enhance 
the insulation, most of the endotherms benefit from a layer of body fat, of which an insulation 
layer is formed to preserve heat in the cold climates (figure 2.11.). With high metabolic rates and 

rapid muscle activities (shivering), endotherms can conserve heat in the cold climatic conditions. 
Additionally, endotherms’ internal circulatory system plays a significant role in maintaining 
homeostasis. When an endotherm needs to dissipate heat, the circulatory system brings more 
warm blood to the surface of the body by which heat dissipates through radiation or convection. 
This mechanism is vasodilation. In contrast, if it needs to conserve heat, vasoconstriction forces 
the blood flow into the core and reduces its flow on the peripheral surfaces to prevent heat 
dissipation (Rye et al., 2017) (figure 2.12.). 

Dissimilar to endothermic species, most ectotherms maintain their temperature (homeostasis) 
through changes in their behaviour. Therefore, their local context plays a pivotal role in their 
homeostasis and temperature fluctuation. To increase temperature, they require to increase 
their heat gain from the context and to reduce their temperature they require to dissipate heat 
by changing their location. In addition to the movement, hibernation is another way to conserve 
heat for ectothermic species. Through the hibernation period, their metabolic activities are 
reduced significantly to save energy in the cold seasons.

Figure 2.11.
Different	 layers	 of	 insulation	
help	 endotherms	 to	 conserve	
heat	in	cold	climates.	

Figure 2.12.
An	 example	 of	 an	 internal	
process	 by	 which	 endotherms	
maintain	 their	 core	
temperature	 constant	 in	 a	
narrow	 range.	 The	 circulatory	
system	 assists	 the	 exchange	
or	 preservation	 of	 energy	 in	
endothermic	species.	
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Although all endotherms and ectotherms share common principles in adjusting the temperature 
deviations, each has its unique form, process and behaviour to achieve thermal homeostasis. 
Elephants are endotherms with unique morphological characteristics to lose heat and decrease 
their temperature in hot climates and keep it constant throughout the day. Wrinkles on the 
elephant’s skin increase the surface to volume ratio and provide the greater surface area for 
heat to escape (figure 2.13.). This is a homeostatic principle that exists in their forms. Unlike the 
skin of their body, the ears have almost no wrinkles and are skinny and full of blood vessels. In 
hot climates, blood vessels in the ears will be wide open to allow the blood in the body to be 
circulated and to lose heat via radiation and convection. The movement of the ears increases 
the heat dissipation process by convection. By doing so, the elephant’s core temperature can 
be maintained in homeostasis.  Additionally, they take advantage of some behavioural activities, 
prominent of which is moisturising their body in order to facilitate heat dissipation via convection 
(the same principles of sweating) (Discovery Channel, n.d.).

Unlike elephants, penguins live in the coldest places on the Earth, where conserving heat is the 
primary concern. Penguins are endotherms and similar to elephants, they take advantage of 
physiological and some behavioural attributes to keep their temperature in an acceptable range. 
Overlapping and dense waterproof feathers cover penguins’ body. It allows them to trap a layer 
of air between their body and feathers when the temperature drops to form an insulation layer. 
Additionally, they benefit from small and fatty feet, which drastically reduces their direct contact 
to the icy ground and minimises the conduction heat flow (Discovery Channel, n.d.). Penguins' 
round form has the minimum surface area to contain maximum volume and preserve heat.

Figure 2.13.
2-dimensional	 geometrical	
representation	 of	 the	 surface	
quality	 of	 the	 elephant’s	
skin.	 The	 increased	 surface	
to	 volume	 ratio	 facilitates	
a	 greater	 surface	 area	 for	
heat	 to	 be	 dissipated.	 This	
morphological	 characteristic,	
coupled	 with	 the	 circulatory	
and	 the	 internal	 processes,	
facilitate	homeostasis.	

Furthermore, they profit from collective behaviours as well. By reducing the spatial proximities 
between individuals, the colony creates a spatial configuration that benefits from metabolic heat 
waste of individuals and generate a series of interstitial spaces with a higher temperature than 
the context. This generates a dynamic collective morphology and enables a level of insulation for 
the collective to preserve that energy as well.

There are a variety of processes as well as morphological characteristics amongst other species 
that facilitate the steady-state of heat exchange between them and the environment. Their 
immediate impact is the survival and longevity of the individuals. Therefore, the genotype 
and its expression in the phenotype to evolve these morphological characteristics throughout 
evolutionary development of species are critical players in successful thermoregulatory 
processes.   

The thermoregulatory processes extend beyond the individual species. Social insects such as 
bees and termites build structures with the environments that can be regulated by the collective 
actions of individuals. The spatial distribution of the individuals in the collective creates a 
dynamic spatial configuration which impacts the energy exchange between the individuals and 
the interstitial spaces between them. This collective process is Independent of each individual’s 
homeostasis within the colony. However, it has a reciprocal impact on the survival and longevity 
of individuals and the colony and thus on their genotype and phenotype throughout evolution.

2.2.2.3. Social Regulation 
The primary purpose of any homeostatic process is to reduce entropy by which a given system 
will be sustained and perpetuated(J. Torday, 2015). It “ is defined as the property of a system in 
which variables are regulated so that internal condition remains stable and relatively constant”(J. 
Torday, 2015, p. 575). According to Le Chatelier’s principle, “if a system of equilibrium is subjected 
to any stress, a change which reduces or tends to reduce the stress will occur”(Novak, 1968, p. 
101). The system will readjust itself, and a new steady-state will be established. This concept can 
be extended to any level of organisation from micro, single-cell organisms, to macros such as 
complicated multicellular organisms and even collective organisms such as bees and termites.

J. Scott Turner, in his book ‘The Extended Organism’, investigates the idea of physiological 
processes that extend beyond the commonly defined boundaries of organisms(Turner, 2002). 
He defines it as a superorganismal physiology. “Superorganism is any association of living 
things that, through the coordinated actions of its members, behave with all the attributes of 
an organism”(Turner, 2002, p. 191). The term superorganism has been used metaphorically to 
describe several different natural phenomena, such as ecosystems, human societies and cities. 
Nevertheless, just in recent years, around the 1990’s the idea has gained some ground by works 
of James Lovelock and Lyn Margulis (Turner, 2002). They discussed the Earth could be a single 
entity and a superorganism (The Gaia hypothesis) (Margulis, 1998; Lovelock, 1995). Andrew 
J. Watson, in the article ‘Biological Homeostasis of the Global Environment’, puts forward a 

Homeostatic Urban Morphologies
An Evolutionary Model to Generate Urban Morphologies With Embedded Homeostatic Behaviours

Chapter 2 - Literature Review

37 38



similar argument. He highlights the reciprocal relationship between the biota and the Earth’s 
environment. This argument demonstrates how the environment imposes constraints on 
biota and how simultaneously biota causes profound changes on the Earth’s surface. He then 
concludes, “life and the environment may be considered as two parts of a coupled system” 
(Watson and Lovelock, 1983, p. 284).

The idea of superorganism can be applied to social insects, and collective beings with the 
same principles as Turner has argued. Social homeostasis, as Tuner states in his book, “is the 
superorganismal analogue of homeostasis. Like the regulated internal environment of an 
organism, the environment of many social insect nests are very stable”(Turner, 2002, p. 192).  
Such steady-state is not the immediate outcome of the steady-state of the individuals of 
a colony, and instead, it arises from the coordinated actions of members. The emergence of 
such homeostatic attributes within the physical structure of collective species is called ‘social 
homeostasis’ by Tuner (Turner, 2002). In this context, this phenomenon will be known as social 
regulation.

Homeostasis comprises a collection of regulatory processes within a system. An infrastructure 
with discrete components is crucial to make these regulatory processes function correctly. In 
the context of an individual organism, the internal subsystems of the phenotype create such 
essential infrastructures (Turner, 2002). Nevertheless, at the scale of collective beings and social 
species, the need for a proper infrastructure will be met by two essential elements; first is the 
physical structure and the morphology that is collectively built, and second is the coordinated 
actions of individuals (figure 2.14.).

Figure 2.14.
Homeostasis	 is	 achieved	
through	coordinated	actions	of	
individuals	in	a	colony	and	the	
morphology	 of	 the	 nest.	 The	
spatial	 distribution	 and	 the	
proximity	of	the	individuals	in	a	
colony	 facilitate	 the	 exchange	
of	 energy	 between	 them	 and	
the	 interstitial	 spaces,	 which	
can	be	affected	by	the	density	
of	 individuals	 in	a	colony.	This	
can	 trigger	 the	 temperature	
fluctuations	 across	 the	
interstitial	 spaces,	 heat	
flow	 and	 thus	 temperature	
regulations	 and	 homeostasis	
within	the	colony.			

Social regulation, homeostasis at the level of collective beings, describes a different phenomenon 
than the homeostatic conditions of each individual in a collective. It is not equal to the sum 
of the individuals’ homeostasis. Each individual comprises necessary regulatory processes to 
maintain its homeostasis in contact with its external environment. The environment of a physical 
structure where the colony lives is considered as the external environment for the individuals 
in a collective. On the other hand, social regulation occurs at a collective level of organisation. 
It indicates the stability of the environment of the physical structure (which is the outside 
environment for individuals) through perturbations exposed to the morphology. Similar to 
homeostasis at the level of a phenotype, different variables ought to be regulated at the level 
of social organisation, one of which is heat and temperature. Spatial distribution of individuals 
in a colony can create a dynamic spatial configuration in which the morphological changes of 
this configuration can adjust the colony’s temperature. By changes in the density of the spatial 
distribution of individuals in the colony and their metabolic heat wastes, energy flows into the 
interstitial spaces of this dynamic morphology and thus homeostasis can be achieved. In this 
section, a few examples of how the morphology built by collective beings and their collective 
behaviours can benefit social regulation will be investigated.

Forms Processes and Behaviours at the Social Scale 
Almost all homeostatic processes in individual species share the universal principles comprise a 
controlled variable, setpoint, receptors, and effectors. Any deviation from homeostasis triggers 
feedback loops, mostly negative, in an attempt to reduce the effect of perturbations in order to re-
establish steady-state. Although social regulations (social homeostasis) fundamentally follow the 
similar principles, the components of the feedback loops for regulatory processes extend beyond 
the boundaries of individual members of a collective. To investigate this, two instances of what 
it is known as social regulation are presented within bees and termites’ colonies. Although each 
has its unique controlled variables to be regulated, both examples follow regulatory processes 
in which the built morphology and the coordinated actions of individuals play significant roles in 
maintaining social homeostasis.

J. Scott Turner in ‘The Extended Organism’ describes these feedback loops in a collective as 
‘meta loops.’ Meta loops are feedback loops by which the collective controls and coordinates the 
actions of individuals (Turner, 2002). Meta loops are not predominantly negative; for instance, call 
for workers within termite colony, defeating an intruder in bee and wasp colonies are examples 
of positive meta loops in which the stimuli increase rather than decrease. It is realised that the 
positive meta loops accelerate the response of a collective to sudden and unfavourable changes.

The inside temperature of a beehive is stabilised by way of social thermoregulation. The outcome 
of such a process is similar to the outcome of endothermic homeotherms’ thermoregulatory 
processes such as Mammalian systems. Each bee is homeothermic and maintains its homeostasis 
by increasing or decreasing its metabolic activities to release or conserve heat, similar to all 
homeothermic endotherms. However, from the viewpoint of individual bees, the hive is an 
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external environment. Although metabolic activities of thousands of individuals contribute to 
the collective’s heat production, social thermoregulation of hive is not merely the consequence 
of individuals’ thermoregulatory processes (Turner, 2002).
 
“Honeybees respond behaviourally and physiologically to changes in ambient temperature” 
(Kronenberg and Heller, 1982). Social thermoregulation in the beehive is the outcome of such 
responses in a collective dimension. When the temperature drops, bees tend to form a high-
density compact cluster. Lower the temperature, the density of the assembly increases to 
conserve heat. This cluster confines heat within the hive environment, and it comprises of three 
layers, each assigned to fulfilling a specific task. Protected bees are located in the central part of 
the cluster. Bees occupying the middle layer generate the bulk of the heat produced in the cluster 
by increasing their metabolic activities (shivering and muscle movements). Bees in outermost 
rings of the cluster interweave their ‘chitinous hair’ in order to form a layer of insulation (Turner, 
2002) (figure 2.15.). These coordinated actions of individual bees enable heat flow across the 
interstitial spaces of this dynamic spatial configuration and stabilise the environment of the hive. 
The outcome of such behavioural changes is a stable temperature of the hive environment and 
homeostasis, similar to the thermoregulatory processes in the mammalian systems.
 

In addition to the behavioural changes, social thermoregulatory processes involve “ structure 
built by the colony inhabitants, structure which harness and transform both metabolic energy 
and physical energy in the environment to power the external physiology that social homeostasis 
requires”(Turner, 2002, p. 199). The morphological characteristics of the built structure 
complement the behavioural changes to regulate the energy gradient within the beehive. The 
heat produced by bees’ metabolic activities increases the buoyant force of the hive inside air and 

Figure	2.15.
A	 diagram	 to	 illustrate	 the	
spatial	 distribution	 of	 the		
individual	bees	with	a	gradient	
of	different	densities	in	the	hive	
to	 conserve	 heat	 and	 achieve	
homeostasis	in	the	colony.				

causes its elevation to the top of the hive and creates an energy gradient. Commercial beehive 
has an extra hole on top of the structure in addition to the main entrance hole at the bottom. 
The top hole facilitates the reduction of air pressure by exhausting the lightweight air and causes 
the pressure difference between inside and outside and eases the flow of fresh air into the hive. 
This outcome is the result of the metabolic activities of individual bees and the morphology of 
the hive. The social regulation in the wild beehives that only have one hole is slightly different, 
and it is achieved by the coordinated actions of individuals. If there is a need for ventilation 
inside the wild beehive, worker bees create a fanning effect at the entrance by which fresh air 
flows into space. If it becomes necessary and through meta loops, more bees will join the cluster 
to create a sufficient fanning effect (Turner, 2002) (figure 2.16.).

Figure	2.16.
Geometrical	 representations	
and	 the	 core	 principles	 of	 the	
morphological	 characteristics	
of	different	hives	that	facilitate	
the	energy	flow	from	inside	to	
outside.					
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Although the morphology of the hive plays a significant role in maintaining homeostasis, in this 
instance of social regulation, it will not be altered significantly in the regulation process. Turner 
argues that “the structure of the hive itself does not alter dramatically with metabolic demands 
being placed on it”(Turner, 2002, p. 194). In contrast to that, termite colonies benefit from the 
morphological alterations to their mounds in their social regulatory processes. 

According to David P. Hughes et al., in the article ‘Social Insect Symbionts: Evolution in 
Homeostatic Fortresses’ structures created by social insects provide stable internal environments 
for the members of a colony. In addition to that, “colony environment can shape the ecology 
and evolution of symbionts in ways that are quite distinct from forces acting upon symbionts 
of solitary and gregarious organisms” (Hughes et al., 2008, p. 672). It highlights the significance 
of social regulatory processes not only on the colony itself but also on the ecosystem that the 
collective exists. The morphology built by termite colony, known as the mound, is an instance 
of such contribution to the ecology and evolution of symbionts. The social regulation not only 
facilitates suitable conditions for termites but also fungus inside the mound. In contrast to the 
bee colonies, the morphology built by termite colonies, especially macrotermitine, are adaptive 
and dynamically being adjusted by individuals according to their metabolic demands. 

Figure	2.17.
Geometrical	 representations	
and	 the	 core	 principles	 of	
termite’s	 mounds	 and	 their	
morphological	 characteristics	
to	achieve	homeostasis	 in	 the	
colony.		

Termite colonies’ mounds are context-sensitive morphologies. They are usually oriented in a 
north-south direction and absorb as much heat as possible throughout the day while minimising 
heat absorption around noon. In some cases, termites create low rise enclosed mounds with 
numerous vent holes to ease the ventilation. Members of a colony always dig up new holes and 
block existing openings in order to facilitate the ventilation. In the windy environments and in 
order to take advantage of the kinetic energy of the wind, they may construct ‘tall cylindrical 
spires’ (Turner, 2002). The wind energy, with the help of the structure built by the colony, is 
utilised for ventilation purposes and homeostasis. Bernoulli principle states that if the speed of 
any form of fluid increases, its static pressure and potential energy will decrease (Clancy, 1975). 
According to this principle, wind in the higher elevations around the cylindrical spire has lower 
pressure and causes the air to be sucked out of the mound. On the other hands, in lower parts 
of the structure and around the conduits, the kinetic energy of the wind is lower and causes 
positive pressure. This change in pressure creates a flow of fresh air inside the mound (Turner, 
2002). The heat production by termites’ metabolism, together with the unique morphological 
attribute of the mound, yields an effective social regulation and homeostasis in the termite 
colony (figure 2.17.).

2.2.2.4. Synthesis of the Tactics 
A few examples of the significance of social regulation in maintaining the colony’s steady state 
have been provided in the previous section (bees and termites’ colonies). Although differently 
implemented and manifested, several fundamental principles are shared amongst all collectives’ 
homeostasis. Regardless of the specific single biological organism type, these principles can 
be discovered in most colony organisms. The following extracted fundamentals synthesise the 
tactics of implementing collective’s homeostatic principles at the urban scale in the following 
chapters.

Coordinated Actions of Individuals
The coordinated actions of individuals in a colony are a prerequisite to any collective behaviour 
that leads to homeostasis. This can be translated through a set of rules and regulations embedded 
in generating building morphologies at the urban scale. This will be thoroughly elaborated in the 
Design Experiment Chapter with detailed descriptions and ways to implement such regulations 
to achieve 'coordinated actions' of individual buildings in generating an urban tissue.

Individuals’ Morphology:
One of the crucial principles of the colony's social regulation can be traced back to the 
significance of the morphology of individual species across the colony. Individuals vary in size 
and shape within a population; thus, any population has variation. This variation facilitates the 
evolutionary adaptation of the population through changes in their environment. Additionally, 
the variation amongst individuals' morphology leads to forming different organisational 
hierarchies in the collective that could facilitate regulatory behaviours. This variation leads to a 
dynamic relationship between the individual members of a colony and the dynamical changes 
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of their collective morphology (the example provided for the bee's colony in preserving heat). 
The spatial distribution of individuals in a colony can create dynamic spatial configurations. 
Through changes in spatial distribution patterns, the collective can respond to various external 
and internal stimuli. The variation in individual's morphologies enhances these dynamical 
changes if necessary. If a colony is analogous to an urban tissue, then the individual species in 
a colony can be equivalent to the individual buildings in an urban tissue. Thus, the significance 
of morphological variation and the spatial distribution of the buildings is crucial to facilitate any 
homeostatic behaviours at the urban scale.

Morphological Adjustments 
Morphological adjustment of a collective's physical nest is one of the abundant tactics across 
termites' colonies to attain a morphology with unique characteristics that could facilitate 
homeostasis through different intervals. In addition to the morphological variation of individuals 
within the nest, variation in the shape and density of material gives the physical nest adaptive 
capacity that leads to increasing or diminishing airflow and modifying U values to vary conductance 
of heat through the nest material. Thus, the internal spaces of the nest can act as heat sinks. And 
as conclusion, moving individuals, packing, or dispersing them can alter the density of biological 
materials and thus accumulate or disperse heat. To achieve this at the urban scale, a modular 
approach in developing an urban morphology is suggested that facilitates an opportunity to 
perform morphological adjustments across a range of temporal domains if needed. 

Interstitial Spaces:
The significance of interstitial spaces amongst individuals in a colony in energy and information 
transactions was highlighted in the previous section. These spatial territories are corridors 
where heat can flow and create temperature fluctuations in a colony, eventually leading to 
energy moving from one location to another (termite mound example). Based on the same 
principles, the interstitial spaces that emerge between individual buildings in an urban tissue are 
fundamental spatial domains where energy exchanges can occur and thus need to be accounted 
for in a design process to achieve a homeostatic urban tissue.  

Colony Density and Metabolic Activities:
The density of the individuals and their metabolic activities across a colony impacts the energy 
preservation and conservation patterns of the collective. By changes in the density, the spatial 
distribution of individuals in the colony and their metabolic activities, energy flows into the 
interstitial spaces of this dynamic morphology, and thus it triggers heat exchange that can lead 
to homeostasis. A colony with various densities, spatial proximities and metabolic activities 
can create a dynamic morphology within which heat flows with different frequencies across 
its interstitial spaces. Thus, individuals in a colony exchange energy with their immediate 
surroundings at different rates and intervals. Therefore, the density and spatial proximities of 
individual buildings, each with a unique metabolic activity in an urban tissue, become essential 
factors for achieving similar dynamic behaviour across an urban tissue.  

2.2.3. Evolution 
2.2.3.1. Evolution by Natural Selection

Charles Darwin's findings (the most well-known figure in biological evolutionary theory) are 
considered one of the most remarkable and influential discoveries that formed the foundation 
of many contemporary disciplines in modern science (Futuyma and Kirkpatrick, 2018; van Wyhe, 
2016; Arthur, 2011; Shane, 2011; Marshall and Batty, 2009; Carroll, 2005; Ridley, 2003; Mayr, 
2002). Nonetheless, as argued by Smocovitis (Smocovitis, 2016), the roots of evolutionary theory 
date back to Greek philosophers such as Heraclitus, who believed change is present in the core 
of all life forms. Additionally, the idea of common descend amongst species can be traced back 
to the work of philosophers such as Anaximander and Empedocles (Kirk et al., 2010). 

The scientific discussions about the benefit of morphological characteristics of species for 
their survival emerged as early as the 13th century amongst scientists from different cultures 
and backgrounds, Tusi and Ibn Khaldun are amongst others(Tusi, 2011; Ibn Khaldūn, 1958). 
These discussions speculated the connections between species through their shared ancestry 
relationships. Evolutionary theory, one that has been arrived at by different scientists, in different 
centuries and independent from one another, appears to be a logical conclusion to explain the 
morphological characteristics present in nature. The significant biological diversity of forms and 
behaviours in a range of scales amongst natural systems is a consequence of the continuous 
evolutionary process in nature (Strickberger et al., 2008; Voet et al., 2002).

Evolution in its purest form can be described as the alteration of morphological and behavioural 
characteristics of a population over consecutive generations to increase the fitness of individuals 
within their environmental context (Strickberger et al., 2008). The morphological and behavioural 
characteristics of species are the result of the expression of the genes (that form their genotype) 
and descend from the former generations. Mutation and genetic recombination amongst other 
sources of genetic variations are the sources of these phenotypic variations (Futuyma and 
Kirkpatrick, 2018), from which specific phenotypic characteristics in a population become more 
dominant because they are well suited to their environmental context while other morphological 
attributes stay rare (Scott-Phillips et al., 2014). 

Charles Darwin and Alfred Russel Wallace put forward the theory of evolution by natural selection 
in the mid-19th century independent from one another. They presented their ideas together in 
the Linnean Society of London in 1858 (Darwin and Wallace, 1858; Wallace, 1858). Within a year 
from the time of their shared discovery, Darwin published his seminal book, ‘On the Origin of 
Species’, in which he set out the idea of evolution by natural selection in detail (Darwin, 1859). 
Darwin’s theory of evolution, descent with modification by means of natural selection, formed 
the ground based on which the contemporary evolutionary thought has been developed. 
According to him, continuous growth in a population, while resources are limited, would trigger 
a competition in which individuals with a well-suited variation of traits (morphological and 
behavioural) will survive as the rest perish. Darwin’s explanation of descent with modification 
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can partly relate to Thomas Robert Malthus, ‘Essay on the Principles of Population’, published 
in 1798 (Malthus, 1798). Malthus attributed a prolific nature to every species and argued that 
natural bounds would act as preventive factors to control the growth of a population and keep 
it in a steady-state (Malthus, 1798). Although Malthusian theory centred around the human 
population and how to regulate it with positive and preventive checks, Darwin’s idea of descent 
with modification in principles recounts the Malthus’s theory on the broader context of natural 
beings. 

One of the core observations that led to the idea of evolution by natural selection was the high 
ratio of individuals to the ones that survive. It highlighted three crucial biological understandings. 
The first is the phenotypic variation among individuals. The second is the idea that phenotypic 
variation leads to fitness variation, and the third is the morphological characteristics with high 
fitness can pass from one generation to the other(Lewontin, 1970). Therefore, the number of 
individuals with morphological and behavioural characteristics suitable to survive and reproduce 
within their environment will increase, and the population’s adaptability to its context will 
improve. Homeostasis is a crucial component for the survival of individuals and the colony. 

Natural selection is one of the driving forces of the evolutionary process of a population and 
operates on the genotypes and the phenotypes. The genotype comprises a set of genes that are 
in principle, the instructions, and codes, to develop and build the phenotype. Phenotype is the 
physical manifestation of genotype in which morphological, physiological, and behavioural traits 
are expressed. Evolution by natural selection includes two primary components of variation and 
selection.  The former operates on the genotype in the process of transferring genetic information 
from parents to offspring or potential mutations at this stage. The latter affects the phenotype 
and will be dictated primarily by the environment. Morphological and behavioural expressions 
of the genetic codes in the interaction with the environmental context can create deleterious or 
beneficial traits for an organism (Proulx and Østman, 2016). Homeostatic processes regulate the 
steady-state of individuals or a colony through their interactions with their environment and are 
the key features in the evolutionary development of morphology. 

Genetic variation produces morphological characteristics that can be positive, negative, or 
neutral in relation to the environmental context. Positive selection describes the characteristics 
in the phenotype that increase the chance of survival and reproduction (increase in fitness). On 
the contrary, negative selection refers to a condition in which the morphological characteristics 
lead to a decrease in fitness and the removal of the organism and the genetic code behind it. The 
neutral variant is when the characteristic of the phenotype does not play a role in the organism’s 
survival capacity (Racimo et al., 2016) (figure 2.18.).

Similar genetic instructions will not necessarily construct the same morphological or behavioural 
characteristics across multiple species. Although phenotype is the physical expression of the 
genotype, the environmental conditions, especially in the morphogenesis process, may lead 

to the construction of different phenotypic variations through which the homeostasis can be 
achieved. Additionally, organisms with similar morphological characteristics may not have the 
same genotype either. External environmental conditions play a crucial role in the morphological 
expressions of the organisms. Nonetheless, the genotype of the organism with a better adaptive 
behavioural and morphological characteristic in its context that leads to its homeostasis will be 
preserved and passed on to the next generations.

Figure 2.18.
The	 evolution	 of	 the	
peppered	 moth	 is	 one	
of	 the	 most	 prominent	
examples	 of	 the	 impact	
of	 selection	 mechanisms	
driven	 by	 environmental	
conditions.	 The	 rapid	 change	
in	 environmental	 conditions	
(in	 this	 case	 dictated	 by	 the	
impact	 of	 industrialisation	 of	
20th	 century	 Britain)	 led	 the	
species	 to	 evolve	 and	 adapt	
in	 response	 to	 these	 changes,	
in	 both	 instances	 changing	
the	pigmentation	of	 the	moth	
from	white	to	black,	then	from	
black	 to	white,	 in	 response	 to	
environmental	stresses.
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2.2.3.2. Modern Synthesis 
Darwin’s and Wallace’s shared discovery of evolution by natural selection lacked an explanation 
for the mechanism of inheritance as well as a coherent understanding of genetics in the process 
of evolution (Rye et al., 2017). Many details were missing in Darwin’s theory of evolution by 
natural selection, especially a functional theory of “inheritance of quantitative traits” (Rose and 
Oakley, 2007, p. 2). Nonetheless, Darwin’s explanation of evolution can be summarised into five 
main principles. Ernst Mayr in, ‘What Evolution Is’, listed them as follows (Mayr, 2002):

• Species keep evolving and are non-constant: It refers to the basic theory of 
evolution.

• All organisms are descended from common ancestors: Evolution leads to 
different branches of species.

• Evolution is gradual: Change happens slowly and steady, and there are no 
discontinuities.

• Species are multiplied: It refers to the origin of diversity.
• Natural selection.

Five principles of Darwinian evolution were simplified into two fundamental components of 
‘descent with modification’ and ‘natural selection’ by Sean Carrol (Carroll, 2005). He summarised 
the Darwinian evolution into three necessary components of “Variation, Selection and 
time.”(Carroll, 2005, p. 33). Carrol argues that the significant amount of variation present in 
nature is the product of natural selection operating on small differences that emerge amongst 
individuals throughout a period. These differences gradually add up to the variations observed 
in nature. 

Different scientific communities contested Darwin’s theory of evolution from its early phases, and 
it went through multiple stages to be accepted. Mayr categorised these stages into two classes of 
the first and second ‘Darwinian Revolution’ (Mayr, 2002). The former illustrated the recognition 
of the basic theory of evolution and the common descent, amongst scientists. Nevertheless, 
shortly after the new findings in genetics, Darwin’s theory was critically questioned in the early 
20th century (Bowler, 1985). Not long after his book (Darwin, 1859), Gregor Mendel published 
the paper titled ‘Experiments in Plant Hybridisation’ (Mendel, 1866). Mendel published his 
studies on the roles of genes in the process of inheriting biological traits amongst species. He 
laid out the basic model of genetic inheritance of the traits that were opposing the dominant 
model of blending inheritance by Darwin. 

Re-discovery of Mendel’s theory in the early 20th century was one of the reasons for unifying 
genetics into the theory of evolution. The second Darwinian Revolution, as indicated by Mayr, 
refers to the acceptance of Darwin’s five principles while genetics gained some ground within 
the evolutionary theory. It eventually led to the formation of a unifying theory of evolution called 

Modern Synthesis by the scientific community of the 40s (Rye et al., 2017).  The significance of 
Modern Synthesis was not only the unification of evolutionary theories of the time but also 
discrediting other theories which were competing with Darwin’s theory of evolution (Smocovitis, 
2016). Argued by Rose and Oakley, the clarity of Modern Synthesis alongside “its mathematically 
explicit foundations” (Rose and Oakley, 2007, p. 2) enabled a logical explanation of a broad range 
of biological events of the time. This includes the evolved morphological characteristics and its 
role in the adaptation of species and their homeostasis.  

In essence, Modern Synthesis brought the theory of evolution by natural selection and advances 
in genetics (that explained genetic variations amongst a population) under one umbrella. 
It represented the influence of both mechanisms in the gradual changes in the evolution of 
species and a population as a collective. Modern synthesis drew a connection between the small 
alterations within the individuals and a collective (microevolution) to the considerable changes 
that gave rise to new species with substantially different morphological and behavioural traits 
in the process of evolution (macroevolution) (Rye et al., 2017; Carroll, 2005). These gradual 
changes contributed to the homeostasis and survival of species at the individual or collective 
level (figure 2.19.). 

Figure	2.19.
The	 unification	 of	 multiple	
evolutionary	 theories	 into	 the	
theory	of	Moden	Synthesis.
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2.2.3.3. Evolutionary Development 
Charles Darwin highlighted the significance of the developmental stage (embryology) in 
understanding evolution. Nevertheless, after Mendel’s research in genetics about the source 
of biological inheritance, any connection between development and evolution was considered 
irrelevant in the theory of evolutionary process at that time. Additionally, due to the lack of 
knowledge, this area of study was regarded as a ‘black box’ (Hall, 2012). With the advances in 
genetics and by the emergence of modern synthesis, a consensus was achieved that the changes 
and mutations to genes are the sources of morphological characteristics in the evolutionary 
process (Wittkopp and Kalay, 2012). Sadier argued that advances in research tools and 
methodologies made this research stream easier to pursue (Sadier, 2016). 

Julian Huxley, one of the seminal figures in the formation of the modern synthesis, highlighted 
the study of genes in development as an essential component for evolution. Described by him, 
“a study of genes during development is as essential for an understanding of evolution as are the 
study of mutation and selection” (Huxley, 1942, p. 8). Nevertheless, he did not incorporate the 
developmental stage in the synthetic evolutionary theory. Similarly, Ernst Mayr, another founder 
of the modern synthesis, considered ‘internal biology’ (developmental stage) and ‘external 
biology’ (evolutionary process) two different non-interrelating domains (Hall, 2012; Mayr, 1982, 
1997).

In the late 20th century and by the discovery of regulatory regions in the genome, the origin 
of morphological diversity amongst species was challenged. These findings led to a better 
understanding of the significance of the genetic toolkit of the organisms in their developmental 
stage and formed an improved argument to explain the origin of phenotypic diversities (Carroll, 
1995). It was realised that genetic toolkit is preserved throughout the evolutionary history of 
species and across different types, which in fact, it supported the idea of the common descend 
between species (Carroll, 2005). The regulatory genes are responsible for expressing or repressing 
the genes in an organism in the developmental stage. Ecological pressures and contextual 
elements could influence this process. This genetic toolkit was also known to be responsible 
for forming morphological characteristics through developing modules, each of which with an 
independent toolkit (Schneider and Amemiya, 2016). 

Therefore, the common understanding that morphological evolution is the driving force of 
changes in the developmental stage(Raff and Kaufman, 1983), was questioned. The morphological 
variation that was once thought is the product of many mutations on the genes until a formal 
attribute evolves or disappears is now the consequence of a series of mutations on the gene 
regulatory systems. Mutations affect this toolkit and enable a cascading effect on the genes that 
are being controlled. It creates a higher chance of producing novel morphological characteristics 
in the evolutionary process. The studies such as (Ronshaugen et al., 2002) and (Shigetani et al., 
2005) amongst others, on the emergence of phenotypic variations due to the mutations on the 
regulatory genes, formed the basis of incorporating the developmental process as an essential 
factor into the evolutionary theory. 

Evo-Devo research over the past couple of decades shed light on the mechanisms that connect 
genes with the morphology and structure (genotype and phenotype). While it may oppose the 
common understanding, it is essential to highlight that genotypes do not make phenotypes (Hall, 
2012). Developmental processes are responsible for the emergence of the phenotype (form) 
based on the instructions provided by the genes in the genotypes. However, in this process, other 
factors of environmental, ecological, and contextual elements such as physical forces, mechanical 
stimulation, and temperature amongst others that impact the homeostasis are influencing the 
phenotype and its morphological configurations as well (Hall, 2012; Greene, 1989).  Brian K. Hall 
highlighted the impact of the interactions between internal organisation and external conditions. 
He argued, “not only do genes not make structures (the phenotype), but new properties and 
mechanisms emerge during embryonic development:…modules and populations of differently 
differentiated cells interact to set development along particular tracks, and organisms interact 
with their environment and create their niche in that environment.” (Hall, 2012, p. 184). The 
term Epigenetics refers to such interactions that “direct gene activity using mechanisms that are 
not encoded in the DNA of the genes.” (Hall, 2012, p. 184). Homeostasis is a critical element in 
the process of interaction with the environment.

Sean Carroll describes the relationship between genetic toolkit (internal) and the ecological 
drivers (external) excellently as follows, “the genetic tool kit represents possibility - realisation 
of its potential is ecologically driven.”(Carroll, 2005, p. 182). This stresses the significance of 
internal (genotype) and external (phenotype) organisation in the emergence of morphological 
characteristics. Furthermore, it connects with Torday’s argument that homeostasis is a reference 
point for changes (morphological or behavioural) in the process of evolution. The findings of 
Evo-Devo further clarified the central evolutionary ideas and made biologists reconsider their 
perception of how forms evolve. Sean Carroll, in the book ‘Endless Forms Most Beautiful’ counts 
them as follows (Carroll, 2005):

• On Descent with Modification: It is discovered the genetic toolkit that is similar 
across species with drastically different morphologies, is preserved throughout 
an extended period.

• On Complexity and Diversity:  Mutations occur at the level of the genetic toolkit 
and express or repress the genes by switching them on and off. The diversity and 
complexity arise because of the “astronomical number of possible combinations 
of regulatory inputs and switches.”(Carroll, 2005, p. 182).

• On Novelty: Existing genes and the structures are enough for creating 
morphological novelty. The occurrence of the morphological variation in the 
existing structure and genes is more likely to happen that the emergence of 
new ones. 

• On Microevolution and Macroevolution: The continuity of the genetic toolkit 
coupled with the structure throughout a long period demonstrates there is no 
need for atypical changes to trigger large scale variations. “Evo-Devo reveals 
that macroevolution is the product of microevolution writ large.”(Carroll, 2005, 
p. 184).
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Carroll, in the paper ‘Evo-Devo and an Expanding Evolutionary Synthesis’, summarises the 
application of genetic theory in morphological evolution into two following statements. The 
first is that form evolves due to expressing or repressing the genes, and the second is that 
morphological and behavioural changes happen because of the mutations in the regulatory 
genes which switch on or off the target genes. He culminated the paper by stating, “there can 
be no doubt that if the facts and insights of evo-devo were available to Huxley, embryology 
would have been a cornerstone of his Modern Synthesis, and so evo-devo is today a key element 
of a more complete, expanded evolutionary synthesis.” (Carroll, 2008, p. 34). The triangular 
relationship between genotype, phenotype and environmental forces is the driving factor of the 
emergence of morphological characteristics based on which homeostasis can be achieved. 

2.2.4. Discussion 
The significance of homeostasis and evolution has been studied and the relation between them 
is discussed in the following section. Darwin’s findings immensely influenced the typological 
thinking that was rooted in primitive man’s effort to classify and explain the diversity of natural 
systems. It drew attention to the unique attributes of individuals in a collective (Mayr, 1994). 
Darwin’s theory of evolution of ‘descent with modification by means of natural selection’ is 
the core of contemporary evolutionary thought. His explanation of the mechanism behind the 
evolutionary process was so simple at the time that following reading Darwin’s book, Thomas 
Huxley stated, “How extremely stupid not to have thought of that!” (Huxley, 1900, p. 105). 

Described by Mayr, two out of three significant scientific contributions of Darwin, first, the 
enormous evidence of the occurrence of evolution and second, the logical and biological 
mechanism of evolution, are well highlighted in the scientific communities since the mid-19th 
century. Muller characterised this as “an intellectual monument that is unsurpassed in the 
history of human thought.” (Muller, 1949). What seems to be overlooked, as Mayr described, 
is Darwin’s contribution to the introduction of a new way of thinking, the Population thinking, 
into the scientific literature. Opposing the typological way of thinking, the prevailing school of 
thought of seventeen to nineteen centuries, Population thinking emphasises the uniqueness of 
individuals within a collective and gives more weight to the population than a single individual.
 
Typological thinking that is rooted in Plato’s theory of form and eidos (idea) explains the variation 
in nature, metaphorically, as the shadow of a fixed and unchangeable set of natural types. In 
other words, typological thinking, the type (average of a collective) is the only reality, and the 
variation amongst individuals within a collective is an illusion. Whereas for the populationist, this 
is precisely reverse as the type (the average) is a statistical abstraction of a collective and only 
variation is real (Mayr, 1994). The typological and population thinking are at two far extremes of 
every topic in the evolutionary theory, one of which is natural selection.  

According to typological thinking, natural selection equals the survival of the fittest in a binary 
fashion of positive or negative selection. In this context, evolution is described as a testing 
mechanism of newly generated ‘types’ upon which environment selects the good types 
and deletes the bad types with no gradual change involved in the process.  As the scientific 
observations rule this out, typological thinking concludes that either natural selection does not 
operate, or other forces are involved in the evolutionary process. In contrast, in the domain 
of population thinking, the understanding of natural selection is founded upon the idea of 
gradient and the gradualness of changes. Every individual comprises numerous morphological 
and behavioural characteristics which under certain conditions are considered better or worse 
than the average of the collective. The higher ratio of these traits leads to a higher chance of 
survival and subsequently, reproduction. According to the population thinking, all attributes 
of individuals are crucial. Under specific environmental conditions, attributes that were not 
considered beneficial initially may be regarded as superior in comparison to the collective in 
the new circumstances. This creates a reference point in the evolutionary process to change the 
direction of gradual changes in the subsequent generations (Mayr, 1994). 

Sean Carroll states “the genetic tool kit represents possibility - realisation of its potential is 
ecologically driven.”(Carroll, 2005, p. 182). It is understood that genetic toolkit (the codes) 
in the genome of the organisms are responsible for the manifestation of morphological and 
behavioural traits. A connection can be drawn between this association and the significance of 
individual uniqueness in a collective for the homeostasis, survival and adaptation of a population 
as a whole.  It is realised that the Internal organisations, genotype, and external pressures 
applied to phenotype are equally crucial for expression of novel morphological characteristics 
which results in homeostasis and adaptation of individuals and the collective to their context. 
This understanding (the mechanism behind the adaptation of individuals in a collective through 
multiple generations and interaction of internal organisations and external pressures) is crucial 
for the analysis and application of evolutionary thought as a developmental and generative 
model in the design process. 

Adaptation and responsiveness of organisms occur across a range of temporal domains. 
Evolutionary adaptations occur in multiple generations and create unique behavioural and 
morphological characteristics. Homeostatic processes are responsible for adaptation to changes 
in a much shorter period and the survival species at the individual or collective scale. The 
significance of these processes cannot be overlooked. Regulatory mechanisms of homeostatic 
processes extend over a wide range of spatial domains amongst individuals and in a collective. 
These regulatory processes, as described by Torday, are mechanisms accountable for creating a 
reference point for change in the evolutionary development of morphological characteristics. 
Keeping the vital variables of an organism in a steady-state through perturbation caused by 
internal and external changes is an active operation. This operation influences and is influenced 
by the behavioural and morphological novelties of species. This reciprocal impact can conclude 
in emerging novel morphological characteristics in the phenotype at the developmental phase, 
which can be propagated through genotype across the future generations. 
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The essential element in the homeostatic processes that have been studied by other disciplines is 
the feedback mechanisms. These processes create responsive behaviours in the organisms in the 
face of unexpected changes. The principles of these controlling processes immensely impacted 
other scientific disciplines and paved the way for their implementation in other domains. 
Cybernetics, as a multi-disciplinary domain, was founded upon the core idea of feedback 
mechanisms and homeostasis of the biological systems. D. and K. Stanley Jones’ (1960) extensive 
research on the patterns of control in natural systems shed light on the relationship between 
homeostatic processes of species and their physical structures (Stanley-Jones and Stanley-Jones, 
2014). Norbert Weiner (1985) founded the cybernetics way of thinking by drawing a connection 
from the biological principles of prediction and feedback of homeostasis to the designed artefact 
(machines) (Wiener, 1948). This relationship formed a new way of thinking towards the artefact 
and its connection to its context. The ability of an artefact or a machine to perform predictive 
behaviours started to gain ground form late 20th century. Cybernetics, as a multi-disciplinary 
field of study, explored the applicability of behavioural principles of controlling mechanisms of 
homeostasis in the design processes of the artefacts to perform predictive behaviours in the face 
of contextual changes.

The evidence is that the morphological characteristics of a biological system are crucial in its 
ability to detect and neutralise an unfavourable change (principles of homeostasis). These 
morphological characteristics are evolved from a long evolutionary adaption of a population and 
play a vital role to facilitate the regulatory behaviours in each induvial species.  An artefact that 
is designed and placed in a context needs to acquire such morphological attributes to facilitate 
a range of regulatory behaviours to changes. By acquiring a set of homeostatic characteristics, 
short term predictions become irrelevant as Simon argued: “Homeostatic mechanisms are 
especially useful for handling short-range fluctuations in the environment, hence for making 
short-range prediction unnecessary” (Simon, 1996, p. 161). The application of a set of principles 
abstracted from homeostasis to genotype and phenotype of an evolutionary model may lead 
to the emergence of adaptive and responsive morphological attributes. As such, the evolved 
attributes can facilitate a range of adaptive behaviours to unexpected changes exposed to an 
artefact, which in the context of this research is an urban tissue.

Homeostatic Toolset:
Thermoregulation, an essential homeostatic process, has been studied across two scales of 
individual species and the colony organisms in the previous sections. The significance of the 
regulatory behaviours and morphological characteristics manifested from this process have been 
highlighted in the evolutionary adaptation of species. The correlation between homeostasis and 
evolutionary adaptation of species leads to forming a foundation to investigate the applicability 
of thermoregulation in the urban design processes. A set of homeostatic principles derived from 
individuals and colony organisms have been abstracted to be implemented in an evolutionary 
model to evolve a set of urban morphologies in chapter three. These abstracted principles 
establish the homeostatic toolset that is utilised across different design experiments in the 
context of this research. They are as follows: 

Regulatory	Behaviours:	
Any homeostatic process comprises three stages of sensing, detecting, and reversing unfavourable 
changes. In the context of this research, the variable of interest is a heat-related parameter 
that is examined across urban tissues. To implement this behaviour in the design process, an 
iterative model is required to perform these tasks continuously. Thus the evolutionary model 
is selected as the framework to perform the design experiments of the research. To sense and 
reverse a change, an extra fitness objective will be added to the evolutionary model with the 
sole objective of detecting a deviation in the heat-related proxy variable and drive the evolution 
to reverse that change. In addition to that, an evolutionary engine is developed in the context 
of this research that allows the implementation of various conditional statements, assessing the 
deviations of the variable of interest across different stages throughout the iterative model. This 
is equivalent to the scaled-free attribute of homeostasis across different organisational levels in 
any colonies and individual species. 

Synchronisation
As discussed, the coordinated actions of individuals are the paramount factor for any homeostatic 
behaviours to emerge at the colony level. The relative relationship between Individuals and the 
colony is analogous to the relative relationship between individual buildings and the urban tissue. 
The urban tissue will be evolved through a bottom-up process in the evolutionary model. To build 
such an evolutionary model within which the individual buildings emerge in synchronisation, 
a set of rules and regulations will be embedded in the generative models of experiments to 
behave as an abstraction of the principle of coordinated actions of individuals. These rules 
and regulations will be embedded in the phenotype and genotype of the experiments (will be 
explained thoroughly in chapter 3).

Morphological	Characteristics		
Morphology has been proved to be as crucial as the regulatory behaviours of any homeostatic 
process across individual species and colonies. Through studies performed in the previous 
sections, three important morphological characteristics are highlighted. These qualities will be 
abstracted and implemented in the evolutionary models to drive the experiments to generate 
such morphological characteristics across urban tissues. These formal characteristics are as 
follows.

The first is the ability to control the surface to volume ratio through morphological configurations 
and localised morphological interventions (figure 2.20.). Heat dissipation can be improved by 
increasing the surface to volume ratio of a given volume (refer to section 2.2.2.2 and figure 
2.13.). By facilitating heat dissipation and heat flow, the temperature can be adjusted, and 
homeostasis can be achieved. The voxelisation is the employed geometrical technique to enable 
the evolutionary models to adjust the surface to volume ratio should the design model favour 
such a change.
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In addition to adjusting the surface to volume ratios, this geometrical approach benefits the self-
shading mechanisms of the generated morphologies in the design model. Self-shading qualities 
are one the most abundant morphological characteristics across individual species and colonies 
that facilitate heat exchange through temperature changes from one domain to another (Figure 
2.21). Furthermore, the voxels are a spatial unit that can be emerged across the urban tissues 
in the design experiments to facilitate changes in density and size and enable morphological 
adjustments in a range of temporal scales, if required. As discussed, this is a crucial colony 
characteristic that leads to homeostasis.
 
The algorithmic construction of the phenotype and the genotype of the evolutionary models will 
enable the emergence of these morphological characteristics in an urban tissue manifested from 
homeostatic behaviours in biology. 

2.3. Urban
This section covers the subdomains of urban design discipline that concern with the reciprocal 
relationship between urban morphological configuration and densification of the urban 
areas, material and energy exchange in the urban areas, inherent complexities of the urban 
areas, and the impacts of technological and environmental changes on the alternative urban 
configurations. This section continues with a review of the selected urban proposals of the 
mid-20th century to inquiry about radical approaches that opposed the urban policies of that 
time and their extreme responses to the need for a change. The relationship between inside 
and outside and what emerges in between is the area of focus in examining the radical urban 
proposals. This relationship across a range of spatial and temporal domains in the urban area 
to achieve homeostatic behaviours is what this research investigates. This section culminates by 
drawing a connection between urban morphological configurations and its inherent complexities 
and morphological configuration and homeostatic behaviours of biological systems. This leads 
to establishing a correlation between biological principles of evolution and homeostasis with 
governing factors of urban morphological configurations. This association forms the foundation 
to establish a set of computational experiments in chapter three to investigate the research 
questions of the thesis.

Figure 2.21.
In	addition	to	adjustment	of	the	
surface	 to	 volume	 ratios,	 this	
geometrical	approach	benefits	
the	 self-shading	 mechanisms	
of	the	generated	morphologies	
in	 the	 design	 model.	 These	
voxels	 are	 a	 spatial	 unit	 that	
can	 be	 emerged	 across	 the	
experiments	 conducted	 in	
chapter	three	to	facilitate	self-
shading	 mechanisms	 as	 well	
as	increasing	or	decreasing	the	
density	 (section	 2.3.2)	 of	 the	
spatial	distributions	of	spaces,	
which	 in	 turn	 impacts	 energy	
distribution	and	homeostasis.	

Figure	2.20.
Heat	 dissipation	 can	 be	
improved	 by	 increasing	 the	
surface	 to	 volume	 ratio	 of	
a	 given	 volume	 (refer	 to	
section	 2.2.2.2	 and	 figure	
2.13.)	 .	 By	 facilitating	 heat	
dissipation	 and	 heat	 flow,	
temperature	 can	 be	 adjusted,	
and	 homeostasis	 can	 be	
achieved.	 The	 voxelisation	 is	
the	 employed	 geometrical	
approach	 to	 adjust	 the	
surface	 to	 volume	 ratio.	 This	
geometrical	 approach	 is	
applied	across	the	experiments	
in	chapter	three	to	enable	the	
adjustment	 of	 the	 surface	
to	 volume	 ratios	 should	 the	
design	 model	 favour	 such	 a	
change.
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2.3.1. Urban Morphology 
The discipline of urban morphology concerns with the study of morphology of human 
settlements. The history of human settlements, which dates back to 5,500 years ago (Sjoberg, 
1965), shows their morphological expressions have been evolving since humans gained the 
ability to permanently settle down rather than being predominantly mobile in search of food 
and shelter. Humans’ permanent settlements, as Gordon Childe argued in his book, ‘What 
Happened in History’, have made them the active partners of nature as opposed to its parasite 
(Childe, 1969). The formation of pre-urban ‘folk’ societies and their progression to the civilised 
pre-industrial cities were necessary prerequisites in the evolution of cities and the emergence 
of the modern urban life, within which the large-scale urbanisation has only begun a century 
ago (Sjoberg, 1965). The urban revolution, a term coined by Childe, describes the process of this 
transition (Childe, 1950).

Formation of human settlements through organising societies in permanent locations has 
established a continuous reciprocating relationship between humans and their environmental 
context. The interaction between humans and the environment started to shift from solely 
utilising the resources and migrating to other resourceful lands, to the establishment of systems 
of production and maintenance in the permanent locations. Morris in, ‘History of Urban Form: 
Before the Industrial Revolution’ discussed that prior to the industrial revolution, morphological 
expressions of human settlements were primarily divided into two distinct categories of organic 
and planned urban growth, each with its unique morphological characteristics (Morris, 1994). 
Described by him, the former was the result of the development without preconceived plans while 
the latter was explicitly planned (Morris, 1994). In contemporary views, this can be translated to 
bottom-up and top-down processes. It can be argued that the morphological characteristics of 
the organic urban growth are the conclusion of a series of bottom-up interactions between its 
components in a range of spatial and temporal domains (figure 2.22.).

In contrast, the planned urban growth was the outcome of predefined top-down rules that 
were set in place. Regardless of how a city grows, its emergence has influenced other facets 
of societies and accelerated technological, social, and cultural changes (Sjoberg, 1965). Argued 

by Gordon Childe, the urban revolution was as significant as the agricultural and industrial 
revolution (Childe, 1950) in the progress of civilisation. 

Radical technological advancements that originated in the industrial revolution of the 18th 
century have made the previous urban morphological configurations obsolete. The invention 
of the automobile, one of the crucial products of the industrial revolution, had a direct 
consequence on the urban fabrics and resulted in the formation and proposal of new ideas. 
One of which is the ‘Urban revolution’ by Le Corbusier, which was a proposal of articulating 
urban fabrics with respects to freedoms and constraints introduced by automobiles. This top-
down approach in the urban planning proposed by Corb established a foundation for a new 
profession, urban design, that was founded in the 1950s at Harvard University  (Farrell, 2013). 
Although implemented universally throughout the 20th century, Corb’s urban reimagination had 
no regard to the contextual differences. Jane Jacob, one of the critics of Le Corbusier’s urban 
revolution, regarded his proposal as a “mechanical toy” (Jacobs, 1961, p. 23). She believed “cities 
have the capability of providing something for everybody only because and only when, they are 
created by everybody” (Jacobs, 1961, p. 238). This idea formed the foundation of a stream of 
arguments that opposed the view of deterministic top-down planning of the cities that its goal 
was to create an ideal condition (figure 2.23.).  

Figure 2.23.
Gravelly	 hill	 interchange	 in	
Birmingham	 (Google	 Maps,	
2020).	 After	 the	 industrial	
revolution	 and	 with	 the	
introduction	 of	 cars	 in	 the	
society,	 urban	 tissues	 are	
predominantly	 designed	 to	
accommodate	transportation.

Figure 2.22.
The	 left	 image	 (Talebian,	
2018,	 p.	 2)	 is	 the	 city	 of	 Yazd	
in	 Iran	 that	 evolved	 and	
survived	 through	 changing	
environmental	 stresses	 since	
the	 3rd	 century	 AD.	 The	
right	 image	 (Wired,	 2020)	
is	 Manhattan	 that	 shows	 its	
planned	urban	growth	through	
the	 last	 centuries	 based	 on	 a	
grid	like	structure.
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The modernist and the mechanical dominance of the mid-20th century in urban planning led 
to the emergence of a top-down approach to creating cities in their perfect form. In a relatively 
short period after this, Jane Jacob in ‘The Death and Life of Great American Cities’ (Jacobs, 1961) 
and Christopher Alexander through his PhD Thesis ‘Notes on the Synthesis of Form’ (Alexander, 
1965), criticised the implemented approaches in the modern urban planning and opposed 
the deterministic planning views (Batty and Marshall, 2009b). These criticisms coincided with 
a shift in the understanding of the organisation of cities and the principles of their growth 
and development. The analogy between the urban morphologies and the natural organisms 
that dates to the late nineteenth century started to gain some ground. This was followed by 
investigating a connection between governing factors of urban morphological configurations 
and the factors that govern the growth and evolution of natural organisms. This analogy grew 
into different branches. Jose Luis Sert, who was one of the CIAM spokesmen, argued that city 
planning should have been replaced by ‘urban biology.’ He started to establish links between 
principles of the emergence of a city and principles that govern the growth of an organism. 
Based on his argument, a city and an organism, both would be born, developed, disintegrated 
and die. Thus they are similar (Sert, 1942). 

The understanding of cities has fundamentally started to evolve at the beginning of the 20th 
century by the works of Patrick Geddes. Geddes was one of the leading figures in establishing 
a connection between a city and a biological organism through his work ‘Cities in evolution’ 
(Geddes, 1915). Although his efforts in reinterpreting the cities based on Darwin’s theory 
of natural selection were limited to the figurative comparisons, he was the first person who 
formed the ground, although loosely, for what is now known as the contemporary application 
of biological evolution and complexity science within the field of urban design. Studying the 
physical expressions and morphological characteristics of cities formed a research trend in 
which the morphological configuration of cities and how they occupy their space efficiently has 
become one of the main objectives of this new research stream(Batty and Longley, 1994). Batty 
has named this research stream as ‘The New Science of Cities’ (Batty, 2013). 

Meanwhile, by the end of the 20th century, urban morphology as a research discipline, which was 
initially rooted in geography, emerged as the conclusion of a series of ‘International Seminars on 
Urban Form’ and developed to become an interdisciplinary field of study. This new area of study 
enables a common ground upon which studying an urban morphological configuration via the 
medium of its physical form has become a field of research(Moudon, 1997). Urban morphology, 
as a research discipline, has been founded on three schools of thought. The first school concerns 
with the past and present of the cities and focuses on how and why cities are built in their current 
morphology. The second focuses on the future of cities on how they should be built accordingly. 
The third trend is the analysis of the past to learn for the future, and it centres around the 
discussion of what should be built and what has been built (Moudon, 1997). Furthermore, the 
unpredictable, emergent, and adaptive nature of urban morphological configurations discredited 
the classical science approach in describing such systems in a continuous state of change. This 
was followed by a progression towards the application of complexity science methodologies to 

study the urban systems from the perspective of the morphological configuration within which 
the urban processes occur (Batty, 2008). 

Urban morphology as a discipline grew out of these scattered research streams and 
methodologies. The term urban morphology was coined by the collective works of different 
researchers that started from the early 20th century to present (Mumford, 1938; Vance, 1990; 
Warner and Whittemore, 2012; Batty, 2013; Hall, 2014). Furthermore, the recent introduction of 
complexity science to the study of formal aggregation of different components at the scale of a 
neighbourhood by Michael Batty demonstrates the emergence of urban morphologies is a highly 
regulated process comprising of uncoordinated actions of individuals (Batty, 2009). This new 
approach towards a city, not as the centrally ordered ‘grand design’, but as the product of the 
interaction of its constituent components, has shifted the idea of a city as a mechanical system to 
the city as a biological system (Batty, 2012). In this context, the interactions of the parts gain more 
weight than the whole.  Described by Nabeel Hamdi, the whole is developed by the adaptation 
of bottom-up interactions of the parts to the external pressures (Hamdi, 2004). This definition 
aligns with the principles of homeostasis and its impact on the evolutionary morphological 
development of species. Hence, the bottom-up processes describe the complexity present in the 
cities better than the top-down representations. Thus, the idea of a grand design to predict and 
develop the best suitable condition for a city (and its morphological configurations) has become 
irrelevant. Instead, bottom-up iterative adjustments to changes within a range of temporal and 
spatial domains to develop an adaptive attribute is considered a driving factor in evolving urban 
morphologies. Similar to evolutionary development of morphologies in biology, homeostatic 
principles in this process can facilitate adaptive behaviours to emerge at the urban scale.

2.3.2. Urban Density 
The UN predicts the world’s population will reach up to more than 8.5 billion by 2030 and the 
number of urbanites is projected to increase by up to 70 % by the year 2050 (U.N., 2018). Growing 
affluence, population growth and the increasing dependency in personal mobility have caused 
the dispersed formation of urban morphologies in the modern cities that concludes in urban 
sprawl (Newman and Kenworthy, 1999). Dieleman and Wegner argue that the urban sprawl, 
particularly in its current form is not well suited for the expected population and density growth. 
The current horizontal urban expansion “has unintentional consequences such as a city centre 
decline, increased reliance on the use of private cars, and the loss of open space”(Dieleman 
and Wegener, 2004, p. 308). They suggested the compact and efficient spatial organisation of 
urban morphologies with less dependency on the automobile could be a plan that can “curb 
urban sprawl”(Dieleman and Wegener, 2004, p. 308). Burchell highlights the adverse impacts 
of segregation of land uses and functions in the urban sprawl on the quality of life in the urban 
areas (Burchell et al., 2000), especially in the context of the technological explosion of the 21st 
century (figure 2.24.). 
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Nonetheless, urban densification may have two contradictory consequences. On the one hand, 
it is considered constructive since it enables strong social links and sustainable use of energy, 
matter, and space. On the other hand, based on recent research, it generates negative influences 
on humans, such as the increasing level of stress in everyday life. In partial support of the latter 
point, Rudy Uytenhaak et al., in the book ‘Cities Full of Space, Quality of Density’ argue that 
increasing density solely for the reason of creating dense urban areas has a negative influence on 
the quality of life. Hence, architecture plays a crucial role in neutralising the harmful by-products 
of densification by creating spatial diversities (Uytenhaak et al., 2008). 

A design method proposed by Uytenhaak called ‘intelligent puzzle’, seeks to put extra attention 
on the relationships between the built environments and the unbuilt space (Uytenhaak et al., 
2008). This argument highlights the significance of interstitial spaces stretched across the inside 
and outside areas of the built environment in the process of densification. The spatial organisation 
of an urban area and its morphological configuration in connection to the interstitial spaces is 
an essential attribute in the urban densification, by which the adverse impacts of density can be 
compensated. A city can be regarded as a “spatial system” in which the distribution of energy, 
material and space should be organised with careful consideration to the localised relationships 
between its sub-components. The urban morphological configuration that is evolved from this 
process (localised and bottom-up interactions of its parts across a range of temporal and spatial 
scales) can obtain constructive high-density attributes (Uytenhaak et al., 2008). Therefore the 
emerged density can be considered a “positive move toward using less space, less transportation 
energy, less material and energy overall than cities that are spread out to cover more acreage in 
low-density, detached buildings”(Ferrão and Fernández, 2013, p. 29) (figure 2.25.). 

Extensive research has been done on measuring density with respects to a variety of variables 
in an urban area.  This includes a set of quantitative parameters such as population or building 
density and qualitative measurements such as the perception of individuals within a given area, 
which is known as perceived density. To measure density, the quantity of mass should be divided 
by the unit volume. In the urban discipline, density is defined as a certain quantity (i.e. people or 
buildings) per unit area (Dovey and Pafka, 2014). Floor Area Ratio also is known as Floor Space 
Index, is the most commonly used measurement for density. FSI is the ratio of the total floor area 
to the site area. Other urban variables with regards to inside or outside, net or gross values can 
be used in measuring density as well ( i.e. people dwelling ) (Dovey and Pafka, 2014).

On the other hand, discussed by Betchel and Churchman, perceived density targets the 
individuals’ perception of overcrowding in any space (Bechtel and Churchman, 2002). It is 
highly dependent on two factors, spatial and morphological configuration (the character of the 
space) and individuals’ interactions with each other and with the built environment. Cheng, in 
her paper ‘Understanding Density and High Density’, highlights the sophisticated and robust 
relationship between urban density, the morphology, and its influence on the perceived density. 
She argues that a specific density can relate to different urban morphologies (Cheng, 2010). 
Therefore, and based on this finding, the negative or positive impacts of the increased density 
in a given urban area can be adjusted by its morphological configuration. Moreover, dynamic 

Figure	2.25.
A	 snapshot	 of	 Hong	 Kong	
dense	 tower	 buildings	 (Wolf,	
2019).	 This	 is	 an	 instance	 of	
increasing	 density	 with	 no	
regard	 to	 the	 spatial	 qualities	
that	can	emerge	 in	 interstitial	
spaces	 amongst	 buildings	
and	 across	 the	 urban	 tissue.	
In	 this	 example,	 the	 urban	
tissue	 is	 only	 regarded	 as	
a	 3-dimensional	 array	 of	
buildings.

Figure 2.24.
Population	 and	 growth	 rate	
projection	until	 the	year	2100	
(United	 Nations	 et	 al.,	 2019,	
p.	 5).	 By	 the	 year	 2100,	 the	
population	 could	 reach	 to	
more	than	11	billion	people.	
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density as a mean of measuring social interactions, visual density, and interaction density are 
measurements that are being utilised in sociology amongst other disciplines (Roskamm, 2012; 
Sennett, 1992). Although the urban density is an expressing factor of urban morphology, such 
a connection requires further clarifications as different density measures of the same condition 
can represent different morphological configurations. 

There have been attempts to link various density measures into a single framework in which all 
different aspects of density can be factored in. The early attempts are found in Jane Jacob’s work. 
She investigated the relationship between residential, internal, and street densities and their 
role in creating urban diversities. Jacob’s work highlighted the significance of urban density in 
creating diverse spatial qualities, out of which the creative clusters of interactions could emerge 
(Currid and Williams, 2010; Storper and Venables, 2004; Jacobs, 1970). This idea as an apparatus 
of enabling social interactions is founded on the similar principles of the idea of “intensity” in 
physics which implies “the amount of energy flowing through an area over a period of time” 
(Dovey and Pafka, 2014, p. 67). “Spacemate” diagram developed by Pont and Haupt attempts to 
map five different variables of density into a single figure. These variables are FSI, ground space 
index (the percentage of the land area covered by the buildings), open space ratio (amount 
of non-built space at the ground level per sqm of floor area), layers (average of a number of 
floors in an area) and network density (Berghauser Pont and Haupt, 2010). Spacemate, as it is 
described in the book ‘Space, Density and Urban Form’, can explain the morphological attributes 
of an urban area to some extent (figure 2.26.). 

Dovey and Pafka, assembled a matrix that linked building, population, and open space density 
measurements into a single model that contains more than one variable. It is founded based 
on the principle that density is a model comprises different measurement criteria with dynamic 
relationships. Their argument concluded in revoking density as a property attributed to the 
buildings or people. Instead, density is considered an attribute of the spatial relationship 
between the quantitative parameters in the model (Dovey and Pafka, 2014). As such, density 
goes beyond a simple quantitative analysis of an urban area and falls within the framework of 
assemblage theory which looks to dissect multiple levels of spatial and social relationships of the 
parts within a larger whole, in this case, an urban area (De Landa, 2013; Dovey, 2010; Deleuze 
and Guattari, 2007) (figure 2.27.). 

The vast amount of work in density is concentrated on its description and quantification. An area 
that is neglected is its significance in the homeostasis of an urban patch with the same principles 
in biology. As discussed in section 2.2.2.3. density has a strong implication in the homeostasis 
of a colony. The spatial distribution of individuals in a colony with various densities and spatial 
proximities creates a dynamic morphology within which enables the individuals to exchange 
energy with their immediate surroundings, that includes other individuals and interstitial spaces. 
This energy flow triggers the temperature fluctuations across the colony and facilitates the 
temperature regulation and homeostasis of the colony. Buildings across an urban area are the 
equivalent of the individuals in a colony, and the urban area is equivalent to the colony itself. The 
quality of Interstitial spaces emerge across the colony with respect to heat exchange is similar to 
the quality of interstitial spaces across the urban area. Heat island effect is the term to describe 
this. It is the conclusion of the increased density in an urban area and refers to the difference 
between the temperature of a dense area compared to the temperature of its surrounding. 
This phenomenon occurs based on the same principles of heat exchange in a biological colony. 

Figure	2.27.
The	matrix	of	different	density	
measurements	 and	 their	
dynamic	 relationships	 to	 one	
another.	 Dovey	 and	 Pafka	
developed	this	matrix	to	factor	
multiple	variables	in	modeling	
and	 measuring	 density(Dovey	
and	Pafka,	2014,	p.	70).					

Figure	2.26.
An	example	of	how	Spacemate	
diagram	 represents	 four		
different	densities	(Berghauser	
Pont	and	Haupt,	2005,	p.	61).		
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Waste heat generated by urban activities and the buildings (individuals in a colony) results in 
this temperature difference and triggers energy fluctuations which is a necessary process for 
homeostasis. Hence, the spatial distribution of a dense urban configuration can impact the 
temperature of the urban area at large and contribute to its regulation and homeostasis (figure 
2.28.).

2.3.3. Urban Metabolism 
Humans have consumed more energy than all history before 1900 (McNeill, 2001). Growth of the 
human population combined with the exhaustive usage of natural resources have highlighted 
the reciprocating relationship between the urban areas and their environmental context (Alberti, 
2008). Malthus was the first figure to raise the issue on the growth in 1798 in his essay ‘On The 
Principles of Population’ (Malthus, 1798) in which he argued that natural bounds control the 
population growth of any species. This resonates Lovelock’s Gaia hypothesis that describes the 
interactions amongst all parts in the planet results in the emergence of complex systems at large 
to maintain and perpetuate life on the planet (Lovelock, 1995). These constant interactions, on 
a smaller scale, impact urban morphologies. Described by Ferrão and Fernández in the book 
of ‘Sustainable Urban Metabolism’, globalisation and urbanisation are two fundamental forces 
of the past century. These forces changed the forms and processes associated with human 
habitation drastically (Ferrão and Fernández, 2013).

The metabolic processes in living organisms, as described by Michael Weinstock, the driving 
force of life across the natural systems (Weinstock, 2008b),  are ensured through a series of 
changes that occur in contact with the local environment (Faraud, 2017). Weinstock argues that 

metabolism is the defining factor of the reciprocating relationship between the natural forms 
and their local environment (Weinstock, 2008b) (figure 2.29.). Homeostasis is a critical biological 
process that ensures the maintenance of metabolism and energy exchange. Founded upon the 
idea of metabolism in biology, urban metabolism draws an analogy between metabolic processes 
of organisms with the processes of change within the urban configurations (Faraud, 2017). Cities 
in a similar fashion to the natural systems transform the resource intakes to the required energy 
for their survival, a process that ultimately produces waste in forms of heat or matter (Pataki, 
2010; Bettencourt et al., 2007). With the same reasoning as in biology, application of principles of 
homeostasis at the urban scale, (morphological and behavioural principles), can have a positive 
impact on the urban metabolism.

Urban metabolism as an interdisciplinary area of research emerged in the late 20th century 
around the time of the shift from the conventional understanding of the urban areas to the 
application of complexity science in understanding the cities and their morphological significance. 
Urban metabolism originally is rooted in Karl Max’s intellectual proposition. Based on the 
observations conducted in English cities (particularly at the time of the industrial revolution), 
Karl Marx and Friedrich Engels were the first scholars who started to raise concerns regarding 
the societal and organisational issues; issues by which contemporary interpretation of urban 
metabolism is founded upon. According to Marx’s school of thought, urban metabolism is a part 
of the sociological studies to investigate the dynamic relationships of humans and nature from 
the social point of view (Pincetl et al., 2012). For him, urban metabolism comprised metabolic 
interactions of human labour in relation to its environment for survival and maintenance (Fischer-
Kowalski, 1998). 

The industrial revolution and its extension to the urban areas convinced the scientists to take an 
empirical approach towards Marx’s descriptive and social interpretation of urban metabolism. 
Patrick Geddes was one of the first figures in the late 19th century who put forward an empirical 
description of urban metabolism. By providing a quantitative table of inputs and outputs of 
energy and materials, Geddes started to extend the idea of Urban metabolism via scientific 

Figure	2.29.
The	arrangements	of	leaves	in	
a	single	tree	and	at	a	collective	
level,	in	relation	to	other	trees	
is	considerably	related	to	avoid	
self-shading	 and	 shading	
on	 other	 trees.	 Ecological	
systems	 are	 produced	 by	 the	
collective	 metabolisms	 of	
multiple	 individuals.	 In	 this	
instance,	 an	 individual	 tree	 is	
morphologically	 organised	 to	
support	 its	 three-dimensional	
array	 of	 leaves	 for	 its	
photosynthetic	 metabolism.	
As	a	 conclusion	 it	modifies	 its	
local	 environment	 which	 has	
an	 impact	 on	 the	metabolism	
of	 other	 trees,	 by	 the	 shade	
it	 casts	 (Weinstock,	 2010a).	
These	 exchanges	 impact	 the	
homeostasis	 of	 an	 individual	
and	the	collective.		Photo	from	
(Krämer,	2019)			

Figure 2.28.
A	 diagrammatic	
representation	 of	 the	 Heat	
Island	 effect	 across	 a	 section	
of	 an	 urban	 area	 (Foster,	
2020).	As	illustrated,	increased	
density	and	built	environment	
impact	the	temperature	of	the	
area.	 The	 interstitial	 spaces	
across	 denser	 areas	 acquire	
higher	 temperature	 than	 less	
dense	areas.					
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investigations (Fischer-Kowalski, 1998). Nevertheless, the contemporary interpretation of urban 
metabolism is founded upon Abel Wolman’s research on the metabolism of the city (Wolman, 
1965). Wolman investigated the inflow and outflow of materials, mostly water and waste 
quantitatively (in his case), in a hypothetical city (Ethan H. Decker et al., 2000).    

Urban metabolism can be determined through five disciplines of industrial ecology, urban ecology, 
ecological economics, political ecology and political geography (Rapoport, 2011). Nonetheless, 
the origin of the biological interpretation of urban metabolism is rooted in the disciplines of 
ecology and system ecology, which was established by Eugene Odum in 1960s (Odum, 1963). In 
the contemporary readings, the correlation between a city and an ecosystem from the biological 
standpoint originates in the field of urban ecology. In this viewpoint, a city is regarded as a 
system with inherent natural characteristics (Marcotullio and Boyle, 2003) (figure 2.30.).  

There are two leading schools of thought in the contemporary understanding of urban 
metabolism, ‘Emergy’ and ‘Material Flow Analysis.’ The former was developed by Howard T. 
Odum in the 1980s and drew a connection from the urban ecology through emphasising the links 
and interactions among all sub-systems of an urban region. Emergy highlights the importance of 
the source of almost all energy on the planet, the sun (Kennedy et al., 2011). H.T Odum coined 
the term emergy which signifies the qualitative differences of mass and energy in calculations of 
interactions within an urban area. Odum’s school of thought tracks and analyses metabolic flows 
within an urban context by measuring the solar energy used directly or indirectly to produce a 
product or a service (Odum, 1983). At first glance, having a single measure could be beneficial 
for comparison purposes. However, as Pincetl et al. argue that a single unit for almost all forms 
of energy and products makes the analysis and comparison challenging to understand (Pincetl 
et al., 2012). The Material Flow Analysis method, which is known as the mainstream school of 

urban metabolism, is devised by Baccinni and Brunner in the 1990s and is rooted in the industrial 
ecology (Brunner and Rechberger, 2004; Baccini and Bader, 1996). It is the calculation of materials 
flowing into a system, internal processing and changes of the system, and the resulting outputs, 
which can impact other systems (Pincetl et al., 2012). 

Urban metabolism has gained momentum in recent years due to the recent environmental 
awareness, which was evoked by unpredictable climatic conditions, shortage of resources, 
and increasing number of people willing to live in the urban areas. As discussed by Ferrão and 
Fernández the contemporary urban reality from the metabolic standpoint can be defined by the 
following points: high population density, reliance on finding and the exchange of resources, 
and the need to consider the disposal of energy and matter (Ferrão and Fernández, 2013). 
Through understanding the principles of urban metabolism, connections can be established 
from governing factors of the resiliency of natural ecosystems to inform the adaptability of the 
urban configurations (figure 2.31.). 

Homeostatic processes and behaviours of natural systems to maintain their metabolic activities, 
individually or collectively, lead to creating unique biological morphological characteristics. An 
area that may have been overlooked is the relationship between urban metabolism and the 
morphological configuration of an urban area. This relationship across a range of spatial and 
temporal scales can be redesigned to facilitate the emergence of resilient urban characteristics 
via its morphological attributes. Interstitial spaces across an urban area are the spatial domains 
where the exchange of energy between buildings and their surrounding areas is facilitated. 
Hence, they play a crucial role in the metabolism of an urban area. Similar to biology and 
more particularly at the colony level, these interstitial spaces are significant spatial entities for 

Figure 2.31.
The	 urban	 metabolism	
framework	 presented	 by	
(Ferrão	 and	 Fernández,	 2013,	
p.	40).	It	represents	the	energy	
and	 material	 flows	 into	 an	
urban	 tissue	 that	 is	 derived	
from	 three	 categories	 of	
urban	 activities.	 First	 are	 the	
activities	that	occur	within	the	
built	 environments.	 Second	
activities	 linked	 to	 services	
and	products,	and	 the	 third	 is	
related	to	transportation.					

Figure	2.30.
This	 diagram	 is	 representing	
urban	 metabolism	 of	 Brussel	
in	1970s	by	 (Duvigneaud,	and	
Denayeyer-De	 Smet,	 1977).	
The	natural	and	anthropogenic	
flows	of	energy	and	matter	into	
an	urban	area	were	considered	
in	 this	 study.	 It	 highlights	 the	
interrelation	 of	 natural	 and	
man-made	 phenomena	 in	 the	
metabolism	of	an	urban	area.					
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achieving homeostasis and maintenance of metabolism. With the same principles, interstitial 
spaces become important spatial entities in the metabolism of an urban area and to achieve 
homeostasis. A city that can adapt, self-organise, and maintain its metabolic activities through 
perturbations caused by internal (society) and external (environment) stimuli is a prerequisite to 
humans’ survival in future. These attributes can be embedded within the urban morphologies.

2.3.4. Urban Systems 
Cities, similar to the biological organisms, have always exhibited extraordinary diversity and 
complexity and are the most complex artefact of human civilisation. Although there is a consensus 
regarding the formation of cities in different parts of the world, the significance of urbanisation 
has been studied from within different metrics. The economic significance of an urban area as a 
place of trade (Bairoch, 1991), its political importance in putting order to societies (Duby, 1985) 
and the collective experience of the society in the urban areas (Wheatley, 1971) are amongst 
measures that attempted to describe the significance of the urbanisation. 

There is a history to understanding of a city not as a fix three-dimensional array of buildings 
but as a dynamic system subject to constant changes. The complexity and diversity of cities 
as the “objects of significance for research” (Pumain, 1998, p. 325), can be defined by various 
measures. It can be represented from four distinct standpoints; definitional complexity, spatial 
complexity, temporal variation, and its evolutionary nature (Pumain, 1998). Firstly, the diversity 
in the interpretation of cities has led to several means of defining the cities. Demographic 
description (permanent grouping of people), morphological description (spatial continuity of the 
urban area), and functional description (accumulation of non-agricultural activates) are different 
viewpoints based on which a city can be defined (Pumain, 1998). Secondly, cities are spatially 
complex with multiple layers of organisations that are connected to their surroundings. Berry 
argues that a city is a system which is situated within a more extensive set of systems (Brian J.L. 
Berry, 1964). 

Thirdly, an urban area has a ‘temporal variation’, and its constituent components have different 
pace of lives. The articulation of these different temporalities as believed by Pumain is a condition 
by which the longevity of a city can be ensured (Pumain, 1998). Moreover, cities are changing over 
time, their size, morphological and functional arrangements are evolving from one generation 
to another with different frequencies and intensities. The complexity of a city emerges from the 
interactions of its constituent components at a local scale by which the progress of change and 
evolution may be triggered. 

The biological counterparts for the above points are the crucial components for the biological 
homeostasis at an individual or a collective level. For instance, the spatial complexities of a 
colony through a range of temporal scales has the interrelation to the colony’s homeostasis 
and its survival and evolution of individuals. With the same reasoning but in different level of 
organisation, homeostasis at the urban scale and the spatial configuration of the buildings across 

the urban morphology have a reciprocating relationship. One affects the other and can conclude 
in development of dynamical adaptive behaviours.

Jay Wright Forrester’s Urban Dynamics was one of the first scholarly works that described an 
urban area from a system point of view (Forrester, 1969). Forrester described a city as a complex 
system. “The complex system has a multiplicity of interacting feedback loops” (Forrester, 1969, 
p. 9). The cause and effect within an urban area do not have a linear relationship and will not 
occur in the same spatial and temporal contexts. In Forrester’s description of urban dynamics, 
an urban area can acquire different states by positive feedback loops (growth behaviours), 
and negative feedback loops (goal-seeking behaviours). These are the main elements of any 
homeostatic process in nature as well. 

The Club of Rome's report (as it was called the Predicament of Mankind) expanded Forrester’s 
dynamical model to model the world. This dynamical model was founded based on five 
parameters of population, agricultural production, natural resources, industrial production, 
and pollution and studied the limits to growth on the planet Earth (Meadows et al., 1974). This 
model argued that through changes in the consumption patterns, ecological stability could be 
established (Meadows et al., 1974). As discussed, urban morphology impacts urban metabolism 
that can be interpreted as the reflection of the consumption patterns in society.  

Nonetheless, describing the cities as systems in steady-state was at its pinnacle in the mid-20th 
century. McLoughlin compared cities to machines and mechanical entities in the book of ‘Control 
and Urban Planning’ (McLoughlin, 1973). He argued that a city’s organisation is set to be aligned 
with the principles of cybernetics, a discipline that was founded on the principles of controlling 
mechanisms and homeostasis in biological organisms by Weiner (Wiener, 1948). Forrester’s 
dynamical model (Forrester, 1969) was built based on the same principles. Nevertheless, this 
model presumed that any new steady-state will not be significantly different from the former and 
will be constrained to minor differences in quantitative measurements, such as morphological 
characteristics (Batty, 2015). 

Understanding the frequency of changes in an urban system together with its tendency to 
retrieve to the former state, paved the way to apply catastrophe, bifurcation and chaos theory 
in understanding the dynamics of cities more meticulously (Allen, 2004; Gleick, 1998; Wilson, 
1981; Amson, 1975). Building upon this, Michael Batty, in the working paper titled ‘Cities in 
Disequilibrium’, questioned the common assumption of stability and dynamics of cities in their 
spatial and temporal organisations. Cities comprise multi-layer organisational structures that 
are expressed through morphologies across different spatial and temporal domains in which 
many types of equilibrium and disequilibrium can be defined. He concludes by questioning the 
interpretation of a city in a constant steady-state in its entirety (Batty, 2015). Similar to biological 
systems and their constant homeostatic behaviours, cities started to be interpreted as entities 
subject to constant change across different levels of organisations.
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As described by Batty, cities are constantly changing and far from equilibrium (Batty, 2012).  Cities 
are not “centrally ordered but evolve mainly from the bottom up as the products of millions of 
individuals and group decisions with the only occasional top-down, centralised action” (Batty, 
2012, p. 1). If formerly it was known that cities are machines with cybernetic principles, now 
they are recognised as biological systems. As discussed, homeostasis is a critical biological 
process in biological organisms at the individual and collective level. Therefore, its principles 
may yield useful parameters to be implemented across an urban system. Based on the vast body 
of research and evidence provided in the field of system dynamics, intuitive assessments of 
the actions in the context of a complex system is unlikely to be accurate (Paich and Sterman, 
1993). With similar reasoning, and due to the complex nature of urban areas, the objectives that 
are required to be addressed (homeostasis) can be simulated throughout the different spatial 
and temporal scales of urban scenarios to contribute to present and future problem-solving 
strategies.

2.3.5. Radical Urbanism
The utopian vision for societies was coined originally by Sir Thomas More’s novel to establish 
a theme of an ideal society in the 16th century (More, 2015). However, after the industrial 
revolution, this perception has changed both objectively and morphologically. Technological 
developments, together with the changes in the human conception of possible futures, led to 
the emergence of radical proposals for urbanism. Horizontal expansion of urban areas that have 
been explored for over a long period started to be revisited.  The contemporary urge to pursue 
dense liveable and compact urban environments (Sarkisian, 2016; Parker et al., 2013) can be 
traced back in Harvey Wiley Corbett’s multi-layered cities. His proposal was a response to the 
impacts of the industrial revolution by envisioning multi-level streets and mixed-use skyscrapers 
(Goodman, 2008; Corbett et al., 2009) (figure 2.32.).

From the early 20th century, the analogy between a man-made artefact, and the biological 
organism gained some ground. The French philosopher George Canguilhem was one of the 
figures who suggested the biological understanding of technology and machines by reversing 
their conventional mechanistic views (Yiannoudes, 2016; Canguilhem et al., 2008). Similarly, 
Herbert Simon, in the mid-20th century with the book ‘Science of Artificial’ drew an analogy 
between what is natural and what is artificial. He developed his argument by drawing a connection 
between the characters of the synthesised artefacts and the natural principles (Simon, 1996). 

A shift in the conventional description of urbanism started to emerge. Arcology by Paolo Soleri, 
Archigram Group, radical Italian groups such as Superstudio and ArchiZoom, are amongst 
seminal figures that began the conversations around what urbanism can and should look like 
in future. These radical urban proposals cover a wide range of principles of implementation 
and core ideologies. Nonetheless, these are the seminal figures in the history of urbanism that 
utilised the relationship of urban morphology to dynamical changes in the environment. 

  

Figure 2.32.
City	 of	 Future	 that	 was	
proposed	 by	 Harvey	
Corbett	 was	 one	 of	 the	 first	
proposals	 of	 vertical	 and	
dense	 organisation	 of	 a	 city	
with	 multi-level	 elevated	
connections	 (Corbett	 et	 al.,	
2009).				
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2.3.5.1. Arcology
Italian architect, Paolo Soleri, around the 1970s suggested a series of urban proposals called 
Arcology to address what he considered as the failure of urban sprawl at the time. The term 
Arcology is the combination of the words Architecture and Ecology. As argued by Soleri, 
architecture, and ecology are two sides of one entity that grow together(Soleri, 2006). Discussed 
by him, a city is floating at the edge of two phenomena, ecological concreteness and human 
society as one reality concurrently developing together (Soleri, 1973). Neither human society 
as the inner part nor nature as the outer environment are finalised (Soleri, 1973).  Therefore, 
the growth and evolution of a city are highly dependent and driven by the forces of evolution of 
man, environment, and their interactions. 

Arcology’s core principle is rooted in Soleri’s belief in evolution and its connection to the growth of 
cities. Evolution is a process by which natural systems increase their complexity while developing 
highly organised and compact morphologies. Soleri proposed that cities should evolve to increase 
their morphological and organisational complexity while becoming compact and structured. 
Based on him, Arcology addresses many urban problems such as overpopulation, pollution, 
energy, and natural resource depletion by reinventing the urban morphological configuration 
(Soleri, 2006). He believed “Arcology recognises the necessity of the radical reorganisation of the 
sprawling urban landscape into dense, integrated, three-dimensional cities in order to support 
the complex activities that sustain humans’ culture” (https://arcosanti.org/Arcology, n.d.). 
Arcology’s central ideology draws a connection between the morphological complexity of the 
city and the evolutionary process of nature in evolving more complex systems (figure 2.33.).

In his sketchbook ‘The City in the Image of Man’ Paolo Soleri pictured how Arcology as the 
fundamental idea of urban life can transform the urban settlements and their morphological 
characteristics. City, in his description, is ‘The Organism of a Thousand Minds’ (Soleri, 2006). 
Moreover, its morphology can be determined as a bottom-up process of formation. In this 
context, a city is one integrated structure comprises multi-layers of organisations. This idea is 
founded upon Soleri’s interpretation of a city as a biological organism. As oppose to factoring 
the cars as the necessary components of urban life, Arcology’s approach to urban morphology 
revolves around humans. As thoroughly illustrated in Soleri’s sketchbook, his urban proposals 
are against the urban sprawl by signifying the Miniaturisation as a critical concept of the urban 
formation (Soleri, 2006). He discussed, miniaturisation is a part of the evolutionary process of 
humans in which societies increase complexity through highly dense and compact structures. 
Sven Bjork in ‘Arcology: Alternative to Urban Disaster’ quoted from him, “we are part of an 
evolutionary process and that the society of man - through further reflection upon itself- will 
slowly become transformed” (Bjork, 1972, p. 32). Donald Wall in ‘Visionary Cities: Arcology 
of Paolo Soleri’ expanded on Soleri’s interpretation of what a city can be. He re-stated Soleri’s 
understanding of a city; a city is not an amorphous accumulation of cells, but it is an organism 
comprises many components with clear functionalities and complexities laid out in multiple 
levels (Wall, 1970).

The urban proposals of Arcology enclose what is conventionally considered outside, inside 
the city’s structure. By doing so, Soleri attempted to illustrate a condensed urban morphology 
comprises different levels of activities and organisation. By locating the mechanical aspects 
of urban life at the lower levels on top of which other aspects of urban areas are located, he 
rendered the Arcology as a self-contained urban system. Soleri highlighted the significance of 
leaving nature intact to prevent any further destruction. He imagined that the urban dense 
morphological configuration of Arcology enables the uninterrupted flow of matter and energy 
in and out of a city by which the longevity of the urban life and its metabolism can be ensured 
(Soleri, 2006). 

Soleri attempted to build one of his projects called Arcosanti in Arizona in the United States 
around 1970. However, due to the lack of capital and technological advancements, this project 
has not been built entirely even after more than 40 years. His design principles he insisted 
on, are inconspicuous in this project. Although Arcosanti has not been built entirely, Soleri’s 
attempts to examine a new kind of living experience in a different morphological set up (as he 
called it ‘urban laboratory’) can be a beginning for future experiments and design research. Sven 
Bjork, in his book on Arcology, pointed out the importance of this experimentation by stating, 
“hypothesis and theoretical models can only provide guidelines for the experimental research 
that should follow”(Bjork, 1972, p. 14). From Soleri’s standpoint, Arcology is an addition to 
nature’s topography. Arcology’s key morphological characteristics are as follows (Soleri, 2006). 

• Arcology is a multi-level structure and not a single surface. 
• The single structure of the Arcology contains all elements necessary for urban 

life and enables uninterrupted efflux of energy and matter. 
• Arcology is against the urban sprawl and is a condensed organisation of spaces 

and functions surrounded by unaltered landscape. 
• Arcology is not only an urban reorganisation but also is an approach to urban life, 

which leads to the radical changes of urban morphologies to highly organised 
and dense settings.
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Figure 2.33.
An	 example	 of	 Arcology	 by	
Paolo	 Soleri.	 Soleri,	 with	
his	 proposals,	 attempted	 to	
illustrate	 an	 urban	 scenario	
in	 which	 the	 urban	 structure	
houses	 all	 necessary	
requirements	 for	 an	 urban	
life,	 what	 he	 called	 it	 as	
interiorising	 what	 is	 outside	
inside	the	city	(Soleri,	2006,	p.	
93).
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2.3.5.2. Archigram
Influenced by the works of the Italian architect Antonio Sant’Elia, the critical member of 
futuristic movement (Goldberger, 1986), Archigram group was formed in the 1960s by the radical 
British architects, Warren Chalk, Peter Cook, Dennis Crompton, David Greene, Ron Herron and 
Michael Webb (Pickering, 2006). The group over ten years published a series of magazines in 
which “speculative architecture which drew its inspiration from the sophisticated technology 
of the post-computer era and popular culture”(Archigram (Group), 1969) were investigated in 
the visual mediums. As described by Davies et al., the Archigram’s “central concern was the 
immediacy of the city”(Davies and Griffiths, 1994, p. 71) not only for the future scenarios but 
also for the present.
Contrary to the modernist belief of the time that providing an ideal static architecture is a 
way to adapt to a changing world, Archigram “contended that architecture should not create 
fixed volumes of space to be mutely inhabited…but must provide the equipment for “living,” 
for “being” (Sadler, 2005, p. 5). Archigram regarded architecture as a consumer product (Cook 
and Archigram (Group), 1972), based on which the stationary aspects of the buildings as the 
prerequisite for their functionality and aesthetic attributes were questioned (Sadler, 2005). Arata 
Isozaki in the 1970s highlighted the counterculture attribute of Archigram’s projects as a tool to 
dismantle the modern architecture of the time (Cook and Archigram (Group), 1972).

Throughout nine magazines and several exhibitions, Archigram explored a range of ideas 
in a variety of sizes in which living as the experience of individuals was the main objective to 
investigate (Cook and Archigram (Group), 1972). To provide services, communication and 
entertainment were amongst aspects of what architecture and city as a consumer product could 
offer, according to Archigram’s vision. Instant City, Plugin City, Walking City, and in smaller scales, 
the Cushicle and the Living Pod, were the group’s speculation on what could living in a city with 
the exponential technological and automation growth mean (figure 2.34.). 

Archigram’s proposals, although vary in size and function, shared a set of universal principles 
that can be grouped as Open Ends doctrine: Metamorphosis, Nomad, Comfort, Hard-Soft, 
Emancipation, Exchange and Response(Cook and Archigram (Group), 1972). By drawing an 
analogy between architecture and the evolutionary state of beings in nature, Archigram believed 
in a continuous change. In contrast to most architects at the time who chose a fixed state of 
organisation and form, Archigram founded their proposals on change. Based on their approach, 
architecture is continually going through metamorphosis and change, not to reach a fixed state 
but to keep evolving. Archigram was against the idea of a fixed location. Their projects underlined 
the notion of Nomad and the continuity in the movement from one place to another. One of the 
core objectives of the Archigram’s proposals was to provide comfort for human’s fundamental 
instincts. 

Many of Archigram’s design principles such as the relationship between material and non-material, 
hard and soft, exchange and response were under the influence of principles of cybernetics. “The 
software is sufficient to determine the control and positioning of elements with which we live. 
The environment can now be determined by a systems analysis of our requirements, and the 
seen world could become servant to the unseen motivation”(Cook and Archigram (Group), 1972, 
p. 76). Exchange and response refer to the interaction between constituent components of any 
organisation with other components within the same system or outside the system. It enables 
the expandability and responsivity of Archigram’s projects (Cook and Archigram (Group), 1972). 
Archigram’s central philosophy founded upon architecture as a consumer product in which the 
users are emancipated and not limited to the architect’s preferences.

Archigram’s alternative approaches started as the idea of replacement of the current state of 
architecture and were culminated in Continuous evolution from one state to another. By drawing 
a connection between metamorphosis of the natural systems, even though metaphorically, 
architecture and in the broader context cities were considered “always alive but never the same, 
always complete but always in metamorphic transience” (Cook and Archigram (Group), 1972, p. 
74). Metamorphosis, as one of the fundamental principles in Archigram’s proposals, highlights 
the need for adaptation capability of architecture to evolving human societies(Yiannoudes, 
2016). Influenced by the principles of cybernetic at the time, the Archigram group focused on 
the concept of steady-state. The group believed machines, similarly to biological organisms, 
can control the entropy through active interactions with their environment (Yiannoudes, 2016). 
Similar to Paolo Soleri, the group lacked sufficient built projects to examine these radical ideas in 
real scenarios. However, some believed that this caused the group to be remained as “prophet 
of architectural possibilities” (Sadler, 2005, p. 194) in the age of stagnation of international style 
in modern architecture.
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Figure 2.34.
Plugin	City	by	Peter	Cook.	This	
project	 was	 a	 culmination	 of	
a	 series	 of	 ideas	 from	 1962	
to	 1964	 to	 investigate	 the	
scenario	 in	 which	 the	 entire	
urban	 environment	 can	 be	
programmed	 and	 structured	
for	a	continuous	change	(Cook	
and	Archigram	(Group),	1972,	
p.	36).
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2.3.5.3. Superstudio
Superstudio was formed as an architecture firm in 1963 in Italy by two core members, Adolfo 
Natalini and Cristiano Toraldo di Francia. Gian Piero Frassinelli, Alessandro, and Roberto Magris, 
Alessandro Poli, later joined the group(Didero et al., 2017). In an article published in 1969 in 
Domus magazine, the group discussed their disagreement with the main modernist movement 
and consumer culture of the time through their radical design ideas (Superstudio group, 1969). 
Superstudio’s core objective was to enhance the relationship between urban habitats and their 
natural and artificial contexts by liberating architecture from its myriad rules. As described by the 
group, their work was the inventories and catalogues of the ideas which were explored in almost 
a decade (Superstudio et al., 1973). 

Superstudio’s visions founded on the assumption that architecture is a mechanism for changing 
the world. To enable such changes, the group believed that architecture as a purposeful object 
could offer variations of qualities and quantities in a society. A series of objects that were designed 
for functional and production purposes have been showcased in their first catalogue, A Journey 
into the Realm of Reason. Their second catalogue called Architectural Histogram was a response 
to the idea of metamorphoses and the tendency of producing scale less architecture with no 
specificity. Contrary to their first catalogue, in this scenario architecture had become a series 
of entities facilitating the fundamentals of human needs. This transition, from objects to scale-
less entities, culminated in Superstudio’s proposal of The Continuous Monument as a model 
for utopian urbanisation, a city which is equal to the architecture (figure 2.35.). The principles 
of Continuous Monument were extended further in the illustration of Twelve ideal Cities. The 
objective of each project was to facilitate a perfect state of equality with no contradiction and 
inequity in society. Formal homogeneity and the freedom provided to people by technological 
advancements were the foundations of the Twelve ideal Cities proposals. Superstudio’s expository 
of design ideas was concluded around 1973 when the group started to explore concepts outside 
the architectural discipline. By highlighting human to human connections, the group produced 
a series of films to propose a framework of ideal social interactions in which individuals are free 
from the capitalist boundaries imposed on the society (Superstudio et al., 1973). 

As Guilio Carlo Argan argued, mass production of objects, which was widely practised at the 
time, would cause the isolation of the produced objects from the context, position in space, 
and its relationship to the other objects (Argan, 1972). The understanding of the architect’s 
limitations in the mass production societies led to repositioning the role of designers, such as 
political and production-oriented roles, amongst others (Mena, 1972). However, the third wave 
of designers tended to reinvestigate this by examining the relationships. In their scenario the 
design was not a matter of producing objects, “but of designing and producing the environments, 
behaviours, and effects generated by objects. Indeed, it was rather a matter of designing the 
relations between objects and users”(Quesada, 2011, p. 24). Superstudio’s proposals (which was 
in pursuit of this school of thought) that were once founded upon the objectivity and rationality 
of design to produce objects to synthesise realities suitable for the users were concluded in 
the disappearance of the act of design to oppose the state of mass production. Their proposals 
started with producing architectural projects as functional objects and culminated by putting the 
relationships at the centre of the attention (Superstudio et al., 1973). 

The universal grid, for the exchange of matter and energy, is the essence of Superstudio’s 
proposals on which the relationships and behaviours could be designed, manifested and 
emerged. The Continuous Monument that was described in 1970 was the physical manifestation 
of the idea of the universal grid and “an architectural model for total urbanisation”(Superstudio 
et al., 1973, p. 13). The Continuous Monument was the expression of producing civil equality 
by a homogeneous single continues morphology placed in any context. The morphological 
homogeneity was Superstudio’s approach in eliminating the ambiguity in design. As described 
by the group, architecture is set to become “a closed, immobile object that leads nowhere but 
to itself and to the use of reason” (Superstudio et al., 1973, p. 13). The city equals architecture 
in which the exchange of matter and energy is abundant.. 

Superface, “an alternative model of life on earth”(Superstudio et al., 1973, p. 9) was the group’s 
ultimate proposal where architecture set out to disappear, and only a surface that enables 
the exchange of matter and energy stayed relevant. By the application of universal energy and 
information grid proposed by the group, the city started to disappear in its conventional sense, 
and only the matter and energy efflux remained significant in urbanism.  

Figure	2.35.
An	example	of	the	Continuous	
Monument	 proposal	 placed	
within	 a	 natural	 context.	
Superstudio	 believed	 that		
“continuous	 monument-		
[is]	 a	 form	 of	 architecture	
all	 equally	 emerging	
from	 a	 single	 continuous	
environment”(Superstudio	 et	
al.,	1973,	p.	13)
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2.3.5.4. Archizoom
In a similar fashion to Superstudio, Archizoom, an Italian design studio was founded with radical 
objectives to oppose the modern architecture of the 60s and 70s. The group comprises Andrea 
Branzi, Lucia Bartolini, Gilberte Corretti, Massimo Moroui, Dario Bartolini, Paolo Oeganello. 
Initiated around 1966, through a series of debates that revolved around the intervention of 
modern politics in the urban growth strategies, No-Stop City was developed to argue with modern 
architecture. Modern architecture was the instrument to manifest urban growth policies of the 
time (Branzi and Archizoom Associati, 2006). In the article published in Casabella titled ‘City, 
Assembly Line of Social Issues’, Archizoom proposed  No-Stop City as the ‘objective reality’ of 
what ultimately city should look like in the face of social and technological advancement of the 
time (Archizoom, 1970). Described by Capdevila, No-Stop City is not a unified project. Instead, it 
is “different crystallisation of an idea due both to the different stages of its development and the 
occasion that motivated them” (Capdevila, 2013). 

Discussed by Archizoom, a modern city was born and developed to reach a balance between 
two opposites, “maximum quantity” and “maximum balance” (Archizoom, 1970). No Stop city 
was founded upon this logic to achieve a maximum quantity with minimum effort and free of 
the limitations imposed by the architecture. The constraints, such as natural lighting, ventilation, 
and surface per capita that restrict the morphology of the buildings and city, were considered 
redundant by Archizoom. The group was not concerned with the neighbourhoods and better 
typologies instead their primary objective was to picture a city as “amorphous or monomorphic 
structures, whose utopian content is performed only in quantitative terms, not imagining the 
organisation of a different society, better and fairer, with more beautiful houses “(Archizoom, 
1969, p. 100). The only point of interest for Archizoom was to increase the quantitative aspect of 
urbanism, in other words, to become larger.  
Archizoom found that architecture is a surplus in the process of urban organisation. Through 
opposing the idea of qualitative utopias, No-stop city was developed as a utopia of quantity, 
in which there was no segregation between urban metropolis and furnishing objects. “The 
city becomes a series of beds, tables, chairs, and cupboards: the domestic and urban furniture 
fully coincide” (Branzi and Archizoom Associati, 2006, p. 3). By highlighting the importance of 
quantity over quality, No Stop city was the radical application of the philosophy of Marxism, in 
which ultimately architecture lost its relevance in the formation of urban morphology(Capdevila, 
2013). 

Andrea Branzi believed by eliminating architecture as a “go-between function” No-Stop city 
would enable the unification of technology and nature spontaneously (Branzi and Archizoom 
Associati, 2006). By isolating from outside, No-Stop city created a single interior framework for 
habitation in both horizontal and vertical dimensions in which an infinite number of possibilities 
can be explored and expanded. Andrea Branzi argued that No-Stop city is “quality less” city where 
everyone can achieve his/her housing condition as a creative and personal activity (Branzi and 
Archizoom Associati, 2006, p. 3). City in the context of the Archizoom’s proposal was considered 
an introvert phenomenon alienated from its outdoor environmental context (figure 2.36.). 

The industrialisation of the cities to increase the production of commodities on one side and its 
growth on the other side has made the cities a place of two opposite forces, technology, and 
nature. By emphasising on the quantitative aspect of urbanism, No-stop city was established 
based on the factory and supermarket model to supply urbanites with the highest degree of 
freedom and the maximum available quantity of goods with the homogenous organisation. Its 
urban structure comprises a limitless composition of grids where the spontaneous arrangements 
of functions and urbanites could be enabled with a minimum effort (Archizoom Associati, 1971). 
No-Stop city was made of a “uniform system of micro-acclimatisation and optimal circulation 
of information” (Branzi and Archizoom Associati, 2006, p. 173) to facilitate the smooth 
transformation of energy and matter. As Capdevila argued, No stop city is promoting an “infinite 
interiority” (Capdevila, 2013, p. 3) by which urban morphology disappears, and urbanism has 
become a series of unlimited conditions while it is disregarding anything external to it.

Figure	2.36.
No	 Stop	 city	 was	 a	 proposal	
of	 a	 city	 with	 a	 single	 air-
conditioned	 large	 interior	
space	with	no	outside.	The	city	
was	 isolated	 from	the	outside	
world.	Photo	from	(Branzi	and	
Archizoom	Associati,	2006,	pp.	
106–111)
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2.3.5.5. Discussion 
The discussed proposals are from the seminal figures in the history of urbanism that utilised the 
relationship of urban morphology to dynamical changes which is one of the core components of 
homeostasis. The significance of the described radical urban speculations is in their approaches 
to the urban morphological configurations to address the drastic environmental, social, and 
technological changes at the present and future time. Almost all these proposals, in one way or 
another, opposed the conventional urban lateral expansions that have been implemented for 
centuries. These proposals comprise megastructures, dense morphological configurations, and 
mobile settlements. Arcology comprises one or a set of megastructures that house the entire 
city’s operation. With a hierarchy of different layers of organisation, a city is equivalent to a 
single structure that interiorises what is outside inside its morphological boundaries. By doing 
so, Arcology attempts to keep nature intact not by discarding it, but by bringing what is needed 
inside from outside. Variation is an essential attribute in the Arcology’s morphology which is the 
result of its context-sensitive characteristics and vertical structural organisation. Based on these 
principles, Arcology’s morphology creates dense and spatially efficient cities.

On the other hand, Archigram projects, although vary in size and scale, share a universal 
principle of change over time. The hierarchy of the city’s organisation is enabled to be revised, 
and subsequently, the city is facilitated to be developed over time. The city, which can be 
defined by a set of interconnected components, is not bounded to a specific context due to its 
reconfigurability attribute. Thus, urban morphology is not directly dependent on its context. The 
intermediary layer by which the interior environment is separated from the exterior environment 
is what the architecture of the city is in the context of Archigram projects. The city that comprises 
units of activities takes various morphological variations should number of habitats and their life 
pattern change. 

Archizoom and SuperStudio delivered their manifesto in the Superarchitecture exhibition in 
1966. “Superarchitecture is the architecture of superproduction, of superconsumption, of 
superinduction to superconsumption, of the supermarket, of the superman, of the super gasoline.’ 
“(Quesada, 2011, p. 3). While both groups ironically followed the modernist movement (opposite 
to Arcology and Archigram) by having grids, standard walls, and ceilings, and, more importantly, 
repetitions without morphological variations, they highlighted the architectural possibilities 
beyond the material constraints (Budzynski, 2011). Superstudio and Archizoom both imagined 
a homogenous morphology to form a city. Nonetheless, their proposals differ significantly. The 
former disregarded the inside while the latter only regards the inside and omitted the outside 
from their speculation. In the case of Superstudio’s Continuous Monument, architecture was 
equal to the city. However, Archizoom’s No Stop city was a city with no architecture and outside, 
where the vertical and horizontal organisation of activities and functions can occur with no 
regards to the external environment. 

2.3.6. Reflection and Synthesis 
Over the recent decades, the vulnerability of humans and, more precisely, the urban settlements 
to the environmental disasters (caused naturally or by man-made phenomena) has made it 
necessary to re-evaluate urban morphological configurations. As discussed in section 2.2., 
morphology is one of the key features of biological organisms, individuals and collectives, for 
their adaptation to changes. Hence the same principles of morphological development of species 
can be applied in urban morphologies which is the counterpart of a colony in biology. Stephen 
Marshall argues, “among all species, it is perhaps only humans who create habitats that are not 
fit to live in”(Marshall, 2015, p. 1). 

The pace of change in the environmental conditions, together with societal and technological 
shifts, has increased compared to the centuries ago. Michael Weinstock argues that cities 
become highly vulnerable to changes in their environment if they reach their critical threshold of 
stability; a state in which cities are under high stress to cope with the unexpected environmental 
fluctuations due to an increase in population, resource exhaustion and high ecological demands 
(Weinstock, 2010a). Therefore, adaptive behaviour to sudden changes, homeostasis, becomes an 
essential attribute of a city. The rate of change in the environmental, societal, and technological 
conditions is the reason that makes the modern-day occurrence of such circumstances unique 
compared to its historical precedents. The natural adaptation processes of cities to these changes 
that were once feasible due to their slow pace have become unfit because of the increased 
rate of change observed in modern-day societies. The city’s ability to maintain a steady-state 
between external and internal fluctuations with a high frequency of changes is homeostasis that 
needs to be investigated in contemporary settings.
      
Described by Claude Levi-Strauss, the city is “an object of nature and the subject of culture” 
(Lévi-Strauss, 1955). An urban area, and ultimately a city is designed and built; thus, based on 
Herbert Simon’s definition of the artefact, it is regarded as an artefact. To fulfil its purpose, 
the inside components of an artefact and external conditions have to conform to one another 
(Simon, 1996). The interstitial spaces stretched across these two opposite ends (inside and 
outside) have the potential to facilitate a gradual and steady change from one end to the other. 
This intermediary spatial domain influences and is being influenced by the exchange of energy 
and information between inside and outside. In the context of an urban tissue as an artefact, 
the urban morphology houses the inside component while the context within which it is placed 
is the outside element. The spaces stretched across the urban morphology where the city lives 
and exists is the domain of interstitial spaces in which the exchange of energy and matter takes 
place. These spaces obtain the characteristics of both inside and outside areas across different 
spatial and temporal domains; thus, they are the fluid spatial entities where inside and outside 
can meet, conform, and be regulated. 

The energy, matter and information exchange, in other words, the metabolism of an urban tissue 
is mostly facilitated through the spatial domains of these interstitial spaces. Vaclav Smil in the 
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book ‘Growth from Microorganisms to Megacities argues’ states “the growth of any organism 
or of any artefact [urban tissue] is, in fundamental physical terms, a transformation of mass 
made possible by conversion of energy”(Smil, 2019, p. 173), which is the metabolism. Weinstock 
highlights the significance of metabolic activities of natural systems in their morphological 
configurations (Weinstock, 2008b). A connection can be drawn from biology to urbanism by 
which the significance of the interstitial spaces in urban tissues can be highlighted. There is an 
interrelation between metabolism, morphological configuration and interstitial spaces of the 
urban tissue. As such, to enhance the metabolism of interstitial spaces, is to enhance the urban 
morphological configurations and by doing so, the exchange of energy through these spaces can 
be regulated, and consequently, further urban activities can be facilitated. As a result, the urban 
area would be attributed to broader adaptive behaviours and obtain homeostatic characteristics 
(Figure 2.37.).
  
Since the 1970s, there have been several discourses about the relationship between building 
morphologies and their energy consumptions in micro and macro scales. Philip Steadman was 
one of the first scholars to study this relationship at a macro scale of urban form (Steadman, 1979). 
His research focused on the impact of high-density urban growth on energy use. He concluded 
that high-density urban morphologies with linear transportation networks are more energy-
efficient than high density centralised formations (Steadman, 1979). In contemporary research, 
there is a divided opinion towards dense morphological configuration. A group of researchers 
consider density increases efficiency in an urban tissue (Holden, 2004; Mindali et al., 2004) 
while another school of thought raise concerns about its adverse effects and the significance of 
trade-off factors(Hui, 2001). These contradictory conclusions create an argument that breaks the 
linear relationship between density and efficiency in an urban setting (Steemers, 2003; Larivière 
and Lafrance, 1999). Around the same time as Steadman’s studies, several investigations were 
performed to understand the relationship between building forms and its energy exchanges at 
the micro-levels (Olgyay et al., 2015). In a recent study conducted by LSE cities (Rode et al., 
2014), the impact of urban morphology (represented by FSI, height, the surface to volume ratio, 
surface coverage) on the energy demand of a city has been explored in detail through multiple 
case studies. 

Nonetheless, the above studies predominantly concern with the energy demand (i.e. heat loss 
and gain) of the inside areas within the urban morphologies. Furthermore, the above studies 
can be situated within the first school of thought in the discipline of urban morphology since the 
studies were mostly conducted on the already built case studies. The impact of interstitial spaces 
on the metabolic activities of an urban area at large is left to be investigated thoroughly. This 
investigation can lead to understanding that to what extent the morphological characteristics 
emerge across an urban tissue will impact and possibly enhance the energy exchange of interstitial 
spaces to facilitate an adaptive behaviour across a range of spatial and temporal domains. In the 
context of this research, the studies on the urban morphology are conducted in two fronts of 
generative and analytic aspects thus it can fall within the domain of the third school thought in 
the urban morphology discipline. 

Figure	2.37.
Metabolic	 activities	 of	
individuals	 in	 a	 colony	 vary	
due	 to	 differences	 in	 their	
functionalities.	 Metabolic	
activities	 of	 individual	
buildings	 can	 vary	 as	 well	
due	 to	 their	different	patterns	
of	 occupation.	 The	 spatial	
pattern	 and	 the	 proximities	
of	 individuals	 to	 one	 another,	
both	 in	 a	 biological	 colony	
and	 across	 an	 urban	 tissue,	
impact	 the	 exchange	 of	
energy	 across	 the	 colony	
and	 the	 urban	 tissue.	 This	
impacts	 homeostasis.	 Thus	
morphological	 formation	 is	 a	
crucial	 factor	 for	 homeostasis	
in	 a	 biological	 colony	 and	 an	
urban	tissue.	
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A crucial aspect of the morphology is to establish the internal homeostasis in its relation to 
the external environment. In the context of this research, a connection is drawn between 
the principles of morphological development of species and its impacts on their homeostasis 
(individually and collectively), to the urban morphological development and homeostasis at the 
scale of an urban area. In this field, the significance of interstitial spaces is highlighted in the 
homeostasis of biological colonies and urban tissues. Rather than designing the whole at once, 
the relationships between the components of an urban tissue can be adjusted iteratively to 
evolve a whole that is a product of many localised interactions. Furthermore, the significance of 
morphological variation of species in their survival through population thinking can be extended 
to the formation of urban morphologies. Therefore, localised bottom-up interactions can lead to 
the emergence of variation across the different range of spatial domains within an urban area. 
This naturally facilitates a broader array of attributes to emerge. As a conclusion, the interstitial 
spaces stretched across the urban morphologies with variation would obtain a broader energy 
exchange gradient. Through the application of evolutionary principles, a population of urban 
morphologies can be evolved with a high degree of variation and high-performance rate. 

In this context, homeostasis, as a critical biological process that maintains the metabolic activities 
and energy exchange of species becomes the area of interest. To utilise its principles (detailed in 
section 2.2.2) in the bottom-up processes of evolving urban tissues may lead to the emergence 
of urban morphologies with interstitial spaces with adaptive behaviour. 

To evolve such urban morphologies, density becomes a fundamental principle. As discussed 
in section 2.2.2.3. density is an essential factor of homeostasis at the colony level. An urban 
tissue is a counterpart to a biological colony. Regardless of the negative impacts, it may have 
on the people; density enhances the pattern of energy usage by which the efflux of matter and 
energy across the interstitial spaces can be improved. To compensate for the negative impact 
of such increased density, the spatial organisation of the urban area, particularly at the domain 
of interstitial spaces becomes essential. Biological organisms and colonies increase their spatial 
complexities in evolution and development process. This led to efficient metabolism and 
homeostasis across their morphology. Thus, with the same reasoning, the spatial organisation 
of an urban morphology gains weight and becomes a critical element. The metabolism of an 
urban area is highly dependent on its spatial configuration in a range of temporal scales. Its 
morphological attributes influence the metabolism and the energy exchange that occurs through 
the interstitial spaces in a non-linear manner. Hence, the interstitial spaces can play an essential 
role in neutralising the negative impact of the increased density. 

In the following chapter, a set of biological principles of homeostasis and evolution are abstracted 
for evolutionary computation to conduct a series of experiments to explore and develop a design 
system that will generate urban tissues that are morphologically advantageous for homeostatic 
performances of interstitial spaces. The process of evolving and development of a population of 
urban morphologies is going to be investigated through the application of abstracted biological 
principles (discussed in section 2.2.) in the design process at two scales of generative and 

analytic. The first step (section 3.3.) is to set up the generative process to evolve new urban 
morphological configurations with the focus on the connection between urban morphology and 
interstitial spaces. The phenotype and genotype of the evolutionary models are developed to 
enable the application of homeostatic principles (discussed in section 2.2.4.) in the evolutionary 
process. The second phase (section 3.4.) comprises three sequences of analysis to examine and 
validate the first stage. These three sequences study the important parameters of homeostatic 
processes (discussed in section 2.2.) in the context of the evolutionary design models of the 
generative section. It comprises, the behaviour (evolutionary-based investigations, section 
3.4.1.1.), the morphology (morphological-based investigations, section 3.4.1.2.) and the heat 
flows (energy-based investigations, section 3.4.1.3.).  

This set of new urban morphological exploration, in theory, can be considered as the extension 
of radical urbanisms that aimed to propose urban scenarios that connect urban morphologies to 
dynamical changes.  The connection between inside and outside will be studied through the heat 
flow and temperature changes of the interstitial spaces in section 3.4.1.3. Such a relationship 
is necessary to be examined from the early stages of the generative process and in different 
temporal and spatial scales. This study will conclude by evolving urban morphologies within 
which the interstitial spaces acquire homeostatic attributes that lead to adaptive behaviour of 
the urban area to a broader set of changes. 
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Design Experiments

3.1. Introduction
This chapter utilises a set of morphological and behavioural principles derived from homeostatic 
processes in nature and applies to the urban design processes at the early phase of design 
exploration. As it was explained in section 2.2, the biological homeostatic processes of living 
beings, individuals and collectives, are manifested across their morphological configurations 
and regulatory behaviours while encountering internal changes or external environmental 
fluctuations. The ability to change the size, to alter the surface to volume ratio, to sense and 
reverse the changes and dynamic morphologies of a colony are amongst principles that are 
obtained from homeostasis in biology. This chapter explores the connection between spatial 
configurations of urban morphologies and the regulatory attributes embedded in their forms 
in facing climatic changes in a range of temporal and spatial scales. The primary objective is to 
examine to what extent the application of biological principles of homeostasis in design influences 
and enhances the evolutionary design processes in evolving environmentally conscious urban 
morphologies with intricate interstitial spaces across a range of scales. This is achieved by 
conducting a set of experiments within different environmental and geographic contexts. 

The application of biological homeostatic principles for the development of urban morphologies 
requires a responsive generative model that incorporates within it a feedback mechanism that 
allows for the evaluation, selection, and reconfiguration of the generated design solutions 
(Showkatbakhsh and Kaviani, 2020; Showkatbakhsh and Makki, 2020). Thus, the presented 
experiments utilise an evolutionary biological model as the primary design engine that aims 
to replicate and apply the evolutionary principles of variation, evaluation, and selection to 
generate a population of candidate design solutions that strive to increase their fitness toward 
a set of defined environmental and urban objectives. Additionally, this chapter investigates the 
impact of urban morphological and spatial configurations in energy efflux within the emergent 
interstitial spaces across the urban fabric. The design experiments explore to what extent the 
evolved interstitial spaces in the urban tissue can manifest homeostatic characteristics within 
different temporal and spatial domains. In this context, the parameter for which homeostasis is 
investigated is energy, more particularly heat. Thus, thermoregulation (it is thoroughly explained 
in section 2.2.2.2) is considered the primary homeostatic process.

In contemporary architectural practices, and with the support of HVAC equipment and efficient 
construction materials, energy exchanges in the buildings are well regulated with high standards. 
Nonetheless, the exchange of energy across the interstitial spaces throughout the urban fabric, 
where the city lives, has not yet been investigated objectively. Therefore, the experiments in this 
chapter examine this subject matter by studying the energy exchange between interstitial spaces 
and urban morphology. The experiments analyse the impact of the evolved urban morphologies 
with embedded homeostatic attributes on the energy behaviour of interstitial spaces and their 
potential homeostatic behaviours. This research is not concerned with internal thermoregulation 
of buildings. In the context of this chapter, urban morphology is specified by a set of parameters 
within which localised morphological interventions across the urban setting generated by the 
evolutionary models is a defining element.
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This chapter is divided into three sub-chapters of computational methodologies section, 
generative section and analytic section. The first section elaborates on the workflow and the key 
computational methodologies based on which the experiments are conducted and validated. 
The second comprises the processes of setting up the evolutionary design models, and the third 
comprises the analysis and validation of the outputted results.

Three climatic scenarios that affect the comfort of life outdoors throughout the year, either 
because of the increased heat or decreased cold temperature are considered environmental 
contexts of the experiments. Each selected context is associated with an urban morphology, 
and they are as follows: Fes in Morocco, Chicago in the USA, and Istanbul in Turkey. Hence, 
the urban morphologies of each location are abstracted to a set of simplified urban blocks. 
The evolutionary design model utilises these simplified urban morphologies as the base point 
onto which the evolutionary design simulation will be operating. The evolutionary models are 
set to evolve urban morphologies with embedded homeostatic attributes through localised 
morphological interventions that strive to increase their fitness for a defined set of objectives.
 
To ensure the mutability of the evolutionary design models, and the adaptability of the developed 
implementations and evaluation methods to different design scenarios, two evolutionary design 
models are developed for each of the chosen climatic and geographic scenarios, one for the 
summer solstice and one for the winter solstice. The fitness objectives of these two seasonal 
scenarios are identical except the objective that concerns the heat gain of the urban morphology 
via the solar radiation. These two seasonal scenarios assess the sensitivity of the evolutionary 
design model to temporal changes. Within each seasonal scenario, two evolutionary design 
simulations are performed to examine a method of keeping a proxy variable in a steady-state or 
homeostasis. This method applies the capacity to sense and reverse a change, a critical principle 
of a homeostatic process, to an evolutionary simulation. The proxy variable is an indicator of 
the solar gain of a set of selected surfaces across the urban morphology (which is unique to 
each experiment). These surfaces are chosen based on their location that is suitable for outdoor 
activities across interstitial spaces. This method comprises an extra objective added to one of 
the evolutionary model pairs to keep this proxy variable in homeostasis. This pair of evolutionary 
simulations measure the performance of the evolutionary design model in keeping a variable 
in a steady-state, or homeostasis throughout the evolution. Therefore, this chapter explains, 
evaluates and analyses twelve evolutionary design simulations with a sequence of multi-layered 
analysis. 

A set of thorough and detailed selection strategies are performed for each climatic scenario (each 
climatic scenario has four evolutionary simulation runs, two for the summer solstice and two for 
winter solstice) to select a solution for each season to be analysed, evaluated and compared 
to the simplified urban morphology of its experiment. Three levels of inquiry are outlined to 
conduct the analysis and comparison between the simplified and evolved urban morphologies 
within each environmental and urban scenario. The sequence of investigations is Evolutionary-
Based inquiries, Morphological-Based inquiries, and Energy-Based inquiries. 

This sequence of investigation forms a multi-layered analysis procedure to validate the outputted 
results and investigate the main research question of the thesis. 

• Can analysis and investigation of homeostasis, together with the identification 
of a correlation between homeostatic processes, forms and behaviours of 
natural systems yield useful operative concepts, parameters and ways of 
implementation, to develop a computational design system that generates 
urban spatial configurations across a range of scales with context-sensitive 
morphological characteristics that offer significant environmental performance 
enhancements?

Evolutionary Based Inquires
The first set of analysis is Evolutionary-Based Investigations. This group of investigations 
comprises a set of statistical analysis of the data outputted by all the evolutionary simulations 
(in total 12). The goal is twofold, first is to examine to what extent the evolutionary simulations 
optimise solutions yet maintain a degree of morphological variation amongst the outputted 
results. The second is to measure the impact of the implemented regulatory method applied in 
the evolutionary simulations to keep a proxy variable in homeostasis throughout the process. A 
set of evaluation and analysis methods are developed to conduct this phase of investigations. 

Morphological Based Inquiries
Morphological-Based Investigations are the second set of analysis to be conducted. Based on a 
defined set of selection criteria (will be explained in section 3.4.1.2), the generated population of 
each evolutionary simulation is filtered down to a smaller set of design candidates. The selection 
procedure occurs in three stages out of which one candidate solution per simulation is selected 
for the morphological-based inquiries, thus in total, 12 design candidates are selected for this 
investigation. 

The selection strategy comprises three steps to ensure the selected candidate goes through 
adequate investigation concerning both its objective performance and morphological 
characteristics in comparison to the population. The objective of this set of inquires is twofold. 
First is to understand the morphological complexities emerged in the evolutionary design 
process and their contribution to a set of selected urban criteria. Additionally, to understand the 
impact of the implemented method in keeping a proxy variable in homeostasis, in the evolved 
morphologies. Second is to examine and compare the interstitial spaces evolved through the 
evolutionary simulations with the simplified urban morphologies of each context. 
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Energy-Based Inquiries 
The last set of investigations are Energy-Based Inquiries. One design candidate is selected per 
each seasonal scenario to be analytically compared with the simplified urban morphology of 
its context (in total six candidates). The comparative analysis comprises a collection of energy 
simulations to understand the impact of urban morphological changes on the exchange of energy 
between interstitial spaces and the urban morphology across a range of spatial domains. By 
mapping the energy exchange between the urban morphology and interstitial spaces throughout 
different times of the day, a matrix of data is formed that represents the energy behaviour of 
interstitial spaces. This matrix formulates the foundation of the analytical comparison between 
evolved and simplified urban morphologies. 

The objective of this set of investigations is to highlight the significance of urban morphology and 
only morphology, regardless of material and occupation specificities, to the energy behaviour of 
interstitial spaces throughout the urban fabric. The interstitial spaces are where the city exists. 
As in biology, homeostasis is achieved, both by behavioural changes and morphological traits in 
the individuals and a colony. A set of homeostatic principles is embedded in the experiments of 
this chapter to evolve urban morphologies. By stressing the significance of morphology in the 
energy behaviour of interstitial spaces, the cultural spaces of the city, one can derive meaningful 
parameters to be implemented in urban design, development and redevelopment of the current 
and future urban scenarios.  

3.2. Computational Methodologies
The computational experiments in this chapter comprise generative and analytic sections that 
form a comprehensive workflow (figure 3.1.). The results of the former are evaluated and 
validated by the analysis developed in the latter. An evolutionary algorithm, more precisely the 
genetic algorithm is chosen as the main generative engine in the first section, and the energy 
simulation and microclimate analysis is the selected methodology to evaluate the exchange 
of heat through temperature fluctuations at the analytic stage. This sub-chapter explains the 
methodologies that are selected from a range of available methods to conduct each phase of 
the experiment.

3.2.1. Multi-Objective Optimisation Method as a Design Model 
Evolutionary strategies have been utilised widely since the late 20th century as the robust 
problem-solving methods. The work of Sewell Wright in the 1930s is the earliest instance of 
the application of evolutionary principles as optimisation processes (Wright, 1932). Midway 
through the 20th century, John Holland’s genetic algorithms (GA) (Holland, 1962), Rechenberg 
and Schwefel’s evolutionary strategies (ES) (Rechenberg, 1965) and Fogel et al. ’s evolutionary 
programming (EP) (Fogel et al., 1966) were developed independently from one another and led 
to the establishment of a unified field of Evolutionary Computation in the late 20th century as a 
result of several conferences in this field (De Jong, 2006).

Ernst Myer described the evolutionary model as a two-step process; random variation within the 
genome of a phenotype, and subsequently the selection of the phenotype through environmental 
pressures (Mayr, 1988). In the biological sciences, genotype or genome comprises a set of genes 
or instructions (codes) that performs as a blueprint for the development and construction of the 
phenotype. Phenotype is the physical expression (morphological and behavioural manifestation) 
of the genotype. In the field of evolutionary computation, and more particularly in the context of 
design disciplines, a genotype is equivalent to a set of instructions or codes that will produce the 
geometry, namely the phenotype. In line with evolutionary processes in nature, the application of 
evolutionary computation in design is founded upon the two primary components of variation in 
the code responsible for generating the geometry (genotype) and the selection of the geometry 
(phenotype) that fits better in the environmental conditions. In this context, the environment 
is equivalent to a set of fitness objectives; in other words, the design constraints to be met. A 
successful construction of the genotype and phenotype to address the fitness objectives is the 
crucial factor for the effective implementation of principles of evolution as a design model. 

Most of the widely used evolutionary algorithms such as NSGA-II (developed by (Deb et al., 
2000)) has been developed based on Mayr’s definition. The algorithm goes through a primary 
loop and starts with generating an initial random population of solutions. It continues with 
modifications of genomes through random variations and evaluation of the solutions on their 
objective performances. It ends with selecting a group of solutions based on a predefined 
selection mechanism (Fogel, 2008). Through this iterative process of generation, evaluation 
and selection, each phenotype (geometry or a design option) will be evaluated based on a set 
of objective measurements, and iteratively the population increases its fitness. Therefore, the 
formulation of the environment, that comprises the calculation of the fitness objectives, and 
the algorithmic construction of the genotype and phenotype (which are equal to the design 
problem) in this process is essential for constructing a successful evolutionary model to produce 
valid design options (figure 3.2.). 

Although the evolutionary algorithms are founded upon the principles of evolution in nature, 
their process of evolving a population of individuals towards a set of end goals establish a 
fundamental difference between the algorithmic implementation of evolution and its biological 
counterpart.  While some argue it is a “change in semantics”(Weise, 2009, p. 48), other draws 
analogies to the selective breeding of species in contemporary science rather than evolving 
new species (Paterson, 2002).  Nonetheless, De Jong argues that if an evolutionary system is 
observed as a “complex, adaptive system that changes its makeup and its responses over time 
as it interacts with a dynamically changing landscape,” then it is a “feedback control mechanism 
responsible for maintaining some sort of system stasis in the face of change” (De Jong, 2006, p. 
23). Therefore, the local optimum can be compared to “well-adapted species that dominates 
all other animals in its surroundings” (Weise, 2009, p. 3). Thus, the evolutionary process in the 
context of the design discipline is a problem-solving model to generate solutions (organisms) 
that are optimised (adapted) to a given problem (environment).
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Figure 3.1.
This	 figure	 illustrates	 the	
complete	 workflow	 of	 the	
generative	and	analytic	stages	
of	the	experiments.	The	colours	
represent	 different	 types	 of	
processes	 and	 investigations.	
The	 grey	 represents	 the	
generative	 operations	 of	
the	 evolutionary	 engine	 of	
the	 experiment,	 WallaceiX.	
The	 orange	 represents	 the	
first	 investigation	 in	 the	
sequence	 of	 analysis	 which	
is	 the	 evolutionary-based	
investigations.	 The	 Green	
represents	 the	 second	 phase	
of	 the	 sequence,	 which	 is	 the	
morphological-based	 analysis,	
and	 the	yellow	 represents	 the	
last	 stage	 of	 this	 sequence	
which	 is	 the	 energy-based	
investigations.	 As	 it	 is	
represented	 in	 the	 figure,	 the	
sequence	 of	 these	 analyses	 is	
important	 due	 to	 the	 overall	
generative	 workflow	 of	 the	
experiments.	
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Regardless of the numerous evolutionary optimisation algorithms available to this date, they 
are divided into two distinct categories of single-objective evolutionary algorithms (SOEA) and 
multi-objective evolutionary algorithms (MOEA). The former applies evolutionary problem-
solving methodologies for problems comprise single objectives while the latter utilises the same 
principles for the problems comprise multiple conflicting objectives (if the objectives are not 
conflicting the problem can be solved via an SOEA). The important difference between these 
two types of algorithms is their output as SOEA usually outputs a single solution that addresses 
the problem’s sole objective. However, there is no single optimal solution in the MOEA due 
to the conflicting objectives driving the simulation. An optimal solution for one objective may 
perform poorly for another objective. Thus, the MOEA outputs a solution set that attempts 
to optimise for each objective independently in the same algorithmic run (Deb, 2006). In the 
evolutionary computation discipline, this set of optimal solutions are called Pareto Optimal 
Solutions comprises individuals that are not dominated by any other solutions (i.e. Pareto front 
solutions). This aligns with the principles of population thinking that were concluded by Darwin’s 
works as opposed to typological thinking.  

The algorithmic implementation of evolutionary principles in multi-objective optimisation 
strategies simulates its natural counterpart by incorporating variation and selection strategies 
to evolve a population towards this optimal solution set (Pareto front solutions). Nonetheless, 
the success rate of their application is contingent on generating a diverse set of solutions within 
an acceptable timeframe. Luke argues that the algorithm setup should balance a search and 
optimisation strategy that is both explorative and exploitative.  The former refers to an adequate 
degree of mutation and crossover to allow for a diverse population of candidate solutions; and 
the latter refers to an efficient selection and variation strategies that drive the algorithm towards 
an optimal solution set within a reasonable number of generations (Luke, 2013)

Figure 3.2.
The	 overall	 pseudocode	 of	
NSGA	 II	 algorithm	 which	
is	 the	 core	 multi-objective	
evolutionary	 algorithm	 of	
WallaceiX	plugin.

From the second half of the 20th century, architects and planners explored the benefits of the 
application of evolutionary principles in design (Batty, 2013; Coates, 2010; Weinstock, 2010b; 
Marshall, 2008; Steadman, 2008b; Frazer, 1995). In the context of the presented research, 
the design problems being investigated comprise multiple set of conflicting objectives and a 
large search space. Thus, the MOEA is the preferred methodology employed in this context to 
run the evolutionary simulations. Additionally, evolutionary simulation facilitates a responsive 
generative framework as a design model to implement biological homeostatic principles within 
its algorithmic loops (Showkatbakhsh and Kaviani, 2020; Showkatbakhsh and Makki, 2020). 
Although research conducted by (Wortmann et al., 2017)  criticises the efficiency of evolutionary 
algorithms, precisely genetic algorithms, in solving a single-objective problem, due to multiple 
conflicting objectives and a large possible set of solutions, MOEA is the utilised method in this 
research (Luke, 2013; Rothlauf, 2011; Branke et al., 2008; Deb, 2008; Coello, 2006). Additionally, 
multi-objective evolutionary optimisation strategies are closer to the biological principles of 
evolution (that were abstracted in section 2.2.3.) than other optimisation methodologies being 
utilised in the design discipline.

In recent years and due to the improvements in the computation power and widespread 
accessibility of design platforms that enable algorithmic implementations, the application of 
multi-objective evolutionary algorithms has increased in academia and practise. Grasshopper 
developed by (Rutten, 2013) is one of the well-known platforms that enabled the application 
of custom algorithms in the design process, one of which is the evolutionary algorithms. There 
are multiple evolutionary solvers in Grasshopper platform that enable users to run evolutionary 
simulations. Galapagos developed by (Rutten, 2010), Octopus developed by (Vierlinger, 2013), 
Biomorpher developed by (Harding and Branst, 2017),  Design Space Exploration developed by 
(MIT, 2017) and Wallacei co-developed by the author (Makki et al., 2019) are amongst the well-
known and widely used evolutionary solvers to this date. Except for Galapagos which is a single 
objective optimisation, the rest are multi-objective optimisation engines. The access to the 
entire evolutionary history of the simulation, live and dynamic statistical representation of the 
solutions’ performances, providing an extensive set of analysis and selection strategies to filter 
down the population through machine learning algorithms are amongst reasons based on which 
Wallacei is utilised as the main evolutionary solver in the presented experiments.

3.2.2. Energy Simulation as a Method for Identifying Homeostatic Behaviours 
The evolved solutions from the evolutionary models will be analysed through three levels of 
inquiries, one of which is the energy-based analysis. This analysis is conducted to understand the 
heat exchange by mapping the temperature fluctuations and the comfort level of the interstitial 
spaces in the evolved urban morphologies across a range of spatial and temporal scales. Heat 
is a form of energy that is stored in a substance via molecular motions or electromagnetic 
radiation and is detected by temperature differences (Szokolay, 2008). It is being exchanged 
between objects by three mechanisms of conduction, radiation and convection, three of which 
are considered in the energy exchange between urban morphology and the interstitial spaces 
in the context of this research. In addition to the energy intake of interstitial spaces via solar 
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radiation and convection, the temperature differences between the urban morphology and the 
outside areas create a radiation heat flow from one to another.  

In this research, the homeostatic behaviours are identified by comparing the energy behaviour 
across interstitial spaces of evolved urban morphologies, and their counterpart simplified 
urban blocks. The exchange of energy between the urban morphology and interstitial spaces 
is calculated by running a series of microclimate analysis. Microclimate analysis evaluates the 
impact of the urban morphological interventions on the wind flow and energy fluxes on a local 
level at high spatial and temporal resolutions(Graham et al., 2020; Vuckovic et al., 2018). By 
doing so, the temperature differences of the interstitial spaces throughout different times of 
the day are identified. The microclimate conditions and temperature differences are inextricably 
linked to the urban morphology and the environmental characteristics of the context.

Similar to the human body, a “building can be considered as a thermal system, with a series 
of heat inputs and outputs” (Szokolay, 2008, p. 35). Internal heat gain, conduction heat gain 
or loss, solar heat gain, ventilation heat gain or loss and evaporative heat loss are parameters 
that define the thermal behaviour of a building and its different zones. With the same logic, 
this can be extended to the entire urban morphology to identify the metabolism of an urban 
area. These variables are subject to change via three categories of factors (Gupta, 1970). The 
first is the climatic factors that comprise environmental data such as air temperature, relative 
humidity, wind speed and direction and solar radiation, amongst others. The second category is 
the occupancy factors that entails the number of occupants, their way of living and ventilation 
mechanisms. The third category is the enclosure factors comprise geographical location, and 
morphological parameters such as size, orientation, windows, amongst others (Gupta, 1970). 

These factors impact the energy intake of the buildings and urban morphology at large. This 
triggers the temperature fluctuations and differences within the interstitial spaces that naturally 
leads to energy flow from one domain to another. To study the energy exchange between urban 
morphology and the interstitial spaces, the fluctuations (which is an indicator of heat gain or 
loss) of the mean radiant (MRT) and the operative temperatures of the interstitial spaces are 
mapped by which the adaptive comfort level of these spaces can be understood. 

The radiant temperature refers to an amount of radiant heat transferred from a surface, 
and it has a direct association with its material specificities such as emission and absorption 
coefficients. Thus, the mean radiant temperature of an object refers to the radiant temperature 
of the surrounding surfaces, and the amount of radiant heat is transferred to the object. In 
addition to the material characteristics, the visibility of the object to the surfaces also impacts 
this temperature. In other words, the uniform temperature of a given object which is solely 
calculated by the radiant heat transfer is equal to the MRT (International Organization for 
Standardization, 1998). If in the calculation of the temperature, in addition to the radiant 
heat transfer, the convection heat transfer is considered, the temperature is called operative 

temperature (ASHRAE, 2017; International Organization for Standardization, 1998) which 
is described as the effective temperature since it has the combined effects of radiation and 
convection heat transfers (Nilsson and Arbetslivsinstitutet, 2004). The comfort level can increase 
if a balance is achieved between these two temperatures (Matzarakis, 2014).

In the context of this research, to measure the comfort level, the adaptive comfort index is the 
preferred measurement criteria. Thermal comfort, as described by (ASHRAE, 2017), is assessed 
by the subjective evaluation and refers to the satisfaction of a person in an environment. Two 
widely used thermal comfort models are Predictive Mean Vote and Adaptive Comfort Model. The 
former is developed by utilising the principles of heat balance, coupled with the experimental 
data collection in a controlled environment, while the latter is the result of the extensive field 
studies with the notion that people dynamically interact and adapt to their environment by 
different means (i.e. clothing). The predictive mean value is applied to the scenarios in which 
buildings are air-conditioned. The adaptive model, however, is utilised in the scenarios with 
no mechanical systems involved in the calculations (Nicol and Humphreys, 2002; de Dear and 
Brager, 1998; Fanger, 1970). In the context of this research, no mechanical system is considered 
in the energy simulation calculations; thus, the adaptive model is utilised. 

The adaptive model presumes that people are not passive within the environment thus 
the thermal comfort is defined as a self-regulating system, “incorporating not only the heat 
exchange between the person and the environment but also the physiological, behavioural and 
psychological responses of the person and the control opportunities afforded by the design 
and construction of the building.” (Humphreys and Fergus Nicol, 2018, p. 1). According to the 
(ASHRAE, 2017), if 80% of people inside a building are thermally comfortable, the building 
obtains thermal comfort. In the context of the presented experiments, the comfort level of the 
interstitial spaces is computed with the same principles with a slight increase in the percentage 
of the people to 90% as this is a widely used figure in the building industry (Sadeghipour Roudsari 
and Mackey, 2013).

By running comparative analysis between these parameters in the evolved and the simplified 
morphologies, any homeostatic behaviour emerged throughout the evolution can be 
recognised and studied. As described in section 2.2.2.2, the homeostatic behaviour of species 
while encountering temperature fluctuations in their context are categorised as ectothermic 
and endothermic (figure 3.3.). The former refers to an organism with higher fluctuations 
of temperature, and the latter refers to an organism with less fluctuation in its temperature. 
Although endothermic species have more control over their temperature variations (required 
more energy), ectothermic species can be adapted to a broader range of changes. With similar 
logic, by the comparative analysis between the temperature fluctuations (of the interstitial 
spaces) of the evolved morphologies and the simplified blocks, an endothermic or ectothermic 
behaviour can be observed. Thereafter, by mapping the comfort level, the efficiency of each 
behaviour in the urban setting can be assessed.
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A range of software and plugins are available to map the microclimate variables (in the context of 
this research to determine the temperature fluctuations). The commonly used tools and plugins 
are Ladybug Tools (Sadeghipour Roudsari and Mackey, 2013), ENVI-met (Bruse et al., 2014) 
SimScale (Heiny et al., 2012), Eddy3D (Dogan and Kastner, 2019) and EnergyPlus (EnergyPlus, 
2001). Due to facilitating a live connection between Grasshopper and EnergyPlus and its smooth 
interpolation with the algorithmic environment of Grasshopper, Ladybug is the preferred plugin 
to run the energy simulations via EnergyPlus engine in the context of this research. 

The outdoor maps calculated by this tool based on which the temperature fluctuations are 
recognised, are the “assumptions of the EnergyPlus model about the outdoors”(Mackey, 2015, 
p. 60). Mackey argues that this method is not the most accurate model in the expert’s opinions 
(Mackey, 2015). However, in the context of this research, the comparative analysis between the 
urban morphologies holds more weight than the results of each energy simulations. Therefore, 
the accuracy of the method is less important than the relative difference between the results 
and any imprecision in the individual results is negligible. Additionally, Ladybug’s robust 
implementation within the algorithmic workflows of this research is another reason based on 
which this tool is preferred. 

Figure 3.3.
This	 figure	 illustrates	 the	
behaviour	 of	 species	 with	
respect	 to	 their	 homeostasis,	
thermoregulation.
The	 principles	 of	 Endothermic	
and	 Ectothermic	 behaviours	
are	 utilised	 to	 identify	 any	
emergent	 homeostatic	
behaviours	across	the	evolved	
urban	morphologies.	

In the context of the experiments presented in this research, except the climatic conditions and 
the urban morphologies, all other parameters involved in the energy simulations are considered 
constant variables across all experiments, such as materials and occupancy schedules. This is to 
ensure that the evaluations only reflect the impact of morphology on the exchange of energy 
through interstitial spaces. Additionally and due to the complexity of the morphologies and the 
increased computation time, a level of abstraction has been implemented in the thermal zones 
uniformly across all experiments.

3.3. Generative Section

3.3.1. Ambition
As explained in section 3.2.1 evolutionary computation, more precisely evolutionary multi-
objective optimisation strategies, are the robust methods for solving complex problems that 
are required to address a set of conflicting objectives. The evolutionary model is the primary 
design system in this chapter; thus, each experiment comprises a multi-objective evolutionary 
simulation to generate a family of design candidates that attempt to increase their fitness for a 
defined set of environmental and urban objectives. While each experiment has a set of urban 
and environmental objectives unique to its context, they all share similar global goals. 

• To enhance the environmental performance of the urban morphology. 
• To improve the urban objectives defined in each experiment.
• To evolve urban morphologies with a gradient of interstitial spaces across the 

tissue to be examined for emergent homeostatic characteristics. 

All experiments are presented through a clear delineation between the relationship of genes 
(genotype), morphological regulations, and fitness objectives. The environmental and urban 
applications of evolutionary design models developed for the presented experiments hold a 
similar set of agendas, and they are as follows. Each of these goals is expressed and calculated 
uniquely within the context of each experiment 1, 2 and 3. 

Environmental Performance Enhancements 
Rapidly changing environmental and climatic conditions, coupled with the growing numbers of 
urbanised populations, have stressed the ability of existing cities to cope with these sudden 
and highly impactful changes. The critical threshold of stability (Weinstock, 2010c) in which a 
city’s population grows beyond its maximum capacity, thus straining its resources and ecological 
demand, transforms the city to one that is highly sensitive to changes in its environment. 
Although this is a scenario that has repeated itself multiple times across different geographic 
locations and periods, its occurrence in modern-day carries dire impacts as the current rate of 
change to environmental conditions is an unprecedented one. 
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The adaptation of cities that have approached their critical threshold is highly contingent on the 
rate of change in the environment; historically, the rate of environmental and climatic changes 
allowed for cities to evolve in response to these changes. However, the rate of environmental 
fluctuations observed in the 20th century, as well as predicted throughout the 21st century, 
coupled with the exponential rate of population growth (including the migration of people 
from rural settlements to urbanised ones) highlights the necessity to re-evaluate the city’s 
ability to maintain a balanced relationship between the internal processes that govern the city’s 
growth and development and its environment. Traditionally, the evolution of cities was driven 
by the adaptation of their spatial distributions in response to a narrow range of change in its 
environmental context. However, changes in environmental and urban conditions witnessed 
throughout the last century are occurring at a more frequent and rapid rate, within a broader 
range and higher intensities. 

The experiments presented in this chapter utilise the abstracted morphological and behavioural 
principles of homeostasis to inform the evolutionary design processes to evolve urban 
morphologies with a degree of formal and behavioural adaptation to environmental changes. 
Given the rapid climate changes, cities with morphological attributes adapted to a broader range 
of climatic conditions are more advantageous to their survival through extreme environmental 
changes.

Elevating the Flow of the City
The morphology of urban areas and the efficiency by which they grow and occupy their 
environment has gained significant attention recently (Batty and Longley, 1994). The current 
urban morphologies developed through lateral growth and centralised nodes of activities have 
two conflicting objectives: first, to be as compact as possible – centralisation and second, to be 
as dispersed as possible – decentralisation (Batty, 2013). In recent years, the dramatic increase of 
urbanites has placed tremendous demand on the spatial distribution and resource management 
of existing urban settings. Although its impact naturally leads to verticality, this has been 
implemented within the scale of a single building, yet the city’s flow continues to grow laterally 
at ground level. As a result, the programmes which are dependent on this circulatory system 
are being distributed at street level, while buildings continue to develop as separate entities 
vertically. This led to Harvey Wiley Corbett, primarily known for his skyscraper designs, to be one 
of the first figures to suggest in the early 20th century the integration between multi-level street 
networks and mixed-used skyscrapers(Goodman, 2008).

Patterns of settlements in many urban areas are transforming from dispersed fabrics to centralised 
entities with integrated infrastructures (Kern, 2007), mostly in the form of segregated and 
standalone mixed-use buildings. However, there are cities that the application of higher-level 
connections has been proven to benefit the urban context. In Hong Kong, traffic congestion, 
vehicle and noise pollution are the reasons for the incorporation of high-level connections within 
the urban block. While in Minneapolis and Calgary, their application was in response to the 

region’s severe climatic conditions, leading to an 18-km network of higher-level connections 
throughout the urban fabric. In addition to the climatic advantages, Corbett et al.  (Corbett et al., 
2009) argue that such spatial relationships allow for greater and more efficient circulation paths 
across the urban morphology. The term Skyway refers to the typology of these connections 
at upper levels between the built environments within the urban morphology; as such, the 
emergence of such networks allows the spaces required for these circulatory systems to appear 
at higher levels across the urban morphology, eventually leading to the formation of multi-level 
networks of connections across the city. 

Elevating the flow of the city is one of the urban objectives considered for the experiments in 
this chapter. By allowing the network of connections in the urban area to be distributed spatially 
throughout the fabric, programmes dependent on the flow of the city will not be constrained 
to a single level and could be propagated spatially. The spatial proliferation of different urban 
activities across the urban morphology, additionally, leads to the emergence of interstitial spaces 
at different heights with different spatial attributes that can enhance the metabolism of an urban 
area uniformly. 

Spatial Distribution of Public Spaces 
The physical and social structures of a city have a reciprocal influence on one another as they 
continue to develop (Batty, 2013). Interactions between individuals happen at different spatial 
scales and locations within a city. However, these networks of interactions are not constrained 
to their physical structures and surpassing the current physical attributes of cities. Public spaces 
across the city are examples of such areas, where the spatial structure facilitates the social 
interactions of its inhabitants. The majority of public spaces accessible to the public are located 
at the street level, while the network of interactions goes beyond a singular level. Vertical 
development as a conclusion of technological advancements coupled with the shortage of land 
availability has gained ground in recent years. Cities like Hong Kong and Manhattan are examples 
of such developments. However, their verticality is applied at the scale of single isolated buildings 
rather than across the urban morphology. Constraining the vertical growth only to the buildings 
refrains the distribution of public spaces to extend beyond the street level. More importantly, 
the interstitial spaces in the urban fabric would be emerged as leftover spaces between the 
isolated verticality of single blocks. 

One of the current models for the development of urban forms – the urban sprawl, according 
to Frans Dieleman and Michael Wegner (Dieleman and Wegener, 2004) has unintentional 
consequences, primarily the loss of open space. By allowing the vertical development and 
distribution of public spaces, the urban morphology and its organisational structure would 
transform the conventional spatial distribution of urban sprawl. Although an urban patch may 
be constrained to its physical boundaries at the ground level, thus limiting the development of 
public spaces, the vertical distribution of such spaces bypasses this constraint. Such spaces have 
great potential to be considered not as confined areas but as a network of spaces connected 
through higher-level connections.
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The distribution of public spaces on multiple levels is another urban objective that is addressed 
through the experiments in this chapter. The experiments presented examine the advantageous 
and disadvantageous of such spaces within the urban morphology, and its impact on the 
metabolism of an urban area. In addition, rather than emerging as a by-product of the spatial 
distribution of buildings, the experiments designate a distinct identity to the interstitial spaces 
across different levels, allowing for their propagation throughout the urban morphology. These 
spaces will obtain an intricate spatial relationship to the urban fabric, which in turn contributes 
to the metabolism of the urban area. 

Ecology and Spatial Qualities of the City
“Ecology as a science represents a dialogue between conceptual constructs about how the world 
works and observations of the material world” (Pickett, 2012, p. 160). Internal and localised 
ecological interactions of humans and urban morphology is a part of a bigger ecological context, 
the environment. Ecological investigations of cities have shifted from one that concerns with 
patterns and fixed state of nature to the one that focuses on processes and flow of interactions 
in the entire urban system, including its morphological configurations  (Pickett, 2012; Kingsland, 
2008; Likens, 1992). 

Changing environmental and climatic conditions, coupled with a growing demographic, has 
challenged cities’ ecological capabilities to adapt to these fluctuations. The strains of energy 
consumption have substantially influenced cities’ internal environmental and ecological contexts. 
Processes of urban development, more particularly, urban morphological configurations and 
reconfigurations influence the city ecology across a range of spatial domains from interstitial 
spaces to the regional environment.  Further investigations confirm that ecological systems are 
dynamic and continuously adapt to other components such as social and biophysical ones. Pickett 
argued that “The ecology of the city while describing both social and biophysical phenomena, 
attends to the array of feedbacks and reciprocal influences between these two realms” (Pickett, 
2012, p. 166). Therefore, the urban ecological model is integral to the adaptability and flexibility 
of an urban area. 

In contrast to many of the planned cities of the 20th century, evolving cities have been closely 
coupled to their immediate territories, with distinct morphologies, integrated infrastructure and 
urban cultures that have evolved in response to the specific ecological and climatic conditions 
of the region. As these cities grow and develop in complexity, they have become less dependent 
on their immediate surroundings by obtaining the required energy demands from their local 
territories (Weinstock, 2010a).

From the energy consumption perspective, cities as systems that consume resources and expel by-
products are analogous to living organisms. This comparison indicates that urban tissues behave 
in a range of metabolic behaviours. As discussed in section 2.3.3,  the term ‘urban metabolism’ has 
been prescribed to urban areas that transform materials and energy into infrastructure, human 

biomass and waste, bearing a significant influence on the environmental and climatic conditions 
that extend beyond the city’s spatial territories (Wolman, 1965). Social processes modify, divert 
and form flows of energy, matter and information in an urban area. Exchange of energy between 
the built structures of the urban fabric and the surrounding environment is influenced by the 
spatial distribution of the urban morphology. It also influences the microecology of interstitial 
spaces across a range of temporal and spatial scales in the tissue. Therefore morphological 
relationships across the urban fabric, such as volume to surface ratios (Joel Asaph Allen, 1877), 
surface resolutions, proximities of the buildings and spatial relationships between different 
components play a crucial role in adaptation to different environmental conditions and, the 
ecology of a city at large. 

Enhancing the ecological interactions, more particularly the energy exchange, expressed via 
intricate spatial distribution of spaces across the urban area is another urban objective in the 
context of the presented experiments. The experiments investigate the impact of morphological 
configurations and spatial distributions across the urban area in facilitating dynamic spatial 
relationships between different parts of the tissue. This urban objective concerns with the 
energy exchange between the built environment of the urban fabric and the interstitial spaces 
evolved as a result of the spatial distribution of buildings.

The Workflow
The evolutionary models utilise the simplified urban morphology of the chosen geographic 
locations (section 3.3.2) as the primitive geometry to which transformations (or genes) will 
be applied. The generated results (individuals) will be analysed and investigated (figure 3.4.). 
The goal is to utilise the abstracted morphological and behavioural attributes of homeostasis 
(detailed in section 2.2.2.) in an evolutionary design process to generate a family of candidate 
solutions which differ in morphology, obtain homeostatic characteristics and maintain a high 
level of fitness. This investigation is conducted in three different environmental and geographic 
locations, with an increase in complexity from the first to the third experiment. A set of evaluation 
and selection strategies are uniquely developed for these experiments and will be thoroughly 
explained and discussed in the following sections. Environmental and urban applications are as 
follows:

• Environmental performance enhancement by controlling solar gain on the 
chosen surfaces.

• Elevating the flow of the city. 
• Spatial distribution of public spaces.
• Enhancement of the ecological context and energy exchange. 

Chapter 3 - Design Experiments

110109

Homeostatic Urban Morphologies
An Evolutionary Model to Generate Urban Morphologies With Embedded Homeostatic Behaviours



Figure 3.4.
This	 diagram	 represents	 the	
workflow	 and	 the	 sequence	
of	all	 experiments	 (generative	
and	 analytic	 phases)	 of	 this	
chapter.	 As	 illustrated,	 three	
experiments	 are	 conducted	 in	
parallel	 to	 one	 another.	 The	
sequence	 of	 the	 analysis	 is	
colour	 coded	 in	 the	 diagram.	
The	 first	 set	 of	 analysis	 after	
the	 generative	 section	 is	
coloured	orange,	and	 it	 is	 the	
evolutionary-based	 analysis.	
The	colour	green	is	the	second	
phase	of	the	analysis	and	is	the	
morphological-based	 analysis.	
Furthermore,	 the	 energy-
based	 analysis	 is	 the	 colour	
yellow	 and	 the	 last	 sequence	
of	 the	 analysis.	 This	 diagram	
can	 be	 cross-referenced	 with	
the	 diagram	 in	 figure	 3.1,	
which	 shows	 the	 progress	 of	
every	 single	 experiment	 from	
the	 generative	 phase	 to	 the	
analytic	phase.	
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The environmental and urban applications are incorporated as fitness objectives in the 
evolutionary simulations in which the primitive will aim to optimise for. It is worth noting that 
fitness objectives are uniquely defined and computed for each scenario. These fitness objectives 
are defined to drive the simulations to evolve morphologies with a gradient of interstitial spaces 
across the urban tissues.  A set of genes to modify the surface conditions of the urban morphology 
via the emergence of voxels as the primary spatial unit are included in the evolutionary model. 
This is to enable the desired morphological characteristics abstracted from homeostasis in nature 
to emerge (illustrated in section 2.2.4.).

Throughout each experiment, the different urban morphologies will be evaluated based on three 
stages of inquiries developed for this research, Evolutionary-Based inquiries, Morphological-
Based inquiries and Energy-Based inquiries. To respectively, highlight the emergent patterns 
and behaviours amongst the solutions, to underline evolved intricate spatial and morphological 
complexities and finally to stress the significance of morphology in energy behaviour of interstitial 
spaces in the urban fabric and its homeostasis. Although having a unique design and algorithmic 
scenarios, the main objectives of all experiments are the same; thus, all three experiments (with 
their sub-experiments) are conducted in parallel to one and each other.

3.3.2. Locations
Fes, in Morocco, Chicago in the USA and Istanbul in Turkey are the urban and geographic 
locations chosen for the design experiments in this chapter. The following is a brief overview of 
environmental and urban conditions of each location and the reasons based on which they are 
selected. 

3.3.2.1. Experiment 1: Fes, Morocco (34.0181° N, 5.0078° W)
The Medina of Fes (or Fes el Bali) is in the north-eastern region of Morocco (figure 3.5.). Located 
next to the Atlas Mountains, the city’s climate is categorised as the Mediterranean with shifts 
from relatively cool and wet winters to dry and hot days in summer. With the highest degree of 
46.7°C and lowest of -8.2°C temperatures ever recorded in Fes (Weather Atlas, 2002), the average 
temperature in summers is 27.2°C and in winters is 9.9°C (Climate-Data, 2012). Fes is situated 
in a sensitive region where the average temperature is expected to rise, and total precipitation 
is predicted to decrease in the coming years (Giorgi and Lionello, 2008). New studies portray 
that the Mediterranean region where the city of Fes is located will warm up 20% faster than the 
global annual mean surface temperature (Lionello and Scarascia, 2018).

Fes comprises an urban fabric that has remained homogeneous and intact over the centuries. 
Listed as a world heritage site by UNESCO in 1981 (UNESCO World Heritage, 2018), the city’s dense 
spatial distributions of three to six-story urban blocks with inward looking courtyards generate 
a unique urban morphology that is rooted in its prevailing Islamic culture. The combination of 
the value of privacy and the spatial configurations of the urban morphology has synthesised a 
distinctive distribution of private, semi-private and public spaces throughout the urban fabric, 
with seamless variation across the city.  

The emergent interstitial spaces as a result of irregular spatial distributions of urban blocks 
facilitate a large area of the urban fabric to be allocated to foot traffic as opposed to a limited 
small number of streets for vehicular movement. The gradient of variation between public and 
private is expressed through the spatial dimensions of the interstitial spaces throughout the 
urban fabric as well. It enables street networks with unique variations in sizes to emerge, which 
is reflecting the unique qualities of privacy and openness in these spaces within the city. The 
morphological variation throughout the urban fabric enables many of the streets to be in the 
shade during the hot and dry season (Johansson, 2006); nonetheless, due to narrow street 
networks, the current urban configuration lacks open areas to be allocated for an extended set 
of urban activities

Since it has been listed as a world heritage site in 1981, in a short period the city has experienced 
rapid population growth, like many other cities around the globe, with the impact on its 
urban density and sprawl (El Garouani et al., 2017). Rapid changes in the urban fabric have 
put substantial pressure on the environmental and urban resources of Fes in a way which the 
urbanites struggle for space within the city.

Fes is selected as the first environmental and urban scenario in the context of this chapter 
due to its unique morphological configuration that has evolved throughout the centuries as 

Figure	3.5.
The	 satellite	 image	 of	 an	 old	
section	 of	 the	 city	 of	 Fes	 in	
Morocco	called	Medina	of	Fes	
(Fes	el	Bali).	
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well as its hot temperature during the summer season. Rapid population growth, prediction 
of temperature rise and need for space, if not being considered, pose a severe threat to the 
longevity of the city. Experiment 1 utilises environmental data as well as the simplified urban 
morphology of Fes as the primary input parameters of the evolutionary model of the experiment. 
Experiment 1 investigates to what extent the application of biological principles of homeostasis 
in the evolutionary design systems enhances the spatial configurations across the urban area. It 
explores how homeostatic characteristics to control the energy exchange across the fabric, can 
be evolved in the morphology.

3.3.2.2. Experiment 2: Chicago, USA (41.8781° N, 87.6298° W)
Located on the south-eastern shores of Lake Michigan, Chicago was formed as a city in 1837 and 
has gone through rapid urban development in the mid-19th century (Reiff et al., 2005) (figure 3.6.). 
While having hot and humid summers, Chicago experiences four distinct seasons throughout a 
year with extreme changes from summers to winters. The city’s climate is categorised as a humid 
continental climate with frequent heatwaves throughout the summer (Mölders and Kramm, 2014; 
Climate of Chicago – Illinois State Climatologist, n.d.). The proximity of the city to Lake Michigan 
has created slightly milder climatic conditions in both hot summers and cold winters (Cox and 
Armington, 1915). Additionally, Chicago’s urban heat island effect, similar to other major cities, 
has softened its climate, especially during cold seasons and at nights. Urban heat island refers to 
an urban area that due to human activities within its built environment is considerably warmer 
than the surrounding areas. Dense and high-rise spatial configurations in Chicago city with a 
population of over 2.5 million people contributed to this phenomenon significantly, especially 
in cold seasons. While the highest and lowest ever recorded temperatures for the city are 43 °C 
and – 32 °C, the average temperature for the hot seasons is 29 °C and for the cold seasons is -7.7 
°C (National Weather Service Corporate, 2018).

Chicago suffered from a major fire incident in 1871, which destroyed several square miles 
of the city at once. Nonetheless, by the beginning of 20th century, Chicago, with the help of 
new construction materials, steel frame structures and the implementation of its iconic grid 
street layouts went through an intense redevelopment and construction period. This period 
not even put Chicago amongst the top five largest cities in the world at that time but also had 
a lasting impact on the architecture of cities throughout the rest of the 20th century (Cohen, 
2020; Rosenberg, 2019; Glancey, 2015).  The centrality of Chicago as a financial, technological 
and cultural hub is manifested through its urban morphological configuration that comprises 
high-rise skyscrapers housing international and national corporations and financial centres with 
cultural nodes spread over its urban jungle. Chicago is the house to the first steel-framed high-
rise building and since then it has risen to the sky putting its skyline amongst the world’s tallest 
and densest. The city is a collection of architectural explorations of modernist architects and 
international style of the 20th century. Mies van der Rohe and Frank Lloyd Wright are amongst 
the architects that contributed to Chicago’s architectural scene.  

Chicago is selected as the second environmental and urban context for the experiments 
conducted in this chapter. Its drastic climatic changes throughout a year, from hot to cold seasons 
alongside Chicago’s unique and high density urban morphological configuration are the reasons 
based on which an excerpt patch of the city was chosen as the primary input for experiment 2. 
In a similar fashion to experiment 1, experiment 2 utilises a simplified and abstracted model of 
Chicago’s urban morphology as well as its environmental data throughout a year to investigate 
the hypothesis of this research through a set of computational simulations.  Experiment 2 studies 
ways of implementation and evaluation of the principles of homeostasis in nature within the 
evolutionary design processes to evolve a set of urban morphologies based on the characteristics 
of the city of Chicago to enhance its environmental and urban performance.

3.3.2.3. Experiment 3: Istanbul, Turkey (41.0082° N, 28.9784° E)
Located between two continents of Europe and Asia, Istanbul’s urban fabric spreads over seven 
hills holding the memory of centuries of both western and eastern civilisations (figure 3.7.). 
Istanbul is situated within a transitional climatic zone between the Mediterranean, humid 
subtropical and oceanic climates with a significant difference in precipitation throughout its 
urban fabric (Peel et al., 2007; Kottek et al., 2006). Istanbul is in between two bodies of water, 
the Black Sea in the north and the Mediterranean Sea in the south. Its geographic location, as 
well as its diverse topography, caused different microclimates to emerge across the province. 

Figure	3.6.
The	 satellite	 image	 of	
downtown	Chicago.	An	excerpt	
patch	 of	 the	 downtown	 area	
of	 the	 city	 of	 Chicago	 with	
dense	 and	 high-rise	 urban	
morphology	 was	 selected	 for	
experiment 2.   
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From north to south, the climatic characteristics of Istanbul changes from oceanic and humid 
subtropical with the annual mean temperature of 12.5°C to a warmer, drier and less humid 
environment in the south with the annual mean temperature of 15°C (Brunn and White, 2011).  
The parts of Istanbul province that are located in-between these two bodies of water are 
under climatic influences of two continents with much more daily and seasonal temperature 
differences. The temperature recorded for Istanbul is as high as 41°C and as low as – 16°C, while 
26°C is the average temperature for the hot seasons and 3°C is the average for the cold season 
(Turkish State Meteorological Service, 1998). 

Istanbul’s built environment and its urban morphology are the precise portrayals of its cultural 
mix throughout its long history. It was not until the 19th century that Istanbul grew out of its 
historical boundaries. The population of Istanbul started to decrease after Ankara was assigned 
the new capital of Turkey in 1923. However, Istanbul experienced massive population growth 
in the last 70 years in which its population twelve-fold since 1950 and reached to 15.5 million 
people, made Istanbul the most populated and largest city in Europe (Rode et al., 2014). 
Istanbul’s population growth and rapid urbanisation manifested itself through the emergence 
of new urban typologies, formal and informal urban settlements with various degrees of density 
and spatial distribution throughout the city. 

Figure	3.7.
The	satellite	image	of	Gulensu	
neighbourhood	 in	 Istanbul,	
Turkey.	The	neighbourhood	has	
an	intricate	spatial	distribution	
of	 streets	 and	 houses	 and	 is	
located	on	a	hill.

The construction of the bridges over the Bosporus river streamlines the connections between 
the Asian and European sides of Istanbul and enhances the role of the city in integrating west 
and east more than ever. Moreover, it accelerates residential development and rapid urban 
growth in the Asian side of the city both through formal and informal urban settlements, 
creating a considerable variation in urban morphology across the greater Istanbul area. Due 
to the continuous migration to the city, mostly from the east, rapid urbanisation in Istanbul is 
expressed in high degrees of formal variations in spatial distributions, from regular street layouts 
to chaotic and informal settlements. The newly established bridge connections additionally 
enabled new suburbanisation and wealthy new urban developments in the Asian side of the city 
(Rode et al., 2014). 

The rapid outward growth of Istanbul from its centre over the last fifty years highlighted 
infrastructural, environmental and resource management challenges in its quick urbanisation 
process. Istanbul has been selected as the third environmental and urban scenario in the 
context of this chapter due to its unique environmental context with different microclimates 
across the city. Additionally, its complex urban morphological configuration that is stretched 
over a distinctive topographical landscape was the essential factor. In the context of experiment 
3, environmental data and a simplified urban morphology of one of the southern districts of 
Istanbul are considered the primary inputs of the evolutionary model of the experiment. With 
a similar objective to the first two experiments but in the context of different environmental 
and urban scenarios, experiment 3 examines the contribution of homeostatic principles in the 
evolutionary design systems to evolve urban morphologies with embedded homeostatic traits 
across the interstitial spaces.

3.3.3. Experiments Setup
Visual scripting platform of Rhinoceros software, Grasshopper 3D (and its custom C# scripting 
component) is the design and analysis platform by which the experiments in this chapter are 
conducted. As the design experiments aim to generate a population of urban tissues that have 
evolved towards multiple conflicting objectives while acquiring homeostatic characteristics, 
Multi-objective Non-Dominated Sorting Genetic Algorithm II (NSGA II) has been selected to 
run the evolutionary experiments. The NSGA II, developed by (Deb et al., 2000), is the driving 
algorithm behind the software called Wallacei, a free plugin for Grasshopper 3D co-develop 
by the author (Makki et al., 2019). In the context of energy-based investigations, the software 
Energy Plus is used as the primary energy simulation engine (EnergyPlus, 2001). To communicate 
the models across platforms between Grashooper3D and Energy Plus, a software called ladybug 
Tools that is developed as a free plugin for Grasshopper3D is utilised (Sadeghipour Roudsari 
and Mackey, 2013). To ensure the computational load is kept within a reasonable range, the 
simulations are run on a consumer-specification computational platform. Therefore, there is no 
need to use a commercial supercomputer. As such, the computational platform running all the 
evolutionary and energy simulations presented in this chapter is a 2.9-GHz Intel Core i7 laptop 
with 32 GB allocated for memory.
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Naming conventions
Each of the three experiments (Fes, Chicago, Istanbul) comprises two sub-experiments for 
summer and winter scenarios within which each has two simulation runs, one with four fitness 
objectives (FO) and one with five fitness objectives (figure 3.8.). Four out of five objectives 
in both simulation runs are identical. An extra objective is added to the second simulation to 
examine a method of keeping a heat-related proxy variable in a balance within a defined domain 
(homeostasis). Therefore, the experiments are named as follows: A.B.C.  A is the number that 
refers to the environmental and geographic scenarios. The number 1 indicates the Fes scenario, 
and the number 2 refers to the Chicago scenario, and the number 3 is for Istanbul scenario. 
B is the indicator of the seasonal scenario where 1 is for the summer solstice, and 2 is for the 
winter solstice. Finally, C refers to the simulation type with or without the fifth fitness objective 
to control a proxy variable at homeostasis. 1 indicates that the simulation has four fitness 
objectives and without the constrained objective, and 2 demonstrates that the simulation has 
five fitness objectives with the constrained objective. Three experiments are named as follows 
in the following sections: 

34.0181° N, 5.0078° W,  Fes, Morocco 41.8781° N, 87.6298° W, Chicago, USA 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment 1.1.1 Summer,	4FO Experiment 2.1.1 Summer,	4FO Experiment 3.1.1 Summer,	4FO

Experiment 1.1.2 Summer,	5FO Experiment 2.1.2 Summer,	5FO Experiment 3.1.2 Summer,	5FO

Experiment 1.2.1 Winter,	4FO Experiment 2.2.1 Winter,	4FO Experiment 3.2.1 Winter,	4FO

Experiment 1.2.2 Winter,	5FO Experiment 2.2.2 Winter,	5FO Experiment 3.2.2 Winter,	5FO

Although the application of a multi-objective evolutionary algorithm incorporates selection and 
variation strategies to drive the population towards an optimal solution set, the intensity of 
their application is essential to maintain variation across the population without loss in fitness. 
Ideally, the algorithm should establish a search and optimisation strategy that is both explorative 
– adequate mutation and crossover rates to allow for a diverse population of candidate solutions 
– and exploitative – utilising strategies to converge the population towards an optimal solution 
set (Luke, 2011). Therefore, the genetic algorithm parameters were set as it is shown in table 
3.2. Finally, taking into account the complexity of the problems at hand, all the simulations were 
limited to 50 individuals per generation with a total simulation runtime of 100 generations, 
generating 5000 solutions per simulation.

Parameters Short Description Value

Generation	Size Number	of	individuals	per	generation 50

Generation	Count Number	of	generations	in	the	simulation 100

Crossover	Probability Percentage	of	solutions	that	reproduce	in	each	generation 0.9

Mutation	Probability The	percentage	of	mutation	1/	(number	of	variables) 1/n

Crossover	distribution	index Probability	of	similarity	of	the	offspring	to	the	parents 20

Mutation	Distribution	Index Probability	of	similarity	of	the	offspring	to	the	parents 20

Random	Seed Random	seed	in	the	simulation 1

Table	3.1.
The	 naming	 conventions.	 The	
experiments	 throughout	 this	
chapter	are	titled	as	shown	in	
this	table.

Table	3.2.
The	algorithmic	parameters	of	
WallaceiX	evolutionary	engine	
and	 their	 short	 description.	
Further	 descriptions	 are	
provided	in	glossary.

3.3.3.1. Experiment 1 Setup: Fes, Morocco
Constructing the Phenotype 
Experiment 1 comprises four sub experiments of 1.1.1, 1.1.2, 1.2.1 and 1.2.2. Utilising the 
simplified urban morphology of city of Fes in Morocco as the basic geometric component (figure 
3.9.), a primitive geometry was constructed algorithmically to enable changes necessary in 
the simulation (figure 3.10.). The primitive comprises a grid of 4 x 4 blocks. The entire urban 
area in this experiment is 240 meters by 240 meters. The fitness objectives of the experiments 
1.x.x are derived from the environmental and urban objectives that were described in detail in 
section 3.3.1. and they are stated in table 3.3.  Each of these objectives is directly correlated 
to the morphological transformations used to construct the primitive geometry. The regulation 
between the genes, fitness objectives and body parts are identified through the method in which 
the primitive is constructed. Multiple sets of genes have been added to the genome to allow the 
modifications and morphological interventions should simulation favour them. The evolutionary 
simulation setup is illustrated in figure 3.11.

Figure 3.8.
The	 relationship	 between	
different	 experiments	
conducted	 in	 this	 chapter	and	
their	naming	system.

Figure	3.9.
The	 simplified	 version	 of	
the	 Fes	 urban	 block	 which	 is	
used	 as	 the	 basic	 geometric	
component	 of	 experiments	
1.x.x
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Figure	3.10.
The	 geometrical	
representation	 and	 the	
sequence	 of	 algorithmic	
construction	of	the	phenotype	
for	experiments	1.x.x	
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The genes in the genome and their expression in the phenotype and their relationship to 
the fitness objectives in this experiment are outlined below. The underlying cells in the grid 
layout structure upon which the primitive is constructed, are divided vertically and horizontally 
to generate the footprints for the building blocks across the experiment area. Due to their 
movements across the fabric, the constructed buildings assemble around each other based on 
their proximity and form neighbourhoods across the phenotype. The scattered and clustered 
footprints of the building blocks are divided into four building units with a shared courtyard in the 
centre. This is the primary morphological principle that is obtained from Fes urban morphology 
(refer back to figure 3.9.).

Prior to incorporating the genes by which the building footprints will be extruded to generate 
the masses, a set of preventive operations is added to the design problem algorithm to avoid 
any overlapping and broken geometries. As the construction of the design problem allows the 
formation of the neighbourhoods, they may overlap and share common grounds. A method 
by which the phenotype is developed in this experiment facilitates the transformations to be 
imposed on the curves of the geometry rather than their three-dimensional counterparts. 
Therefore, the need for time-consuming computational operations on 3d geometries was 
replaced with simple 2-dimensional union/subtraction of planar curves. Through applying this 
operator to the geometry, in which the footprint of the built areas was subtracted from the 
neighbourhood boundary, a cluster of buildings formed. The interaction between the open 
spaces within a neighbourhood and the building blocks leads to the emergence of interstitial 
spaces. Movement of the blocks across the experiment area contributes to the energy exchanges 
through these spaces and their homeostasis. 

To form the building masses, the footprint curves are extruded by a set of genes that control 
the height of each building independently. Due to the geometries that are developed by 2d 
operations on the curves, roof spaces with large areas are constructed across different levels. 
The significance of networks of elevated public spaces throughout the urban fabric was discussed 
in section 3.3.1. Therefore, the urban morphology is constructed to allow the phenotype to 
develop these spaces, and connections should the algorithm favour such solutions. This allows 
for greater numbers of public spaces to emerge that are not constrained to the street level. This 
is achieved through a method conducted within the algorithm that selects roof spaces with a 
footprint that is above a certain threshold and connects these roof spaces to their neighbouring 
buildings within a falloff area. As the rate of elevated spaces increases, the simulation is driven 
towards increasing the connectivity amongst them by creating a raised network of connections 
throughout the urban morphology. Eventually, these operations contribute to elevating the flow 
of the city. 

By increasing the distance between the open spaces, across different elevations, their 
accessibility from various parts of the urban area is increased, allowing for greater connectivity 
to these spaces while simultaneously encouraging verticality rather than horizontality. The 

Figure 3.11.
The	 evolutionary	 simulation	
setup	 of	 experiments	 1.x.x.	
The	 relationship	 between	 the	
genes	and	 the	construction	of	
the	phenotype	 is	 illustrated	 in	
this	 pseudocode.	 The	 further	
explanation	 of	 each	 gene	
group	is	provided	in	table	3.4.	
The	numerical	data	comprises	
the	 fitness	 objectives	 (table	
3.3.)	 and	 the	 morphological	
characteristics	 that	 are	
assigned	 to	 each	 phenotype.	
They	are	going	to	be	explained	
in	the	following	sections.	
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Juxtaposition of the elevated open spaces and the building clusters leads to the emergence of 
a set of interstitial spaces at higher levels across the urban fabric. Additionally, the proximity 
of the open interstitial spaces to the building surfaces impacts the energy exchange between 
them.  Furthermore, the phenotype is constructed to enable the control of the solar gain on 
the elevated open spaces by adjusting the building heights and locations. This allows for greater 
distribution of buildings across the urban area. The surfaces of the building clusters to which 
the open spaces are connected are selected to go through a set of morphological interventions 
within the experiment setup. 

An analysis method was conducted in the design problem algorithm to examine the intensity of 
the solar exposure on the selected surfaces. In a scenario which the exposure received by the 
selected surfaces exceeds a certain threshold, these surfaces will be divided into unitised pixels to 
facilitate an increase in their area by raising the surface to volume ratio of the buildings to which 
they belong. A set of genes are added to the algorithm to extrude the pixels to voxels to increase 
their surface areas and increase the self-shading mechanism of the buildings to which they are 
attached. These morphological interventions are abstracted from the studies on homeostasis 
(section 2.2.4.). They impact the solar gain on the elevated open spaces as well. Construction 
of the phenotype enables the simulation to control the ratio of the emergent morphological 
interventions exposed to the sun radiation, to the original surfaces exposed to the sun radiation. 
This is a proxy value to be maintained at homeostasis in the simulation. To accomplish this, 
various transformations and conditional statements control the phenotype’s morphology. These 
modifications comprise a set of operations that are explained and illustrated in table 3.4. and 
figure 3.10.

Experiment 1 - 34.0181° N, 5.0078° W - Fes, Morocco

Experiment Fitness	objectives

1.1.1

Fitness	Objective	1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
Fitness	Objective	2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
Fitness	Objective	3:	An	increase	in	shadow	on	the	selected	elevated	open	spaces.
Fitness	 Objective	 4:	 A	 decrease	 in	 the	 ratio	 of	 the	 emergent	morphological	 interventions	 exposed	 to	 the	 sun	
radiation	to	the	original	surfaces	exposed	to	the	sun	radiation.	

1.1.2

Fitness	Objective	1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
Fitness	Objective	2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
Fitness	Objective	3:	An	increase	in	shadow	on	the	selected	elevated	open	spaces.
Fitness	 Objective	 4:	 A	 decrease	 in	 the	 ratio	 of	 the	 emergent	morphological	 interventions	 exposed	 to	 the	 sun	
radiation	to	the	original	surfaces	exposed	to	the	sun	radiation.
Fitness Objective 5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	selected	open	spaces	(Proxy	variable	to	be	
kept	in	the	domain	of	1.5	to	2.0).

1.2.1

Fitness	Objective	1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
Fitness	Objective	2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
Fitness	Objective	3:	A	decrease	in	shadow	on	the	selected	elevated	open	spaces.
Fitness	Objective	 4:	 An	 increase	 in	 the	 ratio	 of	 the	 emergent	morphological	 interventions	 exposed	 to	 the	 sun	
radiation	to	the	original	surfaces	exposed	to	the	sun	radiation.

1.2.2

Fitness	Objective	1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
Fitness	Objective	2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
Fitness	Objective	3:	A	decrease	in	shadow	on	the	selected	elevated	open	spaces.
Fitness	Objective	 4:	 An	 increase	 in	 the	 ratio	 of	 the	 emergent	morphological	 interventions	 exposed	 to	 the	 sun	
radiation	to	the	original	surfaces	exposed	to	the	sun	radiation.
Fitness Objective 5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	selected	open	spaces	(Proxy	variable	to	be	
kept	in	the	domain	of	0.5	to	1.0).

Table	3.3.	
The	 fitness	 objectives	 of	
all	 four	 sub-experiments	
in	 experiments	 1.x.x.	 As	
shown	 in	 the	 table,	 two	
experiments	 have	 four	 fitness	
objectives,	 and	 two	 have	
five.	 The	 calculation	 of	 each	
fitness	 objective	 is	 explained	
thoroughly	 in	 the	 following	
section.	

Experiment 1- 34.0181° N, 5.0078° W - Fes, Morocco
The length of the Genome: 643 Genes

Gene Group 1 – Division

Subgroup No. of Genes Numerical Domain Function

1 16 0.20	to	0.80 To	divide	the	initial	cell	geometries	to	create	the	vertical	division	
of	the	blocks.

Gene Group 2 – Division

Subgroup No. of Genes Numerical Domain Function

1 32 0.20	to	0.80 To	divide	the	modified	cell	geometries	to	create	the	horizontal	
division	of	the	blocks.

Gene Group 3 – Move

Subgroup No. of Genes Numerical Domain Function

1 128 -40.00	to	40.00 To	move	the	divided	blocks	in	x	and	y	direction	to	create	new	
block	footprints.

Gene Group 4 – Scale

Subgroup No. of Genes Numerical Domain Function

1 64 0.30	to	0.50 To	 scale	 the	 newly	 created	 block	 footprints	 to	 generate	
courtyards.

Gene Group 5 – Height

Subgroup No. of Genes Numerical Domain Function

1 400 0	to	15 To	move	and	extrude	the	newly	generated	block	footprints	to	
create	the	building	masses.

Gene Group 6 – Morphological interventions

Subgroup No. of Genes Numerical Domain Function

1 1 0	to	1000 To	choose	the	magnitude	of	the	extrusion	of	the	selected	pixels.

2 1 4.00	to	8.00 To	 extrude	 the	 selected	 pixels	 on	 the	 building	 surfaces	 to	
increase	the	urban	morphology	surface	to	volume	ratio.

The relationship between the fitness objectives and the gene groups for all experiments 1.x.x are 
illustrated in figure 3.12. 

Table	3.4.	
This	 table	 shows	 the	 details	
of	 each	 gene	 group	 (that	 is	
represented	 in	figure	3.11.)	 in	
the	 genome	 of	 experiments	
1.x.x.	 and	 their	 numerical	
values	and	functions.	
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Figure 3.12. 
These	 are	 four	 evolutionary	
matrices	 of	 experiments	 1.x.x	
that	 illustrate	 the	 relationship	
between	the	gene	groups	and	
the	 fitness	 objectives.	 Please	
note	 that	 the	 names	 of	 the	
fitness	objectives	and	the	gene	
groups	are	summarised	in	this	
figure.	For	the	complete	names	
and	 descriptions,	 please	 refer	
to	 tables	 3.3.	 and	 3.4.	 The	
curve	 that	 connects	 a	 fitness	
objective	 to	 a	 gene	 group	
refers	 to	 the	 impact	 that	 the	
gene	group	has	on	the	fitness	
objective.	 As	 shown,	 not	 all	
gene	groups	impact	all	fitness	
objectives.	 The	 top	 matrices	
are	 for	 the	 experiments	 with	
four	 fitness	 objectives,	 and	
the	 bottom	 matrices	 are	
for	 the	 experiments	 with	
an	 extra	 fitness	 objective	 to	
control	 the	 homeostasis	 of	
the	chosen	proxy	variable.	The	
fitness	 objectives	 and	 their	
calculations	 are	 thoroughly	
explained	 in	 the	 following	
section.		
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Fitness Functions and Homeostasis of the Proxy Variable 
As discussed, the primary objectives of the experiments 1.x.x evolutionary models are to generate 
a population of urban morphologies to optimise for the selected fitness criteria (refer back to 
table 3.3.) while conserving the essential characteristics of Fes urban form. Furthermore, to 
evolve urban morphologies with emergent interstitial spaces in which homeostatic characteristics 
can be studied and investigated (figure 3.13) . Although a set of fitness objectives are shared 
amongst these four sub-experiments, each of them comprises a distinctive fitness criterion that 
is associated with its unique experiment setup and seasonal scenario. 

Fitness Objective 1: An increase in the distance between upper and lower level open spaces.
Fitness objective 1 drives the simulation to increase the distance between the upper and lower 
level open spaces evolved in the simulation. By doing so, the generated solutions will achieve 
a uniform distribution of open spaces across different levels throughout the entire experiment 
area. This fitness objective contributes to elevating the flow of the city by designating spaces 
across multiple levels (rather than only on the street level) to public urban activities. It also 
contributes to activating in-between and interstitial spaces for urban and cultural activities at 
higher levels that are distributed across the urban fabric. The exchange of energy between 
these outdoor spaces and the urban morphology plays a pivotal role in their thermal behaviour, 
thermoregulation and subsequently homeostasis of the tissue. This fitness objective is shared 
amongst all four sub-experiments (figure 3.14. and equation 3.1.). 

Figure 3.13. 
An	 example	 of	 an	 evolved	
urban	 morphology	 in	
experiments	 1.x.x.	 A	 set	
of	 morphological	 and	
behavioural	 principles	 were	
abstracted	 form	 homeostasis	
in	 nature	 (section	 2.2.4.)	 and	
applied	in	a	set	of	evolutionary	
design	 models.	 The	 localised	
morphological	 interventions	
(the	 voxels)	 are	 added	 to	 the	
morphology	to	enable	a	set	of	
morphological	 characteristics	
that	 are	 important	 for	
homeostasis	 to	 emerge	 in	 the	
simulation.	As	discussed,	these	
morphological	 characteristics	
are	 surface	 to	 volume	
ratios,	 self-shading	 and	 size	
variations.	

Fitness Objective 2: An increase in height difference between elevated open spaces and their 
adjacent buildings.
By increasing the height difference between the elevated open spaces and their adjacent 
buildings, simulation attempts to generate solutions in which urban morphology overshadows 
on the open spaces, creating patches of shaded outdoor areas suitable for urban and cultural 
activities. This objective drives the simulation to explore the various distribution of buildings and 
open spaces across the experiment area and indirectly impacts the radiation and convection 
energy exchanges across the tissue—more particularly within the domain of interstitial spaces. 
This fitness objective is shared between all four sub-experiments (figure 3.15. and equation 3.2.).

Figure 3.14. 
The	 figure	 represents	 how	
fitness	objective	1	is	calculated.	
The	orange	surfaces	are	upper-
level	open	spaces,	and	the	red	
surfaces	 are	 open	 spaces	 on	
the	ground	level.	This	objective	
aims	 to	 increase	 the	 distance	
between	all	the	open	spaces.	

Equation	3.1.
β	=	The	distance	between	open	
spaces.
n	 =	 The	 count	 of	 these	
distances.
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Fitness Objective 3: An increase/decrease in shadow on the selected elevated open spaces.
Through a set of analysis conducted in the design problem, a set of elevated open spaces are 
chosen as the surfaces of interest to control their solar gain in the simulation (α surfaces). An 
elevated open space is selected if the buildings to which it is attached, are taller than itself. This 
objective drives the simulation to control the solar radiation energy intake of these surfaces(α). 
This fitness objective steers the evolution in exploring various distributions of public spaces and 
buildings across the urban fabric, which influences the energy exchange of these surfaces with 
the surroundings both via radiation and convection. In the summer scenario experiments (1.1.1 
and 1.1.2), this criterion is set to increase the shadow on these surfaces (α) to evolve outdoor 
areas with suitable shadings and less energy intake. On the contrary, in the winter scenario 
experiments (1.2.1 and 1.2.2), the objective is to decrease the shadow on these surfaces (α) to 
increase their solar gain in the cold seasons (figure 3.16. and equations 3.3.). 

Fitness Objective 4: A decrease/increase in the ratio of the emergent morphological 
interventions exposed to the sun radiation to the original surfaces exposed to the sun radiation.
The building surfaces to which the selected open spaces (α) are attached, are set to go through 
morphological interventions by increasing or decreasing their surface areas should their exposure 
to solar radiation exceeds a certain threshold. The adjustment of the area of these surfaces 
promotes self-shading mechanism of the buildings (to control the excessive solar exposure), 
as well as it generates horizontal surfaces that can be utilised as balconies and outdoor spaces. 
Since this intervention occurs across the urban fabric, the generated surfaces lead to creating 
interstitial spaces with unique spatial qualities across the tissue. The morphological interventions 
additionally add to the habitable spaces within each building block and contribute to increasing 
density uniformly across the urban fabric. 

Figure	3.15.	
The	 figure	 represents	 how	
fitness	objective	2	is	calculated.	
The	 orange	 surfaces	 are	
upper-level	 open	 spaces.	 This	
objective	aims	 to	 increase	 the	
height	 difference	 between	
upper-level	 open	 spaces	 and	
their	adjacent	buildings.			

Equation	3.2.
H	=	The	difference	in	heights.
n	 =	 The	 count	 of	 these	
differences.

Fitness objective 4 is defined to control the ratio of the morphological interventions (MI) 
exposed to solar radiation to their original surfaces (OS) exposed to solar radiation. In the 
summer scenario experiments (1.1.1 and 1.1.2), this objective is set to decrease this ratio (to 
facilitate less sun exposure and less energy intake). In the winter scenario experiments (1.2.1 
and 1.2.2), this objective is set to increase this ratio (to facilitate more sun exposure and more 
energy intake). Additionally, increased, or decreased surface areas impact the radiation energy 
exchange between the building surfaces and the interstitial outdoor spaces located in their 
proximity. Therefore, this intervention influences outdoor thermoregulation and homeostasis 
(figure 3.17. and equations 3.4.). 

Fitness Objective 5 – Homeostasis of a proxy variable (Constrained Objective): A balance of the 
shadow to solar gain ratio of the selected open spaces (Proxy variable to be kept in a domain)
As it was explained in the introduction to this chapter, the implementation of homeostatic 
principles in design is investigated via multiple methods. The first in a series of investigations 
is its application in the evolutionary design processes to keep a variable in a defined domain; 
in other words, homeostasis. To accomplish this, a proxy variable associated with the energy 
behaviour of a given space is defined. This variable in the context of experiments 1.x.x is the 
ratio of the shadow to the solar gain of the selected open spaces (α). The fifth fitness objective 
is solely defined to directly act as a regulating mechanism for the proxy variable to keep it in a 
specified domain. Fitness objective 5 is set to decrease the absolute value of subtraction of the 
proxy variable from an upper limit and a lower limit. In the summer scenario (1.1.2, this objective 
is only set for the second simulation run) the upper limit is 2.0, and the lower limit is 1.5, to 
ensure the simulation generates solutions in which the selected surfaces (α) are more in the 
shade than sun. In the winter scenario (1.2.2 this objective is only set for the second simulation 
run) the upper limit is 1.0, and the lower limit is 0.5 to drive the simulation to generate solutions 
with selected surfaces (α) mostly in the sun rather than in the shade. This objective impacts the 
energy intake of the selected surfaces (α) directly.

It is worth noting that this objective is only added to two out of four sub-experiments of 
experiments 1.x.x to conduct a comprehensive comparative analysis of the evolutionary 
simulations with and without the implemented method to constrain a variable. Additionally, the 
lower and upper limits are the author’s design inputs that can be changed in different scenarios 
(figure 3.16. equations 3.5.).

Equation	3.5.
PS	 =	 The	 number	 of	 sample	
points	on	α	surfaces	that	are	in	
the	shade.	
Psr	 =	 The	 number	 of	 sample	
points	 on	 α	 surfaces	 that	
are	 exposed	 to	 the	 solar	
radiations.
n	=	The	count	of	α	surfaces.
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Figure	3.16.	
The	 figure	 represents	 how	
fitness	objective	3	is	calculated.	
The	orange	surfaces	in	the	left	
image	 are	 α	 surfaces.	 The	
right	 image	 illustrates	 the	
shadow	and	the	solar	gain	on	
α	surfaces.	

Equations	3.3.
PS	 =	 The	 number	 of	 sample	
points	 on	 the	 α	 surfaces	 that	
are	in	the	shade.	
PA	=	The	number	of	all	sample	
points	on	the	α	surfaces.
n	=	The	count	of	α	surfaces.
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Figure	3.17.	
The	 figure	 represents	 how	
fitness	objective	4	is	calculated.	
The	 light	 red	 surfaces	 in	 the	
top	left	image	are	the	original	
surfaces	 onto	 which	 the	
morphological	 interventions	
and	 voxels	 appear.	 The	 dark	
red	 geometries	 in	 the	 bottom	
left	 image	are	 the	voxels,	and	
morphological	 interventions	
emerged	 throughout	 the	
evolution.	 The	 top	 right	 and	
the	 bottom	 right	 images	 are	
respectively	 illustrating	 the	
shadow	and	the	solar	gain	on	
the	 original	 surfaces	 and	 the	
morphological	interventions.		

Equations	3.4.
OSSG	=	Sample	points	with	solar	
gain	of	the	original	surfaces.	
OSA	=	All	sample	points	on	the	
original	surfaces.
MISG	=	Sample	points	with	solar	
gain	 on	 the	 morphological	
interventions.
MIA	=	All	sample	points	on	the	
morphological	interventions.
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3.3.3.2. Experiment 2 Setup: Chicago, USA
Constructing the Phenotype 
In a similar fashion to experiment 1, experiment 2 is conducted with four sub experiments, 
tackling the summer and winter scenarios, with and without the method that controls the proxy 
variable. Experiment 2 utilises the simplified urban morphology of Chicago (figure 3.18.) in 
the USA as the basic geometric component upon which the phenotype is constructed (figure 
3.19.). The primitive comprises a 5 x 10 grid layout that spans over 375 meters in width and 
470 meters in length. The chosen dimension is bigger compared to the first experiment due to 
the increase in building scales and complexity of the experiment. Aligned with the objectives 
that were discussed in section 3.3.1. the fitness objectives for experiments 2.x.x are stated 
in table 3.5. There is a direct association between the fitness objectives and the genome of 
the experiment that controls the morphological transformations to construct the phenotype. 
Multiple gene groups, as explained in table 3.6. have been used to construct the genome of the 
experiment to enable transformations and interventions should simulation find them necessary. 
The evolutionary simulation pseudocode is illustrated in figure 3.20. 

Figure 3.18. 
The	 simplified	 version	 of	 the	
Chicago	 urban	 block	 which	 is	
used	 as	 the	 basic	 geometric	
component	 of	 experiments	
2.x.x.

The relationship between genes and fitness objectives is the backbone of an evolutionary 
simulation and is considered thoroughly in this experiment as well. The orthogonal grid structure 
of the city of Chicago is distorted in several locations to enable the phenotype to break free 
from the grid should simulation favour such a change. The location, magnitude, and impact area 
of the distortion operation are expressed in the algorithm by a set of genes to facilitate the 
maximum flexibility in exploring the design space. By allowing the nonorthogonal formation of 
the grid, simulation is driven to explore new morphological variations with characteristics that 
are conserved from the original Chicago’s morphology. Furthermore, it enables the building 
footprints to cluster in different proximities in the experiment area. This naturally leads to 
interstitial spaces with size gradients to emerge across the tissue on the ground level.  

By adjusting the deformation magnitude of the grid layout, a range of footprints with variation 
in sizes emerges across the urban fabric. Through an analysis that was conducted in the design 
problem, the footprints are divided into two distinct categories of low-rise building blocks and 
tower blocks according to their areas. The morphology of the city of Chicago is abstracted to 
a set tower blocks with 20 stories and more with rectangular footprints that are distributed 
amongst the building blocks whose height vary from 5 to 25 stories. This is the main principle 
that is drawn from the urban morphology of Chicago to construct the phenotype (refer back to 
figure 3.18.).

The low-rise building blocks develop alleys and central courtyards. The tower building blocks 
comprises two high-rise buildings and an open corner at the street level to serve as the open 
plaza for each tower. A network of open spaces comprises the courtyards and open plazas is 
formed which is distributed across an extended network of streets and alleys with different 
widths and lengths at the ground level. A set of transformations control the attributes of this 
network and is comprised of the building heights and footprints as well as the size of the street 
networks and alleyways. The grid distortion, in addition to the genes controlling the building 
attributes, enables the simulation to control the solar gain on the courtyard areas and open 
spaces across the tissue. This allows for great distribution of blocks and variations in height and 
size across the urban fabric. 

The importance of skyways and higher-level connections were discussed in detail section 
3.3.1. Tower blocks across the urban tissue cluster into five groups based on their proximities. 
Thereafter, the shorter tower of each group is designated as the connection point of the skyways 
that locally connect the towers of the cluster. As the rate of the towers grows in the phenotype, 
the frequency of skyways increases and enables circulatory paths to emerge (that is not only 
constrained to the ground level) between towers in close proximity.  

Chapter 3 - Design Experiments

138137

Homeostatic Urban Morphologies
An Evolutionary Model to Generate Urban Morphologies With Embedded Homeostatic Behaviours Experiment 2 Setup: Chicago, USA



Figure	3.19.	
The	 geometrical	
representation	 and	 the	
sequence	 of	 algorithmic	
construction	of	the	phenotype	
for	 experiments	 2.x.x.	 As	
illustrated,	 the	 added	 voxels	
enable	 the	 control	 of	 the	
surface	roughness	and	surface	
to	 volume	 ratio	 of	 the	 tissue.	
These	 voxels	 are	 spatial	 units	
with	 two	 different	 occupancy	
schedules.	 The	 schedules	 are	
constant	 variable;	 however,	
they	become	 important	 in	 the	
energy	 simulation	 stage	 in	
section	3.4.1.3.	since	it	impacts	
the	 exchange	 of	 energy	
between	them.	
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The phenotype is constructed to enable elevated connections to emerge across the urban fabric 
for two primary reasons. First is to extend the circulation beyond the street level in the high-rise 
city of Chicago and second to provide a blueprint for further development of the city should 
population grows to its maximum capacity. In addition to the skyways in each tower clusters, a 
set of higher-level connections that stretches over the entire urban fabric are designated in the 
phenotype. To ensure that additional higher-level connections across the elevation cover the 
entirety of the urban area and will not overshadow the ground level excessively, the phenotype 
comprises a set of genes that allows higher-level connections to emerge across the urban fabric 
at two different elevations. The higher-level connections across the urban area are achieved 
by enabling the voxels to emerge across the tissue should simulation favour such a change 
(these spatial units were discussed in section 2.2.4.). This naturally leads to the morphological 
intervention of the urban form.

The mid-level elevated circulatory networks connect the towers in the urban tissue while 
developing a point of contact to the low-rise building blocks. The high-level elevated connections 
grow from the tallest towers within each cluster and circulate around the urban fabric and create 
a ring of horizontal habitable spaces. The transformations within the genome of the phenotype 
control the length, distance, and surface area of these elevated connections to ensure, adequate 
solar gain on the ground level, adequate solar gain on the elevate surfaces and their accessibility 
across the urban fabric. Through interactions between the buildings (low-rise and towers) 
and the elevated connections, various interstitial spaces with unique spatial qualities emerge 
across the tissue in which their energy flow is directly impacted by the urban morphology. The 
benefit of the morphological interventions (through adding spatial units, voxels) of the elevated 
connections for the urban area is threefold- first is to elevate the flow of the city, second is to 
enable habitable spaces to emerge in interstitial spaces between towers, and third is to develop 
a balance between horizontality and verticality for attaining higher density.

To achieve this, a genome comprises over a thousand genes that control the phenotype’s 
morphology is explained and illustrated in figure 3.19. and table 3.6.

Figure	3.20.	
The	 evolutionary	 simulation	
setup	 of	 experiments	 2.x.x.	
The	 relationship	 between	 the	
genes	and	 the	construction	of	
the	phenotype	 is	 illustrated	 in	
this	 pseudocode.	 The	 further	
explanation	 of	 each	 gene	
group	is	provided	in	table	3.6.	
The	numerical	data	comprises	
the	 fitness	 objectives	 (table	
3.5.)	 and	 the	 morphological	
characteristics	 that	 are	
assigned	 to	 each	 phenotype.	
They	are	going	to	be	explained	
in	the	following	sections.
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Experiment 2 - 41.8781° N, 87.6298° W - Chicago, USA

Experiment Fitness	objectives

2.1.1

Fitness	Objective	1:	An	increase	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	
urban	fabric.
Fitness	Objective	2:	An	increase	in	the	length	of	the	mid-level	and	high-level	elevated	connections	and	the	distance	
between	them.
Fitness	Objective	3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	towers.

2.1.2

Fitness	Objective	1:	An	increase	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	
urban	fabric.
Fitness	Objective	2:	An	increase	in	the	length	of	the	mid-level	and	high-level	elevated	connections	and	the	distance	
between	them.
Fitness	Objective	3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	towers.
Fitness Objective 5:	 A	 balance	 of	 the	 shadow	 to	 solar	 gain	 ratio	 of	 the	mid-level	 elevated	 connections	 outer	
surfaces	(Proxy	value	to	be	kept	in	a	domain	of	2.0	to	2.5).

2.2.1

Fitness	Objective	1:	A	decrease	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	
urban	fabric.
Fitness	Objective	2:	An	increase	in	the	length	of	the	mid-level	and	high-level	elevated	connections	and	the	distance	
between	them.
Fitness	Objective	3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	towers.

2.2.2

Fitness	Objective	1:	A	decrease	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	
urban	fabric.
Fitness	Objective	2:	An	increase	in	the	length	of	the	mid-level	and	high-level	elevated	connections	and	the	distance	
between	them.
Fitness	Objective	3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	towers.
Fitness Objective 5:	 A	 balance	 of	 the	 shadow	 to	 solar	 gain	 ratio	 of	 the	mid-level	 elevated	 connections	 outer	
surfaces	(Proxy	value	to	be	kept	in	a	domain	of	0.5	to	2.0),

Table	3.5.	
The	 fitness	 objectives	 of	
all	 four	 sub-experiments	
in	 experiments	 2.x.x.	 As	
shown	 in	 the	 table,	 two	
experiments	 have	 four	 fitness	
objectives,	 and	 two	 have	
five.	 The	 calculation	 of	 each	
fitness	 objective	 is	 explained	
thoroughly	 in	 the	 following	
section.

Experiment 2 - 41.8781° N, 87.6298° W - Chicago, USA
The length of the Genome: 1142 Genes

Gene Group 1 – Move

Subgroup No. of Genes Numerical Domain Function

1 12 0.00	to	1.00 To	move	the	location	of	the	distortion	points	across	the	initial	
grid	street	layout.	

Gene Group 2 – Scale

Subgroup No. of Genes Numerical Domain Function

1 50 0.50	to	0.90 To	scale	the	initial	cells	in	the	grid	street	layout.	

Gene Group 3 – Radius

Subgroup No. of Genes Numerical Domain Function

1 6 50.0	to	100.0 To	 increase	 or	 decrease	 the	 spatial	 impact	 of	 the	 distortion	
points	across	the	grid	layout.	

Gene Group 4 – Magnitude

Subgroup No. of Genes Numerical Domain Function

1 6 -0.40	to	0.70 To	increase	or	decrease	the	magnitude	of	the	distortion	points	
across	the	grid	layout.	

Gene Group 5 – Scale

Subgroup No. of Genes Numerical Domain Function

1 50 0.10	to	0.70 To	 scale	 the	 selected	 low-rise	 building	 blocks	 to	 generate	
courtyards.

Gene Group 6 – Division

Subgroup No. of Genes Numerical Domain Function

1 200 0.05	to	0.40 To	 divide	 the	 low-rise	 building	 footprint	 blocks	 into	 four	
buildings	with	alleys.2 200 0.60	to	0.95

Gene Group 7 – Selection and Scale

Subgroup No. of Genes Numerical Domain Function

1 50 0	to	3 To	 choose	an	open	 corner	of	 the	 tower	 footprints	 to	become	
street	plaza.

2 50 0.30	to	0.65 To	scale	the	chosen	open	corners	of	the	tower	footprints.

Gene Group 8 – Selection 

Subgroup No. of Genes Numerical Domain Function

1 1 2	to	5 To	select	the	alleys	in	the	low-rise	building	blocks.

Gene Group 9 – Height

Subgroup No. of Genes Numerical Domain Function

1 400 5	to	23 To	move	and	extrude	the	low-rise	block	footprints	to	create	the	
building	masses.

2 100 20	to	70 To	move	and	extrude	the	high-rise	block	footprints	to	create	the	
building	masses.

Gene Group 10 – Cluster Mode

Subgroup No. of Genes Numerical Domain Function

1 1 0	to	1000 To	 choose	 from	 the	 k-means	 clustering	 modes	 to	 group	 the	
towers	based	on	their	proximities.

Table	3.6.	
This	 table	 shows	 the	 details	
of	 each	 gene	 group	 (that	 is	
represented	 in	figure	3.20.)	 in	
the	 genome	 of	 experiments	
2.x.x.	 and	 their	 numerical	
values	and	functions.
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Gene Group 11 – Scale and Size 

Subgroup No. of Genes Numerical Domain Function

1 1 5.0	to	10.0 To	scale	the	size	of	the	connections	between	the	towers	in	one	
group.2 1 5.000	to	18.000

3 1 0.000	to	2.000 To	modify	the	surface	to	volume	ratio	of	the	connection	in	each	
tower	cluster.4 1 0.0	to	100.0

Gene Group 12 – Mid-level elevated connections (Morphological interventions)

Subgroup No. of Genes Numerical Domain Function

1 1 50.00	to	100.00 To	change	the	spatial	scale	of	the	distortion	impact	of	the	mid-
level	elevated	connections.

2 1 -1	to	0.90 To	change	the	magnitude	of	the	distortion	impact	of	the	mid-
level	elevated	connections.

3 1 10.0	to	15.0 To	scale	 the	size	of	 the	mid-level	elevated	connections	across	
the	urban	tissue.

4 1 0.000	to	2.000 To	modify	the	surface	to	volume	ratio	of	the	mid-level	elevated	
connections	across	the	urban	tissue.5 1 0.0	to	1000.0

6 1 2.00	to	3.00 To	 set	 the	 shading	 capacity	 of	 the	 mid-level	 connections	 by	
assigning	transparency	attributes7 1 0.0	to	1000.0

Gene Group 13 – High-level elevated connections (Morphological interventions)

Subgroup No. of Genes Numerical Domain Function

1 1 15.0	to	20.0 To	scale	the	size	of	the	high-level	elevated	connections	across	
the	urban	tissue.

2 1 0.000	to	2.000 To	modify	the	surface	to	volume	ratio	of	the	mid-level	elevated	
connections	across	the	urban	tissue.3 1 0.0	to	1000.0

4 1 2.00	to	3.00 To	 set	 the	 shading	 capacity	 of	 the	 high-level	 connections	 by	
assigning	transparency	attributes.5 1 0.0	to	1000.0

The relationship between the fitness objectives and the gene groups for all experiments 2.x.x are 
illustrated via the evolutionary matrices in figures 3.21 and 3.22.

Table	3.6.
The	continuation	of	Table	3.6.

Figure 3.21. 
These	 are	 two	 out	 of	 four	
evolutionary	 matrices	 of	
experiments	 2x.x.	 that	
illustrates	 the	 relationship	
between	 the	 gene	 groups	
and	 the	 fitness	 objectives	 in	
the	 summer	 scenario.	 Please	
note	 that	 the	 names	 of	 the	
fitness	objectives	and	the	gene	
groups	 are	 summarised	 in	
this	 figure.	 For	 the	 complete	
name	 and	 description,	 please	
refer	 to	 tables	 3.5.	 and	 3.6.	
The	 curve	 that	 connects	 a	
fitness	 objective	 to	 a	 gene	
group	 refers	 to	 the	 impact	
that	 the	 gene	 group	 has	
on	 the	 fitness	 objective.	 As	
shown,	 not	 all	 gene	 groups	
impact	 all	 fitness	 objectives.	
The	 top	 matrix	 is	 for	 the	
experiment	 with	 four	 fitness	
objectives,	 and	 the	 bottom	
matrix	 is	 for	 the	 experiment	
with	an	extra	fitness	objective	
to	 control	 the	 homeostasis	 of	
the	chosen	proxy	variable.	The	
fitness	 objectives	 and	 their	
calculations	 are	 thoroughly	
explained	 in	 the	 following	
section.		
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Figure 3.22. 
These	 are	 other	 two	
evolutionary	 matrices	 of	
experiments	 2.x.x.	 that	
illustrates	 the	 relationship	
between	the	gene	groups	and	
the	 fitness	 objectives	 in	 the	
winter	scenario.

Fitness Functions and Homeostasis of the Proxy Variable 
Experiments 2.x.x. follow the same goal as experiments 1.x.x but in different environmental and 
geographic conditions. The goal is to evolve a set of urban morphologies to optimise for the 
fitness objectives laid out in table 3.5. and acquire homeostatic characteristics while utilising 
the simplified urban morphology of the city of Chicago as the basic geometry component of the 
experiments (figure 3.23). It comprises four sub-experiments in which their fitness objectives are 
identical except one that is associated with the seasonal scenario.

Fitness Objective 1: An increase/decrease in shadow on the courtyards and the mid-level 
elevated connections across the urban fabric.
Fitness objective 1 concerns with the solar gain on two categories of spaces across the urban 
tissue, one is the generated courtyard areas in the low-rise building blocks, and two is the outer 
surfaces of the mid-level elevated connections. By combining these two goals as one objective, 
it drives the simulation to increase the shadow on the selected surfaces in the summer scenario 
experiments (2.1.1 and 2.1.2), and in contrary it sets to steer the simulation to decrease the 
shadow and increase the energy intake (or increase solar gain) of the chosen surfaces in the 
winter scenario experiments (2.2.1 and 2.2.2). By controlling the solar gain on the courtyard 
areas, the evolutionary simulation attempts to explore various distribution of low-rise and tower 
blocks across the experiment area. This naturally leads to the emergence of unique interstitial 
spaces across the ground level. Simultaneously the second part of this objective (to control the 
solar gain on the mid-level elevated connections) forces the simulation to explore the spatial 
distributions of mid-level elevated surfaces in relation to the urban morphology. It creates 
elevated surfaces across different levels of the urban area that can be utilised for outdoor urban 
activities (figure 3.24, equations 3.6.).

Figure 3.23. 
An	 example	 of	 an	 evolved	
urban	 morphology	 in	
experiments	 2.x.x.	 The	
localised	 morphological	
interventions	 (the	 voxels)	 are	
added	 to	 the	 morphology	 to	
enable	a	set	of	morphological	
characteristics	 that	 are	
important	 for	 homeostasis	 to	
emerge	 in	 the	 simulation.	 As	
discussed,	these	morphological	
characteristics	 are	 surface	 to	
volume	 ratios,	 self-shading	
and	 size	 variations.	 There	
are	 two	 types	 of	 voxels	 as	
illustrated.	 They	 refer	 to	 two	
different	 occupancy	 schedules	
(these	 schedules	 become	
important	 in	 the	 energy	
simulation	processes	in	section	
3.4.1.3.). 
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Figure 3.24. 
The	 figure	 represents	 how	
fitness	objective	1	is	calculated.	
The	 top	 left	 image	 shows	 the	
courtyard	 areas	 of	 low-rise	
buildings.	The	top	right	image	
illustrates	 the	 solar	 gain	 of	
these	 spaces.	 The	 bottom	
left	 image	 shows	 the	 outer	
surfaces	 of	mid-level	 elevated	
connections.	The	bottom	right	
image	shows	the	solar	gain	on	
these	surfaces.	

Equations	3.6.	
PSC	 =	 Sample	 points	 on	 the	
courtyard	areas	in	the	shade.
PAC	=	All	 sample	points	on	 the	
courtyard	areas.
PSE	=	Sample	points	on	the	mid-
level	 elevated	 connections	 in	
the	shade.
PAE	 =	 All	 sample	 points	
on	 the	 mid-level	 elevated	
connections.
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Fitness Objective 2: An increase in the length of the mid-level and high-level elevated 
connections and the distance between them.
As detailed in the construction of the phenotype section, the phenotype is created to facilitate 
the development of elevated connections across the urban fabric for two primary reasons- to 
extend the circulation beyond the street level and to provide a blueprint for further development. 
Thus, the fitness objective 2 is defined to increase the length of these elevated connections 
(both mid-level and high-level) as well as to push them as far as possible from one another 
in elevation. By doing so, solutions with elevated connections that are stretched horizontally 
and vertically across the experiment area are generated. As a result of this spatial distribution, 
interstitial spaces with unique spatial qualities emerge at different levels across the tissue. This 
fitness objective is shared amongst all four sub-experiments (figure 3.25., equations 3.7.). 

Fitness Objective 3: An increase in the volume of the elevated connections and the surface to 
volume ratio. 
Fitness objective 3 solely concerns with the formation of the elevated connections in the 
experiment area. It is defined to increase their volume as well as the ratio of their surface area 
to their volume. By increasing the volume of the elevated connections, the simulation generates 
solutions with volumetric connections that can be considered as extensions to the current urban 
morphology and be utilised as habitable spaces. It provides an alternative urban development 
for increasing density horizontally and vertically. The increase in the ratio of the surface area to 
volume contributes to self-shading mechanisms and produce shaded elevated outdoor surfaces. 
Additionally, it impacts the energy exchange between the urban morphology and the interstitial 
spaces emerge across the fabric. This objective is shared amongst all sub-experiments (figure 
3.26, equations 3.8.). 

Fitness Objective 4: An increase in the built volume of the towers.
Fitness objective 4 is determined to drive the simulation to increase the built volume of the 
towers in the urban area. This objective directs the evolution to generate taller and bigger tower 
blocks by which the density can be increased. The elevated connections in the experiment are 
attached to the tower blocks. Thus, increasing the volume enhances the structural performance 
of the buildings to which the elevated connections are connected. This objective is shared 
between all four sub experiments (figure 3.27, equations 3.9.).

Fitness Objective 5 – Homeostasis of a proxy variable (Constrained Objective): A balance of the 
shadow to solar gain ratio of the mid-level elevated connections outer surfaces (Proxy variable 
to be kept in the domain).
Similar to experiment 1, a proxy variable associated with the energy behaviour of a given space 
is defined to be kept in a domain by introducing the fifth fitness objective. In the context of 
experiments 2.x.x the ratio of the shadow to the solar gain of the outer surfaces of mid-level 
elevated connections is the proxy variable to be kept in a domain. This objective is identified to 
decrease the absolute value of subtraction of the proxy variable from an upper limit and a lower 

limit. In the summer scenario (2.1.2, this objective is only set for the second simulation) the 
upper limit is 2.5, and the lower limit is 2, to ensure the simulation generates solutions in which 
the surfaces of the mid-level connections are shaded more than being exposed to the sun (less 
energy intake). In the winter scenario (2.2.2 this objective is only set for the second simulation), 
the upper limit is 2.0, and the lower limit is 0.5 to achieve a gradient of these surfaces with a 
greater variation in energy intake ratio. 

Due to interactions between the mid-level elevated connections and the building blocks in the 
evolutionary simulation, the created morphological interventions comprise outdoor surfaces 
located in-between of the buildings with unique spatial relationship to the urban morphology. 
The energy exchange between the urban morphology and these interstitial spaces have a high 
impact on thermal behaviours of the outdoor areas and their homeostasis. This fitness objective 
attempts to control the solar radiation on these surfaces thus influences this exchange of energy 
directly. 

It is worth noting that this objective is only added to two out of four sub-experiments of experiment 
2.x.x to conduct a comprehensive comparative analysis of the evolutionary simulations with 
and without the implemented method of keeping a variable in homeostasis. Additionally, the 
lower and upper limits are the author’s design inputs that can be changed in different scenarios.  
(figure 3.24 images on the bottom, equations 3.10).

Equations	3.10.
PS	 =	 The	 number	 of	 sample	
points	on	the	outer	surfaces	of	
mid-level	connections	that	are	
in	the	shade.	
Psr	 =	 The	 number	 of	 sample	
points	 on	 the	 outer	 surfaces	
of	 mid-level	 connections	
that	 are	 exposed	 to	 the	 solar	
radiations.
n	=	The	count	of	outer	surfaces	
of	mid-level	connections.
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Figure	3.25.	
The	 figure	 represents	
how	 fitness	 objective	 2	 is	
calculated.	The	 top	 left	 image	
shows	 the	 centre	 polyline	
that	 goes	 through	 the	 entire	
mid-level	 connections.	 The	
bottom	 left	 image	 shows	 the	
centre	 polyline	 of	 the	 high-
level	 elevated	 connections.	
This	objective	aims	to	increase	
the	 area	 of	 the	 projected	
version	of	 this	polyline	on	 the	
ground	 level	 to	 increase	 its	
length	 as	 well.	 The	 image	 on	
the	 right	 describes	 the	 height	
difference	 between	 these	 two	
elevated	 connections	 that	 are	
going	to	be	maximised	by	 the	
simulation

Equations	3.7.	
AreaMC	=	The	area	of	the	centre	
polyline	that	goes	through	the	
entire	mid-level	connections.
AreaHC	=	The	area	of	the	centre	
polyline	that	goes	through	the	
entire	high-level	connections.
PointZMC	=	The	Z	coordinate	of	
the	 centre	 point	 of	 the	 mid-
level	connection	voxels.
PointZHC	=	The	Z	coordinate	of	
the	 centre	 point	 of	 the	 high-
level	connection	voxels.
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Figure	3.26.	
The	 figure	 represents	
how	 fitness	 objective	 3	 is	
calculated.	 The	 red	 voxels	 are	
representing	 the	 mid-level	
connections,	 and	 the	 orange	
voxels	 are	 representing	 high-
level	connections.	Some	voxels	
are	 shown	as	 solid,	and	some	
are	 shown	 in	 wireframe.	 As	
discussed	 in	 figure	 3.19.	 this	
only	 represents	 two	 different	
occupancy	 schedules	 that	 are	
assigned	to	them	in	the	energy	
simulation	 stage	 in	 section	
3.4.1.3.

Equations	3.8.	
PointZ	 =	 The	 Z	 coordinate	
of	 the	 centre	 point	 of	 the	
elevated	connection	voxels.

Figure	3.27.	
The	 figure	 represents	
how	 fitness	 objective	 4	 is	
calculated.	 The	 orange	
buildings	are	the	tower	blocks	
that	 the	 simulation	 attempts	
to	increase	their	volumes.

Equations	3.9.	
n	 =	 The	 number	 of	 tower	
blocks.
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3.3.3.3. Experiment 3 Setup: Istanbul, Turkey
Constructing the Phenotype 
The third and last group of experiments are 3.x.x, where the abstracted urban morphology of 
a selected neighbourhood in Istanbul Turkey (figure 3.28.), informs the primitive geometry of 
the experiment (figure 3.29.). Similar to the previous experiments, experiment three comprises 
four sub experiments investigating two seasonal scenarios, each of which with and without a 
constrained objective to control a proxy variable. The primitive in this experiment is built upon 
a 5 x 5 square grid layout with a length of 500 meters. While having a similar objective to other 
two experiments, the complexity, as well as the spatial domain of experiments 3.x.x, increased 
compared to the previous ones. The fitness objectives of experiments 3.x.x are delineated in 
table 3.7. and are aligned with the objectives that were outlined in detail section 3.3.1. The 
genome of this experiment comprises over four thousand genes that control the transformations 
of the phenotype and has a direct link to the fitness objectives of the experiment. The genome of 
the experiment presented in the table 3.8. alongside with the evolutionary model pseudocode 
of the experiment (figure 3.30), describe this intricate relationship.

Figure 3.28. 
The	 simplified	 version	
of	 the	 selected	 Istanbul	
neighbourhood	 urban	 block	
which	 is	 used	 as	 the	 basic	
geometric	 component	 of	
experiments	3.x.x.	

The transformations included in the genome of the experiment directly impacts the performance 
of the phenotype within each of the fitness measurement. Thus, the careful construction of the 
phenotype and the design problem are necessary elements to conduct meaningful experiments 
(figure 3.29.). In contrary to the first two experiments in which the urban landscapes are flat, the 
urban area in this experiment is located on a hill like landscape. Thus, the selected grid-like plane 
was deformed to construct a topography as the base surface onto which the urban morphology 
will be developed. This topography is a constant variable throughout the experiment and will 
not be altered. The selected urban morphology of this experiment comprises simple building 
blocks (some with slanted roofs) that are spread across the topography in a unique pattern. The 
street network pattern and the building distribution across the urban area can be abstracted 
by simulating a differential growth of a polyline across the topographical landscape (the code is 
available in Appendix IV). Thus, the principles that are abstracted from the Istanbul morphology 
are, the topography of the landscape, differential growth pattern hidden in the urban morphology 
and the simple orthogonal box-like building forms (refer back to figure 3.28.).  

An essential stage in constructing the phenotype in this experiment is the application of 
differential growth algorithm to a polyline on the topography. A set of algorithms were written 
to identify a number of locations, based on the proximities to one another, to be the nodes to 
form a polyline (the code is available in Appendix IV). The polyline is set to cover as much area 
of the topography as possible while being placed on the locations with maximum elevations. 
This polyline is the input for a customised differential growth algorithm that produces the street 
network pattern of the phenotype. The number of nodes, the distance between the nodes and 
the growing distance in the differential growth algorithm are the genes in the genome of the 
phenotype. This allows different patterns of distribution to emerge should simulation find it 
necessary to explore different formations.

The growth pattern informs the location of the buildings in the urban area. By offsetting the line 
segments of the pattern in two directions, building footprints emerge. Phenotype is constructed 
to enable the buildings to move away from the pattern segments to provide further flexibility 
to the simulation in exploring the design space. With similar 2-dimensional operations that 
are implemented in experiments 1.x.x, the overlapping curves merge to form bigger building 
footprints. This allows the buildings in close proximity to cluster and develop bigger building 
blocks with significant variations in their arrangements and boundary conditions. Additionally, 
this allows the simulation to explore urban morphologies with networks of paths directing 
inward to the urban area as well as producing significant variation of interstitial spaces across 
the urban fabric. Variation in distribution of the building blocks also facilitates the simulation to 
control the solar gain on the street level.  
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Figure	3.29.	
The	 geometrical	
representation	 and	 the	
sequence	 of	 algorithmic	
construction	of	the	phenotype	
for	 experiments	 3.x.x.	 As	
illustrated	 in	 the	 figure,	 the	
added	 voxels	 contribute	 to	
the	 habitable	 spaces	 across	
the	 tissue	 and	 enable	 the	
adjustments	 of	 the	 surface	
to	 volume	 ratios	 and	 self-
shading	 mechanisms.	 These	
voxels	 are	 spatial	 units	 with	
two	 different	 occupancy	
schedules.	 The	 schedules	 are	
constant	 variable;	 however,	
they	become	 important	 in	 the	
energy	 simulation	 stage	 in	
section	3.4.1.3.	since	it	impacts	
the	 exchange	 of	 energy	
between	them.	
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A set of genes controls the height and footprints of the buildings across the urban area. A group 
of buildings that are located on the lowest part of the topography are chosen to grow further 
and form a tower cluster. The number of stories and the area based on which this cluster is 
formed are implemented as a collection of genes in the phenotype’s construction. Distribution 
of the tower blocks benefits the increased density of the area. Its allocation on the lowest part 
of the landscape prevents its excessive overshadowing to the remainder of the urban area. The 
rest of the tissue is divided into multiple clusters surrounding the tower blocks.

Similar to the first two experiments, a set of genes are added to the phenotype to enable 
morphological interventions via the emergence of voxels to construct elevated connections 
across the urban fabric. In the context of experiments 3.x.x, these elevated connections originate 
from the tower cluster, grow outward and connect the buildings in close proximity to one another. 
The implemented genes control the surface area, volume, and falloff area of the connections. 
This allows the simulation: a) to control the proliferation of elevated spaces with respects to 
the solar gain on the ground level, b) to elevate the flow of the city in multiple levels and c) to 
evolve intermediary and interstitial spaces across the urban fabric in various levels. Additionally, 
the intricate surface formations of the urban morphology impact the energy exchange of these 
spaces to their surroundings. 

To succeed this, the genome comprises over four thousand genes controls the phenotype’s 
morphology through algorithmic operations. The genome of the experiment is thoroughly 
explained in table 3.7. The evolutionary model pseudocode in figure 3.30. illustrates the 
relationship between the genome and the phenotype.

Figure	3.30.	
The	 evolutionary	 simulation	
setup	 of	 experiments	 3.x.x	
The	 relationship	 between	 the	
genes	and	 the	construction	of	
the	phenotype	 is	 illustrated	 in	
this	 pseudocode.	 The	 further	
explanation	 of	 each	 gene	
group	is	provided	in	table	3.8.	
The	numerical	data	comprises	
the	 fitness	 objectives	 (table	
3.7.)	 and	 the	 morphological	
characteristics	 that	 are	
assigned	 to	 each	 phenotype.	
They	are	going	to	be	explained	
in	the	following	sections.
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Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment Fitness	objectives

3.1.1

Fitness	Objective	1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	
patch.
Fitness	Objective	 2:	 An	 increase	 in	 the	 length	 of	 the	 elevated	walking	 paths	 generated	 by	 the	morphological	
interventions	across	the	urban	fabric.
Fitness	Objective	3:	An	increase	in	shadow	on	the	ground	level.
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.

3.1.2

Fitness	Objective	1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	
patch.
Fitness	Objective	 2:	 An	 increase	 in	 the	 length	 of	 the	 elevated	walking	 paths	 generated	 by	 the	morphological	
interventions	across	the	urban	fabric.
Fitness	Objective	3:	An	increase	in	shadow	on	the	ground	level.
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.
Fitness Objective 5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	elevated	connections	outer	surfaces	(Proxy	
value	to	be	kept	in	a	domain	of	1.5	to	2.0)

3.2.1

Fitness	Objective	1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	
patch.
Fitness	Objective	 2:	 An	 increase	 in	 the	 length	 of	 the	 elevated	walking	 paths	 generated	 by	 the	morphological	
interventions	across	the	urban	fabric.
Fitness	Objective	3:	A	decrease	in	shadow	on	the	ground	level
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.

3.2.2

Fitness	Objective	1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	
patch.
Fitness	Objective	 2:	 An	 increase	 in	 the	 length	 of	 the	 elevated	walking	 paths	 generated	 by	 the	morphological	
interventions	across	the	urban	fabric.
Fitness	Objective	3:	A	decrease	in	shadow	on	the	ground	level.
Fitness	Objective	4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.
Fitness Objective 5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	elevated	connections	outer	surfaces	(Proxy	
value	to	be	kept	in	a	domain	of	0.5	to	1.5)

Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey
The length of the Genome: 4545 Genes

Gene Group 1 – Growth Nodes

Subgroup No. of Genes Numerical Domain Function

1 1 3	to	7 To	generate	centre	nodes	for	the	initial	growth	pattern	of	the	
urban	tissue.

2 1 100.00	to	200.00 To	set	the	desired	distance	between	the	initial	growth	nodes	on	
the	topography.	

Gene Group 2 – Differential Growth

Subgroup No. of Genes Numerical Domain Function

1 1 30.00	to	35.00 To	control	the	complexity	differential	growth	pattern.

Gene Group 3 – Move

Subgroup No. of Genes Numerical Domain Function

1 800 0.20	to	0.80 To	generate	the	centre	points	of	the	building	blocks	based	on	
the	differential	growth	pattern.

Gene Group 4 – Scale
Table	3.7.	
The	 fitness	 objectives	 of	
all	 four	 sub-experiments	
in	 experiments	 3.x.x.	 As	
shown	 in	 the	 table,	 two	
experiments	 have	 four	 fitness	
objectives,	 and	 two	 have	
five.	 The	 calculation	 of	 each	
fitness	 objective	 is	 explained	
thoroughly	 in	 the	 following	
section.

Table	3.8.
This	 table	 shows	 the	 details	
of	 each	 gene	 group	 (that	 is	
represented	 in	figure	3.30.)	 in	
the	 genome	 of	 experiments	
3.x.x.	 and	 their	 numerical	
values	and	functions.

Subgroup No. of Genes Numerical Domain Function

1 800 0.50	to	1.20 To	scale	the	centre	line	of	the	building	blocks.

Gene Group 5 – Scale

Subgroup No. of Genes Numerical Domain Function

1 800 4.0	to	8.0 To	change	the	width	of	the	building	blocks.	

Gene Group 6 – Move

Subgroup No. of Genes Numerical Domain Function

1 1600 -20.00	to	20.00 To	move	the	building	block	footprints	in	X	and	Y	directions.

Gene Group 7 – Height

Subgroup No. of Genes Numerical Domain Function

1 500 2	to	10 To	extrude	the	building	footprints	and	create	the	building	mass.

Gene Group 8 – Radius 

Subgroup No. of Genes Numerical Domain Function

1 7 20.0	to	100.0 To	put	the	buildings	into	different	building	clusters	with	different	
areas	and	modify	their	area	size.	

Gene Group 9 – Radius

Subgroup No. of Genes Numerical Domain Function

1 1 30.0	to	80.0 To	define	and	change	the	area	size	of	the	tower	cluster	in	the	
urban	fabric.

Gene Group 10 – Height

Subgroup No. of Genes Numerical Domain Function

1 30 20.00	to	150.00 To	extrude	the	buildings	in	the	tower	cluster	group	to	generate	
the	tower	masses.

Gene Group 11 – Elevated connections (Morphological interventions)

Subgroup No. of Genes Numerical Domain Function

1 1 0.000	to	2.000 To	 modify	 the	 surface	 to	 volume	 ratio	 of	 the	 elevated	
connections	across	the	urban	tissue..2 1 0.00	to	5.00

Gene Group 12 – Elevated connections (Morphological interventions)

Subgroup No. of Genes Numerical Domain Function

1 1 2.00	to	3.00 To	 set	 the	 shading	 capacity	 of	 the	 elevated	 connections	 by	
assigning	transparency	attributes.2 1 0	to	1000

The relationship between the fitness objectives and the gene groups for all experiments 3.x.x are 
illustrated via the evolutionary matrices in figures 3.31.

Table	3.8.
The	continuation	of	Table	3.8.
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Figure 3.31.
These	 are	 four	 evolutionary	
matrices	 of	 experiments	 3.x.x	
that	illustrates	the	relationship	
between	the	gene	groups	and	
the	 fitness	 objectives.	 Please	
note	 that	 the	 names	 of	 the	
fitness	objectives	and	the	gene	
groups	are	summarised	in	this	
figure.	For	the	complete	name	
and	 description,	 please	 refer	
to	 tables	 3.7.	 and	 3.8.	 The	
curve	 that	 connects	 a	 fitness	
objective	 to	 a	 gene	 group	
shows	 the	 impact	 that	 the	
gene	group	has	on	the	fitness	
objective.	 As	 shown,	 not	 all	
gene	groups	impact	all	fitness	
objectives.	 The	 top	 matrices	
are	 for	 the	 experiments	 with	
four	 fitness	 objectives,	 and	
the	 bottom	 matrices	 are	
for	 the	 experiments	 with	
an	 extra	 fitness	 objective	 to	
control	 the	 homeostasis	 of	
the	chosen	proxy	variable.	The	
fitness	 objectives	 and	 their	
calculations	 are	 thoroughly	
explained	 in	 the	 following	
section.		
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Fitness Functions and Homeostasis of the Proxy Variable 
Experiments 3.x.x. are the last set of experiments in this chapter. The primary objective of 
this experiment is similar to the first two but within a different environmental and geographic 
conditions. The goal is to generate a set of urban tissues (figure 3.32.) that are optimised for a set 
of objectives (table 3.7.) and acquired homeostatic characteristics while utilising the attributes 
of Istanbul urban morphology as the underlying geometry component of the experiments. It 
comprises four sub-experiments in which their fitness objectives are identical except one that is 
associated with the seasonal scenario.

Fitness Objective 1: A decrease in the walking distance from the corner of the study area to the 
centre of the urban patch. 
The first fitness objective is to decrease the walking distance from four corners of the study area 
to the centre in order to ensure the generated solutions obtain sufficient accessibility in the 
urban tissue. Given the intricate pattern of building distribution in the phenotype, this objective 
allows the simulation to explore various distributions of the buildings across the experiment area 
to ensure its accessibility while maintaining morphological variations. This objective is shared 
amongst all four sub-experiments. (figure 3.33 and equation 3.11). 

Figure 3.32.
An	 example	 of	 an	 evolved	
urban	 morphology	 in	
experiments	 3.x.x.	 The	
localised	 morphological	
interventions	 (the	 voxels)	 are	
added	 to	 the	 morphology	 to	
enable	a	set	of	morphological	
characteristics	 that	 are	
important	 for	 homeostasis	 to	
emerge	 in	 the	 simulation.	 As	
discussed,	these	morphological	
characteristics	 are	 surface	 to	
volume	 ratios,	 self-shading	
and	 size	 variations.	 There	
are	 two	 types	 of	 voxels	 as	
illustrated.	 They	 refer	 to	 two	
different	 occupancy	 schedules	
(these	 schedules	 become	
important	 in	 the	 energy	
simulation	processes	in	section	
3.4.1.3.).

Figure 3.33.
The	 figure	 represents	 how	
fitness	objective	1	is	calculated.	
The	 shortest	 walking	 path	
from	four	corners	of	the	tissue	
to	the	centre	is	calculated.	This	
objective	aims	to	minimise	this	
distance.

Equation	3.11.
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Fitness Objective 2: An increase in the length of the elevated walking paths generated by the 
morphological interventions across the urban fabric.
One of the objectives of developing elevated connections across the entire urban fabric is to 
facilitate circulation networks to emerge across the elevation and not only at the street level. 
Through enabling phenotype to develop such connections, a set of morphological interventions, 
locally and globally across the tissue, appears as voxels across the experiment area. The spatial 
distribution of these spatial units increases the density of the area uniformly as well as providing 
surfaces at higher levels that can be utilised as circulatory networks. The second fitness 
objective is to increase the length of these networks to ensure a) the uniform distribution of the 
morphological interventions and b) the enhanced urban accessibility in multiple levels across the 
experiment area. This is a common objective for all four sub-experiments (figure 3.34, equation 
3.12.).

Figure 3.34.
The	 figure	 represents	 how	
fitness	objective	2	is	calculated.	
The	 emergence	 of	 voxels	
throughout	 the	 simulation	
creates	elevated	walking	paths	
connecting	 different	 parts	
of	 the	 tissue.	 This	 objective	
aims	 to	 increase	 this	elevated	
walking	path	across	the	urban	
area.

Equation	3.12.

Fitness Objective 3: An increase/decrease in shadow on the ground level.
The distribution of the building blocks, coupled with the added morphological interventions of 
the elevated connections increase the possibility of excessive overshadowing on the ground 
level. The advantages or disadvantageous of this attribute is directly associated with the seasonal 
scenario of the experiments. Thus the third fitness objective is to increase the shadow on the 
ground level for the summer scenario experiments (i.e. less energy intake) (3.1.1 and 3.1.2) and 
to decrease the shadow on the ground level (in other words, increase the solar gain and energy 
intake) for the winter scenario experiments (3.2.1 and 3.2.2) (figure 3.35 and equations 3.13). 

Figure	3.35.
The	 figure	 represents	 how	
fitness	objective	3	is	calculated.

Equations	3.13.
PS	 =	 Sample	 points	 on	 the		
surfaces	 on	 the	 ground	 level	
that	are	in	the	shade.
PA	=	 All	 sample	 points	 on	 the		
surfaces	on	the	ground	level.
n	 =	 The	 count	 of	 the	 surfaces	
onto	which	 the	 sample	 points	
are	populated.
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Fitness Objective 4: An increase in the built volume of the buildings across the fabric.
Fitness objective four which is shared amongst all four sub-experiments is to increase the density 
by maximising the volume of the buildings to which the elevated connections and morphological 
interventions are attached. This also ensures the better structural performance of the buildings 
with additional spaces added to their forms (figure 3.36, equations 3.14).

Figure	3.36.
The	 figure	 represents	 how	
fitness	objective	4	is	calculated.	
The	 orange	 buildings	 are	
the	 clusters	 to	 increase	 their	
volumes	 throughout	 the	
simulation.	 These	 selected	
buildings	 are	 from	 the	 blocks	
that	 are	 connected	 via	 the	
elevated	connections.	

Equation	3.14.
n	 =	 The	 number	 of	 orange	
buildings.	

Fitness Objective 5 – Homeostasis of a proxy variable (Constrained Objective): A balance of the 
shadow to solar gain ratio of the mid-level elevated connections outer surfaces (Proxy variable 
to be kept in the domain).
Experiment 3 utilises the same implemented method as two previous experiments to keep a 
variable in a defined domain (homeostasis). The proxy variable is derived from the elevated 
connections in this experiment, and it is the ratio of the shadow to the solar gain of the surfaces 
of morphological interventions (voxels) of elevated connections. This objective is defined to 
decrease the absolute value of subtraction of the proxy variable from an upper limit and a lower 
limit. In the summer scenario (3.1.2, this objective is only set for the second simulation) the 
upper limit is 2.0, and the lower limit is 1.5, to ensure the simulation generates solutions in 
which the surfaces of the elevated connections are shaded more than being exposed to the sun 
(i.e. less energy intake). In the winter scenario (3.2.2, this objective is only set for the second 
simulation), the upper limit is 1.5, and the lower limit is 0.5 to achieve a greater variation of 
the distribution of these surfaces with a higher ratio of solar gain than shade (i.e. more energy 
intake).

The interactions between the elevated connections and the building blocks in the simulation 
create outdoor surfaces located in-between the buildings (interstitial) with unique spatial 
relationship to the urban morphology. The energy exchange between the urban morphology 
and these interstitial spaces has a high impact on the heat flow of the outdoor areas and the 
homeostasis of the tissue. This fitness objective controls the solar radiation on these surfaces, 
thus influences the exchange of energy directly. 

It is worth noting that this objective is only added to two out of four sub-experiments of 
experiments 3.x.x to conduct a comprehensive comparative analysis of the evolutionary 
simulations with and without the implemented method of keeping a variable in homeostasis. 
Additionally, the lower and upper limits are the author’s design inputs that can be changed in 
different scenarios (figure 3.37 and equations 3.15.). 

Equations	3.15.
PS	 =	 The	 number	 of	 sample	
points	 on	 the	 elevated	
connections	 that	 are	 in	 the	
shade.	
Psr	 =	 The	 number	 of	 sample	
points	 on	 the	 elevated	
connections	 that	 are	 exposed	
to	the	solar	radiations.
n	=	The	count	of	voxels	of	the	
elevated	connections.
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Figure	3.37.
The	 figure	 represents	
how	 fitness	 objective	 5	 is	
calculated.	 The	 ratio	 of	
shadow	 to	 solar	 gain	 is	
calculated	 on	 the	 elevated	
connections.	 As	 discussed	 in	
figure	 3.32.	 there	 are	 two	
types	 of	 voxels.	 They	 refer	
to	 two	 different	 occupancy	
schedules	 (these	 schedules	
are	 constant	 variable	 and	
become	essential	in	the	energy	
simulation	processes	in	section	
3.4.1.3.).
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3.3.3.4. Tagging the Individuals with Their Morphological Characteristics 
In addition to the fitness criteria to be optimised in the evolutionary simulations in all three 
experiments, each individual is tagged with seven morphological characteristics. The frequency 
of changes of these morphological characteristics per individual is monitored throughout all 
simulation runs. The recorded data is utilised in the selection sequences to choose the candidate 
solutions per experiment for the investigation series. The data acquired from this observation 
is utilised to conduct a comparative morphological-based analysis between the selected 
individuals per experiment. It is worth noting that these numerical values do not interfere with 
the optimisation process and do not conflict the fitness objectives that the simulations optimise 
for. These attributes are derived from the phenotype’s formal characteristics and are considered 
as a part of the phenotype. The morphological characteristics that the individuals are tagged 
with are as follow:

• MC01 - Urban FSI (Urban floor space index): Urban FSI is an indicator of density 
and is the ratio between the total floor area of the buildings across the tissue 
to the land area of the experiment. Higher urban FSI indicates higher density in 
the urban area.

• MC02 - Urban FSI with morphological interventions: This attribute is computed 
similarly as Urban FSI, but with considering the morphological interventions 
added to the urban morphology throughout the simulation. As thoroughly 
explained above, morphological interventions emerge in the experiments as a 
result of elevated connections and surface adjustments. 

• MC03 - Surface to volume ratio of the urban morphology: This is an indicator of 
heat dissipation and self-shading mechanism in the urban morphology. Higher 
the value implies more self-shading qualities are present in the morphology. 
This attribute is the ratio of the surface area of the building envelopes, including 
facades and roofs, to the volume of the buildings in the urban area. 

• MC04 - Surface to volume ratio of the urban morphology with morphological 
interventions: This attribute is computed similarly as the surface to volume 
ratio but factoring the morphological interventions in the calculation. Added 
spaces across the fabric impact the surfaces resolutions of the buildings as well 
as the habitable volumes in the experiment area.

• MC05 – Surface coverage ratio: This is an indicator of how much land is covered 
by the buildings. It is the ratio of the land covered by the buildings to the total 
surface area of the experiment. The higher value demonstrates the compactness 
of the urban area and a lower number of open areas on the ground level. 

• MC06 – Average height: This attribute is computed by calculating the average 
height (number of stories) of the buildings in the urban area.

• MC07 – Open space ratio: This attribute indicates the ratio of the unbuilt area 
to the total surface area of the experiment. The higher value implies that the 
urban area has more open spaces distributed across the ground level. 

3.4. Analytic Section

3.4.1. Analysis
Three experiments, each with four variations (as discussed in section 3.3, refer back to figure 
3.4.) were conducted. Due to differences in the construction of the phenotype within each 
design problem (discussed thoroughly in section 3.3.3.), the evaluation time per solution for 
each experiment is different. Accordingly, the total simulation runtime differs across three 
experiments (table 3.9.)(a consumer-grade laptop was the primary computational platform in all 
experiments conducted in this research).

34.0181° N, 5.0078° W, Fes, Morocco 41.8781° N, 87.6298° W, Chicago, USA 41.0082° N, 28.9784° E, Istanbul, Turkey

Exp. Eval.	per	
solution

Simulation	
runtime Exp. Eval.	per	

solution
Simulation	
runtime Exp. Eval.	per	

solution
Simulation	
runtime

1.1.1 3.9	Seconds 5H:31M:32S 2.1.1 10.65	Seconds 14H:47M:30S 3.1.1 18.9	Seconds 26H:19M:1S

1.1.2 5.4	Seconds 7H:32M:21S 2.1.2 8	Seconds 11H:11M:47S 3.1.2 17.9	Seconds 24H:52M:23S

1.2.1 3.1	Seconds 4H:17M:54S 2.2.1 8.1	Seconds 11H:20M:19S 3.2.1 8.5	Seconds 11H:54M:59S

1.2.2 2.5	Seconds 3H:34M:38S 2.2.2 5.7	Seconds 7H:57M:52S 3.2.2 10.1	Seconds 14H:9M:19S

The primary objective of the experiments presented in this chapter is to examine the application 
of biological homeostatic principles in evolving urban morphologies for a set of environmental 
and urban objectives (detailed in section 3.3.). Furthermore, to investigate the added value of 
the implemented methods that were abstracted from homeostasis in nature in the evolutionary 
design workflows. To thoroughly investigate this, a thorough analysis procedure comprises 
three sequences of inquiries is developed in this research to dissect the experiments from three 
standpoints – Evolutionary-Based inquiries, Morphological-Based inquiries and Energy-Based 
inquiries. The scales of investigation are different within these three stages. 

3.4.1.1. Evolutionary-Based Inquiries
The first stage of the investigation sequence in this chapter is the evolutionary-based inquiries 
(figure 3.38.). The evaluations conducted in this stage concern the evolutionary simulations 
in their entirety by analysing the data outputted by each experiment independently. Three 
experiments, each with four sub-experiments (in total, twelve evolutionary simulations) are 
studied thoroughly at this stage. The analysis conducted in this phase comprises a set of statistical 
investigations of the behaviour of the simulations in optimising for the fitness objectives as well 
as the frequency of changes of the proxy variables. The goal is twofold, first is to examine to 
what extent the evolutionary simulations generated optimised solutions yet maintain a degree 
of variation amongst the outputted results in different environmental scenarios. The second and 
the most important one is to measure the impact of the implemented regulatory methods (the 
methods were discussed in sections 2.3.6. and 3.3.3.) applied in the simulations in two fronts, 
first is its success or failure in keeping a proxy variable in homeostasis and second is its impact 
on the optimisation process.  

Table	3.9.
This	 table	 shows	 the	 time	
required	 for	 evaluating	 a	
single	solution	per	experiment	
as	well	as	the	entire	simulation	
runtime	per	experiment.
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This investigation begins with analysing the efficiency of evolutionary simulations in optimising 
the fitness objectives, and it is conducted per simulation run; thus, twelve sets of graphs explaining 
each of the evolutionary simulations are presented at first. The analysis of a multi-objective 
optimisation simulation requires the delineation and graphical representation of each fitness 
objective independently. This signifies the necessity for comparative analysis and evaluation 
of the data associated with each fitness objective. By doing so, it allows for a comprehensive 
understanding of how the objectives influence one another, and if there is any observable 
emergent pattern between the objectives. In this phase, each simulation is represented by the 
following graphs: 

• Standard Deviation Graphs per objective per simulation.
• Standard Deviation Trendline Graphs per objective per simulation.
• Mean Trendline Graphs per objective per simulation. 
• Parallel Coordinate Plot per simulation.
• Objective Space per simulation.

The second phase of the investigation highlights the efficacy of the implemented method in 
keeping the proxy variable in homeostasis (fitness objectives five, section 3.3.3.) and is conducted 
in pair. Each seasonal scenario within each experiment includes two simulation runs, one with 
the implemented method (with constrained objective, i.e. five fitness objective) and one without 
the implemented method (without the constrained objective, i.e. four fitness objectives). The 
performance of these two simulations in keeping the proxy variable in homeostasis (in a defined 
domain) are compared to understand the following:

• To what extent each simulation, with and without the implemented method, 
can maintain the homeostasis of the proxy variable. 

• To what extent the implemented method impacts the optimisation of other 
fitness objectives.

 
By conducting these analyses, one can conclude the following:

• How efficient the implemented method is to drive the multi-objective 
optimisation process to keep the homeostasis of a given variable?

• To what extent this method impacts other fitness objective performances in the 
evolutionary simulation? 

• Whether or not it is relevant to leave the simulation to explore solutions without 
the constrained objective, and to utilise the proxy variable not as an objective 
but as a selection factor to filter down the population set?

3.4.1.1.1.	Experiment	1	Evolutionary-Based	Analysis

All four sub-experiments are investigated side by side to measure the efficiency of the simulations 
in optimising for the fitness objectives (table 3.10.) and comparatively analyse them. It is as 
follows.

Experiment 1 - 34.0181° N, 5.0078° W - Fes, Morocco

Experiment Fitness	objectives

1.1.1

FO1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
FO2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
FO3:	An	increase	in	shadow	on	the	selected	elevated	open	spaces.
FO4:	A	decrease	 in	 the	 ratio	of	 the	emergent	morphological	 interventions	exposed	 to	 the	sun	 radiation	 to	 the	
original	surfaces	exposed	to	the	sun	radiation.	

1.1.2

FO1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
FO2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
FO3:	An	increase	in	shadow	on	the	selected	elevated	open	spaces.
FO4:	A	decrease	 in	 the	 ratio	of	 the	emergent	morphological	 interventions	exposed	 to	 the	sun	 radiation	 to	 the	
original	surfaces	exposed	to	the	sun	radiation.
FO5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	selected	open	spaces	(Proxy	variable	to	be	kept	 in	the	
domain	of	1.5	to	2.0).

Figure 3.38.
The	 evolutionary	 -	 based	
inquiries	 is	 the	 first	 series	 of	
investigations	 in	 the	sequence	
of	analysis.	

Table	3.10.
The	 fitness	 objectives	 for	
experiments	1.x.x.
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1.2.1

FO1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
FO2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
FO3:	A	decrease	in	shadow	on	the	selected	elevated	open	spaces.
FO4:	An	 increase	 in	the	ratio	of	the	emergent	morphological	 interventions	exposed	to	the	sun	radiation	to	the	
original	surfaces	exposed	to	the	sun	radiation.

1.2.2

FO1:	An	increase	in	the	distance	between	upper	and	lower	level	open	spaces.
FO2:	An	increase	in	height	difference	between	the	elevated	open	spaces	and	their	adjacent	buildings.
FO3:	A	decrease	in	shadow	on	the	selected	elevated	open	spaces.
FO4:	An	 increase	 in	the	ratio	of	the	emergent	morphological	 interventions	exposed	to	the	sun	radiation	to	the	
original	surfaces	exposed	to	the	sun	radiation.
FO5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	selected	open	spaces	(Proxy	variable	to	be	kept	 in	the	
domain	of	0.5	to	1.0).

The analysis of the fitness values outputted by the simulation 1.1.1 (figures 3.39. and 3.43.) 
highlights the following:

• While simulation optimised for FO3 and FO4 and reached to convergence, it 
generated a high variation of values for FO1 and FO2 with ascending trend of 
mean values (decrease in fitness).  

• The SD and mean value trendline graphs for FO3 and FO4 demonstrate the 
incremental optimisation with a sudden convergence to a local optimum in 
the early generations after which simulation evolved fitter solutions through 
crossover and mutations. This triggered an increase in variation amongst 
solutions and consequently, the increase in the SD values.

• The increase in mean and SD value trend lines for FO1 suggests a population 
of individuals with high variation. Although the trendlines do not represent 
optimisation of this objective, high variation in the population confirms 
simulation produced individuals that are well-performing and poor performing 
for FO1. 

• The graphs plotting FO2 illustrate a sudden convergence following with an 
increase in mean fitness values and a decrease in fitness. Longer simulation 
runtime could facilitate a more thorough search in the fitness landscape to 
improve the results accordingly. 

• The objective space with 5000 individuals (figure 3.43. top image), illustrates the 
simulation’s performance in the optimisation process. The emergence of poor-
performing values for FO1 and FO2 (due to their high variations) has pushed 
the solutions towards the centre of the cartesian chart. The same pattern 
emerged in the parallel coordinate plot in which most of the individuals in the 
population are at the bottom of the graph, while some individuals emerged 
in the population with objectives less fit than the rest (figure 3.43. bottom 
image). Nonetheless, the concave Pareto front mesh, coupled with the uniform 
distribution of the individuals in the objective space, highlights the constructive 
conflict between fitness criteria and inability for one objective to drive the 
simulation more than the others.

Table	3.10.
The	 fitness	 objectives	 for	
experiments	1.x.x.

Simulation 1.1.2 (figures 3.40. and 3.44.) is almost the same to simulation 1.1.1 with only one 
extra fitness objective. It is added to constrain the proxy variable and maintain its homeostasis. 
By comparing the graphs plotting the fitness values outputted by the simulations 1.1.1 and 1.1.2, 
the positive impact on the optimisation trend can be recognised.

• In contrary to simulation 1.1.1 where it struggled to optimise and converge for 
FO2, the optimisation trend of FO2 has improved in simulation 1.1.2.

• Adding FO5 to the simulation, increased its efficiency in optimisation trend for 
FO2, FO3 and FO4. It appears that simulation converged for these objectives in 
the fewer generation counts. 

• The performance of the simulation in optimising FO1 has also been improved 
slightly. Although the direction of the mean value trendline did not change, 
simulation 1.1.2 exhibits a higher frequency of fluctuations of mean values of 
FO1. It indicates the simulation attempts to find global optimum in a complex 
fitness landscape. Higher frequency of changes implies the simulation has been 
enabled to explore more of the search space with better performing individuals 
relatively compared to simulation 1.1.1. 

• The standard deviation graph for FO5 (that controls the proxy variable) 
highlights two crucial points. The simulation has evolved individuals in which 
their proxy variable is at homeostasis as well as it produced individuals whose 
proxy variables are outside of the desired domain. Simulation optimised for 
FO5 and evolved individuals with a high variation in FO5 values. 

• Objective space of simulation 1.1.2, illustrates that simulation slightly favoured 
FO2 over the other objectives as the solutions are gathered closer to the 
centre of Y-axis (where FO2 is plotted) compared to other axes (figure 3.44. 
top image). This was anticipated as the added FO5 (to maintain the ratio of 
shadow to the solar gain of the selected surfaces) impacts FO2 (an increase in 
height difference between elevated open spaces and their adjacent buildings). 
By increasing the height difference, more of the selected open spaces will be 
in the shade. The construction of the phenotype enabled the simulation to 
explore the morphological distribution of buildings and open spaces to find a 
balance between the height difference (FO2) and the homeostasis of the proxy 
variable. It can be concluded that the incorporated method led the simulation 
to emerge morphologies with inherent homeostatic characteristics. The parallel 
coordinate plot confirms the efficiency of the simulation in optimising the first 
four objectives while exploring individuals with high variation in FO5 (figure 
3.44 bottom image).

The construction of the phenotype for the winter scenario simulations of experiments 1.x.x is 
the same as for the summer scenario simulations (section 3.3.3.1.). What differs is the direction 
of FO3 and FO4. Simulations 1.1.1 and 1.1.2 attempted to increase the shadow on the selected 
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elevated open spaces (FO3) and decrease the ratio of the emergent morphological interventions 
exposed to the sun radiation to the original surfaces exposed to the sun radiation (FO4). However, 
simulations 1.2.1 and 1.2.2 were set to decrease the shadow on the selected elevated open 
spaces (FO3) and increase the ratio of the emergent morphological interventions exposed to the 
sun radiation to the original surfaces exposed to the sun radiation (FO4), in other words, from 
less energy intake in summer to more energy intake in winter. The graphical representation of the 
fitness values outputted by the simulation 1.2.1 (figures 3.41., 3.45.), highlights the following.

• Although the mean value trendlines for the FO3 and FO4 are decreasing (increase 
in fitness), the high frequency of changes indicates the struggle for convergence 
to the optima. By comparing this simulation to its counterpart simulation,1.1.1, 
the sensitivity of the experiment to these two fitness objectives can be observed.

• The trend of changes for FO1 and FO2, compared to the simulation 1.1.1 is not 
drastically different. It suggests that the changes applied in the simulation do not 
impact the optimisation trend of the FO1 and FO2. However, it should be noted 
that similar to 1.1.1, 1.2.1 struggled to optimise for FO1 and FO2. Nevertheless, 
the variation in FO1 and FO2 in simulation 1.2.1 increased compared to 1.1.1. 
This demonstrates a population that comprises both well-performing and poor 
performing individuals.  

• At first glance to the objective space plotted for 1.2.1 (figure 3.45 top image), 
it might be concluded that the simulation favoured FO2 over other objectives. 
However, it should be noted that due to remapping operation of the objective 
values in the objective space, and the emergence of a few poor performing 
individuals with extreme values for FO2, (can be cross-referenced with the 
parallel coordinate plot), the solutions are accumulated towards the centre of 
the Y-axis. 

• The sensitivity of the experiment to the applied changes in the simulation can 
be detected by comparing the parallel coordinate plot drawn for simulations 
1.1.1 and 1.2.1 (figure 3.45. bottom image). While the overall pattern in 1.1.1 
shows the simulation optimised the fitness objectives, the pattern of the parallel 
coordinate plot for 1.2.1 illustrates otherwise. By changing the direction of FO3 
and FO4 (increase to decrease and decrease to increase) from simulation 1.1.1 
to 1.2.1, they exhibited an apparent super conflict that it can be observed in 
the parallel coordinate plot of simulation 1.2.1. Therefore, it can be concluded 
that the increase in morphological interventions conflicts the solar gain on the 
selected open spaces. In other words, the energy intake of the selected open 
spaces in the winter scenario has a reverse relationship with the energy intake 
of the morphological interventions. 

By incorporating FO5 to keep the proxy variable in homeostasis, the following points can be 
taken from the performance of simulation 1.2.2 (figures 3.42. and 3.46.). 

• By comparatively analysing simulations 1.2.1 and 1.2.2, it is concluded that 
the impact of the added fitness objective to constrain the proxy variable was 
negligible. 

• By reading the mean value and SD value trendlines of FO5, it is noticed that the 
simulation reached early convergence. However, in the second half, simulation 
exhibits two sudden jumps in the SD values that increased the variation 
significantly. The mean value trend line for FO5 illustrates the ascending trend 
(descending in fitness) with a sudden drop in the value towards the end of the 
simulation. 

• In contrary to the summer scenario experiments where the added FO5 relatively 
improved the performance trend of the simulation, the winter scenario 
experiments did not exhibit any noticeable change in the optimisation trend 
after adding the extra objective. This can stem from the change of the domains 
of FO5 in summer scenario (between 1.5 to 2) to winter scenario (between 0.5 
to 1.0). Furthermore, the shift in the direction of FO3 and FO4 in the winter 
scenarios have altered the fitness landscape in a way that simulation with the 
current genome failed to explore it efficiently.

• Similar to simulation 1.2.1, due to the extremes in FO2 in the simulation 1.2.2, 
solutions are accumulated towards the centre of the Y-Axis in the objective 
space (figure 3.46. top image). FO2 is set to increase the height difference 
between the elevated open spaces and their adjacent buildings. The extremes 
that emerged in both simulations 1.2.1 and 1.2.2 refers to the solutions with the 
minimum height difference between the elevated open spaces and the adjacent 
buildings. In other words, generated solutions only selected the highest roofs 
as the open spaces. In contrary, these solutions are fit for FO3 (decrease the 
shadow on elevated open surfaces).

• The pattern of the first four objectives in the parallel coordinate plot of simulation 
1.2.2 (figure 3.46. bottom image) is similar to the parallel coordinate plot of 
simulation 1.2.1. This confirms the neutrality of the winter scenario simulations 
to the added fitness objective. Since a few extreme values appeared for FO5 ( 
that caused the jumps in the mean value and SD value trend lines), and due to 
the remapping operations, the axis for FO5 in the parallel coordinate plot is not 
an accurate representation of the number of individuals in homeostasis. 
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Figure	3.39.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	 simulation	 1.1.1.	 Standard	
deviation	graphs	and	SD	trend	
line	 graphs	 represent	 the	
variation	 in	 the	 population	
for	each	fitness	values.	 	Mean	
trendline	 graphs	 represent	
the	 average	 fitness	 value	 per	
generation	per	fitness	value.

Figure	3.40.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	1.1.2.

Figure 3.41.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	1.2.1.

Figure 3.42.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	1.2.2.
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Figure 3.43.
The	 top	 images	 are	 the	
objective	 space	 of	 simulation	
1.1.1	from	two	angles.	And	the	
bottom	 image	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
1.1.1.

Figure 3.44.
The	 top	 images	 are	 the	
objective	 space	 of	 simulation	
1.1.2	from	two	angles.	And	the	
bottom	 image	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
1.1.2.

Figure	3.45.
The	 top	 images	 are	 the	
objective	 space	 of	 simulation	
1.2.1	from	two	angles.	And	the	
bottom	 image	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
1.2.1.

Figure	3.46.
The	 top	 images	 are	 the	
objective	 space	 of	 simulation	
1.2.2	from	two	angles.	And	the	
bottom	 image	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
1.2.2.
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The Comparison of Homeostasis of the Proxy Variable
In the second phase of the evolutionary-based inquiries, the performance of each simulation in 
the seasonal scenarios in keeping the proxy variable in homeostasis (within a defined domain) is 
analysed and compared. Moreover, the impact of the implemented method in the optimisation 
of other fitness objectives is examined. Thus, two sets of comparisons are conducted, one to 
compare simulations 1.1.1 and 1.1.2 (figure 3.47.) and two to compare simulations 1.2.1 and 
1.2.2 (figure 3.48.).

The frequency of changes of the proxy variables for both simulations 1.1.1 and 1.1.2 are drawn 
and overlaid in two circular graphs (figure 3.47. top graphs). The left one plots this fluctuation 
for the entire simulation (50 individuals per generation and 100 generations) and the right one 
plots the frequency of changes only for the last generation (generation 99 with 50 individuals). 
By examining these two graphs, the following can be noted.

• Although the proxy variable in simulation with constraining objective (FO5, 
Simulation 1.1.2) has a lower frequency of changes than its counterpart 
simulation without the constraining objectives (1.1.1), simulation without 
constraining objective (1.1.1) evolved more individuals with proxy variables at 
homeostasis than the simulation with constraining objective, 1.1.2. Simulation 
1.1.1 evolved 205 individuals whose proxy variables are in homeostasis, while 
simulation 1.1.2 has 70 individuals in which their proxy variables are inside the 
domain. The same pattern emerged in the graphs plotting the frequencies of 
proxy variables in the last generations of two simulations. Simulation 1.1.1 has 
6 individuals with proxy variables in the domain while simulation 1.1.2 only has 
1 individual whose proxy variable is in the domain. 

• An analysis to further examine the impact of the changes of the proxy variable 
to the optimisation trend of other fitness objectives is conducted by plotting 
the proxy variables of each simulation against fitness values independently in 
a graph (figure 3.47 bottom graphs). These graphs for simulations 1.1.1 and 
1.1.2 are drawn and remapped to the same domain to enable a meaningful 
comparison. It is understood that in simulation 1.1.2, the changes in the proxy 
variable, positively impacted the optimisation trend of other objectives as 
the red dots are slightly closer to the centre of the graphs. This confirms the 
previous observations conducted in the previous section. 

A similar analysis is conducted for the winter scenario simulations (figure 3.48). 

• In contrary to the summer simulations, the proxy variable in the winter 
simulation with constraining objective (1.2.2) exhibits a higher frequency of 
changes compared to its counterpart simulation 1.2.1 without the constraining 
objective (figure 3.48 top graphs). The number of individuals with proxy 

variables within the defined domain is almost the same for both simulations 
1.2.1 and 1.2.2, respectively 488 and 489. This verifies the neutrality of the 
winter simulation to the implemented method. 

• By plotting the fitness objectives independently against the proxy variables for 
both simulations, this observation can be validated as there is no noticeable 
difference between graphs plotted for both simulations (red and blue dots) 
(figure 3.48 bottom graphs).

Discussion 
The analysis conducted for the experiments above (1.1.1, 1.1.2, 1.2.1, 1.2.2) highlights the 
behaviour and sensitivity of the evolutionary models of experiments 1.x.x to a set of environmental 
and algorithmic changes. The following points can be highlighted.

• By changing the environmental conditions of the simulation, from summer to 
winter, the optimisation trend of the simulation has worsened. Although the 
phenotype was constructed with having this in mind (to address the objectives 
for both environmental scenarios), it is concluded that the change in the 
environmental conditions of an evolutionary simulation should be reflected in 
the construction of the phenotype and the genome to increase its adaptability 
to the changing conditions. 

• The summer and winter simulations’ behaviours were in contrast to one 
another concerning the implemented method of keeping the proxy variable in 
homeostasis. While the method improved the summer scenario performance 
and constrained the fluctuation of the proxy variable in a smaller domain, the 
opposite emerged in the winter scenario. 

• It was expected that the simulation with FO5 to maintain the homeostasis 
of the proxy variable to evolve more individuals with their proxy variables in 
homeostasis. The analysis conducted for the summer simulations (1.1.1 and 
1.1.2) proved otherwise in which the simulation without FO5 evolved more 
individuals whose proxy variables are within the domain. The conflict between 
the objectives and the extra added constrain affected the efficiency of the 
implemented method in this scenario. 

It can be discussed that the efficiency of the implemented method in a) keeping the homeostasis 
of a variable in a simulation and 2) its effects on the performance of an evolutionary simulation 
is highly contingent on the experiment set up. Although promising results were obtained, 
this method requires further investigations in the context of different experiment setups and 
simulations. This is explored in the second and third experiments.
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Figure	3.47.
Simulations	 1.1.1.	 and	 1.1.2.	
The	 frequency	 of	 changes	
and	 the	 fluctuation	 of	 the	
proxy	 variables	 throughout	
the	 simulations	 are	 plotted	
in	 the	 top	graphs.	 The	one	 to	
one	 relationship	 between	 the	
proxy	 variable	 and	 the	fitness	
objectives	 are	 plotted	 in	 the	
bottom	graphs.		

Figure 3.48.
Simulations	 1.2.1.	 and	 1.2.2.	
The	 frequency	 of	 changes	
and	 the	 fluctuation	 of	 the	
proxy	 variables	 throughout	
the	 simulations	 are	 plotted	
in	 the	 top	graphs.	 The	one	 to	
one	 relationship	 between	 the	
proxy	 variable	and	 the	fitness	
objectives	 are	 plotted	 in	 the	
bottom	graphs.
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3.4.1.1.2.	Experiment	2	Evolutionary-Based	Analysis

All four sub-experiments are investigated side by side to measure the efficiency of the simulations 
in optimising for the fitness objectives (table 3.11.) and comparatively analyse them. It is as 
follows.

Experiment 2 - 41.8781° N, 87.6298° W - Chicago, USA

Experiment Fitness	objectives

2.1.1

FO1:	An	increase	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	urban	fabric.
FO2:	An	 increase	 in	 the	 length	of	 the	mid-level	and	high-level	elevated	connections	and	 the	distance	between	
them.
FO3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
FO4:	An	increase	in	the	built	volume	of	the	towers.

2.1.2

FO1:	An	increase	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	urban	fabric.
FO2:	An	 increase	 in	 the	 length	of	 the	mid-level	and	high-level	elevated	connections	and	 the	distance	between	
them.
FO3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
FO4:	An	increase	in	the	built	volume	of	the	towers.
FO5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	mid-level	elevated	connections	outer	surfaces	(Proxy	value	
to	be	kept	in	a	domain	of	2.0	to	2.5).

2.2.1

FO1:	A	decrease	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	urban	fabric.
FO2:	An	 increase	 in	 the	 length	of	 the	mid-level	and	high-level	elevated	connections	and	 the	distance	between	
them.
FO3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
FO4:	An	increase	in	the	built	volume	of	the	towers.

2.2.2

FO1:	A	decrease	in	shadow	on	the	courtyards	and	the	mid-level	elevated	connections	across	the	urban	fabric.
FO2:	An	 increase	 in	 the	 length	of	 the	mid-level	and	high-level	elevated	connections	and	 the	distance	between	
them.
FO3:	An	increase	in	the	volume	of	the	elevated	connections	and	the	surface	to	volume	ratio.
FO4:	An	increase	in	the	built	volume	of	the	towers.
FO5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	mid-level	elevated	connections	outer	surfaces	(Proxy	value	
to	be	kept	in	a	domain	of	0.5	to	2.0),

The analysis of the fitness values outputted by simulation 2.1.1 highlights the following 
observations (figures 3.49. and 3.53.).

• Based on the plotted graphs (figure 3.49.), it is recognised that the simulation 
successfully evolved solutions that are optimised for all fitness objectives.

• Fluctuations observed in the mean value trendlines for FO1, FO2 and FO4 
compared to FO3, are indicative of simulation’s exploration of the fitness 
landscape in search for the global optimum. Longer simulation runtime could 
lead to the convergence of these three objectives. On the contrary, it appears 
that the simulation has reached the convergence for FO3. 

• The solutions are almost distributed uniformly across the objective space with 
a high concentration towards the centre of the graph (figure 3.53. top graphs). 
By cross-referencing the objective space and the parallel coordinate plots 
(figure 3.53. bottom graph), one can validate the success of the simulation in 

Table	3.11.
The	 fitness	 objectives	 for	
experiments	2.x.x.

optimising for all objectives. The uniform distribution of the solutions in the 
objective space, as well as the pattern, emerged in the parallel coordinate plots 
illustrates the constructive conflict between fitness objectives and a successful 
multi-objective optimisation process.

The only change applied to simulations 2.1.2 compared to 2.1.1 is the implemented method as 
an extra objective to keep the homeostasis of the proxy variable. The comparison of the graphs 
plotted for 2.1.1. and 2.1.2 (figures 3.50. and 3.54.) underlines the following points. 

• Added FO5 has disrupted the optimisation progress that was observed in 
2.1.1—adding an extra objective increases the complexity of a multi-objective 
optimisation simulation. Thus, inherently a simulation with five objectives 
(2.1.2) is more complex than the simulation with four objectives (2.1.1). 

• Due to the increased complexity, it appears that simulation 2.1.2 requires longer 
runtime to explore the fitness landscape further. 

• Although it acquired higher variation in results, the optimisation trend of 
FO1 has not been impacted drastically by the added method in simulation 
2.1.2 compared to the rest of the objectives. This is due to the link between 
the FO1 and FO5; the former drives the simulation to increase shadow on the 
courtyard areas and mid-level elevated connections (less energy intake) and 
the latter forces the simulation to keep the ratio of shadow to sun radiation 
of the mid-level connections in a defined domain (balanced energy intake). 
While simulation has generated solutions that gradually increased their fitness 
for FO1, on the other hand, the evolved solutions exhibit high variation for 
FO5, including individuals with proxy variables inside and outside the defined 
domain (balanced energy intake).

• The objective space and the parallel coordinate plot of simulation 2.1.2 (figure 
3.54.) compared to its counterpart simulation 2.1.1 exhibit the increased 
complexity and super conflict between the objectives. Further modifications 
are required to enhance this simulation, such as solver parameters of mutation 
and cross over indices. It confirms the significance of the design problem in 
the optimisation process. Further adjustments are required in the construction 
of the phenotype to enable a better explorative search. Nonetheless, due 
to increased variation for almost all fitness objectives in 2.1.2, simulation 
generated a population of individuals, including solutions with high and poor 
fitness performances.

While The phenotypes are the same for the summer and winter scenarios, the environmental 
conditions have changed from summer solstice to winter solstice. Additionally, the direction of 
FO1 has changed from increasing to decreasing the shadow on the courtyards and the mid-level 
elevated connections across the urban fabric (less energy intake to more energy intake). The 
plotted graphs for simulation 2.2.1. (figures 3.51. and 3.55.) highlight the following points.
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• The simulation was successful in optimising for FO1 and FO3 while increasing 
their variation. Rate of changes in the mean value trendlines of FO2 and FO4 
indicates the simulation’s struggle in searching for the global optimum. 

• Although the changes applied in the simulation has impacted its performance, 
simulation 2.2.1 has progressed towards evolving optimised solutions as well. 
This change has altered the behaviour of the simulation regarding FO2 and 
FO4 compared to 2.1.1. FO2 and FO4 drive the simulation to explore various 
morphological configurations of the elevated connections and buildings across 
the urban area; thus, they impact the amount of shadow on the courtyard 
areas and mid-level elevated connections (energy intake), i.e. FO1. Hence, the 
change of direction of FO1 (from increase to decrease), steered the simulation 
to explore different morphological variations and accordingly, different trends 
of changes of FO2 and FO4 are appeared compared to simulation 2.1.1. 

• The objective space and parallel coordinate plot for simulation 2.2.1 (figure 
3.55.) indicate an overall successful optimisation process. By analysing the 
parallel coordinate plot of simulations 2.2.1 (figure 3.55. bottom graph) and 
2.1.1 (figure 3.53. bottom graph), two crucial differences can be observed. The 
changes applied in the simulation caused the evolution to evolve individuals 
with extreme values for FO2 as it is evident in the parallel coordinate plots for 
2.2.1. These least fit individuals comprise elevated connections with minimum 
distance between them. Furthermore, the changes triggered a series of 
mutations in the simulation that impacted its capacity to explore the fitness 
landscape concerning FO3. The gap that is emerged in FO3 axis of parallel 
coordinate plot in 2.2.1 confirms this observation.

On the contrary to the summer simulations in which the added FO5 disrupted the optimisation 
process, the winter simulation (with the implemented method of keeping a proxy variable in 
homeostasis for simulation 2.2.2.) exhibited a series of positive impacts (figures 3.52. and 3.56.).

• The trend of changes in FO1 and FO2 is almost the same across the simulations 
2.2.1 and 2.2.2. It is recognised that the added FO5 does not have a direct 
influence on the optimisation process of FO1 and FO2. 

• The added objective in simulation 2.2.2 drove it towards the convergence for 
FO3 compared to simulation 2.2.1. Simulations 2.2.1 and 2.2.2 optimised for 
FO3; however, it appears that 2.2.2 converged in FO3 while 2.2.1 optimised for 
FO3 and maintained a high variation.

• The added constraining objective (FO5) improved the optimisation trend of FO4 
relative to simulation 2.2.1.

• On the contrary to its summer counterpart in which the simulation could 
not optimise for the added objective, simulation 2.2.2 efficiently generated 
solutions that are optimised for FO5, or in other words, solutions with proxy 
variables in homeostasis. 

• The parallel coordinate plot of simulation 2.2.2 (figure 3.56. bottom graph) 
illustrates the impact of the implemented method (FO5) relative to simulation 
2.2.1. Simulation 2.2.2 explored a broader spectrum of FO2 and reversely a 
narrower domain for FO3 values. Similar to simulation 2.2.1, the Pareto front 
mesh in simulation 2.2.2 (figure 3.56. the blue mesh in the top graphs), pictures 
a uniform distribution of Pareto front solutions which is indicative of the 
variation amongst generated solutions.
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Figure	3.49.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	 simulation	 2.1.1.	 Standard	
deviation	graphs	and	SD	trend	
line	 graphs	 represent	 the	
variation	 in	 the	 population	
for	each	fitness	values.	 	Mean	
trendline	 graphs	 represent	
the	 average	 fitness	 value	 per	
generation	per	fitness	value.

Figure	3.50.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	2.1.2.

Figure	3.51.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	2.2.1.

Figure	3.52.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	2.2.2.
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Figure	3.53.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
2.1.1	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
2.1.1.

Figure	3.54.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
2.1.2	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
2.1.2.

Figure	3.55.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
2.2.1	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
2.2.1.

Figure	3.56.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
2.2.2	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
2.2.2.
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The Comparison of Homeostasis of the Proxy Variable
The frequency of changes in proxy variables for simulations 2.1.1 and 2.1.2 are drawn and 
overlaid in two circular graphs (figure 3.57. top graphs). The left one plots this fluctuation for 
the entire simulation (50 individuals per generation and 100 generations) and the right one plots 
the frequency of changes only for the last generation (generation 99 with 50 individuals inside). 
These graphs highlight the following points.

• The incorporated method of keeping the proxy variable in homeostasis was 
effective when comparing the number of individuals with the proxy variables 
in homeostasis. 509 individuals were generated by simulation 2.1.2 with proxy 
variables in the defined domain. In contrast, 47 of the individuals of simulation 
2.1.1 have their proxy variables in the domain. 

• While simulation 2.1.2 was expected to exhibit lower frequency of changes of 
the proxy variable throughout the evolution, otherwise occurred. Simulation 
2.1.1 with no constraining objective to limit the proxy variable, displays less 
fluctuation of the proxy variable. The same pattern emerged in the graph 
representing the final generation.

• By plotting the proxy variable against each fitness objectives independently for 
simulations 2.1.1 (and 2.1.2 figure 3.57. bottom graphs), the negative impact of 
the implemented method in the optimisation process of other fitness objectives 
is confirmed as the blue dots are closer to the centre of the graphs than the red 
dots.

By analysing the fluctuation of the proxy variables in simulations 2.2.1 and 2.2.2 (figure 3.58. top 
graphs), the following points are observed. 

• It is noticed that simulation 2.2.1, without the constraining objective, evolved 
more solutions with proxy variables in homeostasis while exhibiting less 
frequency of changes across the simulation. 1158 individuals in simulation 2.2.1 
and 709 individuals in simulation 2.2.2 have their proxy variables in the defined 
domain (homeostasis). This is an attribute that was expected to appear in 
simulation with constraining objective, 2.2.2 but it emerged in simulation 2.2.1.  

• By plotting the proxy variables against all objectives independently for 
both simulations (figure 3.58. bottom graphs), the negative impact of the 
implemented method in reducing the exploration domain of FO3 is discovered. 
Nonetheless, the added method left a slightly positive impact on FO2 and FO4 
by driving the simulation to evolve fitter individuals. 

Discussions
The analysis conducted for experiments above (2.1.1, 2.1.2, 2.2.1, 2.2.2) highlights the behaviour 
and sensitivity of the evolutionary models of experiments 2.x.x to a set of environmental and 
algorithmic changes. The following points can be discussed.

• The change in the environmental conditions did not impact the optimisation 
process negatively as simulations 2.1.1 and 2.2.1 exhibited a positive trend in 
optimisation for the defined fitness objectives. Although the patterns of summer 
and winter scenarios differ; however, both simulations successfully generated 
optimised results. It confirms that the construction of the phenotype enabled 
the adaptation of the simulation to the applied changes. 

• In the summer scenario simulations, the implemented method to keep the 
homeostasis of the proxy variable drove the evolution to successfully generate 
more individuals with proxy variables in homeostasis (compared to the 
simulation without the method). However, the applied technique influenced 
the optimisation of other fitness objectives negatively. On the contrary, in 
the winter simulations, where the expected results were not obtained by the 
implemented method, the extra objective did not leave a dire impact on the 
simulation.

Analysis of the experiments 2.x.x verifies the observation that is made from the analysis 
conducted for experiments 1.x.x. The efficacy of the implemented method in keeping a variable 
in homeostasis throughout the simulation and its impact on the performance of an evolutionary 
simulation is highly contingent on the experiment set up, such as gene regulations, construction 
of the phenotype and the calculations of fitness objectives.  
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Figure	3.57.
Simulations	 2.1.1.	 and	 2.1.2.	
The	 frequency	 of	 changes	
and	 the	 fluctuation	 of	 the	
proxy	 variables	 throughout	
the	 simulations	 are	 plotted	
in	 the	 top	graphs.	 The	one	 to	
one	 relationship	 between	 the	
proxy	 variable	 and	 the	fitness	
objectives	 are	 plotted	 in	 the	
bottom	graphs.		

Figure	3.58.
Simulations	 2.2.1.	 and	 2.2.2.	
The	 frequency	 of	 changes	
and	 the	 fluctuation	 of	 the	
proxy	 variables	 throughout	
the	 simulations	 are	 plotted	
in	 the	 top	graphs.	 The	one	 to	
one	 relationship	 between	 the	
proxy	 variable	and	 the	fitness	
objectives	 are	 plotted	 in	 the	
bottom	graphs.
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3.4.1.1.3.	Experiment	3	Evolutionary-Based	Analysis

All four sub-experiments are investigated side by side to measure the efficiency of the simulations 
in optimising for the fitness objectives (table 3.12.) and comparatively analyse them. It is as 
follows.

Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment Fitness	objectives

3.1.1

FO1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	patch.
FO2:	An	increase	in	the	length	of	the	elevated	walking	paths	generated	by	the	morphological	interventions	across	
the	urban	fabric.
FO3:	An	increase	in	shadow	on	the	ground	level.
FO4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.

3.1.2

FO1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	patch.
FO2:	An	increase	in	the	length	of	the	elevated	walking	paths	generated	by	the	morphological	interventions	across	
the	urban	fabric.
FO3:	An	increase	in	shadow	on	the	ground	level.
FO4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.
FO5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	elevated	connections	outer	surfaces	(Proxy	value	to	be	kept	
in	a	domain	of	1.5	to	2.0)

3.2.1

FO1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	patch.
FOb2:	An	increase	in	the	length	of	the	elevated	walking	paths	generated	by	the	morphological	interventions	across	
the	urban	fabric.
FO3:	A	decrease	in	shadow	on	the	ground	level
FO4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.

3.2.2

FO1:	A	decrease	in	the	walking	distance	from	the	corner	of	the	study	area	to	the	centre	of	the	urban	patch.
FO2:	An	increase	in	the	length	of	the	elevated	walking	paths	generated	by	the	morphological	interventions	across	
the	urban	fabric.
FO3:	A	decrease	in	shadow	on	the	ground	level.
FO4:	An	increase	in	the	built	volume	of	the	buildings	across	the	fabric.
FO5:	A	balance	of	the	shadow	to	solar	gain	ratio	of	the	elevated	connections	outer	surfaces	(Proxy	value	to	be	kept	
in	a	domain	of	0.5	to	1.5)

The analysis of the fitness values outputted by the simulation 3.1.1 (figures 3.59 and 3.63) 
highlights the following.

• Simulation appears to evolve a population that is both optimised and diverse 
regarding FO1 and FO4. This is evident by cross-referencing their mean value 
trendlines and SD graphs. 

• On the other hand, simulation struggled to optimise for FO2 and FO3 as the 
mean values increased while the simulation progressed. Nonetheless, the 
increased variations of FO2 and FO3 indicate the emergence of well-performing 
individuals in the population as well. 

• The pattern that emerged in the standard deviation graphs of FO3 and FO4 
suggests a conflict between these two objectives. FO3 drives the simulation to 
increase the shadow on the ground level (less energy intake) while FO4 steers 
the simulation to increase the density by increasing the built volumes in the 

Table	3.12.
The	 fitness	 objectives	 for	
experiments	3.x.x.

urban fabric. At first, it appears that these two objectives are aligned with one 
another, but the data outputted from the simulation suggests otherwise. This 
stems from how FO3 was computed in the context of the experiment. Instead of 
allowing the simulation to explore various options to produce as much shadow 
as possible, FO3 was defined with an upper limit of 75% shadow on the ground 
level (refer back to equations 3.13). 

• The conflict between FO3 and FO4 is evident in the parallel coordinate plot 
(figure 3.63 bottom graph). The tension between these two objectives is 
activated towards the end of simulation where the upper limit for the shadow 
(that is defined as a part of FO3) has been triggered. The interrupted distribution 
of solutions across the X-axis of the objective space (FO1, the walking distance 
from corners of the experiment area to the centre) (figure 3.63 top graphs) 
indicates that simulation repeatedly evolved solutions whose FO1s are 
fluctuating around two distinct values.  The emergence of extreme values for 
FO2 has pushed the majority of the solutions closer to the Y-axis in objective 
space (figure 3.63 top graphs)). These extremes refer to individuals with no 
elevated walking paths; thus, the fitness associated with those individuals 
generated poor results and extreme values.   

Similar to the previous experiments, experiment 3.1.2 has an extra objective to maintain the 
homeostasis of the proxy variable in the simulation. By comparing the graphs for simulations 
3.1.1 (figures 3.59 and 3.63) and 3.1.2 (figures 3.60 and 3.64), the following points can be noted.

• The relative comparison of the objectives across these two simulations indicates 
that the implemented method did not impact the trend of the optimisation 
noticeably. In both cases, simulation optimised for FO4 and struggled to 
optimise for the rest.

• The variation, as well as the mean values for the added fitness objective 
(FO5), indicates simulation’s struggle to converge to a set of solutions with 
proxy variables at homeostasis. The high variation reflects the population that 
comprises individuals with proxy variables in the domain as well as solutions 
with proxy variables outside the domain. 

• The overall pattern emerged in the objective space (figure 3.64. top graphs), 
and parallel coordinate plot (figure 3.64. bottom graph) of simulation 3.1.2 is 
comparable to its counterpart simulation 3.1.1. It confirms the minor impact 
of the implemented method in the simulation trend. However, the pattern of 
distribution of solutions across the X-axis of the objective spaces has changed. 
While in the case of simulation 3.1.1, solutions are distributed mostly within 
two zones, in simulation 3.1.2 this is disrupted, and the majority of the solutions 
are within the less fit group (farther from the centre). Thus, however minimal, 
the implemented method had a dire impact on the optimisation trend of the 
simulation.
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Simulations 3.2.1 and 3.1.1 differs in two fronts, first is the environmental conditions that have 
shifted from summer solstice to winter solstice and second is the shift in FO3. In simulation 
3.1.1 FO3 drives the evolution to increase the shadow on the ground level (less energy intake 
summer season) in contrary in simulation 3.2.1 FO3 is set to decrease the shadow on the ground 
level (more energy intake for winter season)—a comparative analysis of fitness values outputted 
by simulations 3.2.1 (figures 3.61. and 3.65.) and 3.1.1 (figures 3.59. and 3.63) highlights the 
following points.

• By changing the direction of FO3 (from increase to decrease) simulation enabled 
to evolved solutions with optimised values of FO3 while maintaining a high 
degree of variation. One can conclude that the regulation and relationships that 
were set in the construction of the phenotype performed better for the winter 
scenario rather than summer scenario. 

• Both simulations exhibit a descending trend of the mean values for FO4, which 
indicates the increase in fitness. However, this is coupled with an increase in 
variation in the summer scenario (3.1.1) and no change in variation in winter 
scenario (3.2.1). 

• Both simulations struggled in optimising for FO1 and FO2. This may stem from 
the complexity of the fitness landscape in both cases. 

• By changing the direction of FO3 from summer scenario (3.1.1) to winter scenario 
(3.1.2), the conflict between FO3 and FO4 has increased as it was expected, 
and it is demonstrated in the pattern emerged in the parallel coordinate plot 
(figure 3.65. bottom graphs). FO4 directs the simulation to increase the built 
environment as FO3 drives the simulation to decrease the shadow on the 
ground level (in 3.2.1). 

• Similar to 3.1.1, the distribution of the solutions across the X-axis of objective 
space for 3.2.1 is divided into two distinct groups (figure 3.65. top graphs). Due 
to the conflict between objectives and the experiment setup, simulation in these 
scenarios only explored a limited set of FO1 values. It is worth noting that the 
urban morphologies associated with these values may differ (it is investigated 
in the next section). 

Simulation 3.2.2 has an extra objective to maintain the homeostasis of the proxy variable in the 
process. By comparing simulations 3.2.1 (figures 3.61. and 3.65. ) and 3.2.2 (figures 3.62. and 
3.66.), the following points can be noted

• Similar to the summer scenarios, the relative comparison of the objectives 
across simulations 3.2.1 and 3.2.2 illustrates that the implemented method had 
a negligible impact on the optimisation trend. However, the optimisation trend 
of FO4 in simulation 3.2.2 has disrupted slightly. 

• The SD and mean value trend lines of FO5 portray that simulation has converged 
to evolving highly varied generation of individuals for most of the simulation. As 
the simulation progressed, the mean value trend lines fluctuated while the SD 
trendline stayed constant for the majority of the process.

• A similar pattern to the summer simulations emerged in the objective space of 
simulation 3.2.2 (figure 3.66. top graphs). By incorporating the implemented 
method, the majority of the solutions grouped farther from the centre of X-axis 
in the objective space (X-axis represents the FO1). Parallel coordinate plots of 
simulations 3.2.1 (figure 3.65. bottom graph) and 3.2.2 (figure 3.66. bottom 
graph) exhibit the same pattern for the first three objectives with a slight impact 
of the implemented method on FO4 for simulation 3.2.2.
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Figure	3.59.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	 simulation	 3.1.1.	 Standard	
deviation	graphs	and	SD	trend	
line	 graphs	 represent	 the	
variation	 in	 the	 population	
for	each	fitness	values.	 	Mean	
trendline	 graphs	 represent	
the	 average	 fitness	 value	 per	
generation	per	fitness	value.

Figure	3.60.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	3.1.2.

Figure	3.61.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	3.2.1.

Figure	3.62.
The	 statistical	 representation	
of	the	fitness	values	outputted	
by	simulation	3.2.2.
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Figure	3.63.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
3.1.1	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
3.1.1.

Figure	3.64.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
3.1.2	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
3.1.2.

Figure	3.65.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
3.2.1	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
3.2.1.

Figure	3.66.
The	 top	 graphs	 are	 the	
objective	 space	 of	 simulation	
3.2.2	from	two	angles.	And	the	
bottom	 graph	 is	 the	 parallel	
coordinate	 plot	 of	 simulation	
3.2.2.
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The Comparison of Homeostasis of the Proxy Variable
The fluctuation of proxy variables for simulations 3.1.1 and 3.1.2 are drawn and overlaid in two 
circular graphs (figure 3.67. top graphs). The left on plots this fluctuation for the entire simulation 
(50 individuals per generation and 100 generations) and the other plots the frequency of changes 
only for the last generation (generation 99 with 50 individuals inside). These graphs highlight the 
following points.

• It was expected that the simulation with the implemented method (keeping 
the homeostasis of a proxy variable) generates more individuals with their 
proxy variables in homeostasis and exhibits less frequency of changes. The 
analysis conducted for 3.1.2 and 3.1.1 proved otherwise. The simulation 
with no constraining objective generated more individuals and exhibited less 
frequency of change. 1254 individuals for simulation 3.1.2 and 2679 individuals 
for simulation 3.1.1 have their proxy variables within the domain.  

• By plotting the proxy variables in both simulations against all objectives 
independently (figure 3.67. bottom graphs), It has become more evident that 
the implemented method did not impact the optimisation trend of objectives 
noticeably in the summer simulation as both red and blue dots are in similar 
proximity to the centre of the X axis in the graphs. 

By studying the graphs plotted for the winter simulations (figure 3.68.), the following can be 
noted. 

• In contrast to the summer simulations, the winter simulation experiment with 
the implemented method (keeping the homeostasis of the proxy variable) 
generated more individuals with proxy variables in the defined domain 
compared to the winter simulation without the method (figure 3.68. top 
graphs). 415 individuals for simulation 3.2.2 and 106 individuals for simulation 
3.2.1 have their proxy variables in the defined domain. Nevertheless, simulation 
3.2.2 exhibited higher fluctuations of the proxy variable than simulation 3.2.1 
as otherwise was expected. 

• Similarly, to the summer scenarios, the plotted graphs (proxy variables against 
the fitness objectives) demonstrate a negligible impact on the optimisation 
trend of the objectives (figure 3.68. bottom graphs). 

Discussion 
The analysis conducted for experiments above (3.1.1, 3.1.2, 3.2.1, 3.2.2) underlines the 
behaviour and sensitivity of the evolutionary model in experiment 3 to a set of environmental 
and algorithmic changes. The following points can be discussed.

• It appears that the change in the environmental conditions of the experiment 
from summer to winter solstice had a negligible impact on the optimisation 
trend of the simulations. Both 3.1.1 and 3.2.1 simulations struggled to optimise 
for all objectives, which stems from the increased complexity of the experiment 
compared to the previous experiments (1.x.x and 2.x.x). However, the flexibility 
that was introduced in the construction of the phenotype facilitated both 
seasonal scenarios to evolve well-performing individuals as well. 

• The implemented method of keeping the homeostasis of the proxy variable 
left different impacts in summer scenarios and winter scenarios. In summer 
scenarios, 3.1.1 progressed better than 3.1.2 in generating individuals with 
proxy variables inside the domain; however, in winter scenarios, the reverse 
occurred where simulation 3.2.2 performed better than 3.2.1.

• In both seasonal scenarios, the implemented method of keeping a proxy 
variable in homeostasis had a negligible impact on the optimisation trend of 
other objectives in the simulation.
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Figure	3.67.
Simulations	 3.1.1.	 and	 3.1.2.	
The	 frequency	 of	 changes	
and	 the	 fluctuation	 of	 the	
proxy	 variables	 throughout	
the	 simulations	 are	 plotted	
in	 the	 top	graphs.	 The	one	 to	
one	 relationship	 between	 the	
proxy	 variable	 and	 the	fitness	
objectives	 are	 plotted	 in	 the	
bottom	graphs.		

Figure	3.68.
Simulations	 3.2.1.	 and	 3.2.2.	
The	 frequency	 of	 changes	
and	 the	 fluctuation	 of	 the	
proxy	 variables	 throughout	
the	 simulations	 are	 plotted	
in	 the	 top	graphs.	 The	one	 to	
one	 relationship	 between	 the	
proxy	 variable	and	 the	fitness	
objectives	 are	 plotted	 in	 the	
bottom	graphs.
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3.4.1.1.4.	Conclusion

The evolutionary based investigations conducted for twelve simulations in this section confirms 
the following points. Regardless of the complexity of a given experiment, the success of keeping 
a variable in homeostasis throughout the evolutionary simulation by adding an extra fitness 
objective as the regulatory mechanism is highly contingent on the following factors.  

• The experiment setup and the flexibility of the simulation in exploring the 
design space.

• The gene regulation and the transformations implemented in the construction 
of the phenotype.

• The relationship between fitness objectives that may trigger a constructive 
conflict or a super conflict. 

To respond to the questions that were queried at the beginning of section 3.4.1.1. , the following 
points can be concluded.

• How	 efficient	 the	 implemented	 method	 is	 to	 drive	 the	 multi-objective	
optimisation	process	to	keep	the	homeostasis	of	a	given	variable?

- The implemented method could successfully generate individuals with proxy 
variables in homeostasis. However, the number of individuals can differ from 
experiment to experiment. Since the simulation runtime does not increase 
significantly by implementing this method, the efficiency of the proposed 
method can be concluded.

• To	what	extent	this	method	impacts	other	fitness	objective	performances	in	the	
evolutionary	simulation?

- The implemented method impacted the optimisation trend of the simulations 
differently experiment by experiment. Three distinct scenarios were observed: 
positive, negative and neutral. Therefore, it can be concluded that the extent 
to which the implemented method influences the optimisation trend of a given 
simulation is highly dependent on the experiment setup and is required to be 
determined in a case by case basis.

• Whether	 or	 not	 it	 is	 applicable	 to	 leave	 the	 simulation	 to	 explore	 solutions	
without	the	constrained	objective,	and	to	utilise	the	proxy	variable	not	as	an	
objective	but	as	a	selection	factor	to	filter	down	the	population	set?

- Analysis conducted in this section proved that even without the implementation 
of the method to keep a proxy variable in homeostasis, the evolutionary process 
would explore individuals with their proxy variables in homeostasis. It is worth 

noting that it is only valid if the phenotype has been constructed in a way which 
enables those solutions to emerge. 

- Therefore, it can be concluded that it is applicable to disengage FO5 
(implemented method to keep homeostasis of proxy variable) as an objective 
and only utilise this variable as a selection strategy. This can be facilitated by 
recording the proxy variable for each individual in the entire simulation and 
utilise the recorded data to filter the population.  

3.4.1.2. Morphological-Based Inquiries 
The second phase of the analysis sequence is morphological-based inquiries (figure 3.69.). 
Morphological-based inquiries are conducted through two scales of investigations, first at the 
scale of the entire evolutionary simulation and second at the scale of a single candidate solution 
per simulation. To examine the morphological explorations of an evolutionary simulation through 
visualising the entire population is a futile process. The complexity of the evolved morphologies 
and the large population size (5000 solutions for each simulation) necessitates representing 
the morphology of the solutions in the population in an alternative way. Thus, as explained in 
section 3.3.3.4., each individual is tagged with seven indicators that represent its morphological 
characteristics, and they are as follows.    

• MC01 - Urban FSI (Urban floor space index).
• MC02 - Urban FSI with considering morphological interventions.
• MC03 - Surface to volume ratio of the urban morphology. 
• MC04 - Surface to volume ratio of the urban morphology with considering 

morphological interventions.
• MC05 – Surface coverage ratio. 
• MC06 – Average height.
• MC07 – Open space ratio. 

The first phase is conducted by the comparative analysis between the morphological 
characteristics evolved within each simulation, and the morphological characteristics of their 
respective simplified urban morphology. To achieve this, the above variables are recorded per 
individual through all simulation runs to monitor their frequency of changes and to identify the 
simulation’s morphological exploration. The fluctuation of variables within each simulation is 
plotted against the same variable associated with the simplified urban morphology in the circular 
graphs both for the entire simulations and for the last generations. This phase is conducted 
through seven sets of graphs per experiment comprises winter and summer simulations. This 
phase of analysis recognises the simulations’ performance in evolving a range of morphological 
variations of the simplified urban block in the optimisation process.  
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The second phase of the morphological-based analysis concerns the formal complexities with 
respect to interstitial spaces that are evolved in the experiments. A solution per simulation is 
selected, visualised, and comparatively analysed with the simplified morphology. The goal is to 
understand the spatial qualities emerged in the evolutionary process (that are identified with 
the above morphological characteristics) and to examine to what extent the selected individual 
addressed the objectives that the simulation optimised for. 

To achieve this, a comprehensive selection procedure is developed in the context of this 
research. The population outputted by each simulation is filtered down through three stages to 
ensure the selected candidate has been through adequate assessment concerning both fitness 
performances and morphological characteristics. The selection strategies developed in this stage 
can inform designers how to efficiently analyse and understand the results of an evolutionary 
simulation to select a design candidate based on subjective and objective preferences. Three 
selection stages are as follows.

Figure	3.69.
The	 morphological	 -	 based	
inquires	is	the	second	series	of	
investigations	 in	 the	sequence	
of	analysis.	

Selection Step 1
The first phase of the selection process is to filter down the population of 5000 individuals into 
a smaller and more manageable number of individuals per simulation. Thus, the population is 
filtered down into a smaller family of high performing individuals comprises the following.

• The Pareto front solutions of the last generation.
• The first occurrence of the best performing individuals for each fitness objective 

in the population.
• The individual with the best average fitness rank in the population.
• The individual that addresses all objectives as equal as possible in the population. 
• To ensure the adequate variation is preserved in the selected pool, the Pareto 

front for the entire population is clustered (based on the hierarchical clustering 
algorithm, for more info please refer to Appendix III) into a number that is 
proportional to the size of the Pareto front for the entire population (5%). The 
cluster centres are added to the selection set. 

Selection Step 2
The first selection step filters down the population into a smaller set of individuals based on 
their fitness performances. The second selection step filters down the first selected pool based 
on their morphological characteristics suitable for the seasonal scenario. This set comprises the 
following individuals.

• The individual with the highest Urban FSI, not considering morphological 
interventions (MC01).

• The individual with the highest Urban FSI, considering morphological 
interventions (MC02).

• The individual with the highest surface to volume ratio, not considering 
morphological interventions (MC03) for the summer scenarios and with the 
lowest for the winter scenarios.

• The individual with the highest surface to volume ratio considering morphological 
interventions (MC04) for the summer scenarios and with the lowest for the 
winter scenarios. 

• The individuals with proxy variables in homeostasis (proxy variables constrained 
in the defined domain).

Selection Step 3
The last step is to select a candidate solution from the second selection pool to conduct a 
comparative analysis between the selected phenotype and the simplified morphology. The 
individual with maximum added morphological interventions from the second selection pool is 
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selected for this stage to ensure the impact of the morphological interventions is factored in the 
future analysis. 

The objective of the morphological-based inquires is twofold. First is to conduct a comparative 
analysis between the morphological complexities and interstitial spaces evolved through the 
evolutionary simulation with the simplified morphology. Second is to propose a comprehensive 
selection strategy that can be extended and applied to other evolutionary simulations. The 
developed methods inform the designers on how to perform thorough analysis and selection 
operations on their evolutionary simulations to apply or adjust their preferences even after the 
simulations are finished. 

This section offers a systematic approach in filtering down a large population set into a candidate 
solution for further investigations. The selection strategy developed in this section is the 
foundation based on which the individual per simulation is selected for the last sequence of 
analysis, energy-based inquires. 

3.4.1.2.1.	Experiment	1	Morphological-Based	Analysis

Morphological Explorations of the Simulations
Experiment 1 comprises four simulations 1.1.1 (summer scenario without the constrained 
objective), 1.1.2 (summer scenario with the constrained objective), 1.2.1 and 1.2.2 (the 
counterpart winter simulations). Summer scenario simulations generated individuals with 
less urban FSI (with and without morphological interventions MC01 and MC02) compared to 
the simplified morphology (figures 3.70 and 3.71. top graphs). However, the urban FSI (MC01 
and MC02) is collectively increased in the winter scenario simulations compared to summer 
simulations (figure 3.70. and 3.71. bottom graphs).  The construction of the phenotype enabled 
the movement of the building blocks freely in x and y directions; thus it led the simulation 
to spread the building blocks on a bigger area compared to the original block, and therefore 
Urban FSI (a density indicator) of the generated urban morphologies appears to be less than the 
simplified urban morphology of Fes. 

The recorded surface to volume ratio values (figure 3.72.), both in summer and winter scenarios, 
are less than the simplified urban block. The movement of the buildings allowed them to cluster 
and form bigger building footprints.  This has reduced this ratio for all experiments. On the other 
hand, when factoring the morphological interventions in the calculations, the surface to volume 
ratio fluctuates around the value of the simplified morphology (figure 3.73.).  

In the summer scenario, the implemented method to keep the homeostasis of the proxy variable 
(section 3.3.3.1.), led to the drastic increase in the surface to volume ratio (MC 04 considering 
the morphological interventions), while comparing 1.1.1 and 1.1.2 (figure 3.73. top graphs).  
However, this application in the winter scenarios has a reverse impact in which the simulation 

without the implemented method has created more solutions with a higher surface to volume 
ratio (MC04 with considering the morphological interventions) (figure 3.73. bottom graphs).  

The comparison of 1.1.1 and 1.2.1 highlights that the change in the direction of FO4 (refer back 
to table 3.10.) from summer to winter scenarios has led to the overall increase in the surface 
to volume ratio as well (MC04, considering the morphological interventions) (figure 3.73.). In 
summer scenario, FO4 led the simulation to decrease the morphological interventions exposed 
to solar radiation (less energy intake), and in winter scenario, FO4 drove the simulation to 
increase morphological interventions exposed to solar radiation. (i.e. more energy intake).

The movement behaviour of the building blocks included in the construction of the phenotype 
drove the simulation to evolve solutions with less coverage ratio compared to the simplified 
urban morphology (figure 3.74). The narrow street networks of the Fes simplified morphology 
evolved to a network of open spaces with high variation in size.

All experiments collectively generated a population of individuals with average height more 
than the simplified urban block (figure 3.75.). The surface coverage ratio in the experiments is 
less than the simplified block and led to wider street networks (figure 3.74). Nonetheless, the 
increase in the average height of the buildings recompenses the potential loss of shaded outdoor 
spaces that is ubiquitous in the Fes urban morphology.

Allowing the building blocks to move in x and y directions in the experiment area led to the 
emergence of open spaces on the ground level that is intertwined in-between building blocks 
with high variation in size. These interstitial spaces are the points of interests in the energy-
based investigations. All experiments collectively evolved a population of individuals with higher 
open spaces ratios than the simplified urban block of Fes (figure 3.76.).
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Figure	3.70.
MC01	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.71.
MC02	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.72.
MC03	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.73.
MC04	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.74.
MC05	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.75.
MC06	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.76.
MC07	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Morphological Analysis of the Selected Candidates
The second phase of the analysis requires a candidate design solution per simulation. As 
discussed, there are three selection steps to filter down the simulation and choose the candidate 
solution per simulation. Figure 3.77. illustrates the selected pools of candidates for simulation 
1.1.1. from the first two selection stages (the selected pools of candidates for simulations 1.1.2, 
1.2.1 and 1.2.2. from the first two selection steps are available in Appendix I). Figures 3.78., 
3.79., 3.80. and 3.81 are the final selected urban morphologies for the morphological-based 
analysis. These four candidates are selected from the comprehensive selection sequence. The 
tables describing all the selection steps are available in Appendix II.   

This investigation begins with a detailed visualisation of the selected phenotypes’ morphologies 
accompanied by the associated data that represents their fitness performances and their 
morphological characteristics relative to their population (figures 3.78., 3.79., 3.80. and 3.81.). The 
analysis continues by comparing the phenotypes’ morphological characteristics to the simplified 
morphology of Fes urban block (figures 3.82., 3.83., 3.84. and 3.85.). The simplified morphology 
is the reference point upon which the evaluations will be conducted. The investigation ends with 
a set of sectional drawings of the selected phenotypes, and the simplified morphology of Fes 
urban block to examine the spatial complexities emerged within the interstitial spaces across the 
elevation (figures 3.86. and 3.87.).
 
All selected candidate solutions for experiments 1.x.x are ranked amongst top-performing 
individuals in their population (fitness performance graphs in figures 3.78., 3.79., 3.80. and 
3.81. ). All candidates exhibit a high ratio of morphological interventions (the emergence of 
voxels) across the urban area with a high degree of variation in outdoor and interstitial spaces in 
comparison to the simplified block

Except for FO1 (increase distance between open spaces), individual 1.1.1 is ranked high for the 
rest of objectives amongst its population (figure 3.78). Although it appears that it is not ranked 
well for FO1, this individual has an attribute that fulfils the goal of FO1. FO1 is assigned to spread 
open spaces across the urban area. In phenotype 1.1.1, two big open spaces emerged (on the 
ground and elevated) across the phenotype that are interlinked with the building blocks. It led to 
the emergence of interstitial spaces across the experiment area. A similar attribute has emerged 
for individual 1.2.1 (figure 3.80) with two main open spaces stretched across the urban area in 
two levels, one on the ground and one elevated. 

Although the fitness performances of individuals  1.1.1 (figure 3.78) and 1.2.1 (figure 3.80) relative 
to the population are similar, their morphological characteristic relative to their population are 
not. Both are ranked amongst individuals with high surface to volume ratios and low Urban FSI, 
but their surface coverage ratios are in two opposite ends. 1.1.1 is amongst individuals with 
higher surface coverage ratio, while 1.2.1 is amongst individuals with lower surface coverage 
ratio. Building blocks in phenotype 1.2.1 are spread outward relative to its population compared 
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to 1.1.1. This facilitated 1.2.1 to obtain a higher energy intake in its open spaces compared to 
its population, which is considered a positive attribute for 1.2.1 due to its seasonal scenario 
(winter). 

Individual 1.1.2 (figure 3.79.) exhibits the same pattern of fitness performance as 1.1.1 relative 
to its population. With ranking high for the surface to volume ratio, individual 1.1.2 obtained 
a moderate surface coverage ratio relative to its population compared to individual 1.1.1. On 
the contrary, individual 1.2.2 (figure 3.81) exhibits a different fitness performance pattern 
than 1.2.1 relative to its population. 1.2.2 is amongst high performing individuals for FO1 in its 
population. 1.2.2 morphological characteristics are ranked mid-range amongst its population 
when comparing to the 1.2.1. 

Further investigations are conducted by evaluating the selected urban morphologies and the 
simplified morphology of Fes urban block with respect to their morphological characteristics 
(discussed in section 3.3.3.4.) (figures 3.82., 3.83., 3.84. and 3.85). The following points can be 
highlighted.

Except for individual 1.2.2 (figure 3.85), all selected individuals’ morphological characteristics 
obtain a similar pattern relative to the simplified morphology of Fes (figures 3.82., 3.83. and 
3.84.). The Urban FSI, with and without the morphological interventions (MC01 and MC02), 
and surface to volume ratio without the morphological interventions (MC03) is higher for the 
simplified morphology than the evolved phenotypes 1.1.1, 1.1.2 and 1.2.1 (figures 3.82., 3.83. 
and 3.84.). However, when factoring the morphological interventions in the calculation of surface 
to volume ratio (MC04), three evolved phenotypes 1.1.1, 1.12. and 1.2.1 obtain a higher value 
than the simplified morphology. This is a positive attribute for summer scenarios by which a self-
shading mechanism increases.

On the contrary, MC04 for individual 1.2.2 (figure 3.85.) is less than the simplified morphology 
due to a decrease in the emergence of morphological interventions (voxels) across the urban area 
compared to other selected phenotypes. The winter scenario experiment with the implemented 
method to keep the homeostasis of proxy variable (simulation 1.2.2) evolved a phenotype with 
open spaces at higher levels seeking for solar radiation and more energy intake. In doing so, the 
condition in which the morphological interventions could emerge did not meet, and thus the 
phenotype acquired less added surface to its morphology. 

All candidate solutions obtain a higher ratio of open spaces on the ground level and a higher 
average height in the urban morphology. A higher variation of open spaces across the urban area 
facilitates a greater variety of urban activities to emerge compared to the simplified block. On 
the other hand, taller buildings cast shadow on the open spaces and compensate for the loss of 
shadow in the outdoor areas that are omnipresent in the simplified morphology (figures 3.82., 
3.83., 3.84. and 3.85.). 

Since the urban area of the evolved solutions is bigger than the simplified morphology, Urban 
FSI and subsequently density decreased compared to the simplified morphology; however, the 
built volume of the evolved solutions is similar to the simplified morphology. It is concluded that 
the simulations attempted to spread out the built environment across the urban area by a small 
ratio in order to facilitate the emergence of open spaces intertwined between buildings. Special 
attention was given to the open spaces in the construction of the phenotype as discussed in 
section 3.3.1. and 3.3.3.

Comparative analysis of sections through the phenotypes and the simplified morphology of Fes 
urban block highlights the success of the simulations in evolving morphologies in which the 
interplay of the building blocks across the urban area led to the emergence of outdoor surfaces 
suitable for urban activities (figures 3.86. and 3.87.). These surfaces are not bound to the ground 
level and are emerged across the elevation. In contrast to the homogeneous distribution of 
the buildings in the simplified morphology, all evolved phenotypes obtain a range of outdoor 
areas stretched across the urban tissue with variation in sizes and proximities to the buildings. 
This attribute is one of the physical manifestations of implementing a set of principles derived 
from homeostasis in biology within an evolutionary model. As discussed in section 2.2.2.3., the 
variation in spatial proximities between the individuals in a biological colony such as bees or 
termites colonies creates a range of interstitial spaces across the colony by which the energy can 
be dissipated or conserved, and homeostasis can be achieved. If an urban tissue is considered a 
colony, then the buildings are equal to individuals in a colony. The variation in their proximities to 
one another creates spatial domains with different energy balances, and thus the heat flow, from 
one domain to another can be facilitated. This flow of energy eventually is manifested through 
wind flows across these spaces and enables the temperature regulations and homeostasis across 
different domains.  

The intricate spatial relationships between the surfaces of the urban morphology and the 
interstitial spaces play a pivotal role in the energy efflux across the urban area by which a steady 
state of energy exchange can be activated. This attribute is studied in energy-based investigation 
steps in section 3.4.1.3. 
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Figure	3.77.
This	 figure	 illustrates	 the	
first	 two	 selected	 pools	 of	
simulation	 1.1.1.	 after	 the	
application	 of	 the	 first	 two	
selection	 steps	 on	 the	 entire	
population	 of	 simulation	
1.1.1.	The	urban	morphologies	
that	 are	 laid	 out	 on	 the	 grid	
are	 within	 the	 selection	 pool	
one,	 and	 the	 individuals	
that	 are	 marked	 with	 a	 blue	
fitness	 graph	 are	 part	 of	 the	
selection	 pool	 two.	 The	 blue	
graphs	 are	 representing	 the	
fitness	 performances	 of	 these	
individuals.	The	selected	pools	
of	 simulations	 1.1.2,	 1.2.1	
and	 1.2.2.	 are	 available	 the	
Appendix	I.	
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Figure	3.78.
The	selected	urban	morphology	
from	 experiment	 1.1.1.	 The	
bottom	 left	 graph	 represents	
its	fitness	performance.	Closer	
the	graph	to	 the	centre	 refers	
to	 better	fitness	 performance.	
The	 bottom	 right	 graph	
illustrates	 its	 morphological	
characteristics	 relative	 to	
its	 population.	 The	 centre	 of	
the	 graph	 is	 the	 minimum	
value,	 and	 the	 edges	 are	
the	 maximum	 values.	 The	
morphological	 characteristics	
were	 explained	 in	 section	
3.3.3.4.

Figure	3.79.
The	 selected	 urban	
morphology	 from	 experiment	
1.1.2. 
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Figure	3.80.
The	selected	urban	morphology	
from	 experiment	 1.2.1.	 The	
bottom	 left	 graph	 represents	
its	fitness	performance.	Closer	
the	graph	to	 the	centre	 refers	
to	 better	fitness	 performance.	
The	 bottom	 right	 graph	
illustrates	 its	 morphological	
characteristics	 relative	 to	
its	 population.	 The	 centre	 of	
the	 graph	 is	 the	 minimum	
value,	 and	 the	 edges	 are	 the	
maximum	values.	

Figure 3.81.
The	 selected	 urban	
morphology	 from	 experiment	
1.2.2.
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Figure 3.82. 
Top	left.

Figure 3.83.
Bottom	left

Figure 3.84.
Top right.

Figure	3.85.
Bottom	right.
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Figure	3.86.
Sectional	 cuts	 through	 the	
evolved	 urban	 morphologies	
of	experiments	1.1.1.	and	1.1.2	
(summer	 scenarios)	 and	 the	
simplified	urban	block.
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Figure	3.87.
Sectional	 cuts	 through	 the	
evolved	 urban	 morphologies	
of	experiments	1.2.1.	and	1.2.2	
(winter	 scenarios)	 and	 the	
simplified	urban	block.
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3.4.1.2.2.	Experiment	2	Morphological-Based	Analysis

Morphological Explorations of the Simulations
A similar set of analysis as per section 3.4.1.2.1 is conducted for the experiments 2.x.x. The 
following points can be highlighted. The urban FSI values of the populations generated by 
experiments 2.x.x are collectively less than the urban FSI of the simplified urban morphology of 
Chicago (figure 3.88.). The transformations amongst other operations included in the genome  
of the experiment to distort the street grid layout led to a decrease in the Urban FSI (discussed 
in section 3.3.3.2.). Nevertheless, after factoring the morphological interventions (voxels) in 
the calculation of Urban FSI, it appears that in both summer and winter scenarios, simulations 
collectively generated populations with the Urban FSI value that fluctuates around the Urban 
FSI of the simplified morphology (figure 3.89.). Morphological interventions in the context of 
experiments 2.x.x comprise the elevated connections across the urban fabric as discussed in the 
experiment setup section. It is concluded that through the experiments 2.x.x, the same urban 
density is achieved by not only growing vertically but uniformly across the urban area in multiple 
levels.   

While exhibiting less urban FSI compared to the simplified block (MC01 without considering the 
morphological interventions), the surface to volume ratio indicator of the generated populations, 
with or without factoring the morphological interventions (MC03 and MC04), is higher than the 
simplified urban block of Chicago (figures 3.90. and 3.91.). Distortion of the grid layouts, the 
block divisions and added morphological interventions across the fabric drastically increased this 
attribute across all simulations.

All experiments collectively generated populations of individuals with less surface coverage ratio 
than the simplified block (figure 3.92). It is concluded that the evolutionary model favoured 
the generation of solutions with more open spaces on the ground level. To compensate for 
the loss of density, the model added spaces across the elevation of the urban area through 
morphological interventions and voxels. The average height of the generated populations across 
four experiments is slightly higher than the average height of the buildings in the simplified 
urban morphology of Chicago (figure 3.93.).

As observed initially in the graphs of surface coverage ratio (figure 3.92.), all evolutionary 
simulations in experiments 2.x.x have evolved population of individuals with more open space 
ratio on the ground level than the simplified block (figure 3.94.). The genome of the experiment 
enabled a gradient of open spaces to emerge on the ground level with variation in size and 
proximities to buildings. This leads to a gradient of energy intakes and flows across these 
interstitial spaces. These interstitial spaces obtain unique spatial qualities across the experiment 
area compared to the simplified morphology of Chicago. 

Figure 3.88.
MC01	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.89.
MC02	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.90.
MC03	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.91.
MC04	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.92.
MC05	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.93.
MC06	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.94.
MC07	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Morphological Analysis of the Selected Candidates
Similar to the previous experiment and through the developed selection workflow, four urban 
morphologies are selected for this phase of the analysis. Figure 3.95. illustrates the first two 
selection pools for simulation 2.1.1. (the first two selection pools for simulations 2.1.2, 2.2.1 and 
2.2.2. are available in Appendix I). Figures 3.96., 3.97., 3.98. and 3.99 are the final selected urban 
morphologies for the morphological-based analysis. The tables describing all the selection steps 
for the experiments 2.x.x are available in Appendix II.   

Four individuals are selected from experiments 2.x.x (figures 3.96., 3.97., 3.98., 3.99.) to conduct 
a series of comparative analysis between the selected phenotypes and the simplified urban 
morphology of Chicago (figures 3.100., 3.101., 3.102., 3.103.). Following a detailed visualisation of 
the phenotypes’ morphology, the selected individuals and the simplified morphology of Chicago, 
are evaluated by their morphological characteristics relative to one another. The investigation 
culminates by a set of sectional studies to examine the spatial qualities emerged in interstitial 
spaces across the urban area in the evolved phenotypes (figures 3.104., 3.105., 3.106., 3.107.).

In the context of experiments 2.x.x, the proxy variable to be kept in homeostasis is the ratio of 
the shadow to the solar gain of the mid-level elevated connections (i.e. the solar energy intake on 
the selected surfaces). The implemented regulatory method impacted the spatial relationships 
between the elevated connections at multiple levels. The comparison between individuals 2.1.2 
and 2.2.2 (without and with the regulatory method applied) highlights this impact (figures 3.96. 
and 3.97.). In the summer scenario in which the proxy variable was set to maintain a high ratio 
of the shadow to solar gain on the mid-level connections, the high-level connections emerged 
in close proximities to the mid-level connections to cast more shadow and subsequently reduce 
the energy intake of those surfaces (figure 3.97.). On the contrary, in the winter scenario, the 
juxtaposition of the elevated connections in individual 2.2.2 (figure 3.99.) facilitates a better 
energy intake of the selected surfaces than individual 2.1.2 (figure 3.97). This is achieved since 
the proxy variable was set to be maintained within a bigger domain in order to facilitate an 
increase in energy intake in the winter scenario. 

The morphological characteristics of Individuals 2.1.1 and 2.1.2 from the summer scenarios 
relative to their populations are similar to one another (figures 3.96. and 3.97. MC graphs). Both 
individuals are amongst solutions with low Urban FSI and high surface to volume ratio. However, 
their fitness performances are different relative to their population. Both individuals obtain high 
surface to volume ratio in their population but individual 2.1.1, gained a higher rank for the 
increased shadow on the selected surfaces (FO1) in the population compared to individual 2.1.2.

Individuals 2.2.1 and 2.2.2 from the winter scenario simulations are amongst the solutions in 
the population with high Urban FSI (figures 3.98. and 3.99.). The excessive emergence of the 
elevated connections in individual 2.2.1 (figure 3.98.) put it amongst solutions in the population 
with high surface to volume ratio when considering the morphological interventions (MC04). 
In contrast, individual 2.2.2 is ranked in mid-range in the same measurement criteria of MC04.

Comparative analysis of the morphological characteristics recorded for the selected individuals 
and the simplified morphology of Chicago highlights the followings (figures 3.100., 3.101., 
3.102. and 3.103.). The urban FSI (MC01) of the selected phenotypes are less than the simplified 
morphology of Chicago. However, when factoring the morphological interventions in the 
calculation, except for the individual 2.2.1 (figure 3.102.), the urban FSI increases and gets 
closer to the simplified morphology. It highlights that the evolutionary models favour a uniform 
increase in density by choosing the elevated connections over the sole vertical development 
of the buildings. On the other hand, individual 2.2.1 acquired an extreme urban FSI when 
considering the morphological interventions (MC02). This individual is ranked amongst top-
performing solutions in its simulation concerning FO2 and FO3, which respectively were set to 
increase the length and volume of the elevated connections. This increase in density of the 
elevated connections and consequently the excessive overshadowing impacts the energy intake 
of the mid-level elevated connections (surfaces of interest in this experiment). 

Individuals selected from the summer scenario experiments obtain a similar pattern of 
morphological characteristics relative to the simplified morphology (figures 3.100 and 3.101. 
graphs). Both individuals attained a higher surface to volume ratios, which is an indicator of 
the increase self-shading mechanism compared to the simplified morphology. Differently to the 
summer scenarios, individuals 2.2.1 and 2.2.2 from the winter scenario experiments acquired 
different morphological attributes (figures 3.102. and 3.103.). The distinction between the 
morphological interventions generated in 2.2.1 and 2.2.2 underlines that the evolutionary 
models of the winter scenario experiments generated solutions with high variation in urban 
morphologies. In contrast to 2.2.1, the morphological interventions (voxels) in 2.2.2 is a result of 
a set of localised elevated connections across the urban fabric instead of a homogenous global 
connection that is appeared in 2.2.1. 

The voxels added to the urban morphology across multiple levels in all selected candidates enable 
the flow of the city to be elevated. By sectioning through the selected phenotypes, the potential 
of utilising the interstitial spaces between the buildings at higher levels is highlighted (figures 
3.104. and 3.105.). These extended spaces can be utilised as the connection ports between the 
buildings in close proximities as well as they provide elevated spaces at higher levels to serve 
as public urban spaces in a neighbourhood. The grid distortion introduced in the genome of the 
phenotype drove the simulation to produce a gradient of open spaces on the ground level that 
can be accessed from across the urban area. The spatial complexities evolved in the evolutionary 
models of this experiment highlights that the models favour a uniform distribution of spaces 
across the fabric with elevated flow of the city in multiple levels. The evolutionary models 
activate the interstitial spaces across different levels in the urban area by generating spatial units 
(voxels) that could allocate certain urban activities. The transformations to adjust the surface 
areas, the bottom-up geometrical interactions amongst the components of the urban area, the 
gradient of spatial proximities between the buildings and the feedback mechanism to record 
and regulate the ratio of the energy intake of the selected surfaces are principles derived from 
homeostasis in biology.
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Figure	3.95.
This	 figure	 illustrates	 the	
first	 two	 selected	 pools	 of	
simulation	 2.1.1.	 after	 the	
application	 of	 the	 first	 two	
selection	 steps	 on	 the	 entire	
population	 of	 simulation	
2.1.1.	The	urban	morphologies	
that	 are	 laid	 out	 on	 the	 grid	
are	 within	 the	 selection	 pool	
one,	 and	 the	 individuals	
that	 are	 marked	 with	 a	 blue	
fitness	 graph	 are	 part	 of	 the	
selection	 pool	 two.	 The	 blue	
graphs	 are	 representing	 the	
fitness	 performances	 of	 these	
individuals.	The	selected	pools	
of	 simulations	 2.1.2,	 2.2.1	
and	 2.2.2.	 are	 available	 the	
Appendix	I.	

Chapter 3 - Design Experiments

254253

Homeostatic Urban Morphologies
An Evolutionary Model to Generate Urban Morphologies With Embedded Homeostatic Behaviours Experiment 2 Morphological-Based Analysis



Figure	3.96.
The	 selected	 urban	
morphology	 from	 experiment	
2.1.1.	The	fitness	performance	
and	 the	 morphological	
characteristics	graphs.

Figure	3.97.
The	 selected	 urban	
morphology	 from	 experiment	
2.1.2.	The	fitness	performance	
and	 the	 morphological	
characteristics	graphs.
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Figure	3.98.
The	 selected	 urban	
morphology	 from	 experiment	
2.2.1.	The	fitness	performance	
and	 the	 morphological	
characteristics	graphs.

Figure	3.99.
The	 selected	 solution	 from	
experiment 2.2.2. 
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Figure	3.100.	
Top	left.

Figure	3.101.
Bottom	left

Figure	3.102.
Top right.

Figure	3.103.
Bottom	right.
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Figure	3.104.
Sectional	 cuts	 through	 the	
evolved	 urban	 morphologies	
of	experiments	2.1.1.	and	2.1.2	
(summer	 scenarios)	 and	 the	
simplified	urban	block.
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Figure	3.105.
Sectional	 cuts	 through	 the	
evolved	 urban	 morphologies	
of	experiments	2.2.1.	and	2.2.2	
(winter	 scenarios)	 and	 the	
simplified	urban	block.
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3.4.1.2.3.	Experiment	3	Morphological-Based	Analysis

Morphological Explorations of the Simulations
A similar set of analysis as per previous sections is conducted for the experiments 3.x.x. The 
Urban FSI values of the populations generated by summer scenario experiments are collectively 
more than the Urban FSI of the simplified urban morphology of Istanbul (figure 3.106. top 
graphs). The ability of the buildings to move and form larger footprints, one of which is the tower 
cluster coupled with FO3 which drives the simulation to increase shadow on the ground level 
(less energy intake) increased the urban FSI values collectively. On the contrary and due to the 
change in the direction of FO3 from increase to decrease shadow (more energy intake) the urban 
FSI values in the winter simulations decreased and fluctuated around the ratio of the simplified 
morphology (figure 3.106. bottom graphs). The urban FSI values for both summer and winter 
scenarios are higher than the simplified urban morphology when considering the morphological 
interventions added to the urban fabric by the elevated connections (figure 3.107.).  This value 
for summer scenario experiments is higher than the winter scenario experiments. It can be 
concluded that the overall generated populations increased the density of the urban area.

Without factoring the morphological interventions in the surface to volume ratio calculation 
(MC03), the simplified urban morphology has a higher surface to volume ratio than the 
populations generated by all simulations (figure 3.108.). This is due to transformations enabled in 
the construction of the phenotype to form bigger building footprints compared to the simplified 
morphology. Nonetheless, when including the morphological interventions in the calculations, 
generated populations across all simulations obtain a higher value of surface to volume ratio 
than the simplified Istanbul urban block (figure 3.109.).

The surface coverage ratio values of the evolved populations in summer scenarios are similar 
to the ratio of the simplified morphology (figure 3.110. top graphs). In the winter scenarios, the 
generated individuals have less surface coverage ratio compared to summer scenarios due to FO3 
that drove the simulation to decrease the shadow on the ground level and to increase the energy 
intake (figure 3.110. bottom graphs). Summer scenario experiments generated populations of 
individuals with the average height higher than the simplified morphology of Istanbul (figure 
3.111. top graphs). This contributed to the increase in shadow on the ground level. On the 
contrary, the average height of the winter scenario experiments are less than summer scenarios’ 
but still are collectively more than the average height of the simplified morphology (figure 3.111. 
bottom graphs).

The evolved urban morphologies from all simulations obtain a higher ratio of the open spaces on 
the ground level (figure 3.112.) while exhibiting a higher Urban FSI compared to the simplified 
morphology. This is achieved by enabling the movement of the blocks to form building clusters 
in the evolutionary process as well as facilitating the higher-level connections to compensate for 
the loss of circulation and density. Furthermore, this led to the emergence of various interstitial 
spaces across the urban area with a unique relationship to the building surfaces across the 
elevations.

Figure	3.106.
MC01	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.107.
MC02	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.108.
MC03	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure	3.109.
MC04	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure	3.110.
MC05	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Figure 3.111.
MC06	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	

Figure 3.112.
MC07	 graphs.	 The	 top	
graphs	 represent	 the	
summer	 scenarios,	 and	 the	
bottom	 graphs	 represent	 the	
winter	 scenarios.	 The	 dash	
lines	 represent	 the	 original	
simplified	 block.	 The	 red	 lines	
represent	 the	 simulation	 with	
five	 fitness	 objectives,	 and	
the	 blue	 lines	 represent	 the	
simulation	 with	 four	 fitness	
objectives.	 The	 left	 graphs	
describe	the	entire	simulation,	
and	 the	 right	 graphs	 describe	
only	the	last	generations.	
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Morphological Analysis of the Selected Candidates
Similar to the previous experiments and through the developed selection workflow, four urban 
morphologies are selected for this phase of the analysis. Figure 3.113. illustrates the first two 
selection pools for simulation 3.1.2. (the first two selection pools for simulations 3.1.1, 3.2.1 and 
3.2.2. are available in Appendix I). Figures 3.114., 3.115., 3.116. and 3.117 are the final selected 
urban morphologies for the morphological-based analysis. The tables describing all the selection 
steps for the experiments 3.x.x are available in Appendix II.

The selected Individuals from the winter scenario experiments obtained similar morphological 
characteristics relative to their population (figures 3.116. and 3.117. MC graphs). Individuals 
3.2.1 and 3.2.2 are amongst solutions with high urban FSI, with and without considering the 
morphological interventions (MC01 and MC02), high surface coverage ratio (MC05) and high 
average height (MC06). It appears that these individuals addressed FO4 (increase in the built 
volume of the buildings) by allocating more building blocks to the tower cluster. However, the 
emergence of these high-rise blocks in individuals 3.2.1 and 3.2.2 impacted FO1 (decrease 
shadow on the ground) adversely, and as illustrated, both individuals are amongst the weak 
performing solutions concerning FO1 (figures 3.116. and 3.117. FO graphs). To compensate for 
the lack of solar gain and energy intake of the urban area, simulation has pushed the tower 
clusters to emerge on the north side of the experiment area to block the solar radiation on the 
ground as less area as possible. 

On the contrary, the summer scenario experiments are amongst solutions that are ranked with 
the lower performance of FO4 (increase built volume) relative to the population (figures 3.114. 
and 3.115. FO graphs). The recorded urban FSI (without the morphological interventions) of 
these individuals confirms they are amongst the bottom half of the population concerning 
density. Nevertheless, the spaces added by the evolved elevated connections in individuals 3.1.1 
and 3.1.2 raised the value of Urban FSI and put them amongst the top half of the population 
(figures 3.114. and 3.115. MC graphs). In contrast to the winter simulation individuals, summer 
simulation individuals favoured a uniform distribution of density by allocating greater areas to 
the elevated connections.

The fitness performance of all four individuals demonstrates a trade-off between objectives, 
as they perform well for a number of objectives and poor for the rest. It is indicative of the 
complexity of the optimisation problem and the conflict between the fitness criteria. All the 
selected phenotypes comprise a series of localised and global elevated connections that can 
improve the circulation in the tissue in multiple levels as well as a uniform growth of density 
across the urban area.

The relative comparison of the morphological characteristics between the individuals selected 
from summer experiments and the simplified morphology is similar,  as it is evident in their 
respective graphs (figures 3.118. and 3.119. graphs). A similar pattern emerges by comparing 

the winter scenario experiments to the simplified morphology as well (figures 3.120. and 3.121. 
graphs). Urban FSI (MC01) for both individuals 3.1.1 and 3.1.2 (summer experiments) are similar 
to the simplified morphology while urban FSI with considering morphological interventions 
(MC02) is higher than the simplified morphology (figures 3.118. and 3.119.). On the other hand, 
MC01 and MC02 for winter scenario individuals are higher than the simplified morphology of 
Istanbul urban block. All four selected individuals collectively obtained a smaller surface to 
volume ratio (MC03) compared to the simplified morphology. However, when factoring the 
morphological interventions (MC04), this indicator increases for all solutions and exceeds the 
simplified morphology with the summer scenario individuals spiked more than the winter 
scenario individuals. It highlights the direction of the evolutionary model in summer scenario 
to create a higher surface to volume ratio that can improve the self-shading mechanism of the 
urban area in hot days of summer.

The surface coverage ratio for all selected individuals is similar to the simplified urban morphology. 
It highlights that the increase in density is not the conclusion of occupying more surface areas, 
but it is the result of increased in the height of the buildings as well as spaces added to the urban 
area by elevated connections. Although the open space ratio between the phenotypes and the 
simplified morphology is similar, the buildings in the phenotype moved to form bigger building 
footprints. It led the simulation to allocate larger areas to the open spaces on the ground level. 
This naturally leads to the emergence of interstitial spaces across the urban area that differs in 
size and proximities to the surrounding buildings by which variation of spatial qualities emerge. 
This is an attribute that is missing in the simplified morphology of Istanbul urban tissue and is 
due to the distribution of the buildings in similar proximity to one another.

A gradient of open spaces with a variety of spatial relationships to the surrounding buildings was 
evolved in the phenotypes.  The sectional study of the morphologies validates this statement 
(figures 3.122. and 3.123.). Larger areas of interstitial spaces in evolved phenotypes have the 
potential to enable a set of extended urban activities compared to the simplified morphology. 
Additionally, the generation of elevated connections across the phenotype in multiple levels 
created spaces at higher levels to enable an extended set of public urban activities to emerge. 
The intricate growth pattern of the simplified morphology has created a convoluted circulation 
path across the urban area. The elevated connections in the evolved phenotype, facilitated a 
set of localised and global circulation paths to emerge at multiple levels that could improve 
the movements across the urban area as well. At last, the exchange of energy between the 
interstitial spaces where the city flows, and the built environment is influenced by the evolved 
morphology across the urban area that could enable an energy gradient and heat flow  - a similar 
phenomenon that occurs in the biological colonies and their homeostasis (discussed in section 
2.2.2.3.). This will be examined in the energy-based investigations in section 3.4.1.3. 
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Figure 3.113.
This	 figure	 illustrates	 the	
first	 two	 selected	 pools	 of	
simulation	 3.1.2.	 after	 the	
application	 of	 the	 first	 two	
selection	 steps	 on	 the	 entire	
population	 of	 simulation	
3.1.2.	The	urban	morphologies	
that	 are	 laid	 out	 on	 the	 grid	
are	 within	 the	 selection	 pool	
one,	 and	 the	 individuals	
that	 are	 marked	 with	 a	 red	
fitness	 graph	 are	 part	 of	 the	
selection	 pool	 two.	 The	 red	
graphs	 are	 representing	 the	
fitness	 performances	 of	 these	
individuals.	The	selected	pools	
of	 simulations	 3.1.1,	 3.2.1	
and	 3.2.2.	 are	 available	 the	
Appendix	I.	
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Figure 3.114.
The	 selected	 urban	
morphology	 from	 experiment	
3.1.1.	The	fitness	performance	
and	 the	 morphological	
characteristics	graphs.

Figure	3.115.
The	 selected	 urban	
morphology	 from	 experiment	
3.1.2. 

Chapter 3 - Design Experiments

278277

Homeostatic Urban Morphologies
An Evolutionary Model to Generate Urban Morphologies With Embedded Homeostatic Behaviours Experiment 3 Morphological-Based Analysis



Figure	3.116.
The	 selected	 urban	
morphology	 from	 experiment	
3.2.1.	The	fitness	performance	
and	 the	 morphological	
characteristics	graphs.

Figure	3.117.
The	 selected	 urban	
morphology	 from	 experiment	
3.2.2. 
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Figure 3.118. 
Top	left.

Figure	3.119.
Bottom	left

Figure	3.120.
Top right.

Figure 3.121.
Bottom	right.
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Figure 3.122.
Sectional	 cuts	 through	 the	
evolved	 urban	 morphologies	
of	experiments	3.1.1.	and	3.1.2	
(summer	 scenarios)	 and	 the	
simplified	urban	block.
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Figure 3.123.
Sectional	 cuts	 through	 the	
evolved	 urban	 morphologies	
of	experiments	3.2.1.	and	3.2.2	
(winter	 scenarios)	 and	 the	
simplified	urban	block.
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3.4.1.2.4.	Conclusion	

The morphological-based investigation conducted in this section is the second set of inquires 
in the sequence of analysis developed in this research. As discussed, the objectives of the 
morphological-based analyses were, first to conduct a comprehensive evaluation of the 
morphological characteristics that evolved from the evolutionary simulations and second to 
propose a comprehensive selection strategy to understand and filter down the outputted results 
of the evolutionary simulations to select a candidate design solution.  

The evaluations of the morphological explorations of the simulations were conducted 
comparatively to the simplified morphology of the chosen urban blocks and in two scales- one 
for the entire simulation and one at the scale of the selected individuals. The analysis concluded 
the success of the simulations in evolving urban tissues with high morphological variation 
while optimising for a set of principle urban objectives (section 3.3.1.) and conserving the core 
morphological attributes of their respective simplified morphologies. The individual analysis 
concluded that almost all evolved urban morphologies could obtain a higher density while 
enabling similar or more open space ratios compared to their respective simplified morphologies. 
This is achieved due to the transformations enabled in the genome of the experiments (section 
3.3.3.). Furthermore, it is observed that the variation of interstitial spaces that emerged in the 
selected urban tissues was significantly higher than the simplified urban blocks. As discussed, 
these spaces play a pivotal role in the homeostasis of the biological colonies (section 2.2.2.3.). 
Based on the same principles, the significance of the variation of the interstitial spaces in the 
homeostasis of an urban tissue is studied in the next section. 

This section also developed a systematic way of accessing, visualising and comprehending the 
data and the results outputted by the evolutionary simulations efficiently. It illustrated the 
elegance of the employed computational process that allows so many generations of individuals 
to evolve and a large number of geometries to be manipulated without needing to generate 
everything iteratively. This section elaborated on the selection strategies that can be utilised 
for future scenarios. It described an indeterministic approach to a design problem in which the 
designer does not need to be aware of every single detail in advance. As long as the designer 
is aware of the principle parameters (which translate to the genome and the fitness objectives 
in this context), the novelty of the computational process allows the designer to apply different 
weighting to the data outputted by the process and reinterrogate and re-select the results for 
slightly different design scenarios without rerunning the evolutionary simulations. 

3.4.1.3. Energy-Based Inquiries
This chapter ends with Energy-Based Inquiries (figure 3.124.). One individual per seasonal 
scenario per experiment is selected to conduct a set of comparative energy analysis to their 
respective simplified morphologies. In total, two candidate solutions per experiment are chosen 
for the final stage of investigations (6 design candidates in total). This analysis comprises a set 
of energy simulations to examine the impact of evolved phenotypic variations on the energy 

exchange between the interstitial spaces and the urban morphology. This energy exchange is 
determined by the temperature fluctuations of interstitial spaces throughout a day (summer 
solstice for summer scenario and winter solstice for winter scenario). The homeostatic behaviour 
of the phenotype relative to its simplified morphology is realised by comparing the temperature 
oscillations across the interstitial spaces in the phenotype and the simplified morphology.

This analysis is performed through two spatial domains per individual to understand any 
behavioural differences across different spatial domains. Two surfaces in two different proximities 
to the ground level are selected per each spatial domain to study the energy exchange and 
temperature fluctuations across the elevation. The first surface of inquiry is 1.5 meters above 
the ground level, while the height of the second surface is different within each experiment.  The 
energy analysis is conducted through three evaluation methods, and all individuals are analysed 
in four different times of a day, 6:00, 10:00, 14:00  and 18:00. The analysis methods are as 
follows (discussed in section 3.2.2.).

• The mean radiant temperature (MRT) of the investigation areas.
• The operative temperature (OT) of the investigation areas.
• The adaptive comfort index (ACI) of the investigation areas.

By running these studies for the selected phenotypes as well as the simplified morphologies 
(Table 13), a matrix of data is formed based on which the temperature fluctuation and the 
energy flow across the interstitial spaces can be determined. This energy exchange throughout 
the day is influenced by the urban morphology, building surfaces and interior spaces as well 
as the environmental scenarios. The energy flow across the interstitial spaces is recognised as 
a part of the metabolism of the urban area. The objective of this investigation is to highlight 
the significance of urban morphology, regardless of material and occupation specificities, in the 
energy behaviour of the interstitial spaces (in-between the buildings) and metabolism of the 
urban tissue which in fact impact its homeostasis (with the similar principles of homeostasis of 
the biological colonies that were discussed in section 2.2.2). 

A set of morphological and behavioural principles derived from homeostasis in biology were 
applied to a group of evolutionary models that evolved phenotypes for different environmental 
and urban scenarios. The primary goal of this set of examinations is to study to what extent 
homeostatic characteristics are manifested in the evolved morphologies. The comparison of the 
exchange of energy across the evolved phenotypes and the simplified morphologies highlights 
the impact of the implemented principles in the metabolic activities of urban areas. The range of 
temperature fluctuations across different urban tissues highlights the impact of morphology in 
maintaining the energy flow of the urban area and its homeostasis through seasonal, temporal, 
and spatial changes. 
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The temperature, which is the manifestation of heat gain or loss of a biological system, is 
maintained through a homeostatic process known as thermoregulation that is expressed 
through forms and behaviours (section 2.2.2.2). The species whose temperature can fluctuate 
in a broad range are called ectothermic, and on the contrary, the ones whose temperature 
fluctuates in a narrow range are endothermic. Based on a similar set of principles, the rate of 
changes in temperature across an urban area can be affected and regulated by its morphology. 
Higher temperature fluctuations can lead to heat flows across different domains and energy 
dissipations, while lower temperature fluctuations can lead to energy preservations.  By 
stressing the significance of morphology in energy behaviour of interstitial spaces, where the 
city actually lives, one can derive meaningful parameters to be implemented in the urban design, 
development and redevelopment of the current and future urban scenarios.  

Figure 3.124.
The	energy	-	based	 inquires	 is	
the	last	series	of	investigations	
in	the	sequence	of	analysis.	

Amongst four selected individuals per experiment in the previous section (morphological-based 
investigations, two for summer scenario and two for winter scenario), the individual that has 
better fitness values and a higher Urban FSI (MC02) per seasonal scenario is selected for the 
energy-based inquiries (table 13). Therefore, two individuals per experiment are selected for 
this stage. Material, occupation and activity specificities in the energy simulations are constant 
variables through all individuals (for further details and illustrations of the constant variables, 
please refer to Appendix I and Appendix II). This is to ensure that morphology is the only 
parameter that impacts the exchange of energy across all experiments.

The temperature oscillation across the interstitial spaces in the selected individuals, and the 
simplified morphologies are measured within two spatial domains, in two different elevations. 
This change is calculated through mapping the radiant and operative temperatures of the pixels 
of outdoor areas in-between buildings via microclimate analysis. As the scale of the study 
area grows, a level of abstraction is applied to the energy calculations to compensate for the 
increased complexity and the computation time. This abstraction includes an increase in the 
size of outdoor pixels and the thermal zones across the urban morphologies. As discussed, 
the primary purpose of these studies is to understand the temperature fluctuations across the 
investigation areas in the selected urban morphologies and the simplified urban blocks. By doing 
so, the energy behaviour of urban morphologies across the interstitial spaces relative to the 
simplified morphologies can be examined through the outputted matrix of data. Moreover, any 
emergent homeostatic behaviours can be determined. 

As a result, the homeostatic characteristics of evolved morphologies in relation to the simplified 
urban blocks can be classified. If the range of temperature oscillation in an evolved morphology 
exceeds this range in the simplified urban block, the urban morphology has obtained ectothermic 
characteristics. This leads to the energy exchange mode across the investigation area as this 
causes heat flows across the spatial domains. On the contrary, if the temperature of interstitial 
spaces across an evolved morphology fluctuates in a smaller domain than the simplified 
morphology, the evolved phenotype has exhibited endothermic characteristics. This leads to 
the energy preservation mode as less energy will be exchanged across different spatial domains 
(Ectothermic species can adapt to a wider range of temperature fluctuations compared to 
endothermic species). 

The adaptive thermal comfort index is calculated as the third evaluation method to realise in 
how much of the study area, more than 50 % of people are in their thermal comfort (discussed in 
section 3.2.2.). This analysis highlights the performance of the generated phenotypes in evolving 
interstitial spaces suitable for urban and cultural activities. 
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3.4.1.3.1.	Experiment	1	Energy-Based	Analysis

The energy-based analysis for experiment 1 is conducted twice. The first one is for the selected 
phenotype from the summer scenarios, and the second one is for the selected phenotype from 
the winter scenarios (figure 3.125.). Additionally, there are two spatial domains of investigation 
across two elevations within each seasonal scenario (for more information and the illustration of 
the spatial domains, please refer to Appendix I).

Summer Scenario
The analysis conducted for experiment 1 summer scenario (table 3.14.) highlights the following 
observations (The tables with details of the temperature fluctuations are available in Appendix 
II).

The selected phenotype obtained a higher range of radiant and operative temperature 
fluctuations across the spatial domain 1 than the simplified morphology. It indicates that the 
evolved morphologies mostly obtained ectothermic characteristics compared to the simplified 
urban block (figures 3.126 and 3.127). Ectothermic characteristics trigger energy exchange 
mode. However, by elevating the investigation area, the phenotype’s ectothermic characteristic 
is transformed into an endothermic attribute at 14:00, which can be translated to the energy 
preservation mode. Large areas of open space that can be utilised for cultural activities across 
the phenotype on the ground level with higher variation in the energy gain compared to the 
simplified morphology triggered the dominant ectothermic characteristic of the phenotype. 
(figures 3.126 and 3.127. top drawings). Higher variation of the energy intake of the interstitial 
spaces across the phenotype leads to more extreme temperature differences and heat flows 
compared to the simplified block. This naturally proceeds to wind flow from one domain to 
another that initiates temperature changes and can facilitate homeostasis. 

The domain of temperature changes across the interstitial spaces in the phenotype relative to the 
simplified morphology decreases in mid-day (10:00 and 14:00) as the elevation of the study area 

Table	3.13
This	 table	 illustrates	 the	
complexity	 of	 the	 analysis	
that	 is	 conducted	 in	 the	
energy-based	 investigations	
per	 experiment.	 As	 shown,	
there	are	 two	phenotypes	per	
experiment,	 one	 for	 summer	
and	 one	 for	 winter	 scenario.	
Each	phenotype	is	going	to	be	
compared	 with	 the	 simplified	
morphology	 in	 two	 spatial	
domains,	 each	 across	 two	
elevations	 and	 four	 times	 of	
the	 day.	 The	 tables	 that	 are	
describing	 each	 experiment	
and	their	selected	phenotypes	
are	available	in	Appendix	II.

increases (figures 3.126. and 3.127. bottom graphs). However, the simplified morphology exhibits 
a smaller temperature range close to the ground level compared to the phenotype (figures 3.126. 
and 3.127. bottom left graphs). It suggests that the phenotype’s outdoor areas at higher levels 
have less energy intake than the simplified block. Comparison of the adaptive thermal comfort 
graphs for both elevations illustrates that by elevating the study area, the phenotype acquires a 
higher percentage of the interstitial spaces where people are in thermal comfort compared to 
the simplified morphology while on the ground level the simplified morphology is performing 
better (figure 3.128.).

By increasing the size of the study area, the homeostatic behaviour of the phenotype is changed 
(figures 3.129. and 3.130.). While in spatial domain 1, the phenotype’s behaviour is predominantly 
ectothermic (energy exchange mode), in spatial domain 2, the phenotype’s behaviour varies 
across multiple elevations and toggles between endothermic (energy preservation) and 
ectothermic (energy dissipation). Almost in all points in time, by increasing the elevation of 
the study area, ectothermic behaviour of the phenotype is transformed to an endothermic 
behaviour, except for 18:00. In other words, while closer to the ground level, the metabolism of 
the interstitial spaces is at a higher frequency and the energy exchange occur more frequently 
compared to the elevated spaces in the phenotype. Large open areas with high variation in solar 
gain on the ground level as well as interstitial spaces with size variation across the elevation are 
the crucial components for this behaviour change.  Nonetheless, the domain of the temperature 
changes of the phenotype relative to the simplified morphology is similar across both spatial 
domains (figures 3.129 and 3.130. bottom graphs and figures 3.126. and 3.127. bottom graphs).

By increasing the size of the study area, the percentage of the urban region with adaptive 
thermal comfort across two elevations in the phenotype and the simplified morphology has 
become closer to one another compared to spatial domain 1 (figure 3.131. bottom graphs 
compared to figure 3.128. bottom graphs). However, the phenotype still performs slightly better 
at higher elevations compared to the simplified morphology in spatial domain 2 (figure 3.131. 
bottom right graph). The increase in the size of the investigation area also enhances the ratio 
of interstitial spaces with thermal comfort to the entire area (from 70% in the spatial domain 1 
elevation 1 to 75% in spatial domain 2 elevation 1, with the same increase in elevation 2)(figure 
3.131 bottom graphs compared to figures 3.128 bottom graphs). 
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Table	3.14.
This	 table	 illustrates	 the	
energy-based	 analysis	 matrix	
for	 experiment	 1	 summer	
scenario.
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Figure	3.125.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	
of	 Fes.	 The	 middle	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 the	 selected	
phenotype	 of	 the	 summer	
scenarios.	 And	 the	 bottom	
left	 and	 right	 drawings	
represent	the	sections	through	
the	 selected	 phenotype	 of	
the	 winter	 scenarios.	 The	
dashed	 red	 lines	 represent	
the	 spatial	 domains	 of	
interstitial	 spaces	 across	 all	
three	 urban	 morphologies.	
The	 hatched	 areas	 illustrate	
the	buildings’	thermal	zones	in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.126.
Mean	radiant	temperatures	for	spatial	domain	1	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	1,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.127.
Operative	temperatures	for	spatial	domain	1	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.126.

Figure	3.129.
Mean	radiant	temperatures	for	spatial	domain	2	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	2,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.130.
Operative	temperatures	for	spatial	domain	2	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.129.
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Figure 3.128.
Adaptive	thermal	comfort	index	for	spatial	domain	1	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	adaptive	thermal	comfort	percentage	on	the	pixels	of	interstitial	spaces.	The	
top	row	represents	the	evolved	phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	
of	spatial	domain	1,	and	the	right	section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	between	the	evolved	phenotype	and	the	simplified	morphology	of	what	
percentage	of	interstitial	spaces	provided	thermal	comfort	for	more	than	50%	of	occupants	(calculated	based	on	adaptive	thermal	comfort	index	explained	in	section	3.2.2).

Figure 3.131.
Adaptive	thermal	comfort	index	for	spatial	domain	2	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.128.

Winter Scenario
The analysis conducted for experiment 1 winter scenario (table 3.15.) highlights the following 
observations (The tables with details of the temperature fluctuations are available in Appendix 
II).

In contrast to the summer scenario, the selected phenotype’s behaviour in the winter scenario 
across the spatial domain 1 throughout the day is predominantly endothermic except two cases 
of 6:00 and 18:00 at the elevated surfaces (figures 3.132. and 3.133). This implies the energy 
preservation mode that is advantageous for the winter scenario. The temperature changes in 
mid-day (10:00 and 14:00) across the interstitial spaces of the spatial domain 1 in the phenotype 
is less than simplified morphology on the ground level and higher than the simplified morphology 
at the elevated surfaces (figures 3.132. and 3.133. bottom graphs). This is the opposite pattern 
that emerged in the summer scenario experiment. It describes the energy preservation mode 
that has emerged closer to the ground level in the winter scenario experiment and energy 
dissipation modes for in the summer scenario. 

The predominant endothermic characteristic of interstitial spaces across the phenotype led to 
the smaller ratio of the outdoor areas with thermal comfort relative to the simplified morphology 
(figure 3.134.). Endothermic characteristics lead to less energy and wind flow across the tissue 
than ectothermic characteristics. Due to the morphological interventions and extra surfaces 
generated across the urban area, the phenotype acquired higher temperature range compared 
to the simplified morphology at higher levels (figures 3.132. and 3.133. bottom right graphs). 
This attribute is considered positive in the winter scenario and could enable cultural activities to 
emerge at higher elevated open spaces that were evolved in the phenotype. 

The behaviour of the phenotype is reversed by increasing the area of investigation from spatial 
domain 1  to spatial domain 2 (Comparing figures 3.132 to 3.135 and 3.133 to 3.136). While 
the phenotype predominantly obtained energy preservation mode and endothermic behaviour 
across the spatial domain 1, in the spatial domain 2, all endothermic behaviours switched to 
ectothermic and vice versa. Additionally, the range of temperature changes of the interstitial 
spaces across the phenotype relative to the simplified urban bock increased when compared 
to the spatial domain 1. This behaviour change led to a positive impact on adaptive thermal 
comforts. By including more thermal zones and surfaces in the calculation of the energy 
behaviour of the urban areas, the range of temperatures acquired by the interstitial spaces 
across the phenotype increased and thus created a higher ratio of outdoor areas with adaptive 
thermal comfort in both elevations compared to the simplified block (comparing figure 3.137 
bottom graphs to 3.134 bottom graphs). 
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Table	3.15.
This	 table	 illustrates	 the	
energy-based	 analysis	 matrix	
for	 experiment	 1	 winter	
scenario.
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Figure 3.132.
Mean	radiant	temperatures	for	spatial	domain	1	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	1,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure 3.133.
Operative	temperatures	for	spatial	domain	1	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.132.

Figure	3.135.
Mean	radiant	temperatures	for	spatial	domain	2	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	2,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.136.
Operative	temperatures	for	spatial	domain	2	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.135.
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Figure 3.134.
Adaptive	thermal	comfort	index	for	spatial	domain	1	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	adaptive	thermal	comfort	percentage	on	the	pixels	of	interstitial	spaces.	The	
top	row	represents	the	evolved	phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	
of	spatial	domain	1,	and	the	right	section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	between	the	evolved	phenotype	and	the	simplified	morphology	of	what	
percentage	of	interstitial	spaces	provided	thermal	comfort	for	more	than	50%	of	occupants	(calculated	based	on	adaptive	thermal	comfort	index	explained	in	section	3.2.2).

Figure	3.137.
Adaptive	thermal	comfort	index	for	spatial	domain	2	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.134.

Discussion
The temperature fluctuation across the interstitial spaces in the selected phenotypes is indicative 
of their energy flow throughout the day and is influenced by the urban morphology, building 
surfaces and interior spaces as well as the environmental conditions. The analysis conducted in 
this section explored how the evolved morphologies influence this fluctuation and impact the 
metabolism of the urban areas. It is realised that the evolved phenotypes (both in summer and 
winter scenario) obtained different energy preservation and dissipation behaviours and metabolic 
activities than the simplified urban morphology. This change in behaviour in the phenotypes are 
categorised within two homeostatic behaviours of endothermic and ectothermic. 

In both seasonal scenarios, the homeostatic behaviour of the selected phenotypes has changed 
by increasing the size of the study area. In the summer scenario, some ectothermic attributes are 
transformed into endothermic characteristics. This leads to a change from a higher frequency of 
temperature changes and energy exchanges to a lower frequency of temperature fluctuations 
and energy preservations. On the contrary, in the winter scenario opposite occurred and 
endothermic performances converted to ectothermic behaviours. Furthermore, an increase in 
the size of the investigation area brought closer the ratio of the interstitial spaces with adaptive 
thermal comfort in the selected phenotypes and the simplified morphology. 

In both summer and winter scenarios, the energy exchange between the interstitial spaces 
and the surrounding areas across the elevated surfaces is in favour of the seasonal scenario. In 
summer scenario, the elevated spaces obtain a lower temperature range in the critical moments 
throughout the day (mid-day) when compared to the simplified morphology. In the winter 
scenario, an opposite pattern emerged in which the phenotype acquired higher temperature 
ranges compared to the simplified morphology in the critical times of the day (afternoon). It can 
be argued that the evolved morphologies obtain a dynamic homeostatic characteristic according 
to their seasonal scenario, which allows for adaptation to a range of urban activities. 
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3.4.1.3.2.	Experiment	2	Energy-Based	Analysis

Similar to the previous section, the energy-based analysis for experiment 2 is conducted two 
times. The first one is for the selected phenotype from the summer scenarios (figure 3.138.), 
and the second one is for the selected phenotype from the winter scenarios (figure 3.139.). 
Additionally, there are two spatial domains of investigation across two elevations within each 
seasonal scenario (for more information and the illustration of the spatial domains, please refer 
to Appendix I).

Summer Scenario
The analysis conducted for experiment 2 summer scenario (table 3.16.) highlights the following 
observations (The tables with details of the temperature fluctuations are available in Appendix 
II).

Across the spatial domain 1, the temperature fluctuations of the phenotype demonstrate two 
behaviours in two different elevations (figures 3.140. and 3.141.). The phenotype acquired 
endothermic behaviour with narrower temperature fluctuations closer to the ground level 
and ectothermic behaviour with broader temperature fluctuations at a higher elevation. The 
former is due to the generated morphological configurations in the phenotype that impacted the 
temperature of the areas on the ground level by casting more shadows than the simplified block. 
This naturally leads to the lower temperature range of the interstitial spaces on the ground level 
in the phenotype compared to the simplified block (figure 3.140. bottom left graph). 

The homeostatic behaviour of the phenotype changes to ectothermic and energy dissipation 
mode at higher levels. This occurred due to the increase in the areas with lower temperatures 
across the interstitial spaces in the phenotype compared to the simplified block (figure 3.140. 
bottom right graph). Due to various spatial qualities emerged at higher levels in the phenotype 
(morphological interventions and voxels figure 3.138.), there are areas of outdoor spaces that 
obtained less temperature than the simplified block. This increased the range of temperature 
fluctuation in the phenotype. This high-temperature differences in the phenotype at higher levels 
triggers the energy exchange mode and wind flow from one domain to another that eventually 
contributes to temperature regulation and homeostasis. Hence, the ectothermic behaviour of 
the phenotype at higher levels is in favour of the seasonal scenario.

The phenotype obtained a higher ratio of outdoor areas where more than 50% of people are 
in thermal comfort, than the simplified morphology across both elevations in spatial domain 1.  
(figure 3.142. bottom graphs). Therefore, it can be concluded that the behavioural changes of 
the phenotype across the elevation, from endothermic to ectothermic, enabled such adaptive 
performance. 

By increasing the size of the investigation area and the number of components in the energy 
interactions, the phenotype obtains the opposite homeostatic behaviour compared to spatial 
domain 1 (figures 3.143. and 3.144.). In almost all moments in time and space, the endothermic 
behaviours of the phenotype have changed to ectothermic and energy exchange modes and vice 
versa from spatial domain 1 to 2 (except 6:00 at E2 surface, comparing figures 3.143. and 3.144. 
bottom graphs with figures 3.140. and 3.141. bottom graphs). Additionally, the temperature 
range of the interstitial spaces across in the phenotype relative to the simplified block has 
changed from spatial domain 1 to 2. In closer proximities to the ground level, the phenotype 
acquired higher temperatures compared to spatial domain 1 (comparing figure 3.143. bottom 
left graph to figure 3.140. bottom left graph ). The nonuniform grid distribution across the 
phenotype that is more detectable in spatial domain 2 coupled with larger areas of ground level 
for the investigation has led to this result.

Although the homeostatic behaviour of the phenotype has changed from spatial domain 1 to 
2, the ratio of the areas with adaptive thermal comfort in the phenotype is still higher than the 
simplified morphology in almost all moments in time and space in spatial domain 2 (figure 3.145. 
bottom graphs). The elevated connections and morphological interventions in the phenotype 
have successfully generated surfaces at the higher elevations in which more than 50 % of people 
are in thermal comfort across both spatial domains of investigations. 
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Table	3.16.
This	 table	 illustrates	 the	
energy-based	 analysis	 matrix	
for	 experiment	 2	 summer	
scenario.
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Figure 3.138.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Chicago.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 the	 selected	
phenotype	 of	 the	 summer	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.139.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Chicago.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 the	 selected	
phenotype	 of	 the	 winter	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.140.
Mean	radiant	temperatures	for	spatial	domain	1	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	1,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure 3.141.
Operative	temperatures	for	spatial	domain	1	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.140.

Figure 3.143.
Mean	radiant	temperatures	for	spatial	domain	2	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	2,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II

Figure 3.144.
Operative	temperatures	for	spatial	domain	2	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.143.
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Figure 3.142.
Adaptive	thermal	comfort	index	for	spatial	domain	1	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	adaptive	thermal	comfort	percentage	on	the	pixels	of	interstitial	spaces.	The	
top	row	represents	the	evolved	phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	
of	spatial	domain	1,	and	the	right	section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	between	the	evolved	phenotype	and	the	simplified	morphology	of	what	
percentage	of	interstitial	spaces	provided	thermal	comfort	for	more	than	50%	of	occupants	(calculated	based	on	adaptive	thermal	comfort	index	explained	in	section	3.2.2).

Figure	3.145.
Adaptive	thermal	comfort	index	for	spatial	domain	2	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.142.

Winter Scenario
The analysis conducted for experiment 2 winter scenario (table 3.17.) highlights the following 
observations (The tables with details of the temperature fluctuations are available in Appendix 
II).

The phenotype obtained a mix of endothermic and ectothermic behaviours with a range of energy 
dissipation and conservation modes in spatial domain 1 (figures 3.146. and 3.147.). At some 
moments throughout the day, the phenotype acquired an endothermic behaviour and energy 
preservation mode in both elevations such as 10:00, which is considered a positive attribute for 
this seasonal scenario. However, reversely it acquired ectothermic behaviour at 18:00, which 
implies the energy exchange mode. The phenotype obtained a mix of both behaviours at other 
times of the day.  Additionally, there is a minor behavioural difference while considering the 
operative and the radiant temperature fluctuations (comparing figure 3.146. bottom graph to 
3.147. bottom graph). The temperature range of the interstitial spaces in the phenotype relative 
to the simplified block varies by increasing the height of the study area (figures 3.146. and 3.147 
bottom graphs). In closer proximities to the ground, the phenotype obtained higher temperatures 
than the simplified block, which is considered a positive attribute in the winter scenario, but in 
higher elevations, the opposite occurred.  

Due to the extreme cold temperatures of the season, the ratio of the outdoor areas with adaptive 
thermal comfort for both the phenotype and the simplified morphology is zero (figures 3.148. 
and 3.151.). However, the interstitial spaces across the phenotype obtained a higher temperature 
range than the simplified block on the ground level (figures 3.146. and 3.147. bottom left graphs), 
which is a positive characteristic for the phenotype in this seasonal scenario.  

By increasing the investigation area in the winter scenario, the phenotype obtained different 
homeostatic behaviour for some moments throughout the day compared to spatial domain 1 
(figures 3.149. and 3.150. bottom graphs). For instance, at 10:00 and across both elevations, 
the phenotype exhibits an ectothermic behaviour while it exhibited endothermic behaviour 
in spatial domain 1 (comparing figure 3.149 and 3.150. bottom graphs with 3.146. and 3.147. 
bottom graphs). The energy exchange mode (ectothermic behaviour) becomes the dominant 
behaviour across the phenotype by increasing the investigation area, which is not considered 
a positive attribute for this seasonal scenario.  Similar to spatial domain 1, there is zero ratio 
of outdoor areas with adaptive thermal comfort (figure 3.151. bottom graphs). However, the 
interstitial spaces in spatial domain 2 acquired higher temperature range in close proximities to 
the ground which is a positive attribute for the phenotype compared to the simplified block in 
this season (figures 3.149. and 3.150. bottom left graphs). 
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Table	3.17.
This	 table	 illustrates	 the	
energy-based	 analysis	 matrix	
for	 experiment	 2	 winter	
scenario.
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Figure	3.146.
Mean	radiant	temperatures	for	spatial	domain	1	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	1,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.147.
Operative	temperatures	for	spatial	domain	1	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.146.

Figure	3.149.
Mean	radiant	temperatures	for	spatial	domain	2	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	2,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.150.
Operative	temperatures	for	spatial	domain	2	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.149.
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Figure 3.148.
Adaptive	thermal	comfort	index	for	spatial	domain	1	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	adaptive	thermal	comfort	percentage	on	the	pixels	of	interstitial	spaces.	The	
top	row	represents	the	evolved	phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	
of	spatial	domain	1,	and	the	right	section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	between	the	evolved	phenotype	and	the	simplified	morphology	of	what	
percentage	of	interstitial	spaces	provided	thermal	comfort	for	more	than	50%	of	occupants	(calculated	based	on	adaptive	thermal	comfort	index	explained	in	section	3.2.2).

Figure	3.151.
Adaptive	thermal	comfort	index	for	spatial	domain	2	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.148.

Discussion
The energy interactions across different spatial domains of investigation in this experiment 
led to the emergence of dynamic homeostatic behaviours with a mix of energy preservation 
and dissipation modes of the phenotype in both seasonal scenarios. In summer scenario, this 
dynamic behaviour generated interstitial spaces across the elevations where more than 50% of 
people are in their thermal comfort. The evolved morphology of the phenotype, the increased 
surface to volume ratios and self-shading mechanism (the principles that are derived from 
homeostasis in nature) enhanced the energy exchange of interstitial spaces in the summer 
scenario. This concluded higher ratios of outdoor areas suitable for urban and cultural activities 
in the phenotype than the simplified blocks. 

Similar to the summer scenario, this dynamic behaviour emerged in the winter scenario 
experiments as well. Nonetheless neither phenotype nor simplified block obtained outdoor 
areas with thermal comfort due to the extreme cold temperatures of the season. However, the 
energy intake of the interstitial spaces on the ground level across the phenotype is higher than 
the simplified block in the winter scenario. This naturally leads to enhancing the phenotype’s 
metabolism across its interstitial spaces to facilitate better conditions of outdoor spaces 
compared to the simplified block for activities in the winter scenario.
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3.4.1.3.3.	Experiment	3	Energy-Based	Analysis

Similar to the previous two experiments, the energy-based analysis for experiment 3 is conducted 
two times. The first one is for the selected phenotype from the summer scenarios (figure 3.152.), 
and the second one is for the selected phenotype from the winter scenarios (figure 3.153.). 
Additionally, there are two spatial domains of investigation across two elevations within each 
seasonal scenario (for more information and the illustration of the spatial domains, please refer 
to Appendix I).

Summer Scenario
The analysis conducted for experiment 3 summer scenario (table 3.18.) highlights the following 
observations (The tables with details of the temperature fluctuations are available in Appendix 
II).

The temperature variations across the interstitial spaces of the phenotype compared to the 
simplified morphology imply that the homeostatic behaviour of the phenotype changes 
throughout the day (figures 3.154. and 3.155.). Phenotype obtained ectothermic behaviour with 
active energy exchange mode across both elevations at the beginning of the day. Throughout the 
mid-day, this behaviour changed to endothermic and energy preservation mode, and at the end 
of the investigation period, it transformed into a mix of endothermic and ectothermic behaviours 
across both elevations (figures 3.154. and 3.155 bottom graphs). Nonetheless, in all points in 
time and space, interstitial spaces across the phenotype obtained lower temperature ranges 
than the interstitial spaces in the simplified block (figures 3.154. and 3.155 bottom graphs) while 
the phenotype exhibited a mix of energy exchange and preservation modes throughout the day. 
The phenotype’s energy exchange behaviours naturally lead to the wind flows across different 
spatial domains in the phenotype since the energy moves from areas with high temperatures 
to areas with low temperatures via convection. This is a beneficial attribute for the summer 
scenario.

The ratio of outdoor areas where more than 50% of people are in thermal comfort increases 
throughout the day in both phenotype and the simplified block (figure 3.156. bottom graphs). 
This is due to the intricate spatial distribution of the blocks across the urban tissues that creates 
a gradient of outdoor spaces with suitable energy intake for urban and cultural activities (figure 
3.156. top drawings). This morphological characteristic is manifested with a more significant 
impact in the phenotype than the simplified block, and therefore the ratio of outdoor spaces 
where people are in their thermal comfort zones is higher in the phenotype than the simplified 
block. The homeostatic behaviours of the phenotype throughout the day that enables the 
dynamic energy dissipation and preservation modes contribute to this phenomenon as well.

By increasing the size of the study area (figures 3.157. and 3.158.), the phenotype has obtained 
ectothermic behaviour and energy exchange mode in the second half of the day and a mix of 

both characteristics (endothermic and ectothermic, energy preservations and dissipations) in the 
first half of the day. The phenotype’s homeostatic behaviour is similar when factoring operative 
or radiant temperatures in spatial domain 1 (comparing figure 3.154 bottom graphs with 3.155. 
bottom graphs), however in spatial domain 2, there is a slight difference in the phenotype’s 
behaviour when considering these two temperatures (comparing figure 3.157 bottom graphs 
with 3.158. bottom graphs). In the calculation of operative temperature, energy exchange through 
convection is also considered, and thus the impact of morphology increases compared to radiant 
temperature calculations. The phenotype acquired an ectothermic behaviour predominately 
across the spatial domain 2 that enables temperature variations and energy movements across 
different spatial domains which in turn affects the homeostasis and temperature regulation. It is 
a positive attribute for this seasonal scenario. 

In a similar fashion to spatial domain 1, the outdoor areas where more than 50% of people are in 
thermal comfort increases throughout the day (figure 3.159. bottom graphs). The morphological 
variation of interstitial spaces across different elevations in the phenotype increased this 
ratio with a higher rate than the simplified block. Simultaneously, the temperature ranges of 
the interstitial spaces from spatial domain 1 to 2 have increased across the phenotype when 
compared to the simplified block (comparing figures 3.154. and 3.155. bottom graphs to figures 
3.157. and 3.158 bottom graphs), which in turn it triggers the energy movement behaviours to 
facilitate the homeostasis of the tissue.
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Table	3.18.
This	 table	 illustrates	 the	
energy-based	 analysis	 matrix	
for	 experiment	 3	 summer	
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Figure	3.152.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Istanbul.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 the	 selected	
phenotype	 of	 the	 summer	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.153.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Istanbul.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 the	 selected	
phenotype	 of	 the	 winter	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.154.
Mean	radiant	temperatures	for	spatial	domain	1	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	1,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.155.
Operative	temperatures	for	spatial	domain	1	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.154.

Figure	3.157.
Mean	radiant	temperatures	for	spatial	domain	2	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	2,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.158.
Operative	temperatures	for	spatial	domain	2	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.157.
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Figure	3.156.
Adaptive	thermal	comfort	index	for	spatial	domain	1	in	the	summer	scenario.	The	illustrations	on	the	top	represent	the	adaptive	thermal	comfort	percentage	on	the	pixels	of	interstitial	spaces.	The	
top	row	represents	the	evolved	phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	
of	spatial	domain	1,	and	the	right	section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	between	the	evolved	phenotype	and	the	simplified	morphology	of	what	
percentage	of	interstitial	spaces	provided	thermal	comfort	for	more	than	50%	of	occupants	(calculated	based	on	adaptive	thermal	comfort	index	explained	in	section	3.2.2).

Figure	3.159.
Adaptive	thermal	comfort	index	for	spatial	domain	2	in	the	summer	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.156.

Winter Scenario
The analysis conducted for experiment 3 winter scenario (table 3.18.) highlights the following 
observations (The tables with details of the temperature fluctuations are available in Appendix 
II).

The phenotype’s homeostatic behaviour is ectothermic and in energy exchange mode throughout 
the day at the ground level and endothermic and energy preservation mode at the elevated 
study area within spatial domain 1 (figures 3.160 and 3.161.). The interstitial spaces on the 
ground level across the phenotype mostly acquired a broader temperature range throughout 
the day than simplified morphology that leads to higher temperature variations and energy 
exchange(figures 3.160. and 3.161. bottom left graphs). As the elevation increases and with 
the change in the homeostatic behaviour of the phenotype to energy preservation mode, the 
temperature fluctuation of interstitial spaces across the phenotype relative to the simplified 
blocks decreases (figures 3.160. and 3.161. bottom right graphs). It indicates the decrease in the 
energy intake of the interstitial spaces in the phenotype as the height increases as well as less 
energy exchange and more energy preservations. 

The temperature range in spatial domain 1, neither in the phenotype nor the simplified 
morphology throughout the entire investigation period, does not reach to the threshold to 
create the outdoor areas where people would be in their thermal comfort zones (figure 3.162.). 
However, the temperature of interstitial spaces in the phenotype in close proximities to the 
ground level fluctuates within a warmer domain than the simplified block which is a positive 
attribute for the seasonal scenario (figures 3.160. and 3.161. bottom left graphs). 

The phenotype’s tendency towards ectothermic behaviours with energy exchange modes 
increases by expanding the size of the investigation area in spatial domain 2 (figures 3.163. and 
3.164. bottom graphs). Similar to spatial domain 1, the ratio of the outdoor areas where more 
than 50% of people would be in their thermal comfort zone is zero across the spatial domain 
2 (figure 3.165.). Nevertheless, the temperature acquired by the interstitial spaces near the 
ground in the phenotype is higher than the simplified block (figures 3.163. and 3.164. bottom left 
graphs). This naturally leads to a better outdoor condition in the phenotype than the simplified 
block in this season. 
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Table	3.19.
This	 table	 illustrates	 the	
energy-based	 analysis	 matrix	
for	 the	 experiment	 3	 winter	
scenario.
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Figure	3.160.
Mean	radiant	temperatures	for	spatial	domain	1	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	1,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.161.
Operative	temperatures	for	spatial	domain	1	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.160.

Figure	3.163.
Mean	radiant	temperatures	for	spatial	domain	2	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	MRT	on	the	pixels	of	interstitial	spaces.	The	top	row	represents	the	evolved	
phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	of	spatial	domain	2,	and	the	right	
section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	of	the	MR	temperature	fluctuations	of	the	interstitial	spaces	across	the	evolved	phenotype	and	the	simplified	
morphology	based	on	which	the	homeostatic	behaviours	are	identified.	More	detail	on	temperature	fluctuations	is	available	in	Appendix	II.

Figure	3.164.
Operative	temperatures	for	spatial	domain	2	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.163.
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Figure	3.162.
Adaptive	thermal	comfort	index	for	spatial	domain	1	in	the	winter	scenario.	The	illustrations	on	the	top	represent	the	adaptive	thermal	comfort	percentage	on	the	pixels	of	interstitial	spaces.	The	
top	row	represents	the	evolved	phenotype,	and	the	bottom	row	represents	the	simplified	morphology.	The	columns	represent	the	times	of	the	day.	The	left	section	represents	the	first	elevation	
of	spatial	domain	1,	and	the	right	section	represents	the	second	elevation.	The	bottom	graphs	represent	the	comparison	between	the	evolved	phenotype	and	the	simplified	morphology	of	what	
percentage	of	interstitial	spaces	provided	thermal	comfort	for	more	than	50%	of	occupants	(calculated	based	on	adaptive	thermal	comfort	index	explained	in	section	3.2.2).

Figure	3.165.
Adaptive	thermal	comfort	index	for	spatial	domain	2	in	the	winter	scenario.	The	detailed	explanation	of	this	figure	is	the	same	as	figure	3.162.

Discussion
The morphological configuration of the phenotype in this experiment concluded in the higher 
ratio of outdoor areas with suitable energy exchange for outdoor urban and cultural activities 
in the summer scenario. Although in this seasonal scenario, the phenotype acquired different 
homeostatic behaviours in different spatial domains and elevations relative to the simplified 
block, its dynamic performance resulted in generating more areas where more than 50% of 
people are thermal comfort zone than the simplified block. 

The dynamic homeostatic behaviour of the selected phenotype in the winter scenario, however, 
did not conclude to the emergence of outdoor areas where people would be in their thermal 
comfort. Nevertheless, the higher variation of energy intake and the size of interstitial spaces 
across the phenotype resulted in temperature fluctuations in a warmer range than the simplified 
block. This is a beneficial attribute in the seasonal scenario.

3.5. Conclusion and Reflections
This chapter outlined a comprehensive workflow of implementing a set of principles derived 
from homeostatic behaviours in biology in the evolutionary design processes to evolve urban 
morphological configurations with formal and behavioural characteristics suitable for adaptation 
to a set of different environmental and urban scenarios. The experiments conducted in this chapter 
investigated the application of homeostatic principles in the evolutionary design processes 
through a sequence of analysis that was exclusively developed for this research. Three distinct 
design scenarios at the urban scale in three different environmental and geographic contexts were 
chosen to test the developed methodologies. Fes in Morocco, Chicago in the USA, and Istanbul in 
Turkey were chosen due to their relative differences in the environmental conditions and urban 
settings. Homeostasis is a scale-free process across different levels of biological organisation. 
Hence, the experiments were designed to tackle a given urban problem through the application 
of evolutionary computation to allow for the emergence of homeostatic characteristics across 
different spatial and temporal scales. All design experiments were conducted to evolve urban 
morphologies that address a set of environmental and urban objectives unique to their contexts. 
The abstracted homeostatic principles that were added to a set of evolutionary design models 
are as follows (discussed in section 2.2.4.).

• The algorithmic implementation of a regulatory mechanism of a homeostatic 
process to maintain a heat-related proxy variable in a steady-state throughout 
the iterative process of evolution. To sense and reverse a change, an extra 
fitness objective was added to the evolutionary model with the sole objective 
of detecting a deviation in the proxy variable and drive the evolution to reverse 
that change. 

• The algorithmic construction of the phenotype to enable the emergence 
of a set of morphological attributes that are manifested from homeostatic 
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behaviours in biology. These formal characteristics are as follows, the ability 
to control the surface to volume ratio through morphological configurations, 
self-shading mechanisms and size variations across different levels of the urban 
organisation. These morphological characteristics are added to the phenotypes 
by the transformations enabled in the genotypes as well as incorporating the 
voxels as the spatial units that can be distributed across the experiment area.

Through a sequence of analysis comprises three stages of, Evolutionary-Based Inquiries, 
Morphological-Based Inquiries and Energy-Based Inquiries, the developed evolutionary 
models were assessed and validated. These stages of inquiries investigated the efficacy of 
the implemented methodology from within three scales; the first scale of study tackled the 
entirety of the evolutionary models (evolutionary-based inquiries), the second scale studied a 
group of candidate solutions per experiment (morphological-based inquiries), and the last scale 
investigated a single individual per experiment (energy-based inquiries). 

The evolutionary-based analysis was conducted to test a regulatory method to constraint a heat-
related proxy variable in homeostasis and within a defined domain in the generative design 
process. The implemented method was set to maintain the homeostasis of a given variable while 
allowing the evolutionary model to explore phenotypic variations. The results of this analysis 
highlight the significance of the design problem and the relationship between different fitness 
objectives in the efficiency of this approach. The analysis that was conducted for 12 evolutionary 
simulations emphasises the importance of the construction of the phenotype and the gene 
regulation in the success of the applied method. It is concluded that the success rate of keeping 
a variable in homeostasis by adding an extra fitness objective as a regulatory mechanism is 
conditional to two crucial factors, one is the flexibility of the evolutionary model in exploring 
solutions and two is the relationship between the added fitness objective and the rest of the 
objectives. Both of which are manifested in the construction of the phenotype. Therefore, the 
implemented technique was examined case by case, and it was determined that this method 
could not be utilised as a universal strategy across different evolutionary models without having 
a clear understanding of the phenotype and its genome. In addition to that, it is concluded that 
if the algorithmic set up of a design problem allows, the success of the implemented method in 
keeping a proxy variable in homeostasis is high. In contrast, if an evolutionary model develops 
super conflict amongst fitness objectives, this method does not have a significant impact. This 
may also result in an adverse impact on the optimisation trend of other fitness objectives. 

The morphological-based analysis was carried out in multiple phases to understand the 
morphological complexities that are evolved from an evolutionary design model that is developed 
based on a set of formal principles derived from homeostasis. A methodical selection strategy 
was developed for this stage by which a large population was filtered down into a smaller 
group of individuals to be analysed, visualised and studied. This set of studies investigated the 
spatial relationships evolved through the evolutionary simulations by running the comparative 
analysis between the evolved phenotypes and the simplified morphologies in two scales, first 

at the scale of the entire simulation and second at the scale of a set of selected candidates. 
This analysis concluded that to what extent the evolutionary simulations could evolve urban 
tissues that obtained high fitness values for the environmental and urban objectives as well 
as acquired morphological variations. Furthermore, through this stage, the spatial domains of 
interstitial spaces across the phenotypes were identified to be studied in the final sequence of 
investigation (the emergence of homeostatic behaviours). The conducted analysis demonstrated 
that the evolutionary design models evolved solutions with high fitness ranks and morphological 
configurations with a high ratio of interstitial spaces across the tissue. The urban morphological 
configurations evolved from the evolutionary simulations attributed with formal characteristics 
that were abstracted from homeostatic principles such as high surface to volume ratios, and high 
variation in sizes of interstitial spaces across the urban fabric. Furthermore, this stage provided 
a comprehensive methodology of managing an extensive portfolio of design options and 
established a selection strategy to filter down the population into a family of smaller candidate 
design solutions suitable for analysis and visualisation. The developed methodology can assist 
designers to perform objective and subjective selection strategies on the outputted results of an 
evolutionary model without requiring to re-run the simulation for a slightly different objective 
or subjective preferences. 

The sequence of analysis ended with the energy-based inquires to investigate any emergent 
homeostatic behaviours evolved across the selected phenotypes. The simplified urban 
morphologies of each experiment were selected to be the reference point to which the 
phenotypes are compared. As detailed previously, the focus of this research is the interstitial 
spaces across the urban fabric where the city actually lives. Thus, a range of spatial and temporal 
domains was selected to conduct a set of energy analysis to investigate the temperature 
oscillation of the interstitial spaces across the tissues. Through identifying the temperature 
fluctuation of the investigation areas, the radiation and convection energy flows of the interstitial 
spaces were realised. By drawing a connection to the thermoregulatory behaviours of species at 
the colony level, the phenotypes’ behaviours were tagged and classified into two distinct groups 
of ectothermic or energy exchange mode and endothermic or energy preservation mode. Built 
upon this classification, a matrix of data was formed to compare the emergent behaviours of the 
phenotypes across different spatial and temporal scales. It was concluded that the evolutionary 
design models evolved urban morphologies that exhibited various homeostatic characteristics 
throughout the defined spatial and temporal domains that led to dynamic energy dissipation 
and preservation behaviours. This dynamic behaviour facilitated the emergence of a gradient 
of interstitial spaces across the urban tissues at various elevations where people are in their 
thermal comfort. The energy flow and the metabolism of the evolved urban tissues have led to 
the creation of a higher ratio of outdoor areas suitable for urban and cultural activities than the 
simplified morphologies. Therefore, the evolved urban morphologies with dynamic homeostatic 
behaviours are called homeostatic urban morphologies. The following pages comprise a series 
of illustrations of the extended set of selected urban morphologies that were evolved in three 
experiments. The drawings highlight the sectional variations of interstitial spaces across the 
evolved phenotypes that are beneficial for the homeostasis of the tissues as discussed in this 
chapter (figures 3.166., 3.167., 3.168., 3.169., 3.170.). 
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Figure	3.166.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	
of	 Fes.	 The	 middle	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 a	 selected	
phenotype	 of	 the	 summer	
scenarios.	And	the	bottom	left	
and	 right	 drawings	 represent	
the	sections	through	a	selected	
phenotype	 of	 the	 winter	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
all	 three	 urban	morphologies.	
The	 hatched	 areas	 illustrate	
the	buildings’	thermal	zones	in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.167.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Chicago.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 a	 selected	
phenotype	 of	 the	 summer	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.168.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Chicago.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 a	 selected	
phenotype	 of	 the	 winter	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.169.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Istanbul.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 a	 selected	
phenotype	 of	 the	 summer	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Figure	3.170.
The	top	left	and	right	drawings	
represent	the	sections	through	
the	 simplified	 urban	 block	 of	
Istanbul.	 The	 bottom	 left	 and	
right	 drawings	 represent	 the	
sections	 through	 a	 selected	
phenotype	 of	 the	 winter	
scenarios.	The	dashed	red	lines	
represent	 the	 spatial	domains	
of	 interstitial	 spaces	 across	
the	 urban	 morphologies.	 The	
hatched	 areas	 illustrate	 the	
buildings’	 thermal	 zones	 in	
the	 calculations	of	 the	energy	
simulations.
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Conclusions

4.1. Introduction
In contemporary practice, considerable amount of work and research in the field has gone into 
providing design techniques to improve the environmental performances and the metabolism 
of individual buildings across the urban tissues and almost none into the interstitial spaces 
stretched between the buildings. These spaces across the urban tissues are the neglected areas 
in this respect. These spatial domains are not only traffic corridors but are the cultural spaces 
of urbanism and the places that the city exists. Interstitial spaces are the spatial domains in an 
urban tissue that inside and outside areas are connected and blended hence are essential spatial 
elements of urbanism, and important for its metabolism and adaptation characteristics. 

The presented research investigates the application of principles of homeostasis in biology in the 
evolutionary design processes to evolve urban morphologies with homeostatic characteristics 
across the interstitial spaces. It develops a comprehensive workflow of the principles of 
implementation of the knowledge taken from biological evolution and homeostasis in algorithms 
for computational urban design. The proposed computational workflow is tested through three 
environmental and geographic scenarios to ensure its mutability. It is developed to advance the 
role of evolutionary design methodologies in addressing complex design problems comprise 
conflicting objectives across different urban design scenarios. The design system is developed 
based on the in-depth studies of biological principles of homeostasis and evolution that govern 
behaviour and morphology of species. These principles are utilised as a generative design 
approach as well as an analysis method in the context of the experiments presented in this 
research. Morphological and behavioural variations are the essential elements for adaptation 
of the collectives and individual species to changing environment. With similar reasoning, this 
design system advocates the populationist’s way of thinking in addressing complex design 
problems rather than a typologist approach. In the context of this research, the morphological 
and behavioural variations that are evolved across urban morphologies hold significant weight 
in the adaptation of urban tissues to their continually changing environments. This research 
delineates the procedures of applying evolutionary design models to complex urban design 
problems with a workflow that includes a sequence of investigations, evaluations, selections 
and validations of the evolved urban morphologies (Sections 3.3 and 3.4).  

The product of the proposed design system is a population of urban tissues that address a set 
of selected contemporary urban and environmental objectives unique to each chosen context. 
The evolved urban morphological configurations comprise intricate spatial organisations with 
high variations in interstitial spaces. These urban tissues are considered the extension of the 
radical urban proposals of the mid-20th century, which attempted to address the problems 
of the time by radical design ideas (Section 2.3.5). This research is founded upon the idea of 
drawing a connection from morphological characteristics of living species (individuals and 
colonies) and their adaptive and responsive behaviours (respectively evolutionary adaptation 
and homeostasis) to morphological characteristics of urban fabrics and their adaptation capacity 
to changing environment. It highlights the significance of morphological attributes of urban 
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tissues in their adaptations to a broader array of changes across a range of temporal and spatial 
scales in their context. 

As discussed, homeostasis is a crucial biological process that governs behaviour of species, at 
an individual or collective levels, to changes in their environmental circumstances that leads 
to their adaptation (Section 2.2.2). This process also governs metabolism and morphological 
characteristics of individual and collective species to facilitate better adaptive behaviours to 
emerge. At the collective scale, the coordinate actions of individuals through which the colonies’ 
morphology is formed is a crucial component of metabolism of the colony and its homeostasis. 
The interstitial spaces emerge between individuals in a colony are the essential spatial domains 
by which the exchange of energy across the colony is facilitated, and the collective metabolism 
and homeostasis are achieved. The same principles can be extended to urban tissues. Individual 
buildings similar to individual species have metabolic activities that are influenced by and 
influence the collective’s morphology and metabolism. Hence if the individual buildings are 
the counterpart of individual species in a colony, then an urban tissue is a counterpart of a 
colony in biology. With the same principles, if individuals proximities to one another and their 
spatial distribution and density in a colony affect the colony’s metabolism and homeostasis 
through changes, buildings morphological configurations impact metabolism of urban tissues 
and homeostasis as well.  Morphological modifications of the buildings across the urban tissues, 
their spatial distributions and densities, proximities to one another impact the interstitial 
spaces through which the metabolism of the urban areas is facilitated and homeostasis can be 
achieved. Thus by adjusting these variables through a generative process coupled with dynamic 
evaluations, interstitial spaces can evolve across urban tissues that facilitate a range of adaptive 
behaviours to a set of temporal and environmental changes. 

As detailed in the presented experiments in chapter 3, although the core principles of these 
modifications are universal (Section 3.3.3), their implementation differs across different climates 
and cultures. Interstitial spaces, which are the cultural spaces of the city, hold an equal weight 
to the individual buildings, if not more, in the homeostasis of the urban tissues. While the 
majority of contemporary computational design techniques are geared towards environmental 
performance and metabolism of individual buildings, the presented research developed a set of 
comprehensive computational design strategies to investigate the role of interstitial spaces in 
the adaptive behaviours of urban tissues. Through the developed novel methods and techniques 
to overcome the complexity of computational loads of this investigation, this research explores 
the impacts of urban morphology to adaptation capacity of interstitial spaces across a range 
of environmental changes. It demonstrates that the developed evolutionary design models 
with embedded homeostatic characteristics can evolve urban morphologies that facilitate the 
emergence of interstitial spaces with inherent homeostatic attributes that adapt to a broader 
range of changes in comparison to a base model (Section 3.4.1.3). These urban morphologies 
have optimised for a set of urban and environmental objectives (Section 3.4.1.1) and comprise 
interstitial spaces that contribute to the homeostasis of the urban patch. These urban patches 
are called homeostatic urban morphologies in this research.

4.2. Research Questions
The research questions put forward in section 1.5.1 are restated below and are accompanied by 
how they are addressed through the conducted research.

1. Can	analysis	and	investigation	of	homeostasis,	together	with	the	identification	of	a	correlation	
between	 homeostatic	 processes,	 forms	 and	 behaviours	 of	 natural	 systems	 yield	 useful	
operative	concepts,	parameters	and	ways	of	 implementation	 to	develop	a	 computational	
design	system	that	evolves	urban	morphologies	with	context-sensitive	formal	characteristics	
that	offer	significant	environmental	performance	enhancements?

A thorough understanding of the principles of homeostasis in biology and its connection to 
morphological characteristics and adaptive behaviours of species was the cornerstone of the 
design system and method developed in the context of this research (Section 2.2), both in the 
generative and analytic steps. This research categorised the adaptive behaviours of species into 
two groups with different temporal scales—the evolutionary adaptation of species that occurs 
through multiple generations and within an extended period  (Section 2.2.3) and the homeostatic 
adaptation of species at individual or collective scale that ensures their adaptive response to a 
set of changes in a short period and within a single life span (Section 2.2.2). 

This research highlighted the association between these two phenomena and their mutual 
impacts on morphological characteristics evolved in species. The principles derived from 
evolutionary adaptation and homeostatic behaviours of species were translated to a set of 
algorithmic loops and were implemented in a generative urban design process.  Through 
implementing the extracted principles in construction of the phenotypes and regulations in 
the genotypes, the evolutionary design models were developed to evolve urban morphologies 
across different geographic and environmental scenarios with morphological characteristics that 
in comparison to the simplified morphology of their context, obtained enhanced environmental 
performances (analysis conducted in Section 3.4.1.3). The area of interest was the interstitial 
spaces across the urban tissues. As discussed, these space are essential spatial domains in the 
urban areas that impact metabolism and homeostasis of the urban patches. Thus, the analysis 
and evaluations were conducted to study environmental performance and metabolic activities 
of interstitial spaces across the evolved urban morphologies, and their counterpart simplified 
urban blocks. 

The developed design system successfully evolved context-sensitive urban morphologies in 
three different urban, cultural and environmental scenarios. In addition to implementing the 
homeostatic principles in a generative process, the evaluations and validation methods were 
also developed based on the principles of thermoregulation (homeostatic behaviours Section 
2.2.2.2). To understand the success or failure of the evolved urban morphologies in attaining 
homeostatic characteristics (that enhances the environmental performances), the energy 
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exchange and metabolic activities of the urban tissues across the interstitial spaces were mapped 
through their temperature fluctuations to observe any emergent homeostatic behaviours in 
comparison to the simplified blocks. 

It was noticed that the localised morphological interventions impacted the exchange of energy 
and established a different energy gradient and comfort level for the interstitial spaces across 
the evolved urban tissues compared to the simplified blocks. These morphological interventions 
were imposed on the urban tissues by adjusting the spatial distribution of buildings, their 
proximities to one another and their morphological configurations that were abstracted from 
biological principles. Due to the scale and complexity of the design scenarios, the morphological 
complexity of individual buildings was abstracted, and only the overall contribution of urban 
morphology was considered.  These localised morphological interventions left a positive impact 
on the metabolic activities of interstitial spaces and evolved urban tissues.  Although within some 
selected candidates, the comfort level of the evolved morphologies was worse than the simplified 
blocks, this is negligible when factoring the population of candidate urban morphologies that 
were generated by the design system (generated population explained in Section 3.4.1.2). 

2. Can	 the	 designed	 computational	 system	 (the	 evolutionary	 models	 with	 embedded	
homeostatic	principles)	address	a	set	of	selected	environmental	and	urban	objectives	across	
a	 range	 of	 different	 geographic	 and	 cultural	 settings	 and	 temporal	 scales,	 and	 generate	
optimised	urban	morphologies	unique	to	each	selected	context?

Sections 3.3 and 3.4 delineated how the developed computational design system can be utilised 
within different environmental and geographic scenarios. Fes in Morocco, Chicago in the USA 
and Istanbul in Turkey, were chosen as three different environmental and geographic contexts 
to investigate the mutability of the designed computational system in this research. These three 
contexts were selected due to their relative differences in both environmental circumstances 
and their urban contexts and morphologies (elaborated in Section 3.3.2). Each scenario was also 
conducted in two different seasonal settings of summer and winter solstices to ensure the model 
is responsive to a set of environmental changes. The evolutionary model within each design 
scenario was developed based on a unique set of contextual attributes and was set to optimise 
for a particular set of objectives unique to its context (Section 3.3.3).

The homeostatic principles implemented within each evolutionary design model were similar 
across different regional scenarios (Section 2.2.4); however, the parameters and variables derived 
from environmental and morphological inputs that are unique for each context were subjected 
to change. As it was explained in Section 3.1, an evolutionary model is a chosen platform to 
investigate the application of biological principles of homeostasis in the design process. As it was 
elaborated in Section 2.2.4, biological principles of homeostasis were divided into two categories 
of regulatory behaviours and morphological characteristics. The regulatory behaviours were 
applied as an extra fitness objective across all experiments to keep the homeostasis of a proxy 

variable (unique to each experiment) in the evolution, and the morphological characteristics were 
applied in the construction of the phenotypes and genotypes. The outcomes of the computational 
experiments demonstrated a set of unique urban morphologies evolved within each context. 
The evolved urban morphologies obtained similar localised morphological interventions that led 
to acquiring homeostatic characteristics across a range of spatial and temporal domains.   

As it was explained in Section 3.3.1, the evolutionary design models were developed to address 
a set of selected contemporary environmental and urban objectives. Nonetheless, due to the 
contextual differences between the experiments and ways in which the evolutionary models 
were developed (elaborated in Section 3.3.3), these objectives were manifested and computed 
differently across all experiments. The analysis conducted in Section 3.4.1.1 illustrated that 
the evolutionary simulations across all experiments could successfully address the selected 
environmental and urban objectives and generated a population of urban morphologies that 
increased their fitness iteratively. In evolutionary computation, increasing fitness indicates 
a successful algorithm. Hence by looking at individual urban morphologies within those 
populations, different performances of interstitial spaces could be measured and evaluated in 
Sections 3.4.1.2. and 3.4.1.3.

It is worth noting that due to the complexity of design problems and their sensitivity to the 
environmental changes from summer to winter solstices, in some examples, simulations struggled 
to optimise for all objectives independently (graphs in Section 3.4.1.1). However, this coupled 
with an increase in variation, which in turn ensured the emergence of high performing individuals 
and low performing individuals in the population pool. In contrast to the current approaches to 
the application of evolutionary methodologies in design that are heavily dependent on the final 
generation, the presented research demonstrated that the high performing solutions (in this 
context, urban morphologies) can be found elsewhere in the generated population and are not 
always in the final generations. The application of the chosen tool co-developed by the author 
(Wallacei) facilitated this workflow in a streamlined fashion. 

As explained in Section 3.3.3, in total, twelve evolutionary simulations were conducted 
to investigate the evolutionary models in different seasonal scenarios and with/without a 
regulatory mechanism involved in the simulations. The sensitivity of the evolutionary models to 
a range of changes was studied in-depth in Sections 3.4.1.1 and 3.4.1.2. The changes applied in 
the environmental settings and the regulatory mechanisms drove the simulations to generate 
different urban morphological configurations. However, as discussed within the context of all 
evolutionary models, high performing individuals were generated successfully through the 
simulations (Sections 3.4.1.1 and 3.4.1.2). In Section 3.4.1.3, a comparison in energy exchange 
between interstitial spaces and urban morphologies was conducted between the evolved 
phenotypes and the simplified urban blocks. As demonstrated in this section, in some cases, 
increase or decrease in size or elevation of the spatial domain of investigation impacted the energy 
exchange and metabolism of the interstitial spaces across evolved morphologies compared to the 
simplified blocks. This demonstrates that evolved morphologies acquired dynamic homeostatic 
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behaviours. Increased morphological variations across the evolved urban tissues, led to a higher 
variation in energy gradients in the fabric when compared to the simplified blocks. Thus, the 
evolved urban morphologies acquired interstitial spaces (where the city exists) that obtained a 
high degree of variation in comfort level and energy intake across a range of temporal and spatial 
scales and in different seasonal scenarios which it naturally led to attaining a better adaptive 
behaviour to a broader range of changes. 

3. Can	principles	of	homeostasis	be	embedded	within	the	evolutionary	design	processes	as	the	
regulatory	mechanism?	Moreover,	can	morphological	attributes	abstracted	from	homeostatic	
processes	in	nature	be	embedded	within	an	evolutionary	design	model?	

The application of biological homeostatic principles for development of urban morphologies 
requires a responsive generative model that incorporates within it a feedback mechanism that 
allows for the evaluation, selection, and reconfiguration of the generated design solutions. Thus, 
the presented experiments utilised an evolutionary biological model as the primary design 
engine. Section 2.2.2 in which homeostasis was thoroughly investigated was concluded with 
two crucial methods of applying homeostatic principles in an evolutionary design model, and it 
is as follows.

• The algorithmic implementation of a regulatory mechanism (through conditional 
statements) to maintain a heat-related variable in a steady-state throughout the 
evolution. This is an implementation in both genotype and phenotype in order 
to enable a detection behaviour and ability to reverse a change accordingly. 

• The algorithmic construction of the phenotype to enable the emergence of 
a set of morphological characteristics that are manifested from homeostatic 
behaviours in biology. These formal characteristics are as follows, the ability 
to control the surface to volume ratio through morphological configurations 
and localised morphological interventions, self-shading mechanisms and size 
variations across different levels of organisation. The evolutionary design 
models of the experiments in chapter three are developed to enable the 
emergence of voxels as the primary spatial units across the experiment area to 
alter the surface resolution of the geometries should the design model favour 
such changes. This operation facilitates the adjustment of the surface to volume 
ratios and self-shading mechanisms (crucial morphological characteristics of 
biological homeostasis). 

The first method to incorporate a regulatory mechanism within the iterative process of 
evolutionary computation was achieved by introducing an extra fitness objective with the 
sole purpose of regulating and maintaining a heat-related proxy variable within a defined 
domain throughout the simulation. Additionally, a test was conducted to see how the model 

would behave without implementing this method. Through the developed analysis methods 
and the detailed comparisons, the success and failure of this method were investigated in the 
evolutionary-based inquires in Section 3.4.1.1. It was concluded that the degree of which this 
method can be effective is highly contingent to the evolutionary design model setup (phenotype 
and genotype) and the flexibility of exploring the design space.

The second category of the principles was the morphological characteristics across species 
that facilitated their homeostatic behaviours (studied in Section 2.2.2). Three important 
morphological characteristics were chosen to be applied in the evolutionary design models 
to drive it towards evolving such attributes in the urban scale. These principles were applied 
in the genotype and the phenotype of the evolutionary models (explained in Section 3.3.3). 
The morphological analysis conducted in Section 3.4.1.2 demonstrated the emergence of such 
attributes across evolved urban morphologies and the energy-based inquiries of Section 3.4.1.3 
confirmed their contribution to the emergence of homeostatic behaviours. 

4. Can	an	evaluation	method	be	developed	to	test	and	validate	the	results	of	the	computational	
design	 system?	 Furthermore,	 can	 the	 developed	 method	 measure	 the	 sensitivity	 of	 the	
evolutionary	system	to	the	regulatory	mechanisms	and	seasonal	changes?

To validate the evolved urban morphologies from of the evolutionary models, an evaluation 
procedure was required independent of the evolutionary model to assess the impact of 
morphological changes on the energy exchange across the urban tissues to investigate any 
homeostatic behaviours. The analytic section of this research (Section 3.4.1) comprises a 
sequence of evaluation and analysis methods to study the evolutionary models from different 
perspectives. In Section 3.4.1.1, a method of evaluating the success and failure of keeping a 
proxy variable in homeostasis was developed. In Section 3.4.1.2, a detailed selection strategy 
was outlined to choose a candidate design solution to conduct the energy analysis in Section 
3.4.1.3. In Section 3.4.1.3, an analysis was developed to understand the energy exchange of 
the urban morphology and the interstitial spaces in order to study any emergent homeostatic 
behaviours. Thus, to investigate, evaluate and validate the methods developed in this research 
(to implement the homeostatic principles in the evolutionary design processes), a workflow 
independent of the generative models was developed and utilised successfully across different 
design scenarios.

Furthermore, the analysis of Section 3.4.1.1 examined the sensitivity of the evolutionary models 
to a range of changes in their environmental settings and regulatory mechanisms. The evaluation 
models developed in this research (such as selection strategies, evaluation of the proxy variable 
amongst others) can be applied to a broad range of evolutionary models. It provides the designers 
with the knowledge to make an informed decision while utilising an evolutionary algorithm as a 
design model. 
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4.3. Contribution 
This research studied the significance of morphological configurations and spatial relationships 
across urban tissues in energy flow and comfort level of interstitial spaces that in fact, impact 
their adaptive behaviours in a range of spatial and temporal scales. This investigation comprises 
generative and analytic steps that within the former phase, a novel method was developed to 
evolve urban morphologies with phenotypic variations that could positively influence energy 
exchange and comfort level of interstitial spaces and metabolism of the urban areas at large. 
The latter section established a comprehensive workflow to analyse and validate the outputted 
results of the generative process. 

This research contributed to two primary fields: urban design and evolutionary computation 
through computational experimentation of biologically driven evolutionary design simulations. 
It highlighted the significance of urban morphologies and interstitial spaces in adaptation of 
urban tissues to their environmental contexts through a variety of changes across a range of 
spatial and temporal domains. The crucial biological process, homeostasis, which ensures the 
adaptation of species through their interactions to their local context, was investigated. Through 
a series of computational experimentations, the abstracted genotypic and phenotypic attributes 
derived from biological homeostatic mechanisms were applied to a set of evolutionary models 
to form a novel generative engine that evolves urban morphologies with embedded homeostatic 
characteristics suitable for their context. 

4.3.1. Urban Design 
The developed computational workflow was applied in multiple urban and environmental 
scenarios to demonstrate the applicability of the proposed methods to address a set of 
contemporary urban and environmental challenges (explained in Sections 3.3.1 and 3.3.2). The 
contributions to morphological characteristics and variations of urban tissues are outlined below.

Interstitial Spaces, Urban Morphology, and Urban Metabolism 
This research investigates the relationship between urban morphology and urban metabolism 
and their impact on the spatial domains of interstitial spaces where the city exists. It draws a 
connection between the disciplines of urban morphology (outlined in Section 2.3.1) and urban 
metabolism (outlined in Section 2.3.3) to investigate the complexity evolved across the urban 
system through its evolution (Section 2.3.4). This research explored the role of interstitial spaces 
on adaptive behaviours and metabolism of urban areas at large. In contrast to contemporary 
practice in which the energy and comfort level of individual buildings across urban tissues are the 
areas of focus, this research examined the neglected spatial domains of urban areas, interstitial 
spaces (Section 1.2) that are the cultural spatial domains of urban tissues that are stretched 
across their fabric. These spaces are where the city exists. Through computational experiments 
presented in Chapter 3, the non-linear relationship between urban morphological characteristics 
and energy flow and comfort level of interstitial spaces across elevations were highlighted. It was 

concluded that the built environment of an urban area regardless of material and occupation 
specificities, influences the energy flow and comfort level of the interstitial spaces significantly. 
This research argues that special attention should be given to the morphological characteristics 
of urban forms at the early design exploration phase to facilitate a gradient of energy flows 
across interstitial spaces by which a broader range of environmental performances and urban 
and cultural activities could be achieved. This recognises the importance of urban morphology, 
more particularity, at the early design explorations on the urban metabolism at the stage of its 
mature form.  

In addition to highlighting the contribution of interstitial spaces in metabolism of urban tissues, 
this research emphasises their crucial role in compensating the adverse impact of densification 
of urban tissues (discussed in Section 2.3.2). This research argues that special consideration 
should be given to the spatial organisation and distributions of urban morphologies in which 
the interstitial spaces play a vital role. It demonstrated that the emergence of interstitial spaces 
across different elevations could enable unique spatial qualities by which the positive impact of 
urban densifications (such as positive impacts on energy behaviours) would hold more weight 
than its adverse influences (the sectional drawings of Sections 3.4.1.2 and 3.4.1.3). 

This work contributes to the lineage of radical urban proposals of the 20th century and highlights 
the significance of spatial configurations and the relationship between inside and outside to 
address urban and environmental challenges of the time. This relationship was explored in 
the context of radical urban proposals of the mid-20th century (Section 2.3.5); Nonetheless, 
what emerges in-between of these two spatial domains left out with less and in some cases no 
regard. This research attributes a significant weight to the interstitial spaces and their impact 
in addressing environmental and urban challenges of the time. The analysis conducted in 
Section 3.4.1.3 addressed this matter objectively and concluded with the positive influences 
of interstitial spaces in extending adaptive behaviours of urban tissues compared to their 
counterpart simplified urban blocks.

The Biological Argument of Adaptation and Morphological Characteristics of Urban Tissues
This research argues that morphological characteristics and adaptive behaviours of urban tissues 
emerge based on the same principles of adaptation and morphological configurations of species 
(at an individual and collective level) in nature but within a different temporal scale (reviewed 
in Sections 1.4 and 2.3.1). The significance of morphological attributes of biological organisms 
is irrefutable for their adaptive behaviours at different time intervals. Evolutionary adaptation 
(Section 2.2.3) occurs within an extended period while homeostatic processes (Section 2.2.2) 
are responsible for short term adaptive and responsive behaviours within a single life span, 
individually or collectively.  This research argues that the application of principles of homeostasis 
and evolution in the design process of urban tissues leads to the emergence of urban fabrics 
that obtain adaptive behaviours through their morphological characteristics across different 
temporal scales. Through the experiments presented in this research (Chapter 3), this hypothesis 
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was tested and confirmed across considerably different environmental and urban scenarios, Fes 
in Morocco, Chicago in the USA and Istanbul in Turkey. Urban morphologies that were evolved 
from the developed design systems exhibited a broader range of environmental performances 
in comparison to their counterpart, simplified urban blocks. This was ensured through the 
analysis conducted in Section 3.4.1.3 in which urban morphology was the only variable under 
investigation. These analyses validated the impact of morphological characteristics of urban 
tissues on the interstitial spaces, which in turn enhanced the adaptive behaviours of the tissues.

Urban Variations Through Localised Morphological Interventions 
To apply the morphological characteristics abstracted from homeostatic behaviours of species 
in the evolutionary design processes, a set of algorithmic rules were applied in the construction 
of the phenotypes to enable the alteration of the surface resolutions of the urban morphologies 
in the evolutionary simulations. This operation facilitated an increase or decrease of the surface 
to volume ratios, self-shading mechanisms and created spatial variations across the urban 
areas. Due to the contextual differences, the localised morphological interventions applied in 
each experiment formed a different spatial configuration across the urban tissues. Nonetheless, 
the employed method was proved to be an efficient way of producing morphological variations 
across the urban areas in all experiments. This research argues that through a bottom-up and 
localised morphological interventions (elaborated thoroughly in Section 3.3.3) imposed to 
a given primitive urban block within evolutionary design simulation, a significant amount of 
variation can be generated in the urban area. This naturally leads to the emergence of spatial 
domains with a high degree of variation in size and proximities to buildings. Similar to biology 
in which higher variation of species facilitates a better adaptation of a whole, the emergence 
of such variations at urban scale contributes to increasing adaptability of the urban tissue to a 
broader range of changes.   

In contrast to the radical urban proposals of the mid-20th century, this research demonstrates 
the significance of morphological variations (as a result of localised bottom-up interactions) 
in the success of a design proposal to achieve improved adaptive characteristics while facing 
internal or external changes.

4.3.2. Evolutionary Computation
The contribution of the research in the application of evolutionary computation in design is 
highlighted below.

Homeostatic Toolset: Incorporating Homeostatic Principles in the Evolutionary Design 
Processes
This research attempted to incorporate the principles of homeostasis in biology into the 
evolutionary design processes to enhance their performance in evolving context-sensitive urban 
morphologies. As elaborated in Section 2.2.4, the homeostatic principles were categorised into 

two types of behavioural and morphological attributes based on which a homeostatic toolset was 
formed. Furthermore, this research developed means of implementing this toolset within the 
evolutionary design processes and proved their efficiency in enhancing the evolutionary models 
in evolving urban morphologies that address a set of objectives within differing environmental 
scenarios (investigated in Section 3.4.1.1). 

The behavioural principle of homeostasis, regulatory behaviours, which is to sense, detect and 
reverse the change, was applied in the evolutionary simulation as an extra fitness objective to 
maintain the balance of a given variable. Since thermoregulation (explained Section 2.2.2.2) was 
the primary homeostatic process under investigation, the proxy variable was associated with 
the energy intake through solar radiation of a selected domain across the experiment (spatial 
domains were unique in the context of each experiment). The fitness objective was defined to 
ensure the distance of the fitness value is as less as possible to the bounds of a given domain (the 
domains were defined differently within the context of each experiment). 

Two identical simulations were conducted, one with the established method and one without, 
to evaluate and compare the method's efficiency. As concluded in Section 3.4.1.1, the method 
successfully created solutions in which their proxy variable is within the desired domain. However, 
the simulation without the employed method also produced individuals with the same attribute. 
By comparing these simulation pairs across all experiments, it is determined that the success or 
failure of the employed method is highly contingent on the formulation of the design problem, 
which comprises the genotype and the phenotype.

Another essential principle of homeostasis at the scale of collective species is the coordinated 
actions of individuals. As discussed in Section 2.2.4, the relative relationship between individuals 
and the colony is analogous to the relative relationship between individual buildings and the 
urban tissue at large. To implement the principles of coordinated actions of individuals in 
the collective organisms, a set of rules and regulations were applied in the genotype of the 
evolutionary models (elaborated in Section 3.3.3) to evolve the buildings across the urban 
tissues in a synchronised fashion. The genes responsible for the morphological development of 
the individual buildings across the tissue comprise conditional statements by which a non-linear 
relationship between different individual buildings was made possible. Thus, it was proven that 
the coordinated actions of individuals could be translated into the generation of buildings and 
urban tissues within the workflow of an evolutionary model. 

On the other hand, the morphological attributes of homeostatic processes abstracted from 
studies conducted in Section 2.2.2 were added in the evolutionary models as a set of rules and 
regulations in the genotypes that control the phenotypes. The significance of gene regulations in 
the emergence of phenotypic characteristics was explained in Section 2.2.3.3 (in the evo-devo 
discipline). With similar reasoning and within the discipline of evolutionary computation, this 
research proved that phenotypic diversities and attributes could evolve by genes and regulations 
in the genotype of the experiments.
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The localised morphological interventions on the primitive blocks were the primary process 
by which the phenotypic characteristics (which facilitate homeostasis in species) were coded 
into the evolutionary design models' genotypes. The experiment results demonstrated the 
significance of the construction of the phenotype and genotype in driving the simulation toward 
the emergence of desired and adaptive morphological attributes (Section 3.3.3 explained the 
experiment setup, construction of the phenotype and the genotype in detail). In addition, the 
ability to control the surface to volume ratio, to create a self-shading mechanism, and to enable 
spatial variations across the tissue were tested and were proven to be efficient morphological 
characteristics to enable dynamic homeostatic behaviours (elaborated in Section 3.4.1.3.).

Population Over the Solution: Evaluation, Analysis and Selection of the Results 
This research is founded based on population thinking in solving complex problems that 
comprise multiple conflicting objectives as opposed to typological thinking. As elaborated in 
Section 2.2.4, the principles of population thinking originate in Darwin’s contribution to the 
evolutionary thought (Section 2.2.3 and 2.2.4). This research argues the necessity of shifting the 
attention from designing the solution to designing the problem based on which the application 
of evolutionary computation strategies generates a population of solutions. The urban problems 
are widely associated with multiple objectives which are conflicting with one another. Thus, 
the developed methodology to address the complex questions is highly relevant to the urban 
problems investigated in this research. The key to efficiently utilise evolutionary computation in 
solving complex problems ( in the case of this research, the urban problems) is to shift from user 
preference-based approach that leads to a single solution to the one that gives greater weight to 
the population of design outputs. Therefore, the construction of the phenotype, genotype and 
the fitness objectives that together form the design problem becomes critical (Section 3.3.3).

It is worth noting that the differentiation between a single solution and a population of solutions 
does not contradict the fact that most of the design problems require a single design solution. 
Thus, when confronting the population of design solutions, evaluation and selection strategies 
become the essential steps in the design process to equip the users with the necessary knowledge 
to make an informed decision. This research developed a comprehensive sequence of evaluation 
and selection strategies to filter down the population of candidate design solutions to a smaller 
set of individuals and eventually to a single solution for further analysis (Sections 3.4.1.1 and 
3.4.1.2 and 3.4.1.3). The evaluation methodologies developed in this research was founded upon 
statistical analysis of the data outputted by the evolutionary simulations as well as independent 
measurement criteria per each individual (recorded morphological characteristics, explained in 
Section 3.4.1.2). The proposed sequence of evaluation and selection strategies can be applied to 
a broad range of evolutionary design workflows in which filtering the design outputs is a crucial 
step in the design process.

4.4. Limitation and Future Work
The limitations observed in the context of this research are outlined below, along with the 
proposed solutions that form the next steps of the research. 

Increasing the Urban Resolution of the Investigations 
This research investigated the application of homeostatic principles in the evolutionary design 
processes at the early phase of design explorations to evolve urban morphologies with enhanced 
environmental performances across their interstitial spaces. It was concluded that the early 
design explorations play a significant role in the performance of the design outputs at the later 
stages. This research shed light on the importance of morphological parameters at the early 
stages of design. Nonetheless, since the morphological and organisational resolutions of the 
urban morphologies explored in this research, stayed at the early design exploration phase, 
the impact of variables such as network topologies, detailed building morphologies and spatial 
distributions of various functions across urban tissues left to be investigated within the framework 
of this research. The primary obstacle that constrained this was the computational load and 
power required to include such variables within the experiments. To overcome this limitation, 
the computational setups of the design experiments are required to be highly optimised for 
more time-consuming calculations and simulations. Since the intention is to develop a design 
system to be utilised in a consumer-specification computational platform, the evolutionary 
design models need to be reformulated to reduce the computational calculations. This can be 
achieved by decreasing the need for geometrical representation and relying more on the data 
associated with the phenotypes. This forms the basis of the next round of experiments that 
are going to be conducted by the author to apply the proposed workflow within the context 
of urban scenarios with more details on individual buildings’ morphological configurations and 
their material and occupation specificities.

Increasing the Spatial and Temporal Scales of Investigations
This research evaluated the evolved urban morphologies across various spatial and temporal 
scales. To examine the evolved urban tissues for any emergent homeostatic behaviour, two spatial 
domains in two elevations were chosen as the investigation areas to simulate their temperature 
fluctuations at four moments in the day at winter and summer solstices. Data collected from 
these simulations demonstrated an overall picture of energy flows across spatial domains of 
investigations throughout the day based on which the homeostatic behaviours were observed 
and concluded. However, due to the time and computation power required to run energy 
simulations, the spatial and temporal scales of investigations were restricted. The author aims to 
increase the spatial and temporal scales of this investigation to illustrate a more accurate image 
of energy behaviours across interstitial spaces in urban tissues. To achieve this, two methods are 
going to be explored. First is to decrease the complexity of the mesh models to input into the 
energy simulation workflows by constructing the 3D models in a highly organised and cleaned 
fashion. Second is to utilise machine learning algorithms in order to develop a model to predict 
the temperature fluctuations and energy behaviours of a new spatial and temporal domain 
based on the already conducted simulations. 
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Integrating the Developed Analytic Sequence Into the Generative Process
In the context of this research, the evaluations of the analytic section were conducted to validate 
the results of the generative process and test the hypothesis of the research. Three sets of analysis 
were conducted with different relationships to the generative process. The evolutionary-based 
inquiries were embedded within the generative process. On the other hand, the morphological-
based inquiries were conducted in two stages, one was conducted from within the generative 
process, and one was conducted on the outputted results. The energy-based inquires, however, 
were only conducted on the outputted results without any live connection to the generative 
process. The time-consuming computational calculations of the energy simulations were one 
of the main obstacles of incorporating the energy-based inquires within the generative loop. 
The energy-based inquires in the context of this research were only utilised as a validation and 
investigation strategy to detect any emergent homeostatic behaviours.

Nonetheless, if they were embedded within the generative process, the homeostatic behaviours 
could be defined directly as a set of objectives by which the simulations are driven. In this 
research, homeostatic thermoregulatory behaviours were embedded within the evolutionary 
design process by only incorporating their abstracted principles from biology and not by defining 
the behaviour itself as an objective. Furthermore, the energy flow, temperature fluctuation across 
different spatial and temporal scales could also be considered as driving forces of the generative 
model. Implementing behavioural variation of energy exchanges across the urban tissue as an 
objective in the generative process may create a better way of evolving urban morphologies with 
higher adaptive attributes. In the next phase of this research, the author attempts to incorporate 
a new set of fitness objectives that could be derived from the energy-based inquires and are 
directly linked to a set of thermoregulatory behaviours into the evolutionary design models. 

Considering the Material and Occupation Specificities as Variables in the Generative and 
Analytic Sections 
The only variables considered in the generative and energy simulations conducted in this research 
were the urban morphology and the environmental parameters. The material and occupation 
specificities were considered constant values across all experiments. This was done to ensure 
the results only reflect the impact of urban morphology on energy intake of interstitial spaces 
and urban metabolism at large. The goal of this research was the relative comparison between 
different scenarios to detect and highlight the role of morphology on any emergent adaptive 
behaviours. However, by changing the material, occupation and the resolution of the thermal 
zones in the energy simulations, the accuracy of the results per scenario increases and may 
differ with the results of this research. One of the limitations in incorporating more variables 
in the energy evaluations was the increased complexity of the results and the plethora of data 
generated by the simulations. As the next step of this research, the author attempts to tackle 
this issue by developing a novel way of interpreting the outputted data by the simulations and 
extend the matrix that is provided in this research. 
Furthermore, another potential path to expand this research is to incorporate the variables 
such as material and occupation specificities in the genome of the evolutionary models to 

investigate their impact on the early design explorations as well. To achieve this and to break the 
complexity of a single continuous evolutionary model, the author attempts to explore sequential 
evolutionary simulations to tackle this issue.

Expanding the Homeostatic Toolset:
There is a wide range of regulatory behaviours across individual species and collective organisms 
that facilitate homeostasis. In the context of this research, only thermoregulation and social 
regulation were investigated thoroughly. A set of principles abstracted from these studies formed 
a design toolset that was examined across different urban design scenarios. Although successful, 
this toolset only comprises a few abstracted principles. First, the regulatory behaviours were 
abstracted to a set of fitness objectives to control the deviation of a given variable. Second, 
the coordinated actions of individuals were abstracted to a set of conditional statements hard 
coded to construct the genotypes. And third, the morphological characteristics were abstracted 
to a series of geometrical principles of surface to volume ratios, self-shading mechanism, and 
size variations. A deeper investigation into other homeostatic processes is required to expand 
the toolset, such as the collectives' social regulation mechanisms that incorporate symbiotic 
relationships between several species in a given colony, for instance, termites and fungi. This 
symbiotic relationship can be translated to a reciprocal relationship between different functions 
across an urban tissue, such as the relationship between residential areas and cultural centres 
in a given urban area. The author intends to expand the homeostatic toolset provided in this 
research to include these principles in the urban design process. This symbiotic connection can 
be mapped into a set of logical relationships between different functions across an urban area 
by which the generative model is driven to evolve urban tissues with a steady-state of a given 
variable, such as the flow of people.

Additionally, there are other homeostatic processes to be investigated, such as osmoregulation. 
This process is responsible for the steady state of different substances within the context of a 
fluid. The principles abstracted from this process can be beneficial in the context of resource 
management in an urban tissue in which certain resources need to be maintained at a specific 
level. The author intends to incorporate these principles in the subsequent phases of this 
research. 

4.5 Reflection
A comprehensive computational design system that is founded based on the principles of 
two critical biological processes (homeostasis and evolution) has been developed through the 
presented research that contributes to the urban design processes across a range of scales, from 
the scale of an urban tissue to the scale of a cluster of buildings. In contrast to contemporary 
practices, the presented research has attributed significant weight to the interstitial spaces 
across the urban tissues in the adaptation characteristics of urban areas through environmental 
and societal changes.  The interstitial spaces are the spatial domains where the city lives and are 
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recognised as the cultural spaces of the urban area. Contrary to the ubiquitous urban design 
approaches, in this research these spaces are regarded as the crucial spatial domains to be 
considered from the early design exploration phases.

The developed computational design system has demonstrated a practical tool with a sequence 
of implementation and evaluation principles that allows urban designers to synthesise context-
sensitive urban morphological configurations with embedded analytic procedures to measure a 
series of essential variables, (most important of which, is the heat fluxes) from the early phases 
of design explorations. Majority of the work has gone towards understanding the heat exchange 
in the individual buildings. The interstitial spaces have been the neglected areas at this stage 
of design development. This research has discussed the significance of heat flux across these 
spaces in the adaptation capacities of the urban areas at large. The heat flux across these cultural 
spaces impacts the behaviour of the society and thus are crucial spatial domains across the cities 
and have to be taken into considerations from the early phases of the design processes. 

The demonstration of the generative and analytic tools and methods developed in this research 
shed light on the potential of utilising the design computation techniques in contemporary urban 
design practices. Furthermore, this research proved the significance and interrelation between 
early urban design explorations, morphological variations and performance enhancements of 
the urban design proposals through several design scenarios. Additionally, a clear blueprint on 
how to implement such computational strategies in practice has been provided in the context 
of this research. Finally, the experimentation phase of this research highlighted the following 
observations that could be considered in the urban design practices instantly. 

• The crucial role of the morphological variations in the future adaptive behaviours 
of urban tissues. To achieve morphological variation is a slow and continuous 
process in existing cities. 

• The significance of interstitial spaces in facilitating dynamic thermal behaviours 
across the urban tissues without a need for an immediate transformation in 
morphology. Interstitial spaces are the most important for thermal regulation 
and homeostasis of an urban tissue and can be dynamically reconfigured (such 
as in seasonal time scales). 

• A clear computational strategy on evolving such high performing urban tissues 
(for the selected urban objectives) and simulating their behaviour in their 
mature forms. 

• Clear methodical strategies of selection and evaluation mechanisms for the 
designers to navigate the design space efficiently in the generative design 
processes. 

Nonetheless, two essential prerequisites for implementing techniques this research advocates 
in contemporary urban design practices are the significance of the shift in the designers’ role 
from designing the solution to designing the problem and the computation and algorithmic 
skills required to successfully design a problem by which a set of solutions can be evolved.  
However, once these requirements are met and incorporated into the practices, implementing 
this approach in the design practices will have indisputable positive impacts in increasing 
the resiliency of designed future cities to sudden changes in their environment. The design 
computation methodologies elaborated in this research provide a design process that leads to 
evolving cities based on the same principles of adaptation of species in nature - Evolution and 
Homeostasis - and thus acquiring morphological and behavioural characteristics that enhance 
their performance in the face of sudden environmental and societal changes in future. 

This design system has been investigated across a several environmental and cultural contexts 
and produced a set of urban tissues that contribute to the lineage of the radical urban proposals 
of the mid-20th century with a significant shift from a formal expression to a design methodology. 
If the ideas of radical urbanisms of the mid-20th century were expressed through architectural 
drawings, this research proposed a design system that brings science and analytic methods 
together to produce radical design ideas that address a set of urban and environmental problems 
of the time.  
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This section comprises an extended set of drawings from different sections of chapter 3. 
It provides further details about the experiments conducted in this research. The first set of 
drawings illustrate the first and the second selection pools of the morphological-based analysis 
(section 3.4.1.2) of the experiments conducted in this chapter. Out of 12 sets of drawings that 
represent the first two selection pools of all experiments (explained thoroughly in section 
3.4.1.2), only 3 drawings are provided in the context of section 3.4.1.2. Rest of the drawings are 
presented in the following pages.  

The second set of drawings represent the spatial domains of investigations for the energy-based 
analysis of all three experiments (section 3.4.1.3). As discussed in section 3.4.1.3, there are two 
spatial domains of investigations per seasonal scenario per experiment. The drawings in this 
section illustrate these two spatial domains of investigations in the context of each experiment 
and represent their assigned thermal zones, shading contexts and the rest of the urban areas.
 
The last set of drawings represent the material and occupation specificities in the energy-based 
analysis for three experiments (section 3.4.1.3). These sectional drawings correspond to each 
experiment and are generated from the selected phenotypes per experiment.  These drawings 
can be cross referenced with the tables provided in Appendix II that explain the material and 
occupation specificities in detail. Appendix I
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Selection Pools for the Morphological-Based Analysis of Experiment 1.1.2 | Section 3.4.1.2.1.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 1.1.2.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
1.1.2.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	red	fitness	graph	are	part	of	
the	selection	pool	two.	The	red	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 1.2.1 | Section 3.4.1.2.1.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 1.2.1.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
1.2.1.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	blue	fitness	graph	are	part	of	
the	selection	pool	two.	The	blue	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 1.2.2 | Section 3.4.1.2.1.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 1.2.2.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
1.2.2.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	red	fitness	graph	are	part	of	
the	selection	pool	two.	The	red	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 2.1.2 | Section 3.4.1.2.2.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 2.1.2.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
2.1.2.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	red	fitness	graph	are	part	of	
the	selection	pool	two.	The	red	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 2.2.1 | Section 3.4.1.2.2.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 2.2.1.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
2.2.1.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	blue	fitness	graph	are	part	of	
the	selection	pool	two.	The	blue	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 2.2.2 | Section 3.4.1.2.2.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 2.2.2.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
2.2.2.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	red	fitness	graph	are	part	of	
the	selection	pool	two.	The	red	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 3.1.1 | Section 3.4.1.2.3.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 3.1.1.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
3.1.1.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	blue	fitness	graph	are	part	of	
the	selection	pool	two.	The	blue	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 3.2.1 | Section 3.4.1.2.3.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 3.2.1.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
3.2.1.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	blue	fitness	graph	are	part	of	
the	selection	pool	two.	The	blue	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Selection Pools for the Morphological-Based Analysis of Experiment 3.2.2 | Section 3.4.1.2.3.

This	 figure	 illustrates	 the	 first	 two	 selected	 pools	 of	 simulation	 3.2.2.	 after	 the	
application	of	the	first	two	selection	steps	on	the	entire	population	of	simulation	
3.2.2.	The	urban	morphologies	that	are	laid	out	on	the	grid	are	within	the	selection	
pool	one,	and	the	individuals	that	are	marked	with	a	red	fitness	graph	are	part	of	
the	selection	pool	two.	The	red	graphs	are	representing	the	fitness	performances	
of	these	individuals.
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Spatial Domains of Investigations of Energy-Based Analysis for Experiment 1 | Section 3.4.1.3.1.
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Spatial Domains of Investigations of Energy-Based Analysis for Experiment 1 | Section 3.4.1.3.1.
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Spatial Domains of Investigations of Energy-Based Analysis for Experiment 2 | Section 3.4.1.3.2.
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Spatial Domains of Investigations of Energy-Based Analysis for Experiment 2 | Section 3.4.1.3.2.
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Spatial Domains of Investigations of Energy-Based Analysis for Experiment 3 | Section 3.4.1.3.3.
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Spatial Domains of Investigations of Energy-Based Analysis for Experiment 3 | Section 3.4.1.3.3.
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Sectional Drawing of Material and Occupation Specificities for Experiment 1 | Section 3.4.1.3.1. Sectional Drawing of Material and Occupation Specificities for Experiment 2 | Section 3.4.1.3.2.
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Sectional Drawing of Material and Occupation Specificities for Experiment 3 | Section 3.4.1.3.3.
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This section comprises a set of tables that provide further details and explanations for the 
experiments conducted in chapter 3. The first set of tables represent the selection sequence 
per experiment that is developed in section 3.4.1.2. This sequence comprises three steps per 
experiment. The next table provides further details about the material and occupation specificities 
of the energy-based analysis in section 3.4.1.3. This table corresponds to the sectional drawings 
provided in Appendix I that illustrate the material and occupation specificities.  The next set of 
tables represent the selected phenotype per experiment per seasonal scenario for the energy-
based analysis in section 3.4.1.3. In addition to the selected phenotypes, these tables provide 
a matrix that represents the detailed workflow for the energy-based analysis and comparisons 
that are conducted per experiments in section 3.4.1.3. The last set of tables provide further 
details about the temperature fluctuations of the interstitial spaces across the spatial domains 
of investigations per experiment. These tables can be cross-referenced with the figures of the 
energy-based analysis per experiment in section 3.4.1.3 that highlight the endothermic or 
ectothermic behaviours of the selected phenotypes.Appendix II
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Selection Pools for the Morphological-Based Analysis of Experiments 1.X.X | Section 3.4.1.2.1.

Selection Step 1 : Experiment 1- 34.0181° N, 5.0078° W - Fes, Morocco

Experiment Individual	ID(s) Count Description

Exp 1.1.1

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G95:	i3
G96:	i0
G71:	i7
G92:	i6

4

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4

G60:	i42
G45:	i42 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G47:	i0
G45:	i13
G25:	i16
G72:	i49
G18:	i48
G2:	i26
G94:	i44
G13:	i45
G93:	i3
G53:	i16

10

The	centre	of	cluster	1	with	26	individuals	in	the	cluster
The	centre	of	cluster	2	with	23	individuals	in	the	cluster
The	centre	of	cluster	3	with	31	individuals	in	the	cluster
The	centre	of	cluster	4	with	6	individuals	in	the	cluster
The	centre	of	cluster	5	with	63	individuals	in	the	cluster
The	centre	of	cluster	6	with	24	individuals	in	the	cluster
The	centre	of	cluster	7	with	17	individuals	in	the	cluster
The	centre	of	cluster	8	with	15	individuals	in	the	cluster
The	centre	of	cluster	9	with	1	individual	in	the	cluster
The	centre	of	cluster	10	with	2	individuals	in	the	cluster

Selected set 66 Selection pool 1

Exp 1.1.2

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G44:	i2
G83:	i3
G55:	i0
G59:	i1
G59:	i7

5

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4
Best	performing	individual	for	FO5

G60:	i23 1 Best	average	fitness	rank
addresses	all	objectives	as	equal	as	possible.

G32:	i46
G91:	i41
G69:	i24
G15:	i31
G81:	i23
G94:	i12
G57:	i4
G94:	i30
G90:	i1
G34:	i42
G81:	i3

11

The	centre	of	cluster	1	with	34	individuals	in	the	cluster
The	centre	of	cluster	2	with	14	individuals	in	the	cluster
The	centre	of	cluster	3	with	10	individuals	in	the	cluster
The	centre	of	cluster	4	with	45	individuals	in	the	cluster
The	centre	of	cluster	5	with	12	individuals	in	the	cluster
The	centre	of	cluster	6	with	13	individuals	in	the	cluster
The	centre	of	cluster	7	with	8	individuals	in	the	cluster
The	centre	of	cluster	8	with	31	individuals	in	the	cluster
The	centre	of	cluster	9	with	3	individuals	in	the	cluster
The	centre	of	cluster	10	with	42	individuals	in	the	cluster
The	centre	of	cluster	11	with	4	individuals	in	the	cluster

Selected set 67 Selection pool 1

Exp 1.2.1

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G53:	i2	
G92:	i7	
G24:	i2
G74:	i7

4

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4

G95:	i35
G25:	i17 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G3:	i35
G3:	i22
G82:	i46
G16:	i18
G90:	i42
G79:	i43
G46:	i25
G67:	i31
G16:	i10
G1:	i36
G26:	i14
G56:	i49
G93:	i25
G88:	i44
G44:	i42
G41:	i29
G38:	i3
G28:	i14
G96:	i3
G55:	i2
G7:	i2
G91:	i10

22

The	centre	of	cluster	1	with	34	individuals	in	the	cluster
The	centre	of	cluster	2	with	34	individuals	in	the	cluster
The	centre	of	cluster	3	with	2	individuals	in	the	cluster
The	centre	of	cluster	4	with	3	individuals	in	the	cluster
The	centre	of	cluster	5	with	17	individuals	in	the	cluster
The	centre	of	cluster	6	with	9	individuals	in	the	cluster
The	centre	of	cluster	7	with	27	individuals	in	the	cluster
The	centre	of	cluster	8	with	20	individuals	in	the	cluster
The	centre	of	cluster	9	with	5	individuals	in	the	cluster
The	centre	of	cluster	10	with	59	individuals	in	the	cluster
The	centre	of	cluster	11	with	13	individuals	in	the	cluster
The	centre	of	cluster	12	with	45	individuals	in	the	cluster
The	centre	of	cluster	13	with	8	individuals	in	the	cluster
The	centre	of	cluster	14	with	31	individuals	in	the	cluster
The	centre	of	cluster	15	with	9	individuals	in	the	cluster
The	centre	of	cluster	16	with	37	individuals	in	the	cluster
The	centre	of	cluster	17	with	27	individuals	in	the	cluster
The	centre	of	cluster	18	with	12	individuals	in	the	cluster
The	centre	of	cluster	19	with	4	individuals	in	the	cluster
The	centre	of	cluster	20	with	10	individuals	in	the	cluster
The	centre	of	cluster	21	with	24	individuals	in	the	cluster
The	centre	of	cluster	22	with	4	individuals	in	the	cluster

Selected set 78 Selection pool 1

Selection Step 1 : Experiment 1- 34.0181° N, 5.0078° W - Fes, Morocco

Experiment Individual	ID(s) Count Description

Exp 1.2.2

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G62:	i7	
G87:	i9
G73:	i5	
G70:	i7	
G0:	i0	

5

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4
Best	performing	individual	for	FO5

G89:	i41
G25:	i37 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G33:	i47
G21:	i14
G74:	i15
G4:	i12
G65:	i41
G58:	i46
G0:	i49
G32:	i43
G86:	i8
G55:	i24
G98:	i39
G70:	i29
G52:	i4
G82:	i20
G14:	i4
G70:	i42
G17:	i43
G7:	i39
G85:	i27
G70:	i31
G74:	i29
G7:	i34
G84:	i19
G56:	i27
G0:	i21
G84:	i3
G73:	i5
G83:	i11

28

The	centre	of	cluster	1	with	16	individuals	in	the	cluster
The	centre	of	cluster	2	with	33	individuals	in	the	cluster
The	centre	of	cluster	3	with	3	individuals	in	the	cluster
The	centre	of	cluster	4	with	34	individuals	in	the	cluster
The	centre	of	cluster	5	with	22	individuals	in	the	cluster
The	centre	of	cluster	6	with	37	individuals	in	the	cluster
The	centre	of	cluster	7	with	30	individuals	in	the	cluster
The	centre	of	cluster	8	with	25	individuals	in	the	cluster
The	centre	of	cluster	9	with	18	individuals	in	the	cluster
The	centre	of	cluster	10	with	1	individual	in	the	cluster
The	centre	of	cluster	11	with	25	individuals	in	the	cluster
The	centre	of	cluster	12	with	14	individuals	in	the	cluster
The	centre	of	cluster	13	with	5	individuals	in	the	cluster
The	centre	of	cluster	14	with	14	individuals	in	the	cluster
The	centre	of	cluster	15	with	14	individuals	in	the	cluster
The	centre	of	cluster	16	with	20	individuals	in	the	cluster
The	centre	of	cluster	17	with	51	individuals	in	the	cluster
The	centre	of	cluster	18	with	19	individuals	in	the	cluster
The	centre	of	cluster	19	with	2	individuals	in	the	cluster
The	centre	of	cluster	20	with	19	individuals	in	the	cluster
The	centre	of	cluster	21	with	4	individuals	in	the	cluster
The	centre	of	cluster	22	with	34	individuals	in	the	cluster
The	centre	of	cluster	23	with	5	individuals	in	the	cluster
The	centre	of	cluster	24	with	20	individuals	in	the	cluster
The	centre	of	cluster	25	with	51	individuals	in	the	cluster
The	centre	of	cluster	26	with	2	individuals	in	the	cluster
The	centre	of	cluster	27	with	37	individuals	in	the	cluster
The	centre	of	cluster	28	with	15	individuals	in	the	cluster

Selected set 84 Selection pool 1

Selection Step 2 : Experiment 1- 34.0181° N, 5.0078° W - Fes, Morocco

Experiment Individual	ID(s) Count Description

Exp 1.1.1

G2:	i26 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01)

G2:	i26 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i9 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	(MC03)	

G99:	i7 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G92:	i6
G99:	i0
G99:	i14
G99:	i15
G99:	i26
G99:	i30
G99:	i38

7 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.	

Selected set 10 Selection pool 2

Exp 1.1.2

G99:	i13 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G44:	i2 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G57:	i4 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	(MC03).	

G99:	i38 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G59:	i7
G60:	i23
G99:	i8

3 The	Individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 7 Selection pool 2
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Selection Step 2 : Experiment 1- 34.0181° N, 5.0078° W - Fes, Morocco

Experiment Individual	ID(s) Count Description

Exp 1.2.1

G99:	i26 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G99:	i26 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i46 1 Individuals	from	selection	pool	1	with	the	lowest	surface	to	volume	ratio	(MC03).	

G99:	i46 1 Individuals	 from	selection	pool	1	with	the	 lowest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G74:	i7
G88:	i44
G93:	i25
G99:	i1
G99:	i13
G99:	i17
G99:	i29
G99:	i37
G99:	i41
G99:	i42

10 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 12 Selection pool 2

Exp 1.2.2

G65:	i41 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G65:	i41 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i12 1 Individuals	from	selection	pool	1	with	the	lowest	surface	to	volume	ratio	(MC03).	

G99:	i12 1 Individuals	 from	selection	pool	1	with	the	 lowest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G0:	i0
G70:	i7
G86:	i8
G99:	i3
G99:	i7
G99:	i45
G99:	i49

7 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 9 Selection pool 2

Selection Step 3 : Experiment 1- 34.0181° N, 5.0078° W - Fes, Morocco

Experiment Individual	ID(s) Description

Exp 1.1.1 G99:	i7

The	individual	in	selection	pool	2	with	the	maximum	added	morphological	intervention.
Exp 1.1.2 G99:	i38

Exp 1.2.1 G99:	i41

Exp 1.2.2 G99:	i45

Selection Pools for the Morphological-Based Analysis of Experiments 2.X.X | Section 3.4.1.2.2.

Selection Step 1 : Experiment 2 - 41.8781° N, 87.6298° W - Chicago, USA

Experiment Individual	ID(s) Count Description

Exp 2.1.1

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G74:	i3
G37:	i4
G67:	i7	
G91:	i7

4

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4

G91:	i36
G57:	i49 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G58:	i47
G64:	i35
G87:	i45
G87:	i41
G71:	i28
G58:	i12
G72:	i27
G82:	i46
G76:	i48
G77:	i35

10

The	centre	of	cluster	1	with	12	individuals	in	the	cluster
The	centre	of	cluster	2	with	22	individuals	in	the	cluster
The	centre	of	cluster	3	with	28	individuals	in	the	cluster
The	centre	of	cluster	4	with	21	individuals	in	the	cluster
The	centre	of	cluster	5	with	8	individuals	in	the	cluster
The	centre	of	cluster	6	with	19	individuals	in	the	cluster
The	centre	of	cluster	7	with	40	individuals	in	the	cluster
The	centre	of	cluster	8	with	15	individuals	in	the	cluster
The	centre	of	cluster	9	with	24	individuals	in	the	cluster
The	centre	of	cluster	10	with	19	individuals	in	the	cluster

Selected set 66 Selection pool 1

Selection Step 1 : Experiment 2 - 41.8781° N, 87.6298° W - Chicago, USA

Experiment Individual	ID(s) Count Description

Exp 2.1.2

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G49:	i8	
G61:	i4	
G25:	i8	
G79:	i6	
G0:	i1

5

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4
Best	performing	individual	for	FO5

G42:	i41
G85:	i36 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G7:	i45
G29:	i16
G47:	i31
G59:	i43
G43:	i45
G39:	i46
G46:	i34
G69:	i37
G26:	i29
G94:	i26
G48:	i45
G95:	i42
G51:	i49
G33:	i45
G96:	i41
G29:	i30
G57:	i5
G93:	i4
G12:	i9
G41:	i46
G31:	i11
G74:	i45
G3:	i24
G88:	i37
G92:	i19
G81:	i41
G66:	i0
G69:	i14

28

The	centre	of	cluster	1	with	62	individuals	in	the	cluster
The	centre	of	cluster	2	with	14	individuals	in	the	cluster
The	centre	of	cluster	3	with	34	individuals	in	the	cluster
The	centre	of	cluster	4	with	9	individuals	in	the	cluster
The	centre	of	cluster	5	with	8	individuals	in	the	cluster
The	centre	of	cluster	6	with	19	individuals	in	the	cluster
The	centre	of	cluster	7	with	40	individuals	in	the	cluster
The	centre	of	cluster	8	with	8	individuals	in	the	cluster
The	centre	of	cluster	9	with	18	individuals	in	the	cluster
The	centre	of	cluster	10	with	27	individuals	in	the	cluster
The	centre	of	cluster	11	with	38	individuals	in	the	cluster
The	centre	of	cluster	12	with	25	individuals	in	the	cluster
The	centre	of	cluster	13	with	20	individuals	in	the	cluster
The	centre	of	cluster	14	with	11	individuals	in	the	cluster
The	centre	of	cluster	15	with	2	individuals	in	the	cluster
The	centre	of	cluster	16	with	35	individuals	in	the	cluster
The	centre	of	cluster	17	with	7	individuals	in	the	cluster
The	centre	of	cluster	18	with	1	individual	in	the	cluster
The	centre	of	cluster	19	with	17	individuals	in	the	cluster
The	centre	of	cluster	20	with	29	individuals	in	the	cluster
The	centre	of	cluster	21	with	10	individuals	in	the	cluster
The	centre	of	cluster	22	with	32	individuals	in	the	cluster
The	centre	of	cluster	23	with	17	individuals	in	the	cluster
The	centre	of	cluster	24	with	14	individuals	in	the	cluster
The	centre	of	cluster	25	with	9	individuals	in	the	cluster
The	centre	of	cluster	26	with	37	individuals	in	the	cluster
The	centre	of	cluster	27	with	14	individuals	in	the	cluster
The	centre	of	cluster	28	with	2	individuals	in	the	cluster

Selected set 85 Selection pool 1

Exp 2.2.1

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G80:	i4	
G76:	i1	
G60:	i0	
G95:	i5	

4

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4

G99:	i16
G91:	i9 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G80:	i39
G99:	i12
G84:	i44
G94:	i27
G52:	i42
G69:	i33
G84:	i41
G94:	i47
G82:	i40
G91:	i13

10

The	centre	of	cluster	1	with	6	individuals	in	the	cluster
The	centre	of	cluster	2	with	28	individuals	in	the	cluster
The	centre	of	cluster	3	with	30	individuals	in	the	cluster
The	centre	of	cluster	4	with	19	individuals	in	the	cluster
The	centre	of	cluster	5	with	24	individuals	in	the	cluster
The	centre	of	cluster	6	with	6	individuals	in	the	cluster
The	centre	of	cluster	7	with	20	individuals	in	the	cluster
The	centre	of	cluster	8	with	20	individuals	in	the	cluster
The	centre	of	cluster	9	with	62	individuals	in	the	cluster
The	centre	of	cluster	10	with	10	individuals	in	the	cluster

Selected set 64 Selection pool 1

Exp 2.2.2

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G64:	i4	
G64:	i1	
G46:	i3	
G96:	i7	
G28:	i2	

5

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4
Best	performing	individual	for	FO5

G86:	i47
G99:	i9 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G94:	i33
G89:	i39
G69:	i19
G35:	i31
G77:	i47
G80:	i30
G75:	i41
G61:	i26
G82:	i8
G95:	i24
G83:	i8

11

The	centre	of	cluster	1	with	26	individuals	in	the	cluster
The	centre	of	cluster	2	with	15	individuals	in	the	cluster
The	centre	of	cluster	3	with	18	individuals	in	the	cluster
The	centre	of	cluster	4	with	44	individuals	in	the	cluster
The	centre	of	cluster	5	with	35	individuals	in	the	cluster
The	centre	of	cluster	6	with	4	individuals	in	the	cluster
The	centre	of	cluster	7	with	24	individuals	in	the	cluster
The	centre	of	cluster	8	with	31	individuals	in	the	cluster
The	centre	of	cluster	9	with	1	individual	in	the	cluster
The	centre	of	cluster	10	with	18	individuals	in	the	cluster
The	centre	of	cluster	11	with	9	individuals	in	the	cluster

Selected set 67 Selection pool 1
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Selection Step 2 : Experiment 2 - 41.8781° N, 87.6298° W - Chicago, USA

Experiment Individual	ID(s) Count Description

Exp 2.1.1

G99:	i48 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01)

G99:	i48 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i23 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	(MC03)	

G99:	i23 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

- 0 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.	

Selected set 2 Selection pool 2

Exp 2.1.2

G99:	i22 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G81:	i41 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i31 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	(MC03).	

G99:	i17 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G0:	i1
G69:	i14
G95:	i42
G99:	i4
G99:	i23
G99:	i24
G99:	i31
G99:	i33

8 The	Individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 11 Selection pool 2

Exp 2.2.1

G52:	i42 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G60:	i0 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i5 1 Individuals	from	selection	pool	1	with	the	lowest	surface	to	volume	ratio	(MC03).	

G99:	i35 1 Individuals	 from	selection	pool	1	with	the	 lowest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G80:	i4
G80:	i39
G82:	i40
G91:	i9
G99:	i3
G99:	i6
G99:	i8
G99;9}
G99:	i10
G99:	i13
G99:	i16
G99:	i19
G99:	i20
G99:	i21
G99:	i22
G99:	i23
G99:	i24
G99:	i26
G99:	i29
G99:	i31
G99:	i32
G99:	i37
G99:	i40
G99:	i41
G99:	i47

24 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 28 Selection pool 2

Exp 2.2.2

G99:	i2 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G99:	i34 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i42 1 Individuals	from	selection	pool	1	with	the	lowest	surface	to	volume	ratio	(MC03).	

G99:	i42 1 Individuals	 from	selection	pool	1	with	the	 lowest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G28:	i2
G64:	i4
G86:	i47
G89:	i39
G94:	i33
G99:	i8
G99:	i9
G99:	i11
G99:	i15
G99:	i19
G99:	i26
G99:	i46

12 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 15 Selection pool 2

Selection Step 3 : Experiment 2 - 41.8781° N, 87.6298° W - Chicago, USA

Experiment Individual	ID(s) Description

Exp 2.1.1 G99:	i23

The	individual	in	selection	pool	2	with	the	maximum	added	morphological	intervention.
Exp 2.1.2 G99:	i17

Exp 2.2.1 G60:	i0

Exp 2.2.2 G99:	i34

Selection Pools for the Morphological-Based Analysis of Experiments 3.X.X | Section 3.4.1.2.3.

Selection Step 1 : Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment Individual	ID(s) Count Description

Exp 3.1.1

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G63:	i6
G92:	i1	
G73:	i3	
G94:	i0	

4

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4

G87:	i19
G74:	i17 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G7	i9	
G34,	i38	
G32,	i40	
G74,	i17	
G87,	i19	
G66,	i46	
G7,	i34	
G96,	49i	
G0,	i46	
G82,	i41	
G39,	i48	
G82,	i7
G77,	i43
G90,	i39	
G61,	i23	
G85,	i2	

16

The	centre	of	cluster	1	with	9	individuals	in	the	cluster
The	centre	of	cluster	2	with	25	individuals	in	the	cluster
The	centre	of	cluster	3	with	22	individuals	in	the	cluster
The	centre	of	cluster	4	with	2	individuals	in	the	cluster
The	centre	of	cluster	5	with	2	individuals	in	the	cluster
The	centre	of	cluster	6	with	24	individuals	in	the	cluster
The	centre	of	cluster	7	with	24	individuals	in	the	cluster
The	centre	of	cluster	8	with	21	individuals	in	the	cluster
The	centre	of	cluster	9	with	48	individuals	in	the	cluster
The	centre	of	cluster	10	with	7	individuals	in	the	cluster
The	centre	of	cluster	11	with	30	individuals	in	the	cluster
The	centre	of	cluster	12	with	6	individuals	in	the	cluster
The	centre	of	cluster	13	with	1	individual	in	the	cluster
The	centre	of	cluster	14	with	41	individuals	in	the	cluster
The	centre	of	cluster	15	with	59	individuals	in	the	cluster
The	centre	of	cluster	16	with	1	individual	in	the	cluster

Selected set 72 Selection pool 1

Exp 3.1.2

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G95:	i0	
G84:	i5	
G5:	i2	
G93:	i5	
G0:	i0	

5

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4
Best	performing	individual	for	FO5

G88:	i40
G89:	i39 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G91:	i25
G27:	i37	
G19:	i44
G41:	i49
G97:	i46
G47:	i4
G53:	i34
G61:	i49
G84:	i46
G36:	i3
G93:	i45
G57:	i18
G28:	i16
G10:	i18
G94:	i3
G71:	i25
G53:	i1
G7:	i39
G23:	i34
G7:	i40
G18:	i17
G82:	i4
G88:	i7
G95:	i37
G97:	i7

25

The	centre	of	cluster	1	with	38	individuals	in	the	cluster
The	centre	of	cluster	2	with	9	individuals	in	the	cluster
The	centre	of	cluster	3	with	23	individuals	in	the	cluster
The	centre	of	cluster	4	with	6	individuals	in	the	cluster
The	centre	of	cluster	5	with	3	individuals	in	the	cluster
The	centre	of	cluster	6	with	5	individuals	in	the	cluster
The	centre	of	cluster	7	with	30	individuals	in	the	cluster
The	centre	of	cluster	8	with	30	individuals	in	the	cluster
The	centre	of	cluster	9	with	21	individuals	in	the	cluster
The	centre	of	cluster	10	with	24	individuals	in	the	cluster
The	centre	of	cluster	11	with	16	individuals	in	the	cluster
The	centre	of	cluster	12	with	5	individuals	in	the	cluster
The	centre	of	cluster	13	with	18	individuals	in	the	cluster
The	centre	of	cluster	14	with	55	individuals	in	the	cluster
The	centre	of	cluster	15	with	24	individuals	in	the	cluster
The	centre	of	cluster	16	with	2	individuals	in	the	cluster
The	centre	of	cluster	17	with	38	individuals	in	the	cluster
The	centre	of	cluster	18	with	27	individuals	in	the	cluster
The	centre	of	cluster	19	with	44	individuals	in	the	cluster
The	centre	of	cluster	20	with	4	individuals	in	the	cluster
The	centre	of	cluster	21	with	9	individuals	in	the	cluster
The	centre	of	cluster	22	with	11	individuals	in	the	cluster
The	centre	of	cluster	23	with	16	individuals	in	the	cluster
The	centre	of	cluster	24	with	39	individuals	in	the	cluster
The	centre	of	cluster	25	with	1	individual	in	the	cluster

Selected set 82 Selection pool 1
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Selection Step 1 : Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment Individual	ID(s) Count Description

Exp 3.2.1

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G90:	i3
G93:	i3
G39:	i2
G91:	i2

4

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4

G74:	i32
G35:	i7 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G7:	i2
G25:	i20
G0:	i14
G18:	i2
G89:	i22
G97:	i3
G2:	i30
G4:	i31
G75:	i29
G32:	i27
G80:	i49
G47:	i0
G91:	i13
G53:	i31
G27:	i17
G27:	i29
G50:	i4

17

The	centre	of	cluster	1	with	20	individuals	in	the	cluster
The	centre	of	cluster	2	with	9	individuals	in	the	cluster
The	centre	of	cluster	3	with	5	individuals	in	the	cluster
The	centre	of	cluster	4	with	14	individuals	in	the	cluster
The	centre	of	cluster	5	with	8	individuals	in	the	cluster
The	centre	of	cluster	6	with	2	individuals	in	the	cluster
The	centre	of	cluster	7	with	39	individuals	in	the	cluster
The	centre	of	cluster	8	with	1	individual	in	the	cluster
The	centre	of	cluster	9	with	26	individuals	in	the	cluster
The	centre	of	cluster	10	with	25	individuals	in	the	cluster
The	centre	of	cluster	11	with	21	individuals	in	the	cluster
The	centre	of	cluster	12	with	8	individuals	in	the	cluster
The	centre	of	cluster	13	with	10	individuals	in	the	cluster
The	centre	of	cluster	14	with	38	individuals	in	the	cluster
The	centre	of	cluster	15	with	18	individuals	in	the	cluster
The	centre	of	cluster	16	with	75	individuals	in	the	cluster
The	centre	of	cluster	17	with	16	individuals	in	the	cluster

Selected set 73 Selection pool 1

Exp 3.2.2

G99:	i0-49 50 The	Pareto	front	of	the	last	generation.

G94:	i2
G52:	i6
G76:	i3
G95:	i5
G5:	i3	

5

Best	performing	individual	for	FO1
Best	performing	individual	for	FO2
Best	performing	individual	for	FO3
Best	performing	individual	for	FO4
Best	performing	individual	for	FO5

G38:	i39
G62:	i23 2 Best	average	fitness	rank

addresses	all	objectives	as	equal	as	possible.

G0:	i47
G96:	i25
G11:	i47
G72:	i14
G7:	i48
G78:	i37
G99:	i29
G73:	i14
G19:	i41
G0:	i15
G44:	i24
G59:	i13
G0:	i14
G86:	i4
G21:	i11
G97:	i48
G65:	i37
G20:	i42
G24:	i7	
G69:	i40	
G12:	i42
G87:	i45
G95:	i20

23

The	centre	of	cluster	1	with	39	individuals	in	the	cluster
The	centre	of	cluster	2	with	2	individuals	in	the	cluster
The	centre	of	cluster	3	with	18	individuals	in	the	cluster
The	centre	of	cluster	4	with	4	individuals	in	the	cluster
The	centre	of	cluster	5	with	18	individuals	in	the	cluster
The	centre	of	cluster	6	with	45	individuals	in	the	cluster
The	centre	of	cluster	7	with	36	individuals	in	the	cluster
The	centre	of	cluster	8	with	4	individuals	in	the	cluster
The	centre	of	cluster	9	with	40	individuals	in	the	cluster
The	centre	of	cluster	10	with	3	individuals	in	the	cluster
The	centre	of	cluster	11	with	24	individuals	in	the	cluster
The	centre	of	cluster	12	with	31	individuals	in	the	cluster
The	centre	of	cluster	13	with	22	individuals	in	the	cluster
The	centre	of	cluster	14	with	5	individuals	in	the	cluster
The	centre	of	cluster	15	with	14	individuals	in	the	cluster
The	centre	of	cluster	16	with	22	individuals	in	the	cluster
The	centre	of	cluster	17	with	50	individuals	in	the	cluster
The	centre	of	cluster	18	with	12	individuals	in	the	cluster
The	centre	of	cluster	19	with	2	individuals	in	the	cluster
The	centre	of	cluster	20	with	8	individuals	in	the	cluster
The	centre	of	cluster	21	with	13	individuals	in	the	cluster
The	centre	of	cluster	22	with	39	individuals	in	the	cluster
The	centre	of	cluster	23	with	19	individuals	in	the	cluster

Selected set 80 Selection pool 1

Selection Step 2 : Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment Individual	ID(s) Count Description

Exp 3.1.1

G94:	i0 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01)

G99:	i4 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i38 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	(MC03)	

G99:	i38 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G7:	i34
G32:	i40
G34:	i38
G39:	i48
G63:	i6
G66:	i46
G73:	i3
G74:	i17
G77:	i43
G82:	i41
G85:	i2
G90:	i39
G92:	i1
G96:	i49
G99:	i0
G99:	i1
G99:	i2
G99:	i3
G99:	i5
G99:	i6
G99:	i8
G99:	i9
G99:	i10
G99:	i12
G99:	i13
G99:	i18
G99:	i19
G99:	i24
G99:	i25
G99:	i30
G99:	i31
G99:	i32
G99:	i33
G99:	i35
G99:	i38
G99:	i43
G99:	i44
G99:	i47

38 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.	

Selected set 40 Selection pool 2

Exp 3.1.2

G99:	i36 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G99:	i36 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i6 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	(MC03).	

G47:	i4 1 Individuals	from	selection	pool	1	with	the	highest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G0:	i0
G7:	i40
G18:	i17
G28:	i16
G53:	i1
G84:	i5
G88:	i40
G94:	i3
G99:	i0
G99:	i9
G99:	i40

10 The	Individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 14 Selection pool 2

Exp 3.2.1

G99:	i5 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G82:	i49 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G99:	i31 1 Individuals	from	selection	pool	1	with	the	lowest	surface	to	volume	ratio	(MC03).	

G99:	i38 1 Individuals	 from	selection	pool	1	with	the	 lowest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G99:	i14
G99:	i38 2 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 5 Selection pool 2
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Selection Step 2 : Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment Individual	ID(s) Count Description

Exp 3.2.2

G99:	i5 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	(MC01).

G99:	i5 1 The	individual	from	selection	pool	1	with	the	highest	urban	FSI	with	considering	
morphological	interventions	(MC02).

G69:	i40 1 Individuals	from	selection	pool	1	with	the	lowest	surface	to	volume	ratio	(MC03).	

G69:	i40 1 Individuals	 from	selection	pool	1	with	the	 lowest	surface	to	volume	ratio	with	
considering	morphological	interventions	(MC03).	

G5:	i3
G99:	i3
G99:	i9
G99:	i15
G99:	i17
G99:	i19
G99:	i40

7 The	individuals	from	selection	pool	1	with	proxy	variables	at	homeostasis.

Selected set 9 Selection pool 2

Selection Step 3 : Experiment 3 - 41.0082° N, 28.9784° E, Istanbul, Turkey

Experiment Individual	ID(s) Description

Exp 3.1.1 G99:	i9

The	individual	in	selection	pool	2	with	the	maximum	added	morphological	intervention.
Exp 3.1.2 G47:	i4

Exp 3.2.1 G80:	i49

Exp 3.2.2 G95:	i5

Material and Occupation Specificities for the Energy Simulations | Section 3.4.1.3.

Constant Variables Description

Window

Construction	materials:
• Clear	3mm

-	 U	Value:		300	W/m2.	k
-	 Material:	Glazing
-	 Optical	data	type:	Spectral	Average
-	 Thickness:	0.0029	m
-	 Solar	transmission	at	normal	incidence:	0.837
-	 Front	side	solar	reflectance	at	normal	incidence:	0.075
-	 Backside	solar	reflectance	at	normal	incidence:	0
-	 Visible	transmittance	at	normal	incidence:	0.898
-	 Font	side	visible	reflectance	at	normal	incidence:	0.081
-	 Backside	visible	reflectance	at	normal	incidence:	0
-	 Infrared	transmittance	at	normal	incidence:	0
-	 Front	side	Infrared	hemispherical	emissivity:	0.84
-	 Backside	Infrared	hemispherical	emissivity:	0.84
-	 Conductivity:	0.9	W/m.k
-	 Dirt	correction	factor	for	solar	and	visible	transmittance:	1

• Air	13mm
-	 U	Value:	2.47	W/m2.k
-	 Gas	Type:	air
-	 Thickness:	0.0127

• Clear	3mm
-	 U	Value:		300	W/m2.k
-	 Material:	Glazing
-	 Optical	data	type:	Spectral	Average
-	 Thickness:	0.0029	m
-	 Solar	transmission	at	normal	incidence:	0.837
-	 Front	side	solar	reflectance	at	normal	incidence:	0.075
-	 Backside	solar	reflectance	at	normal	incidence:	0
-	 Visible	transmittance	at	normal	incidence:	0.898
-	 Font	side	visible	reflectance	at	normal	incidence:	0.081
-	 Backside	visible	reflectance	at	normal	incidence:	0
-	 Infrared	transmittance	at	normal	incidence:	0
-	 Front	side	Infrared	hemispherical	emissivity:	0.84
-	 Backside	Infrared	hemispherical	emissivity:	0.84
-	 Conductivity:	0.9	W/m.k
-	 Dirt	correction	factor	for	solar	and	visible	transmittance:	1

Constant Variables Description

Exterior Wall

Construction	materials:
• 100mm	brick

-	 U	Value:		8.7598425197	W/m2.k
-	 Roughness:	Medium	Rough
-	 Thickness:		0.1016	m
-	 Conductivity:	0.89	W/m.k
-	 Density:	1920	Kg/m3
-	 Specific	Heat:	790	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.7

• 200mm	heavyweight	concrete
-	 U	Value:		9.5964566929	W/m2.k
-	 Roughness:	Medium	Rough
-	 Thickness:		0.2032	m
-	 Conductivity:	1.95		W/m.k
-	 Density:	2240	Kg/m3
-	 Specific	Heat:	900	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.7

• 50mm	insulation	board
-	 U	Value:	0.5905511811	W/m2.k
-	 Roughness:	Medium	Rough
-	 Thickness:		0.0508	m
-	 Conductivity:	0.03	W/m.k
-	 Density:	43	Kg/m3
-	 Specific	Heat:	1210	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.7

• Wall	air	space	resistance
-	 U	Value:	6.6666666667	W/m2.k
-	 Air	Gap:	0.15	m

• 19mm	gypsum	board
-	 U	Value:	8.4210526316	W/m2.k
-	 Roughness:	Medium	Smooth
-	 Thickness:	0.019	m
-	 Conductivity:	0.16	W/m.k
-	 Density:	800	Kg/m3
-	 Specific	Heat:	1090	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.4

Interior Wall

Construction	materials:
• 19mm	Gypsum	Board

-	 U	Value:	8.4210526316	W/m2.k
-	 Roughness:	Medium	Smooth
-	 Thickness:	0.019	m
-	 Conductivity:	0.16	W/m.k
-	 Density:	800	Kg/m3
-	 Specific	Heat:	1090	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.4

• Wall	air	space	resistance
-	 U	Value:	6.6666666667	W/m2.k
-	 Air	Gap:	0.15	m

• 19mm	gypsum	Board
-	 U	Value:	8.4210526316	W/m2.k
-	 Roughness:	Medium	Smooth
-	 Thickness:	0.019	m
-	 Conductivity:	0.16	W/m.k
-	 Density:	800	Kg/m3
-	 Specific	Heat:	1090	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.4
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Constant Variables Description

Exterior Roof

Construction	materials:
• 100mm	lightweight	concrete

-	 U	Value:	5.2165354331	W/m2.k
-	 Roughness:	Medium	Rough
-	 Thickness:	0.1016	m
-	 Conductivity:	0.53	W/m.k
-	 Density:	1280	Kg/m3
-	 Specific	Heat:	840	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.5

• Ceiling	air	space	resistance
-	 U	Value:	5.5555555556	W/m2.k
-	 Air	Gap:	0.18	m

• Acoustic	tile
-	 U	Value:	3.1413612565	W/m2.k
-	 Roughness:	Medium	Smooth
-	 Thickness:	0.0191	m
-	 Conductivity:	0.06	W/m.k
-	 Density:	368	Kg/m3
-	 Specific	Heat:	590	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.3

Floor

Construction	materials:
• Acoustic	tile

-	 U	Value:	3.1413612565	W/m2.k
-	 Roughness:	Medium	Smooth
-	 Thickness:	0.0191	m
-	 Conductivity:	0.06	W/m.k
-	 Density:	368	Kg/m3
-	 Specific	Heat:	590	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.3

• Ceiling	air	space	resistance
-	 U	Value:	5.5555555556	W/m2.k
-	 Air	Gap:	0.18	m

• 100mm	lightweight	concrete
-	 U	Value:	5.2165354331	W/m2.k
-	 Roughness:	Medium	Rough
-	 Thickness:	0.1016	m
-	 Conductivity:	0.53	W/m.k
-	 Density:	1280	Kg/m3
-	 Specific	Heat:	840	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.5

Ceiling

Construction	materials:
• 100mm	lightweight	concrete

-	 U	Value:	5.2165354331	W/m2.k
-	 Roughness:	Medium	Rough
-	 Thickness:	0.1016	m
-	 Conductivity:	0.53	W/m.k
-	 Density:	1280	Kg/m3
-	 Specific	Heat:	840	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.5

• Ceiling	air	space	resistance
-	 U	Value:	5.5555555556	W/m2.k
-	 Air	Gap:	0.18	m

• Acoustic	tile
-	 U	Value:	3.1413612565	W/m2.k
-	 Roughness:	Medium	Smooth
-	 Thickness:	0.0191	m
-	 Conductivity:	0.06	W/m.k
-	 Density:	368	Kg/m3
-	 Specific	Heat:	590	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.3

Interior Space 1

The	occupation	of	the	interior	spaces	type	1	(the	solid	opaque	voxels	in	the	phenotypes	as	well	as	
all	other	interior	spaces)	is	set	to	the	residential	apartments.	

• Equipment	load	per	area:	3.8750276284	W/m2
• Infiltration	rate	per	area	of	facade:	0.002265684	m3/s-m2
• Lighting	density	per	area:	11.8403571	w/m2
• Number	of	people	per	area:	0.0283092174	ppl/m2
• This	zone	is	not	conditioned	with	HVAC	equipment.	

Constant Variables Description

Interior Space 2

The	 occupation	 of	 the	 interior	 spaces	 type	 2	 (the	 transparent	 and	 wireframe	 voxels	 in	 the	
phenotypes)	 is	 set	 to	 the	 corridor	 in	 apartments	 where	 different	 units	 may	 interact	 and	 are	
shared	amongst	them.	

• Equipment	load	per	area:	0	W/m2
• Infiltration	rate	per	area	of	facade:	0.0002265684	m3/s-m2
• Lighting	density	per	area:	5.3819805	w/m2
• Number	of	people	per	area:	0	ppl/m2
• This	zone	is	not	conditioned	with	HVAC	equipment.

Outdoor Ground

Construction	materials:
• Concrete

-	 U	Value:		W/m2.	k
-	 Roughness:	Medium	Rough
-	 Thickness:	0.2	m
-	 Conductivity:	1.73	W/m.k
-	 Density:	2243	Kg/m3
-	 Specific	Heat:	837	J/kg.K
-	 Thermal	Absorptance:	0.9
-	 Solar	Absorptance:	0.65

The Selected Phenotypes for Energy-Based Anaysis  | Section 3.4.1.3.
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Experiment 1 Temperature Fluctuation Tables  | Section 3.4.1.3.1

Experiment 1: Fes, Morocco | Summer Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 17.4485	to	23.885 17.763	to	22.957

E2 16.9855	to	24.205 17.242	to	23.739

10:00
E1 23.1105	to	61.3595 21.8515	to	58.3075

E2 22.421	to	70.5015 25.9595	to	72.161

14:00
E1 29.106	to72.887 27.7985	to	69.18

E2 27.144	to	77.448 31.6395	to	85.2005

18:00
E1 28.59	to	43.9515 27.383	to	42

E2 28.058	to	48.5885 28.7445	to	44.3585

Experiment 1: Fes, Morocco | Summer Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 16.67425	To	19.8925 16.8315	To	19.4285

E2 16.44275	To	20.0525 16.571	To	19.8195

10:00
E1 22.48025	To	41.60475 21.85075	To	40.07875

E2 22.1355	To	46.17575 23.90475	To	47.0055

14:00
E1 28.303	To	50.1935 27.64925	To	48.34

E2 27.322	To	52.494 29.56975	To	56.35025

18:00
E1 27.82	To	35.50075 27.2165	To	34.525

E2 27.554	To	37.81925 27.89725	To	35.70425

Experiment 1: Fes, Morocco | Summer Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 17.606	To	23.9455 17.5565	To	22.233

E2 17.2335	To	23.6285 17.2095	To	23.8845

10:00
E1 23.22	To	62.9615 21.7965	To	59.4965

E2 22.3505	To	67.7275 24.4885	To	70.919

14:00
E1 27.9515	To	71.1315 26.9255	To	66.996

E2 27.1055	To	80.294 28.8735	To	83.296

18:00
E1 27.501	To	49.209 27.284	To	41.8975

E2 28.403	To	51.2535 29.1035	To	47.2805

Experiment 1: Fes, Morocco | Summer Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 16.753	To	19.92275 16.72825	To	19.0665

E2 16.56675	To	19.76425 16.55475	To	19.89225

10:00
E1 22.535	To	42.40575 21.82325	To	40.67325

E2 22.10025	To	44.78875 23.16925	To	46.3845

14:00
E1 27.72575	To	49.31575 27.21275	To	47.248

E2 27.30275	To	53.897 28.18675	To	55.398

18:00
E1 27.2755	To	38.1295 27.167	To	34.47375

E2 27.7265	To	39.15175 28.07675	To	37.16525

Experiment 1: Fes, Morocco | Winter Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 6.4305	To	8.517 6.9225	To	9.15

E2 6.1565	To	9.796 6.3305	To	9.556

10:00
E1 10.133	To	31.404 9.4785	To	32.517

E2 12.381	To	35.568 10.795	To	35.267

14:00
E1 14.7775	To	44.0635 13.866	To	45.308

E2 18.257	To	52.88 16.441	To	52.265

18:00
E1 14.5085	To	16.069 14.54	To	16.427

E2 14.429	To	22.2315 14.4745	To	19.7765

Experiment 1: Fes, Morocco | Winter Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 5.74025	To	6.7835 5.98625	To	7.1

E2 5.60325	To	7.423 5.69025	To	7.303

10:00
E1 11.0915	To	21.727 10.76425	To	22.2835

E2 12.2155	To	23.809 11.4225	To	23.6585

14:00
E1 16.38875	To	31.03175 15.933	To	31.654

E2 18.1285	To	35.44 17.2205	To	35.1325

18:00
E1 14.32925	To	15.1095 14.345	To	15.2885

E2 14.2895	To	18.19075 14.31225	To	16.96325

Experiment 1: Fes, Morocco | Winter Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 7.207	To	14.0115 6.8605	To	9.3785

E2 5.423	To	8.79 6.35	To	9.829

10:00
E1 8.7305	To	33.778 9.1535	To	34.05

E2 9.5545	To	37.037 10.4355	To	35.1815

14:00
E1 13.3375	To	46.7315 13.885	To	47.0325

E2 17.45	To	55.8445 16.1015	To	51.4895

18:00
E1 14.518	To	19.048 14.681	To	16.937

E2 14.4145	To	20.2275 14.5225	To	20.9255

Experiment 1: Fes, Morocco | Winter Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 6.1285	To	14.4995 5.95525	To	7.21425

E2 5.2365	To	6.92 5.7	To	7.4395

10:00
E1 10.39025	To	22.914 10.60175	To	23.05

E2 10.80225	To	24.5435 11.24275	To	23.61575

14:00
E1 14.23125	To	32.36575 15.9425	To	32.51625

E2 17.725	To	36.92225 17.05075	To	34.74475

18:00
E1 14.334	To	16.599 14.4155	To	15.5435

E2 14.28225	To	17.18875 14.33625	To	17.53775
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Experiment 2 Temperature Fluctuation Tables  | Section 3.4.1.3.2

Experiment 2: Chicago, USA | Summer Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 20.78	To	24.8645 21.818	To	26.3685

E2 20.6845	To	25.468 22.447	To	25.405

10:00
E1 22.7705	To	45.411 25.878	To	50.0625

E2 23.388	To	47.5125 30.45	To	47.383

14:00
E1 25.97	To	50.591 29.79	To	58.314

E2 24.783	To	51.732 32.929	To	51.191

18:00
E1 24.4525	To	38.281 25.4985	To	46.395

E2 22.8885	To	40.7745 25.3115	To	41.062

Experiment 2: Chicago, USA | Summer Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 20.64	To	22.68225 21.159	To	23.43425

E2 20.59225	To	22.984 21.4735	To	22.9525

10:00
E1 22.63525	To	33.9555 24.189	To	36.28125

E2 22.944	To	35.00625 26.475	To	34.9415

14:00
E1 24.735	To	37.0455 26.645	To	40.907

E2 24.1415	To	37.616 28.2145	To	37.3455

18:00
E1 23.47625	To	30.3905 23.99925	To	34.4475

E2 22.69425	To	31.63725 23.90575	To	31.781

Experiment 2: Chicago, USA | Summer Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 20.6605	To	24.88 20.7175	To	24.7765

E2 20.0555	To	25.235 20.513	To	25.803

10:00
E1 21.725	To	45.455 22.4255	To	46.1535

E2 21.5855	To	47.305 22.7155	To	49.6075

14:00
E1 23.1015	To	52.631 23.4835	To	50.1115

E2 23.5665	To	50.788 24.0125	To	53.109

18:00
E1 22.7385	To	39.2775 23.303	To	39.683

E2 22.7205	To	40.291 22.784	To	40.8415

Experiment 2: Chicago, USA | Summer Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 20.58025	To	22.69 20.60875	To	22.63825

E2 20.27775	To	24.239 20.5065	To	23.1515

10:00
E1 22.1125	To	33.9775 22.46275	To	34.32675

E2 22.04275	To	34.9025 22.60775	To	36.05375

14:00
E1 23.30075	To	38.0655 23.49175	To	36.80575

E2 23.53325	To	37.144 23.75625	To	38.3045

18:00
E1 22.61925	To	30.88875 22.9015	To	31.0915

E2 22.61025	To	31.3955 22.642	To	31.67075

Experiment 2: Chicago, USA | Winter Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 -1.7905	To	0.8605 -1.644	To	1.0135

E2 -3.2785	To	-1.9465 -3.2835	To	-2.0615

10:00
E1 1.4855	To	6.9515 0.879	To	6.457

E2 0.659	To	5.046 0.7055	To	5.548

14:00
E1 1.733	To	26.753 0.323	To	25.316

E2 -2.1925	To	19.721 -1.246	To	22.5915

18:00
E1 -2.859	To	1.835 -2.8795	To	0.657

E2 -5.8935	To	-4.715 -5.8605	To	-4.465

Experiment 2: Chicago, USA | Winter Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 -1.89525	To	-0.56975 -1.822	To	-0.49325

E2 -2.63925	To	-1.97325 -2.64175	To	-2.03075

10:00
E1 1.24275	To	3.97575 0.9395	To	3.7285

E2 0.8295	To	3.023 0.85275	To	3.274

14:00
E1 -0.7085	To	11.8015 -1.4135	To	11.083

E2 -2.67125	To	8.2855 -2.198	To	9.72075

18:00
E1 -4.6795	To	-2.3325 -4.68975	To	-2.9215

E2 -6.19675	To	-5.6075 -6.18025	To	-5.4825

Experiment 2: Chicago, USA | Winter Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 -2.0465	To	0.254 -1.3335	To	0.454

E2 -3.341	To	-1.8545 -3.6595	To	-1.775

10:00
E1 -0.5915	To	5.3005 0.5545	To	5.5235

E2 -0.0965	To	5.2475 0.613	To	5.839

14:00
E1 -0.167	To	23.626 -0.081	To	22.781

E2 -2.363	To	19.4205 -1.1555	To	22.5935

18:00
E1 -2.934	To	0.0835 -3.311	To	-0.31

E2 -5.772	To	-4.589 -5.732	To	-4.4345

Experiment 2: Chicago, USA | Winter Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 -2.02325	To	-0.873 -1.66675	To	-0.773

E2 -2.6705	To	-1.92725 -2.82975	To	-1.8875

10:00
E1 0.20425	To	3.15025 0.77725	To	3.26175

E2 0.45175	To	3.12375 0.8065	To	3.4195

14:00
E1 -1.6585	To	10.238 -1.6155	To	9.8155

E2 -2.7565	To	8.13525 -2.15275	To	9.72175

18:00
E1 -4.717	To	-3.20825 -4.9055	To	-3.405

E2 -6.136	To	-5.5445 -6.116	To	-5.46725
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Experiment 3 Temperature Fluctuation Tables  | Section 3.4.1.3.3

Experiment 3: Istanbul, Turkey | Summer Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 16.67	To	23.738 17.0685	To	23.8115

E2 16.756	To	23.7305 17.1295	To	24.0305

10:00
E1 19.6225	To	57.504 19.8125	To	59.7625

E2 20.2995	To	57.9395 22.7365	To	60.996

14:00
E1 21.6965	To	64.6275 22.6035	To	65.7365

E2 22.5515	To	62.8685 25.965	To	65.639

18:00
E1 22.383	To	35.831 23.173	To	37.6355

E2 22.878	To	36.985 24.322	To	37.9605

Experiment 3: Istanbul, Turkey | Summer Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 16.685	To	20.219 16.88425	To	20.25575

E2 16.728	To	20.21525 16.91475	To	20.36525

10:00
E1 20.13625	To	39.077 20.23125	To	40.20625

E2 20.47475	To	39.29475 21.69325	To	40.823

14:00
E1 22.52325	To	43.98875 22.97675	To	44.54325

E2 22.95075	To	43.10925 24.6575	To	44.4945

18:00
E1 22.8165	To	29.5405 23.2115	To	30.44275

E2 23.064	To	30.1175 23.786	To	30.60525

Experiment 3: Istanbul, Turkey | Summer Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 16.777	To	23.5665 16.8335	To	23.9145

E2 16.641	To	23.937 17.131	To	24.175

10:00
E1 19.509	To	55.482 19.555	To	60.6955

E2 19.8005	To	63.068 20.503	To	61.3775

14:00
E1 20.8605	To	61.911 22.712	To	67.247

E2 22.5375	To	69.629 23.587	To	65.9235

18:00
E1 20.902	To	34.592 22.7265	To	35.912

E2 22.4345	To	38.8255 22.8775	To	37.8815

Experiment 3: Istanbul, Turkey | Summer Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 16.7385	To	21.42375 16.76675	To	20.30725

E2 16.6705	To	22.53775 16.9155	To	20.4375

10:00
E1 20.0795	To	38.066 20.1025	To	40.67275

E2 20.22525	To	41.859 20.5765	To	41.01375

14:00
E1 21.4895	To	42.6305 23.031	To	45.2985

E2 22.94375	To	46.4895 23.4685	To	44.63675

18:00
E1 22.076	To	28.921 22.98825	To	29.581

E2 22.84225	To	31.03775 23.06375	To	30.56575

Experiment 3: Istanbul, Turkey | Winter Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 5.9535	To	11.941 5.984	To	7.624

E2 5.7945	To	7.324 5.7805	To	7.9805

10:00
E1 7.108	To	25.9335 7.547	To	25.754

E2 6.832	To	24.516 8.2335	To	27.418

14:00
E1 8.537	To	13.98 8.901	To	14.1995

E2 8.4255	To	13.1415 9.7355	To	14.8995

18:00
E1 8.315	To	13.156 8.5085	To	9.8795

E2 8.163	To	9.576 7.828	To	10.0285

Experiment 3: Istanbul, Turkey | Winter Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	1 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 6.35175	To	9.3455 6.367	To	7.187

E2 6.27225	To	7.037 6.26525	To	7.36525

10:00
E1 7.954	To	17.36675 8.1735	To	17.277

E2 7.816	To	16.658 8.51675	To	18.109

14:00
E1 8.7685	To	11.49 8.9505	To	11.59975

E2 8.71275	To	11.07075 9.36775	To	11.94975

18:00
E1 8.6575	To	11.078 8.75425	To	9.43975

E2 8.5815	To	9.288 8.414	To	9.51425

Experiment 3: Istanbul, Turkey | Winter Scenario | Radiant Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 5.944	To	12.967 5.8025	To	7.199

E2 5.7465	To	9.749 5.4475	To	8.138

10:00
E1 7.142	To	26.7995 7.0885	To	26.124

E2 6.867	To	25.978 7.3455	To	28.3615

14:00
E1 8.5195	To	15.3415 8.687	To	14.697

E2 8.378	To	13.925 9.039	To	15.414

18:00
E1 8.314	To	13.9715 8.2085	To	9.5145

E2 8.066	To	11.4165 7.184	To	10.189

Experiment 3: Istanbul, Turkey | Winter Scenario | Operative Temperature Fluctuations Homeostatic Behaviour

Spatial	Domain	2 Evolved	Morphology	°C Simplified		Morphology	°C Ectothermic Endothermic

6:00
E1 6.347	To	10.59375 6.27625	To	6.9745

E2 6.24825	To	8.2495 6.09875	To	7.444

10:00
E1 7.971	To	17.79975 7.94425	To	17.462

E2 7.8335	To	17.389 8.07275	To	18.58075

14:00
E1 8.75975	To	12.17075 8.8435	To	11.8485

E2 8.689	To	11.4625 9.0195	To	12.207

18:00
E1 8.657	To	11.48575 8.60425	To	9.25725

E2 8.533	To	10.20825 8.092	To	9.5945
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This section provides further details about the selection sequence of the morphological-based 
analysis per experiment in section 3.4.1.2. The figures provided in this section represent the 
hierarchical clustering operations that were performed in the first stage of the selection sequence 
per experiment in the morphological-based analysis in section 3.4.1.2. These figures are 
screenshots from the user interface of the software Wallacei (co-developed by the author) that 
illustrate the results of the hierarchical clustering in different diagrams. The top figures illustrate 
the results of the hierarchical clustering in the objective space and the parallel coordinate plots. 
The bottom figures represent the dendrogram of the hierarchical clustering results.Appendix III
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Experiment 1 Hierarchical Clustering  | Section 3.4.1.2.1
Experiment 1.1.1

Experiment 1.1.2
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Experiment 1.2.1 Experiment 1.2.2
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Experiment 2 Hierarchical Clustering  | Section 3.4.1.2.2
Experiment 2.1.1

Experiment 2.1.2
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Experiment 2.2.1 Experiment 2.2.2
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Experiment 3 Hierarchical Clustering  | Section 3.4.1.2.3
Experiment 3.1.1

Experiment 3.1.2
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Experiment 3.2.1 Experiment 3.2.2
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Appendix IV

This section comprises some of the custom-written algorithms in the evolutionary model setups 
in section 3.3.3. These algorithms enhanced the construction of the phenotypes and data 
management in the process of setting up the evolutionary models. The scripts were written in 
C# programming language in C# scripting component of Grasshopper, the visual programming 
interface for Rhinoceros 3D.
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The Search Algorithm for the Differential Growth Nodes | Section 3.3.3.3.

using System;
using System.Collections;
using System.Collections.Generic;
using Rhino;
using Rhino.Geometry;
using Grasshopper;
using Grasshopper.Kernel;
using Grasshopper.Kernel.Data;
using Grasshopper.Kernel.Types;
using System.Linq;

private void RunScript(List<Point3d> in_points, int in_numNodes, double in_radius, ref object out_orderedPoint, ref object 
out_orderedIndices, ref object out_nodes, ref object out_index)
  {

    var ordered = in_points.Select((x,i) => new KeyValuePair<Point3d, int>(x, i)).OrderByDescending(x => x.Key.Z).ToList();
    List<Point3d> orderedPoint = new List<Point3d>(ordered.Select(x => x.Key).ToList());
    List<int> orderedIndices = new List<int> (ordered.Select(x => x.Value).ToList());
    out_orderedPoint = orderedPoint;
    out_orderedIndices = orderedIndices;

    //finding the points of attraction:
    //adding the highest point in the list
    List<Point3d> nodes = new List<Point3d>();
    nodes.Add(orderedPoint[0]);

    //addding the highest point index in the list
    List<int> nodesIndex = new List<int> ();
    nodesIndex.Add(orderedIndices[0]);

    //a list to remove from
    List<Point3d> temp = new List<Point3d> (orderedPoint);
    List<int> tempIndex = new List<int> (orderedIndices);
    for(int i = 0 ; i < nodes.Count; i++)
    {
      if(nodes.Count == in_numNodes)
        break;
      for(int j = 0; j < temp.Count; j++)
      {
        if(nodes[i].DistanceTo(temp[j]) > in_radius)
        {
          int tr = 0;
          for(int k = 0; k < nodes.Count; k++)
          {
            if(temp[j].DistanceTo(nodes[k]) > in_radius)
            {
              tr++;
            }
          }
          if(tr == nodes.Count())

          {
            nodes.Add(temp[j]);
            temp.RemoveAt(j);
            nodesIndex.Add(tempIndex[j]);
            tempIndex.RemoveAt(j);
            break;
          }
        }
      }
    }
    out_nodes = nodes;
    out_index = nodesIndex;
  }

The Custom Differential Growth Algorithm | Section 3.3.3.3.

using System;
using System.Collections;
using System.Collections.Generic;
using Rhino;
using Rhino.Geometry;
using Grasshopper;
using Grasshopper.Kernel;
using Grasshopper.Kernel.Data;
using Grasshopper.Kernel.Types;
using System.IO;
using System.Linq;
using System.Data;
using System.Drawing;
using System.Reflection;
using System.Windows.Forms;
using System.Xml;
using System.Xml.Linq;
using System.Runtime.InteropServices;
using Rhino.DocObjects;
using Rhino.Collections;
using GH_IO;
using GH_IO.Serialization;

private void RunScript(bool Reset, List<Point3d> in_start, int in_max, int in_iteration, double in_distance, Mesh in_Mesh, ref 
object out_Centers, ref object out_noPts, ref object out_iter)
  {
    // for live
    if (Reset || centers == null)
    {
      Print("true");
      centers = new List<Point3d>(in_start);
      iter = 0;
    }
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    // for live changes
    //Grow(centers, in_distance, in_Mesh, in_max);

    //for zombie mdoe
    if(Reset)
    {
      centers = new List<Point3d>(in_start);
      for (int k = 0; k < in_iteration; k++)
      {
        Grow(centers, in_distance, in_Mesh, in_max);
      }
    }

    out_Centers = centers;
    out_noPts = centers.Count();
    iter++;
    out_iter = iter;
  }

  //<Custom additional code> 
  // list of points
  List<Point3d> centers;
  int iter = 0;

  // method to run
  private void Grow(List<Point3d> _centers, double _in_distance, Mesh _in_Mesh, int _in_MaxCenterCount)
  {
    List < Vector3d > totalMoves = new List<Vector3d>();
    List<double> collisionCounts = new List<double>();

    //identifying how many of the points are coliding at the begning
    for (int i = 0; i < _centers.Count; i++)
    {
      totalMoves.Add(new Vector3d(0.0, 0.0, 0.0));
      collisionCounts.Add(0.0);
    }
    
    double collisionDistance = _in_distance;

    for (int i = 0; i < _centers.Count; i++)
      for (int j = i + 1; j < _centers.Count; j++)
      {
        //finding the distance between two points
        double d = _centers[i].DistanceTo(_centers[j]);
        // if there is no collision
        // ignore what happens after this if and go to the next iteration of for loop
        if (d > collisionDistance) continue;
        Vector3d move = _centers[i] - _centers[j];
        if (move.Length < 0.001) continue;
        move.Unitize();

        // how much each point shoud move away from each other
        move *= 0.5 * (collisionDistance - d);

        // keep track of move vectors and collision count
        totalMoves[i] += move;
        totalMoves[j] -= move;
        collisionCounts[i] += 1.0;
        collisionCounts[j] += 1.0;
      }

    // moving the points away
    for (int i = 0; i < _centers.Count; i++)
    {
      if (collisionCounts[i] != 0.0)
      {
        _centers[i] += totalMoves[i] / collisionCounts[i];
      }

      //projecting to the mesh so the next time the vector is calculated is when the points are on the mesh
      Point3d pt = _in_Mesh.ClosestPoint(_centers[i]);
      _centers.RemoveAt(i);
      _centers.Insert(i, pt);
    }

    //adding the segments
    if (_centers.Count < _in_MaxCenterCount)
    {
      List<int> splitIndices = new List<int>();
      for (int i = 0; i < _centers.Count - 1; i++)
        if (_centers[i].DistanceTo(_centers[i + 1]) > (_in_distance) *0.99)
          splitIndices.Add(i + 1 + splitIndices.Count);

      foreach (int splitIndex in splitIndices)
      {
        Point3d newCenter = _in_Mesh.ClosestPoint(0.5 * (_centers[splitIndex - 1] + _centers[splitIndex]));
        _centers.Insert(splitIndex, newCenter);
      }
    }
  }

The Algorithm to Sort the Buildings' Data Trees Prior to be Clustered in Groups | Section 3.3.3.3.

private void RunScript(DataTree<bool> in_pat, ref object A)
  {
    DataTree<bool> out_pat = new DataTree<bool>();
    for(int i = 0 ; i < in_pat.Paths.Count; i++)
    {
      GH_Path p = new GH_Path(in_pat.Paths[i]);
      int tCount = 0;
      for (int j = 0; j < in_pat.Branch(p).Count; j++)
      {
        if(in_pat.Branch(p)[j] == true)
          tCount++;
      }
      if(tCount == 1)
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    DataTree<Mesh> clusteredMesh = new DataTree<Mesh>();

    // adding to the list here
    for(int i = 0; i < numberOfClusters; i++ )
    {
      for(int j = 0; j < inputtedPattern.Branches[i].Count; j++)
      {
        int [] a = new int [] {i, j};
        GH_Path desiredPath = new GH_Path(a);
        GH_Path pathToget = (GH_Path) inputtedPattern.Branches[i][j];
        Print(pathToget.ToString());
        for(int k = 0; k < in_buildings.Branch(pathToget).Count; k++)
        {
          clusteredMesh.Add(in_buildings.Branch(pathToget)[k], desiredPath);
        }
      }
    }
    out_clusteredBuildings = clusteredMesh;

The Algorithm to Check the FO5 Prior to Inputting into the Simulations | Section 3.3.3.

private void RunScript(System.Object in_Shadow, System.Object in_Sun, double in_LowD, double in_upD, ref object out_
CheckParam, ref object out_FO)
  {

    double ratio;
    if(in_Shadow != null && in_Sun != null )
    {
      if(Convert.ToDouble(in_Shadow) == 0)
      {
        //  sun on the all alpha srf
        ratio = 0;
        out_FO = Math.Abs((in_LowD - ratio)) + Math.Abs(in_upD - ratio);
      }
      else if( Convert.ToDouble(in_Sun) == 0 )
      {
        // divide over zero, it means everything is in shade
        ratio = 10;
        out_FO = Math.Abs((in_LowD - ratio)) + Math.Abs(in_upD - ratio);
      }
      else
      {
        ratio = Convert.ToDouble(in_Shadow) / Convert.ToDouble(in_Sun);
        out_FO = Math.Abs(in_LowD - ratio) + Math.Abs(in_upD - ratio);
      }
    }
    else
    {
      out_FO = null;
      ratio = 20;
    }
    out_CheckParam = ratio;
  }

      {
        for(int j = 0; j < in_pat.Branch(p).Count; j++)
          out_pat.Add(in_pat.Branch(p)[j], p);
      }
      if(tCount > 1)
      {
        for(int j = 0; j < in_pat.Branch(p).Count; j++)
        {
          if(in_pat.Branch(p)[j] == false)
            out_pat.Add(in_pat.Branch(p)[j], p);

          else if (in_pat.Branch(p)[j] == true)
          {
            out_pat.Add(in_pat.Branch(p)[j], p);
            int tC = 0;
            for(int k = 0; k < out_pat.Branch(p).Count; k++ )
            {
              if(out_pat.Branch(p)[k] == true)
                tC++;
              if(tC == 2)
              {
                out_pat.Branch(p).RemoveAt(k);
                out_pat.Add(false, p);
              }
            }
          }
        }
      }
      Print(tCount.ToString());
    }
    A = out_pat;

The Algorithm to Cluster the Buildings Based on the Sorted Patterns | Section 3.3.3.3.

private void RunScript(List<object> in_originalPath, DataTree<object> in_selectionPattern, DataTree<Mesh> in_buildings, ref 
object out_clusteredBuildings)
  {
    List<GH_Path> inputtedPaths = new List<GH_Path>();
    foreach(var item in in_originalPath )
    {
      GH_Path p = (GH_Path) item;
      inputtedPaths.Add(p);
    }
    DataTree <GH_Path> inputtedPattern = new DataTree <GH_Path>();
    for(int i = 0; i < in_selectionPattern.Paths.Count; i++)
    {
      for(int j = 0; j < in_selectionPattern.Branches[i].Count; j++)
      {
        GH_Path p = (GH_Path) in_selectionPattern.Branches[i][j];
        inputtedPattern.Add(p, in_selectionPattern.Paths[i]);
      }
    }
    int numberOfClusters = inputtedPattern.Paths.Count;
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Glossary

Term Definition

Adaptive	Thermal	Comfort
The	comfort	model	that	is	the	result	of	an	extensive	field	study	on	the	occupants	comforts	level.	
It	 is	based	on	the	notion	that	people	dynamically	 interact	and	adapt	to	their	environment	by	
different	means	such	as	clothing	and	activity	preferences.	

Conduction The	 exchange	 of	 heat	 through	 molecular	 movements	 of	 objects	 in	 direct	 contact	 with	 one	
another.

Convergence 
When	the	fitness	values	of	solutions	evolved	by	an	evolutionary	simulation	are	very	similar	to	
one	another.	Convergence	does	not	necessarily	show	an	increase	in	fitness;	however,	It	refers	to	
decreasing	in	variation.	

Convection The	movement	of	heat	from	one	surface	to	another	by	a	fluid	(such	as	liquid	or	gas).

Crossover The	exchange	of	genes	between	two	solutions	/	individuals	(computation).

Crossover	Distribution	Index
This	 index	 is	 between	 0	 -100.	 A	 large	 distribution	 index	 value	 gives	 a	 higher	 probability	 for	
creating	 offspring	 near	 parent	 solutions	 and	 a	 small	 distribution	 index	 value	 allows	 distant	
solutions	to	be	selected	as	children	solutions	(computation).

Crossover	Probability	 This	value	is	between	0.0	to	1.0.	The	percentage	of	solutions	in	the	generation	that	will	reproduce	
for	the	next	generation	(computation).

Design	Problem The	algorithmic	method	by	which	the	design	is	expressed	through	‘fitness	objectives’,	and	‘genes’	
and	their	expression	in	the	construction	of	the	‘phenotype.’	

Divergence When	the	fitness	values	of	solutions	evolved	by	an	evolutionary	simulation	are	distant	from	one	
another	(thus	increasing	variation).

Evo-Devo Abbreviation	of	Evolutionary	Development	-	A	subfield	of	evolutionary	biology	that	examines	the	
role	of	developmental	biology	in	the	evolutionary	process.

Evolutionary	Model
The	computational	setup	of	a	design	problem	to	be	solved	with	the	application	of	evolutionary	
computation.	It	comprises	the	calculation	of	the	fitness	objectives,	rules	and	regulations	in	the	
genome	of	the	experiment	and	their	expression	in	the	phenotype.

Evolved	City A	city	that	has	developed	through	a	process	of	self-organisation	and	emergence	throughout	its	
history,	leading	to	complex	systems	that	are	informed	by	environmental	conditions.

Extrinsic External

Fitness	Criteria	/	Fitness	
Objective

The	design	objectives	and	the	goals	that	the	evolutionary	simulation	will	optimise	for,	and	based	
on	which	the	generated	phenotypes	will	be	evaluated.

Fitness	Function The	mathematical	functions	that	calculate	the	fitness	objectives	values	in	the	design	problem.

Fitness	Graph	Chart

The	fitness	Chart	 (sometimes	referred	 to	as	 the	 ‘star	coordinate	method’	or	 ‘diamond	chart’)	
analyses	the	fitness	values	of	a	single	solution	(as	opposed	to	the	population	wide	analysis).	The	
aim	is	for	the	user	to	better	understand	how	a	single	solution	performs	by	comparing	the	fitness	
values	and	ranking	for	each	of	its	fitness	objectives.

Fitness	Landscape
The	 distribution	 of	 solutions	 of	 the	 search	 space	 in	 relation	 to	 one	 another	 and	 the	 relative	
complexity	 of	 the	 evolutionary	 simulation	 from	 navigating	 the	 solutions	 towards	 finding	 the	
fittest	solution	set	(global	optima)	.

Fitness	Rank The	ranking	of	each	solution	within	the	population	according	to	its	fitness	value.

Fitness	Value The	empirical	performance	measure	attributed	to	each	generated	solution/phenotype	according	
to	its	evaluation	results	in	the	simulation.

Gene A	 single	 variable	 that	 defines	 one	 part	 of	 an	 individual.	 In	 Grasshopper3D,	 this	 variable	 is	
represented	by	a	numeric	slider	(computation).

Gene	Group A	group	of	genes	in	the	genotype	of	the	experiment	that	performs	a	similar	task	(computation).

Generation A	single	iteration	of	the	evolutionary	algorithm		(computation).

Generation	Count Number	of	generations	(iterations)	to	be	run	by	the	evolutionary	simulation		(computation).

Generation	Size Number	of	generated	solutions/phenotypes	within	each	generation		(computation).
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Term Definition

Parallel	Coordinate	Plot	Graph

The	parallel	coordinate	plot	(PCP)	analyses	all	the	solutions	in	the	population	by	comparing	the	
fitness	values	for	each	solution	across	all	fitness	objectives.	In	the	PCP,	each	fitness	objective	is	
attributed	a	y-axis,	in	which	the	first	objective	is	the	left	most	y-axis,	and	the	last	objective	is	the	
right	most	y-axis.	The	solutions	are	coloured	from	red	(solutions	in	the	first	generations)	to	blue	
(solutions	in	the	last	generation).

Population All	individuals	generated	by	the	evolutionary	simulation	across	all	generations	(computation).

Populationist Highlights	the	uniqueness	between	solutions	within	a	given	population.

Primitive	 The	constructed	phenotype	of	an	evolutionary	simulation	prior	to	the	simulation	run.	

Radiation The	emission	of	electromagnetic	heat	waves	from	a	warmer	object	to	an	object	with	a	cooler	
surface.

Random	Seed Random	seed	in	the	evolutionary	simulation	that	can	be	controlled	from	within	the	Wallacei	X	UI.

Regulation	(Genes) The	control	of	which	genes	act	on	which	body	parts

Search	Space All	the	possible	solutions	that	can	be	explored	by	the	evolutionary	algorithm.

Social	Regulation Highlights	the	uniqueness	between	solutions	within	a	given	population.

Simulation A	 single	 algorithmic	 run	 of	 the	 evolutionary	 solver	 (WallaceiX	 in	 this	 research)	 from	 start	 to	
finish.

Standard	Deviation	Graphs

The	Graphs	that	show	the	distribution	of	a	set	of	values	from	the	mean	value	per	generation	
in	 the	evolutionary	simulation.	The	Standard	Deviation	 (SD)	graph	calculates	 the	SD	 for	each	
generation	in	the	population	and	plots	each	generation	to	3	SD	values	on	either	side	of	the	mean.	
The	generations	are	coloured	from	red	(first	generation)	to	blue	(last	generation).

SD	Trend	line	Graphs The	standard	deviation	(SD)	trendline	graph	calculates	the	SD	value	for	each	generation	in	the	
population	and	displays	each	value	as	a	point	from	left	(first	generation)	to	right	(last	generation).	

Thermal	Behaviour The	thermal	behaviour	of	a	building	refers	to	the	processes	of	heat	and	energy	exchange	between	
external	and	internal	environments	through	the	building	itself.

Thermal	Comfort Thermal	 comfort	 is	 assessed	 by	 the	 subjective	 evaluation	 and	 refers	 to	 the	 satisfaction	 of	 a	
person	in	an	environment.

Thermal	Zone	

Similar	 to	 the	biological	 organisms,	buildings	have	a	metabolism.	 They	 can	be	 considered	as	
thermal	systems,	with	a	series	of	heat	inputs	and	outputs.	A	thermal	zone	refers	to	a	space	or	
a	collection	of	spaces	that	have	similar	space-conditioning	requirements	such	as	heating	and	
cooling	requirements.	

Thermoregulation Highlights	the	uniqueness	between	solutions	within	a	given	population.

Typologist Considers	the	average	solution	of	a	population	as	an	adequate	representative	of	all	solutions	in	
the	population.

Term Definition

Genotype All	the	genes	(and	the	gene	groups)	that	define	a	single	solution/phenotype.	The	genotype	may	
be	considered	as	the	solution’s	‘blueprint’	or	DNA.	It	is	also	called	genome.

Homeostasis The	biological	process	that	keeps	the	steady-state	of	the	organisms	in	both	individual	or	collective	
scales	in	the	face	of	internal	or	external	perturbations.	

Homeostatic	Behaviour The	behaviour	of	an	organism	that	leads	to	homeostasis.

Homeostatic	Process The	biological	process	of	reaching	homeostasis	in	species	that	comprises	the	coordinate	actions	
of	sub-systems	within	individual	species	or	the	members	of	a	colony	on	a	collective	scale.

Hox	Clusters Genes	that	control	and	regulate	which	body	part	grows	in	which	part	of	an	organism's	body.

Individual	/	Solution A	unit	 that	 is	 generated	by	 the	evolutionary	 simulation.	 It	 is	 represented	by	a	genotype	and	
phenotype.	The	population	comprises	of	the	individuals.

Intrinsic Internal

Mean	Radiant	Temperature Considering	only	the	radiant	heat	transfer	in	the	temperature	calculation.	The	amount	of	radiant	
heat	that	is	transferred	to	the	object.	

Mean	Value	Trend	Line	Graph
The	mean	fitness	values	trendline	graph	calculates	the	mean	fitness	value	for	each	generation	in	
the	population	generated	by	the	evolutionary	simulation	and	displays	each	value	as	a	point	from	
left	(first	generation)	to	right	(last	generation).

Modern	Synthesis The	acceptance	of	5	key	Darwinian	principles	by	the	majority	of	evolutionary	scientists	 in	the	
1940s.

Morphological	Intervention The	 localised	 and	 bottom-up	 formal	 and	 geometrical	 processes	 that	 are	 applied	 to	 the	
phenotypes	in	the	evolutionary	simulations.	

Multi-Objective	Optimisation An	optimisation	simulation	comprises	of	multiple	fitness	objectives	to	be	optimised	independently	
from	one	another.	

Mutation A	change	in	a	gene	(or	group	of	genes)	in	a	genotype	(computation)

Mutation	Distribution	Index
This	 index	 is	 between	 0	 -	 100.	 A	 large	 distribution	 index	 value	 gives	 a	 higher	 probability	 for	
creating	 offspring	 near	 parent	 solutions	 and	 a	 small	 distribution	 index	 value	 allows	 distant	
solutions	to	be	selected	as	children	solutions	(computation)

Mutation	Probability The	probability	of	a	gene	to	mutate.	This	determines	how	many	genes	in	a	solutions	genotype	
will	mutate	(computation).

Natural	Selection Organisms	that	are	selected	for	survival	according	to	their	fitness	to	environmental	conditions.

Objective	Space The	distribution	of	solutions	selected	by	the	evolutionary	algorithm	in	relation	to	their	fitness	
values	in	a	3d	coordinate	system.

Ontogenetic The	developmental	history	of	an	organism	within	its	own	lifetime.

Operative	Temperature
Considering	the	radiant	heat	transfer	and	convection	heat	transfer	in	the	temperature	calculation.	
Operative	temperature	is	described	as	effective	temperature	since	it	has	the	combined	effects	of	
radiation	and	convection	heat	transfers.

Optimisation
The	increase	in	fitness	of	a	solution	or	population	towards	a	very	fit	(or	at	times	the	fittest)	value.	
The	fit	value	in	the	context	of	WallaceiX	(utilised	plugin	to	run	evolutionary	simulations	in	the	
research)	refers	to	the	minimum	value.	

Optimisation	Trend The	trend	of	the	optimisation	from	the	beginning	of	the	simulation	to	the	end.	

Pareto	Front The	 solutions	 that	 are	 non-dominated	 by	 another	 solution.	 i.e.	 a	 solution	 that	 cannot	 be	
improved	without	negatively	affecting	the	rank	of	another	solution.

Phylogenetic The	evolutionary	development	and	diversification	of	species.

Phenotype The	 morphological	 (or	 otherwise)	 representation	 of	 the	 solution.	 The	 phenotype	 is	 the	
manifestation	of	the	genotype.

Planned	City A	city	that	has	developed	through	a	top-down	approach,	with	the	aim	of	developing	a	finite	and	
complete	urban	form	from	the	onset	of	the	city’s	development,	i.e.	’	A	grand	design.’
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