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Abstract: The complexity associated with the design of urban tissues is driven by the multitude of
design goals that influence urban development and growth. This complexity is amplified by the
design goals being inherently conflicting, necessitating preference-based decisions within the design
process—an approach that results in predetermined design solutions driven by personal biases. The
utility of population-based optimisation algorithms addresses this by allowing for the examination
of multiple conflicting objectives within the same design problem, negating the need for trade-off
decisions between the design goals. The application of these algorithms is associated with three
primary steps. The first is the formulation of the design problem, the second is the application of
the algorithm, and the third is selecting the most optimal solution from the algorithm’s output. This
paper examines the third step in this process, in which various methods are employed to facilitate
data-driven selection mechanisms that are both objective as well as subjective in their formulation.
The selection mechanisms are demonstrated on a speculative urban tissue that examines the potential
of inhabiting interstitial spaces, through various morphological interventions, within the urban
fabric. The results present a scalable and adaptable framework that assists designers employing
multi-objective evolutionary algorithms (MOEAs) to select the optimal solution from their generated
populations, a challenge commonly associated with the application of MOEAs in design.
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1. Introduction

The application of multi-objective evolutionary algorithms (MOEAs) in design, specif-
ically urban design, has gained momentum over the last decade. The adoption of MOEAs
to solve complex design problems has enabled designers to address one of the primary
challenges for the design of urban spaces: the ability to simultaneously address multiple
design objectives that are in conflict with one another without necessitating trade-off deci-
sions between the design goals. Although the method itself is firmly rooted in computer
science and continues to grow as a field [1-6], its translation to design and its widespread
application is associated with the emergence of various software that do not necessitate
coding skills to implement and run the algorithm [7-10]. In doing so, access to MOEAs by
designers (both for developers as well as users) has been more streamlined than any other
point in history, allowing for innovative approaches to responding to, and designing for,
design problems comprising multiple conflicting objectives. In urban design, the value
of MOEAs is amplified, as it requires a performance-based metric approach to the design
problem, allowing designers to integrate climatic, environmental, and urban metrics as
key drivers for the algorithm [11-13]. This data-driven approach to solving the complexity
associated with the urban fabric informs all stages of the algorithmic process; however,
key to this is the coupling of the user-driven analysis of the data and the way in which it
informs the results outputted by the optimisation run.

Through employing MOEAs in design, three key stages to a successful optimisation
run can be identified, each equally significant. The first stage focuses on how the design
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problem is formulated; this highlights the relationship between three key metrics: the
parameters informing the morphology (genes), the morphological characteristics being
generated (phenotype), and the fitness functions being optimised for. The way in which
these metrics inform each other plays a vital role in a successful optimisation run. The
second stage pertains to the algorithm chosen to optimise the design problem; there exists a
large number of MOEAs that have been developed over the past few decades, each claiming
greater efficiency and success to complex problems [14]. As such, the chosen algorithm
plays a key role in achieving optimised results. The third and final stage is the methods
and metrics used to select a solution (or solutions) from the algorithm’s output. Conflicts
among the fitness functions driving the MOEA prevent a single optimal solution; rather,
what is usually generated, is a number of optimised trade-off solutions [15]. These trade-off
solutions form part of the pareto front (the most optimal solutions generated by the MOEA)
and, depending on the size of the generation in the algorithm, the pareto front is composed
of a varied number of solutions [16]—the larger the number, the more challenging it is for
the user to select the ‘optimal solution’. The process of selection plays a key role in how
the designer rationalises the algorithm’s output—one that is directly correlated with the
complexity of the design problem. Design problems with greater diversity in output (driven
by greater conflict between fitness functions) demand a rigorous approach to analysis for
the purpose of selection—one that is frequently overlooked in the design process.

The research presented in this paper focuses on this third stage of the optimisation pro-
cess. Through the presentation of a speculative design experiment, evolving an imaginative
urban superblock modelled after a high-density urban tissue, this paper presents an adapt-
able framework for selecting a single solution from the output of an MOEA. The framework
employs objective and subjective methods of analysis, both of which are informed by the
data generated from the algorithm as well as additional metrics informed by the user.
The primary focus of the presented research is the selection mechanisms and processes
associated with the application of MOEAs in design, in which the key contribution is a
scalable model for designers and users of MOEAs to adapt in their work.

2. Materials and Methods
2.1. Selection Strategy

The advantage of employing an MOEA is primarily due to the algorithm’s ability
to solve multiple conflicting objectives without the requirement for the designer to make
trade-off decisions; however, in doing so, the algorithm presents a primary challenge to the
designer. Optimising for multiple conflicting objectives naturally leads to multiple optimal
solutions, where there is no single ‘best’ solution for the designer (in this case referred
to as the decision maker (DM)) to select [1]. There are three points in the optimisation
process from where the DM can define a preference for the ‘best’ solution [17]. The first is
before running the algorithm; i.e., during the formulation of the design problem (referred
to as priori), in which the DM can skew the algorithm to optimise for one fitness function
over the other, primarily through pre-defining weights to the fitness functions. Applying
preferences priori transforms the multi-objective problem into a single objective one [18].
The second point of intervention for preference is during the algorithm itself (referred to as
progressive), in which the DM intervenes at different points in the algorithm to direct the
optimisation process towards a preferred solution. The third point of intervention is after
the algorithmic run (referred to as posteriori), in which the DM chooses a solution from
the outputted solution set (this solution is usually selected from within the pareto front).
Most MOEAs are classified as posteriori, providing the DM with a set of non-dominated
solutions to choose from. The following sections outline a model for designers to choose
the ‘best’” solution posteriori.

Posteriori selection strategies are primarily driven by quantitative methods of analysis,
mainly due to the volume of data generated by the algorithm and the associated population
size needed for the algorithm to successfully converge towards optima solutions. Con-
versely, qualitative selection strategies (if not translated numerically) necessitate a solution
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set that is small enough for the visual analysis and identification of qualitative conditions
not easily represented through quantitative representations. The presented framework
combines objective and subjective trade-offs [19] in a two-stage quantitative and qualitative
selection process: the first, a quantitative approach that utilises the fitness functions as the
primary metric for selection, and the second, a quantitative and qualitative approach that
utilises user-driven ‘phenotype indicators’ for selection. Stage 1 aims to ensure that the
entirety of the pareto front is adequately represented while minimising the need to analyse
each solution on the front. To do so, various methods are employed to extract solutions
from the pareto front, including clustering (for example through k-means or hierarchical
clustering methods), fittest solution for each function, solution closest to the ‘Utopia’ point,
and the solution with the most equal weight between all functions. From the filtered list of
pareto front solutions, Stage 2 requires the DM to analyse the solutions based on additional
metrics they find most relevant to the problem being investigated, ranking solutions accord-
ing to their performance in these user-driven metrics as well as implementing a qualitative
selection process through a visual analysis of the filtered solution set (Figure 1).

Selection Stage 1 Selection Stage 2

—_—
H Cluster Pareto Front
i —> Solutions (from all
generations)
: Most optimal solution : : Identify weighting
i > for each fitness : : to the predefined
H function : E 'Phenotypic

Selected Solutions
for Step 2

Indicators’ and H
apply to the
selected solutions L Selected Solution
from step 1. Rank
the solutions !

based on results
of phenotypic
indicators

Be 4

Solution closest to
‘Utopia’ Point

Solution that
addresses all fitness
functions equally

Figure 1. Pseudo code of both stages of the selection framework.

2.2. Selection Stage 1

Stage 1 of the posteriori selection process aims to filter the solutions outputted by the
algorithm to a manageable size. As designers, there is a vested interest in the phenotypic
characteristics of the solutions evolved by the MOEA, thus highlighting a significant
advantage to the visual and comparative analysis of the solutions. However, due to the
complexity of the problem being investigated and the size of the solution set, conducting
this analysis on the entirety of the pareto front may not be feasible. Therefore, the selected
subset of solutions from the pareto front must retain the variation and diversity of solutions
in the pareto front. To do so, the methods employed in Stage 1 use objective metrics,
primarily driven by the fitness values of each solution to facilitate selection. Solutions are
selected based on the following four steps.

2.2.1. Clustering the Pareto Front

The first step selects a subset of solutions from the pareto front through employing a
clustering algorithm (the type of clustering algorithm used should respond to the manner
by which solutions are distributed across the pareto front [20]). The K-value (i.e., the
number of clusters) is to be determined by the size of the pareto front, ensuring that each
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cluster represents a small number of solutions to maintain minimal variation between
solutions within a cluster. Doing so ensures that the centre of each cluster (which in this
case will be the solution selected) is an accurate representative of all solutions within
the cluster. A general guide would be to limit the size of each cluster to between 5 and
15 solutions (Figure 2).

>~

Fitness Function 2

Fitness Function 1

Figure 2. Example of clustering solutions along the pareto front. The ‘representative” solution is the
closest one to the cluster centre (represented in the figure by ‘x’).

2.2.2. Fittest Solutions (Outliers)

In most cases, clustering the pareto front and choosing the cluster centre for further
analysis will minimise the chance for the outlier fittest solutions to be selected. Therefore,
the second step selects the fittest solutions for each fitness function for inclusion in the
selected pool. As these outlier solutions are less likely to be selected by the DM (since they
perform well for one fitness function but poorly for all the others), their inclusion in the
selection pool is critical to provide the DM with an indication of the ‘extremes’ generated
by the algorithm and the morphological characteristics associated with these extremes
(Figure 3).

P Qutlier Solution

e

Fitness Function 2

Outlier Solution

Fitness Function 1

Figure 3. Example of the fittest solutions (or ‘outliers’) for each fitness function.

2.2.3. Global Compromise

Yu [21] and Zeleny [22] proposed that when the ideal (or “Utopia’) solution is not
accessible, the next best solution would be the closest one to the ideal solution. In this
case, the ideal solution is considered the non-existent optimal solution in the objective
space, and thus the selected solution is the one nearest to this point based on a Euclidean
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measure between the two. This ‘global compromise” approach is usually considered by
decision makers as the solution that best represents all fitness functions and is the closest to
the optimal solution; however, this does not automatically translate to it being the ideal
solution for the problem being investigated (Figure 4).

Fitness Function 2

Selected Solution
-~

—>
Fitness Function 1
Utopia Point

Figure 4. Example of the ‘global compromise” solution. This solution is the closest (Euclidean)
solution to the “Utopia’ solution.

2.2.4. Equal Fitness for All Functions

The final step is to select the solution that holds equal weight for all fitness functions.
The ‘Utopia’ solution in the previous step does not correlate to all fitness functions being
equally weighted. Where Step 2 selects the outlier solutions, this final step selects the
opposite by ensuring each fitness function is optimised equally. It should be noted that
this solution may not be located on the pareto front, and may be considered to be a “poor-
performing’ solution; however, it is the solution that presents the least (if any) trade-offs
between fitness functions (Figure 5).

Fitness Function 2

Equally Weighted Sclution

Fitness Function 1

Figure 5. Example of the solution with the most equal weights among the fitness ranks; i.e., the
solution with the least trade-offs between fitness functions. This solution may not be located on the
pareto front.

2.3. Selection Stage 1

Depending on the number of fitness functions of the design problem, along with the
number of clusters used in Step 1 above, Stage 1 of the selection process drastically reduces
the solution set to one that is more manageable for evaluation (primarily visual) by the DM.
Where Stage 1 employed objective metrics for selection, Stage 2 employs a subjective (yet
still metric) approach to selection.
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The primary challenge with complex urban problems is the number of fitness functions
that can be optimised in the MOEA. The greater the number of fitness functions, the more
complex the fitness landscape, and thus the ability for the algorithm to optimise the solution
set towards a meaningful pareto front [16]. In most cases, this requires the DM to limit
the number of fitness functions used in the algorithm despite there being a comparatively
high number of fitness measures that are relevant to the problem. In this context, Stage 2
of the selection process engages with the relevant metrics that were not included in the
algorithmic run, utilising them to further analyse the solution pool from Stage 1 and rank
the solutions based on how they perform against these added metrics.

Moreover, as these added metrics are subjective to the DM, their impact on analysis and
ranking of the solution pool is equally so. Considering the number of added metrics being
analysed for, the DM applies preference through weighting, giving some more priority than
others. Despite being a subjective approach, this process remains data driven, requiring
the designer to rationalise the analytic and selection metrics through a quantifiable (and
reproducible) process (and thus avoid choosing a solution based on visual preference
alone). Finally, this approach removes the requirement to limit the number of metrics being
used for analysing the filtered solution set, giving greater freedom to the DM as well as
providing them with an adaptive model that can be modified to the problem at hand. In
this context, Stage 2 of the selection framework comprises two key steps: the first is to
identify the metrics for analysis, and the second is to apply weighting to these metrics
(Figure 6).

Higher is | Remap Values | |
Better i | betweenOto1 [

1K Lower is i Remap Values | : ! Vo Multiply Values | @ & - Identify Final :
a [l Better . between 1to 0 (. v ! |betweenOand 1| | h Mass Addition Threshold Selection i

Phenotypic
Indicators

Target ' .| Subtract Values '
from Target

_________________________________________________________________________________________________________

Figure 6. Pseudo code for Stage 2 of the selection framework.

The following sections demonstrate the application of Stages 1 and 2 of the described
selection framework on a speculative high-density urban block. The presented experiment
utilises the abstracted morphological and behavioural principles of homeostasis [23] to
inform the evolutionary design processes to evolve an urban superblock with a degree of
formal and behavioural adaptation to environmental changes.

3. Case Study

The selection framework presented above is demonstrated through the evolutionary
optimization of a speculative urban tissue that examines morphological interventions in
the interstitial spaces (the spaces between buildings) of an urban block. The morphological
interventions explored in the experiment are driven by Herbert Simon’s argument that the
urban fabric’s internal components and external conditions must conform to one another
for the city to fulfil its purpose. As such, the case study proposes urban scenarios that
connect urban morphologies to dynamic changes and is presented as an extension to
radical urbanism through an exploration and habitation of interstitial spaces. The proposed
morphological interventions within the urban fabric’s interstitial spaces aim to serve as
an explorative study that offer an alternative perspective to urban habitation. The use of
an MOEA, and the explorative nature of the evolutionary process, plays a critical role in
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this explorative study—one that is driven by environmental, micro-climatic, and societal
considerations.

3.1. The Design Problem

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. Crossing the critical threshold of stability in
a city [24] is when its population grows beyond its maximum capacity, thus straining its
resources and ecological demand, transforming the city into 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
cities carries dire impacts as the current rate of change to environmental conditions is an
unprecedented one.

The adaptation of cities that have approached their critical threshold is highly contin-
gent 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. Tradition-
ally, 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 vulnerability of urban settlements to environmental disasters (natural or oth-
erwise), has made it necessary to re-evaluate urban morphological configurations. The
presented experiment addresses three key elements as part of the superblock’s urban
morphology: elevated public networks, the spatial distribution of public space, and the
ecological aspects of the city. These three elements are explained briefly in the following
section. Future research that focuses on the formulation of the design problem will present
the following in greater detail.

3.1.1. 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 [25]. 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 [26]. In recent years, the dramatic increase in 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 that are dependent on this circulatory system are being
distributed at the 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-use skyscrapers [27]. Patterns of settlements in many
urban areas are transforming from dispersed fabrics to centralised entities with integrated
infrastructures [28], mostly in the form of segregated and standalone mixed-use buildings.
However, there are cities where the application of higher-level connections has been proven
to benefit the urban context. In Hong Kong, traffic congestion, accompanied by air and
noise pollution, are the reasons for the incorporation of high-level connections within an
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
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throughout the urban fabric. In addition to the climatic advantages, Corbett et al. [29] argue
that such spatial relationships allow for greater and more efficient circulation paths across
the urban morphology.

Elevating the flow of the city is one of the urban objectives considered for the pre-
sented case study. The spatial proliferation of different urban activities across the urban
morphology leads to the emergence of interstitial spaces at different heights with different
spatial attributes.

3.1.2. Spatial Distribution of Public Space

The physical and social structures of a city have a reciprocal influence on one another
as they continue to develop [26]. Interactions between individuals occur at different spatial
scales and locations within a city. However, these networks of interactions are not con-
strained to their physical structures and surpass the current physical attributes of cities.
Public spaces across the city are examples of such areas, where the spatial structure facili-
tates 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 singu-
lar level. According to Frans Dieleman and Michael Wegner [30], one of the consequences
of urban sprawl is the loss of open space; therefore, by allowing the vertical development
and distribution of public space, the morphology and its organisational structure would
transform the conventional spatial distribution of an urban sprawl. Although an urban
patch may be constrained to its geographical 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.

The distribution of public spaces on multiple levels is another urban objective that
is addressed through the presented case study. However, rather than emerging as a by-
product of the spatial distribution of buildings, the experiment designates a distinct identity
to the interstitial spaces across different levels, allowing for their propagation throughout
the urban morphology.

3.1.3. Ecology and Spatial Qualities of the City

Changing environmental and climatic conditions, coupled with a growing demo-
graphic, has challenged cities” ecological capabilities to adapt to these fluctuations. The
strains of energy consumption have substantially influenced cities” internal environmen-
tal 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. As such,
ecological systems are dynamic and continuously adapt to other components, such as
social and biophysical ones [31]. Therefore, an 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 [23].
The exchange of energy between the built structures of the urban fabric and the surround-
ing 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 [32], surface resolutions, proximities of the buildings, and the
spatial relationships between the different components, play a crucial role in adaptation to
different environmental conditions and the ecology of a city at large.

Enhancing ecological interactions, more particularly, the energy exchange expressed
via intricate spatial distribution of spaces across the urban area, is another urban objective
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in the presented case study, examining 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.

3.2. Experiment Setup
3.2.1. Spatial Distribution of Public Space

The base phenotype for the presented experiment imagines a high-density urban block
(Figure 7) as the basic geometric component. The phenotype comprises a 5 x 10 grid layout
that spans over 375 m in width and 470 m in length. The orthogonal grid structure is
distorted in several locations to enable the phenotype to break free from the grid should
the algorithm favour such a change. By allowing the nonorthogonal formation of the grid,
it enables the building footprints to cluster in different proximities, leading to an increase
in variation of the interstitial spaces throughout the urban tissue. The generated footprints
were divided into two distinct categories, namely, low-rise building blocks and tower
blocks, according to their areas. The morphology comprises rectangular footprints that are
distributed amongst the building blocks, with heights varying from 5 to 25 stories.

Figure 7. The primitive phenotype for the design problem.

The low-rise building blocks develop alleys and central courtyards. The tower building
blocks comprise 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, comprising 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 consists of the building heights and footprints as
well as the size of the street networks and alleyways.

Tower blocks across the urban tissue cluster into five groups based on their proximities.
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 the skyways increases and enables circulatory paths to emerge between
the towers in close proximity.

The phenotype is constructed to enable elevated connections to emerge across the
urban fabric for two primary reasons: first, to extend the circulation beyond the street
level, and second, to provide a blueprint for further development of the city should the
population expand to its maximum capacity. In addition to the skyways in each tower
cluster, 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, but which 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-
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level connections across the urban area are achieved by enabling spatial units to emerge
across the tissue should simulation favour such a change. These spatial units facilitate 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 with 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 elevated 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. The benefit
of the morphological interventions (through adding spatial units, voxels) of the elevated
connections for the urban area is threefold: first, to elevate the flow of the city; second, to
enable habitable spaces to emerge in the interstitial spaces between towers; and third, to
develop a balance between horizontality and verticality, to attain a higher density. The
chromosomes that define the phenotype’s construction are presented in Figure 8.

Construction of the phenatype gy
Experimants 2. E

Figure 8. Step-by-step process for the phenotype’s construction; each step presents the chromosome
applied and the morphological impact of its application.
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3.2.2. Fitness Functions

A multitude of metrics have been identified to optimise the developed phenotype.
Four of these metrics have been selected as the fitness functions within the MOEA (Figure 9),
while the remainder will be utilised for the purposes of analysis and selection (presented in
Stage 2 of the selection framework).
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Figure 9. The relationship between the fitness functions and chromosomes defining the design
problem.

The first fitness function concerns the solar gain on two categories of spaces across the
urban tissue: the first is the generated courtyard areas in the low-rise building blocks, and
the second is the outer surfaces of the mid-level elevated connections. By controlling the
solar gain on the courtyard areas, the algorithm attempts to explore various distributions
of low-rise and tower blocks across the urban tissue. 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 10).

The second fitness function increases the length of the mid-level and high-level ele-
vated connections and the distance between them. As previously discussed, 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 function is defined to increase the
length of these elevated connections (both mid-level and high-level) as well as to encourage
their distribution in elevation. By doing so, solutions with elevated connections that are
stretched horizontally and vertically across the urban tissue are favoured. As a result of
this spatial distribution, interstitial spaces with unique spatial qualities emerge at different
levels across the tissue (Figure 11).
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Figure 10. Fitness Function 1: Solar gain calculation on the different morphological characteristics of
the superblock.

The by Do il e ot

welenqth afhigh lewl ncect an

Figure 11. Fitness Function 2: Length and distribution of the spatial interventions throughout the
superblock.

The third fitness function increases the volume of the elevated connections and the
surface-to-volume ratio. This fitness function focuses on the formation of elevated connec-
tions throughout the urban tissue. 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
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extensions to the current urban morphology and be utilised as habitable spaces. It provides
an alternative urban morphology for increasing density horizontally and vertically. The
increase in the ratio of the surface area to volume contributes to self-shading mechanisms
and produces shaded elevated outdoor surfaces (Figure 12).

Volume of the mid-level
o e .
<onnection spaces

Figure 12. Fitness Function 3: Calculation of the volumetric mass of the spatial interventions
throughout the superblock.

Finally, the fourth fitness function increases the built volume of the towers. This fitness
function drives the algorithm to evolve larger tower blocks which are associated with an
increase in density. Due to the elevated connections being attached to the tower blocks,
increasing the volume enhances the structural performance of the buildings to which the
elevated connections are connected (Figure 13).

Figure 13. Fitness Function 4: Calculation of the volumetric mass of the larger towers, in this case the
primary structural supports for the spatial interventions.

3.2.3. Algorithm Settings

The design problem presented above was run in the software Wallacei [9], which
utilises the NSGA-2 MOEA developed by Deb et al. [33]. The algorithm was run on a
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Standard Deviation (SD)

consumer-grade laptop with the following settings (Table 1) and specifications: Intel Core
i7,2.4 GHz processor, and 32 GB Ram.

Table 1. Simulation and algorithm settings.

Simulation Size Algorithm Settings
Generation Size 50 Mutation Rate 1/n (n = no. of var.)
Generation Count 100 Crossover Probability 0.9
Population Size 5000 Mutation Distribution 20
Index
Crossover
No. of Chromosome 13 Distribution Index 20
No. of Variables 88,445 Runtime 17:46:48
4. Results

4.1. Algorithm Results

Although the presented research focuses on the selection mechanisms employed on
the algorithm’s output, an overview of the algorithm’s results is presented. As can be
observed from Figure 14, all four fitness functions exhibit varying degrees of convergence
towards local optima, with Fitness Functions 1 and 3 (shadows and volumetric connections)
displaying a more evident improvement in fitness throughout the evolved generations. In
contrast, the other two objectives (skyways and built volume) are comparatively less so:
although presenting improved fitness overall, they are slower in converging towards an
optimum. As discussed in previous sections, the formulation of the design problem is key,
and although outside the scope of this paper, the successful optimisation observed in the
algorithm’s output is a result of multiple iterations of reformulating the design problem,
constantly striving to find a balanced relationship between the chromosomes, phenotype,
and fitness functions.

Fitness Values SD Value Trendline Mean Value Trendline

Figure 14. The results of the evolutionary algorithm. Each fitness function was analysed separately
across four key metrics (from left to right): standard deviation, fitness values, standard deviation

trendline, and mean value trendline.
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4.2. Selection

As discussed in the Materials and Methods section, the proposed selection framework
comprises 2 stages: an objective Stage 1, which filters the population down to a manageable
solution pool, and a subjective Stage 2, which ranks the solution pool based on weighted
indicators. The results from these two stages are presented below.

4.2.1. Selection Stage 1

Stage 1 filters down the population using four steps. Step 1 applies a clustering algo-
rithm on the pareto front of the entire population. In the case of the presented experiment,
the MOEA resulted in 120 pareto front solutions. A hierarchical (average linkage) clustering
algorithm was employed, with a K-value of 20 and an average cluster size comprising
8 solutions (Figure 15). The solution closest to the centre of each cluster was selected and
added to the solution pool (Figure 16).

—K=20

Figure 15. The hierarchical clustering of the pareto front solutions with a K-value of 20, presented
through the objective space and dendrogram. As the problem comprised of four fitness functions, it
is difficult to read the cluster distribution in the objective space (which is 3-dimensional). In this case
the dendrogram provides a clearer understanding of the relationship between solutions, both within
and between clusters.
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Figure 16. The phenotypes of the cluster centres extracted from the clustering algorithm.

Step 2 selects the ‘outliers’ in the pareto front; i.e., the fittest solution for each fitness
function (Figure 17). As the fitness functions in the design problem are conflicting, the
fittest solution for one function usually exhibits poor fitness for other functions.

Figure 17. The fittest solution for each fitness function (outliers) alongside each solution’s respective
diamond chart.

Step 3 selects the solution closest to the “Utopia” point (Figure 18). Identifying this
solution requires a simple Euclidean calculation between the ‘Utopia’ point (x), which in
this case has a vectorial value of 0,0,0,0, and the normalised vectors of all the solutions
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in the pareto front (y). The solution with the shortest Euclidean distance is closest to the
‘Utopia’ point. An example of this calculation is provided below:

distance(y,x) = sqrt((yl — x1)? + (y2 — x2)* + (y3 — x3)* + (y4 — x4)?)

Figure 18. The ‘global compromise” solution (solution closest to the ‘Utopia” point) alongside its
diamond chart.

Finally, Step 4 selects the solution that exhibits an equal weighting (or the closest
equal weighting) between all four fitness functions (Figure 19). Identifying this solution
requires the normalisation of the fitness values for all fitness functions and selecting the
solution with the same normalised fitness value for all functions. Plotting this solution
on the parallel coordinate plot and on the diamond chart should present a straight line
and an equilateral diamond, respectively. If there exists no solution with an exactly equal
weighting between the fitness functions, such as the example presented here, the closest
solution to the ‘ideal” equally weighted solution is selected. As described previously, and
unlike the three steps outlined above, this solution may not fall on the pareto front (which
is the case in the selected solution).

Figure 19. The solution with equal weighting for all fitness functions. Although this solution
minimises trade-offs between fitness functions, its performance is significantly poor when compared
to the other selected solutions.

Through the selection mechanism of Stage 1, the solutions selected from the population
have been filtered down to a solution pool comprising 26 solutions. Most importantly,
however, these 26 solutions represent and maintain the diversity generated in the pareto
front while simultaneously allowing for a visual analysis of the results.
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4.2.2. Selection Stage 2

In contrast to the objective selection mechanisms presented in Stage 1, the second
stage of the selection framework requires a high degree of subjective decisions by the DM,
who in this case is the person with the greatest expertise on the problem being investigated.
However, selection based on purely visual analysis negates the data-driven approach
that has so far been utilised in the MOEA process. Therefore, Stage 2 requires the DM to
identify relevant ‘phenotypic indicators’ that evaluate each solution in the filtered solution
pool. These indicators provide two key advantages to the DM.: first, they provide a metric
approach to analyse the solutions and identify differences between them that go beyond
the metrics used in the fitness functions (optimised by the algorithm); and second, through
using a numeric approach to evaluate the solutions, weighting can be applied to the metrics
used, giving the DM the ability to dictate priority of metrics for selection, driven by the
parameters that define the design problem. In both steps above, the DM can respond to
external demands imposed on the project by additional stakeholders that are not directly
involved in the problem’s formulation.

The metrics identified to be relevant to the problem being investigated are listed in
Table 2. Note that it is critical for the DM to normalise all the metrics as well as identify the
direction of each metric (i.e., is it better to minimise the value, maximise the value, or drive
it towards a specific target value). Once the metrics have been calculated for each solution
in the solution pool, Step 2 applies various weights to the calculated metrics; this step is
critical, as it provides added agency to the DM to select solutions based on rationalised and
quantified subjective decisions. The final step is to add the resulting values for all metrics
per solution; this provides the DM with a single number that represents the rank of each
solution based on the results of the ‘phenotypic indicators’.

Table 2. Each solution carried forward from the first stage of selection was evaluated according to
the phenotypic indicators and weights listed below.

Phenotypic Indicator Vector Direction Weighting
Urban FSI (w/o morphological interventions) Positive 0.25
Urban FSI (w/morphological interventions) Positive 0.5
Surface to volume ratio (w/o morphological interventions) Positive 0.25
Surface to volume ratio (w/morphological interventions) Positive 0.5
Surface Coverage Ratio Target: 35% 0.25
Average Height Target: 20 Floors 0.25
Open Space Ratio Target: 60% 0.5
Mid-Level Private Spatial Units Volume Positive 0.25
Mid-Level Semi-Private Spatial Units Volume Positive 0.25
Mid-Level Walking Length Positive 0.25
High Level Private Spatial Units Volume Positive 0.25
High Level Semi-Private Spatial Units Volume Positive 0.25
High Level Walking Length Positive 0.25
Urban Access Negative 0.75
Local Open Space Positive 1.00
Low-rise Building Volume Positive 0.25
High-rise Building Volume Negative 0.25
Length of Skyways Positive 0.75

The phenotypic indicators, along with the defined weighting for each indicator, were
applied to the solution pool from Stage 1. The results and ranking are presented in Figure 20.
The three top solutions, with a ranking above a certain threshold (in this case 3.80), were
selected for selection by the DM (Figure 21).
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rPhenatypic Selection Pool Stage 1

Incicators {2:33} [{70;36)[{70;37)] {72:3} [{72;18)]{75:44)] {76:3} [{76;36}] {77:3] [{77:19)[{77:27}] {83;34}[ {86;38)[{B7:21}]{90:12)] {91:2} [{21:35)[({92;19)[{93:16)] {96:2} [{96:38)] {97:5} [{97;10}[{97:19)[(07:31)] {99:2}
Urban FS1 {w/o morph.
interventions)

Urben FS! {w/ morph.
interventions)

012 | 013 | 022 (021 | 022 | 014 | 032 | 015 (014 | 019 | @17 | 017 | 018 | 043 | 016 | 022 | 021 | 023 | 016 | 022 (@13 | 023 | 015 | 043 | 017 | 0.22

018 | 031 | 044 [ 039 | 043 | 035 | 030 | 0.34 [ 032 | 038 | @37 | 0.38 | 0.36 | 034 | 035 | 043 | 042 | 043 | 038 | 039 [032 | 0.44 | 035 | 031 | 0.31 | 043

Surface to volume ratio

006 | 003 | 004 | 004 | 003 | 010 | 010 | 0.07 | 0.07 | 0.05 | 0.06 | .03 | 004 | ODB | 0.05 | 003 | 0.03 | 0.03 | 0.06 | 0.04 | 0.O7 | 0.03 | .07 | 0.11 | 0.08 | 0.02
(w/c morph. terv.)

Surface to votume ratio

010 | 0.26 | 013 [ 009 | 010 | 0.28 | 028 | 0.22 | 0.20 | 0.14 | @19 | 0.13 | 0.20 | 027 | 0.17 | 010 | 0.10 | 0.05 | 0.21 | 0.04 [ @25 | 0.06 | .20 | 0.28 | 0.16 | O.10
(w/ marph. Interv.)

Surface Covernge Ratio 021 | 023 | 012 | 015 | 012 | 024 | 023 | 023 | 024 | 025 | G18 | 0.18 | 0.18 | 022 | 020 | 021 | 023 | 0.18 | 0.20 | Q.20 | @23 | 019 | 015 | 023 | 0.23 | 0.21

| Average Height 024 | 0.08 | 0.09 | 009 | .08 | 0.04 | 0.06 | 0.05 [ 0.03 | 009 | QOF | 0.02 | 010 | 043 | 005 | 009 | 0.12 | 0.10 | 0.05 | 0.10 [ Q.07 | 0.07 | 0.07 | 0.05 | 0.06 | 0.09

Open Space Ratia 035 | 0.28 | 046 | 042 | 046 | 0.29 | 028 | 028 | 029 | 031 | .22 | 022 | 0.22 | 027 | 025 | 035 | 033 | 039 | 025 | 037 | 0.28 | 0.38 | 0.18 | 0.32 | 0.33 | 035

Mid Level Private Spatial

Linits Volume 010 | 0.15 014 0.07 | 0.09 017 | 0.15 017 | 0.12 012 [ 615 | 013 | 610 | 820 | 0.14 oi1 011 005 | 0.18 .04 017 | 0.07 | 0.14 0.14 010 | 0.11

Mid Level Semi Private
| Spatial Units Volume
Mid Level Walking
Length

012 | .20 | 019 | 011 | 0213 | 022 | 020 | 022 | 017 | 016 | G20 | 0.17 | 0.24 | 025 | 0.18 | 016 | 0.15 | 0.09 | 0.23 | Q.07 | G.22 | 0.10 | .19 | 019 | 0.14 | O.16

004 | 0.12 | 006 | Q03 | 005 | 030 | 0.09 | 007 | 0.12 | 006 | @0 | 0.07 | 0.07 | D08 | 0.08 | 004 | 0.14 | 0.02 | 0.20 | 0.01 [ Q.08 | 0.02 | 0.07 | 0.07 | 0.04 | 0.04

High Leve! Private Spatial

Linits Violume 003 | 016 | 011 | 012 | 015 | 018 | 018 | 013 | 018 | 0.13 | @17 | 0.18 | 0.13 | 021 | 016 | 011 | 015 | 013 | 026 | 0.22 [ 8.23 | 0.15 | 0.18 | 0.17 | 0.08 | 0.11

High Level Semi Private
| Spatfal Units Volume
High Leve! Walking

0.01 020 | 0.14 0.15 018 0.22 0.22 017 | 0.22 017 | G618 | 022 | 015 | 0318 | 020 | 014 019 | 017 | 020 | 015 020 | 0.18 623 022 011 014

0.00 | 0.09 0.05 0.07 | 0.08 0.11 0.12 0.07 | 0.12 009 | 032 | 0.10 | 0.07 | 042 | 0.10 | 0.06 | 0.08 | 0.06 | 0.12 a.06 | 0.13 0.09 G.11 c.09 0.05 0.06

Length
Urban Access 041 | 030 | 019 | 0.27 | 0.21 | 035 | 031 | 030 | 030 | 0259 | Q45 | 0.26 | 0.35 | 029 | 046 | 024 | 027 | 028 | 040 | 0.32 [ 040 | 0.29 | 044 | 037 | 030 | 0.24
Locol Open Space 031 | 032 | 008 | 002 | 010 | 036 | 038 | 035 | 037 | 0.16 | 657 | 0.33 | 0.33 | 049 | 039 | 011 | 019 | 0.03 | 030 | 0.07 | 045 | 0.03 | 0.52 | 033 | 015 | 0.11

Low-rise Building Volume | 0.08 | 0.11 | 0.00 | 0.02 | 0.01 | 012 | 012 | 010 | 011 | 006 | 620 | 612 | 0.09 [ 031 | 043 | 004 | 005 | 002 | 012 | 003 | 012 | 002 | 014 | 010 | 0.07 | 004

High-rise Bulld]
g Eeng: 013 |01z | 003 | 0oa | 003 | 011 | 013 | 020 | 011 | 0.06 | 608 | 6.o8 | 607 | @it | 0.09 | 003 | 0.62 | 062 | 0.9 | 003 | 022 | 0oz | 010 | 022 | 008 | 003

Volume
Length aof Skyways 040 | .53 | 0.51 | 060 | 0.59 | 0.32 | 023 | 047 | 031 | 047 | B39 | 0.30 | 0.51 | @38 | 0.36 | 0.71 | 059 | 0.59 | 0.28 | 0.50 | @31 | 0.60 | 045 | 040 | 040 | O.71
Score 289 | 3.68 | 3.00 | 2.88 | 3.07 | 3.69 | 3.47 | 348 ( 3.41 | 318 | 3.81 | 308 | 3.20 | 3.86 | 3.52 | 3.18 | 3.40 | 289 | 3.46 | 276 | 3.79 | 298 | 3.73 | 3.65 | 2.86 | 3.18

Figure 20. The results of each solution and its applied phenotypic indicator. The solutions above a

specific threshold are highlighted as the top-performing solutions.

Figure 21. The phenotypes of the selected three solutions from Figure 20.

5. Discussion and Conclusions

The application of MOEAs in design, specifically urban design, requires the decision
maker to critically review all aspects associated with the algorithmic process. Although
the formulation of the design problem, and the chosen algorithm to run the simulation,
are critical for generating successful results, the method for selecting the ‘best solution’
from a population of solutions that are all non-dominated (i.e., improving one solution will
make another one worse) is considerably consequential. The selection method presented in
this paper proposes a framework for designers to evaluate and filter a larger solution set
through both an objective and subjective process, each equally significant.

To demonstrate the proposed selection framework, a design problem comprised of a
speculative urban tissue was developed to respond to contemporary urban and environ-
mental objectives; that is, to evolve urban configurations comprised of intricate spatial and
morphological organisations within the urban fabric’s interstitial spaces. The conflicting
nature of the fitness functions driving the experiment resulted in wide-ranging diversity
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amongst the optimised solutions, demanding a critical and thorough selection process that
filters through this variation by both quantitative and qualitative modes of analysis.

The key objective of the proposed selection framework is to maintain diversity in the
filtered solution set while delivering a pool of solutions that is feasible for visual analysis. In
Stage 1 of the selection framework, four key selection mechanisms are applied. Clustering
the pareto front (with a high K-value) ensures that all solutions are represented in the
filtered solution pool, while selecting the fittest solutions for each objective ensures the
DM incorporates the outliers of each fitness function in the solution pool. Moreover, the
outlier solutions provide the DM with the domain of the pareto front. Selecting the solution
closest to “Utopia’ provides the DM with the result that is in the nearest proximity to the
ideal (non-existent) solution to the problem, while the final mechanism for selecting the
solution with the most equal weight delivers the result that applies no trade-offs to the
fitness functions. These four selection mechanisms provide the DM with an objective and
comprehensive representation of the optimised results.

Although Stage 2 aims to apply subjective decisions for analysis and selection, filtering
the solution set to a manageable size in Stage 1 equips the DM with the ability to visually
inspect the results of Stage 2. As discussed, the subjective approach in Stage 2 requires the
DM to identify additional metrics (phenotypic indicators) to further analyse the results.
Although not essential, there is added value to weighting the phenotypic indicators ac-
cording to their importance to the problem being investigated. This added value increases
as the number of phenotypic indicators. Once the solutions are evaluated and ranked,
the DM may choose to visually inspect the top solutions and apply an additional layer of
analysis to those top solutions, or choose the best solution based on the ranked results. The
results in the case study presented herein intentionally avoided selecting the best solution,
instead proposing the top solutions for the DM to choose from. The DM’s role in visually
inspecting solutions and making subjective decisions remains critical to the design problem;
however, this process is significantly strengthened when complemented with a numerically
rationalised objective and subjective evaluation process.

Although the primary mechanism for maintaining diversity in Stage 1 is through
clustering the pareto front, the clustering algorithm is applied on the fitness values of the
solutions. Despite the algorithm successfully grouping solutions based on the Euclidean
proximity of their fitness values, this does not necessarily translate to phenotypic similarity.
It is possible for two solutions to present fitness similarity while simultaneously maintaining
phenotype diversity [34]; therefore, future work should focus on integrating (or replacing)
fitness clustering with genomic clustering for an accurate correlation between the clusters
and morphological characteristics of the selected solutions. It is critical to highlight that the
presented framework is highly adaptable to the problem at hand. Although the four steps
of selection in Stage 1 aim to maintain diversity, the DM may employ additional selection
mechanisms to add solutions to the filtered solution set. Such selection mechanisms include
the Knee-Point solution, located on a ‘bulge’ or ‘knee’ of the pareto front [35], or the
average ranked solution (the solution with a mean ranking between fitness functions) [36].
In Stage 2, the phenotypic indicators most relevant to the DM should be applied for
evaluation; these indicators will widely differ based on the problem being investigated, for
example metrics that specifically address liveability and quality of life (such as walkability,
privacy, access to daylight and ventilation, etc.). Fundamental to this process is the user’s
ability to numerically quantify the urban condition being analysed. Although the presented
indicators do not consider opportunities for temporal growth or adaptive response of the
generated solutions, integrating metrics related to these modes of analyses for the purposes
of selection is made possible through favouring variation over optimisation; however, a
priori approach to adaptive growth remains the most suitable approach.
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