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Preface

Cities are complex systems, facilitating the day to day live of thousands to millions of individuals.
Everyindividualis moving through this system that consists of transportation networks, houses,
offices, open spaces, planned nature and many otherele ments. How we create oururban system
influences how anindividual moves through the system, who meets who while moving through the
system and what an individual sees and experiences in daily life. Winston Churchill once said in his
speechinthe House of Lords, October 28, 1943: “We shape our buildings; thereafter they shape us”,
howeveritare not just the buildings that shape us. Itis the composition of the complete system that
shapes us.

It isthisinfluence and importance of the urban system that has fascinated me from the start of my
studies. When we construct a new residential building or neighborhood, we are notsolely adding
new housesto the building stock but we are shapingthe life of the new residents. Asaresult, during
my studies, | developed adesire to understand the impact of our urban environment. Because only
when we understand the impact of our urban environment thoroughly, we can make the right
decisionwhen we make adjustmentsinit.

Today, we are extracting more and more data from our cities. This urban data, is what can support
actors inthe field orurban development to understand the existing urban system. However, this
urban data also enables us to model the urban system. In addition, when we understand the relation
between multiple aspects of the urban system, we can model the interaction between the individual
aspects of an urban system. This enables usto betterunderstand the crucial impact of adjustments
inour cities.

This opportunity to understand the impact of adjustmentsin ourcities through urban data and
models of the urban environment is what has driven me work on my thesis every day in the past
year. Too often, adjustmentsin oururban environment serve the interests of afew stakeholders or
address a few aspects of the urban system. Too often, the made choices are not basedtoserve the
day to day life of all humans. | hope that this thesis can contribute to the right choicesin the future,
choicesthat are based to serve the people livingin our urban environments.

In the past year, | was lucky to enjoy the support of many people involved in my graduation project.
Thank you Aloys, Gamze ,Giorgio, Judith and everyone who supported me at Brink for your support
and expertiseduring the process.

Thisthesisalsorepresentsthe end of my studies at Eindhoven University of Technology. | would like
to grasp this opportunity tothank everyone who has been part of my studentlife in Eindhoven. It
has beenablast!

Finally, lwould to specifically thank Fennaand my family foryour amazing support and always being
there forme during my graduation project and my studies!



Summary

Existingurban areas are under pressure as there is a need fordensification, this comes along with
many challenges. In existing urban areas, many different stakeholders are involved. Additionally,
further densification of urban areas can have an influence on the wellbeing of humans living in urban
areas. Densification can have anegative or positive impact on human wellbeing. Asaresult, itis
extremely importantto have acomprehensive overview onthe impact of a new urban development
projecton its stakeholders and the wellbeing of humans.

Computational urban design can be considered as a supportive tool in the development process of
new urban areas. It enables fast generation of potential design solutions, in which the impactofa
design on multiple design aspects can be calculated and visualized. Computationalurban designis
specifically strongin the generation of volumetric, conceptual, designs. Furthermore, computational
urban design evenallows adesign to be steered to minimize or maximizeimpacton a certain design
aspect. In complex urban development projects, computational urban design can thus be used to
retrieve fastinsight on potential design solutions. As aresult, computational urban design can
contribute to a faster development process. However, current computational urban designtools are
not comprehensive as they do not facilitate the inclusion of human wellbeing, even though urban
densification brings along risks concerning the wellbeing of humans (Kalantari & Shepley, 2020).

One of the aspects that is related to human wellbeing but notyetincluded in any computational
urban designtool is human perception. In existing literature it was found that specifically perceived
beauty, liveliness, and safety influence human wellbeing (Weijs-Perrée et al., 2020; Mouratidis,
2018). In which, momentary subjective wellbeing concerns the influence of emotions and moods
(Eid & Diener, 2004) on how humans evaluate their life (Diener, 2000). In orderto strengthen
computational urban design as a supportive tool in the complexurban development projects, this
research explores and demonstrates the incorporation of human perceptionin computational urban
design.

To incorporate human perception in computational urban design, first the relation between the built
environmentand human perception has been quantified. It was found in existing literature that
many elementsinthe built environmentinfluence human perception. These built environment
elements concern both non-volumetric, detailed elementsin urban areas and functions of urban
spaces, as well as volumetric, predominantly urban morphological, elements. In computational
urban design, only volumetricbuiltenvironment elements are generally included. As a result, only
volumetricbuilt environment elements have been studied on the relation with human perceptionin
thisresearch.

The relation between the included volumetricbuilt environmentand human perception has been
studied and quantified in linear functions using multinomial logit models. The Place Pulse 2.0 (Dubey
et al., 2016) datasethas been used as the main choice dataset, including choices between two street
viewimages on human perception. The imagesin the dataset have been segmented and open built
environment data has been usedtoretrieve datadescribing the builtenvironment on the location of
theimages. It was found from the estimated multinomial logit models that there is a differencein
the relation between human perception and the volumetric built environment between low density
and high density environments. As aresult, for each of the three human perception categories, a
linearfunction describingthe relation with the volumetric built environment has been formulated
for both a low density and a high density environment. It was found from the relations that the
share of treesvisibleinthe streetview has astronginfluence on perceived beauty, liveliness, and
safety for both high and low density environments. Furthermore, among others the building



footprintarea, building heightand relation between the building height and the street width was
foundto influence human perception. However, these volumetricbuilt environment attributes can
only explainalimited part of the preference of humans regarding perceived beauty, liveliness, and
safety. Additionally, also non-volumetric built environments have an influence on human perception
and human perceptionisasubjective conceptandistherefore hard to generalize. Since
computational urban designinits currentform does not allow for subjectivity to be included and is
specifically strongin generating volumetricurban designs, a limitation on influence of the volumetric
builtenvironment on human perception implies a limitation to incorporate human perceptionin
computational urban design. Yet, it should be noted that the found relations do describe a part of
the overall relation between human perception and the builtenvironment.

The functions describing the relation between the volumetric built environmentand human
perception have beenincorporated in computational urban design by creatingan extensionin
Grasshopperonan existing computational urban design methodology (Garcia Gonzélez, 2019). This
computational urban design methodology can be considered as a parametricdesigntool, allowing
the userto design urban areas based on data retrieved from existing urban areas. Within this
research, a parametrically generated design has been optimized on perceived beauty, liveliness,
safety and a combination of the three using the quantified relationships between human perception
and the builtenvironment.

The extension has been createdin Grasshopper. The created Grasshopper script firstimportsa
generated outputscenario. This designisthen analyzed on human perception by retrieving the built
environment datafrom the design that has been foundtoinfluence human perception. Using the
linearrelationships that have been found as a result of the conducted analysis on the relation
between human perception and the volumetricbuilt environment, ahuman perception score can be
calculated forthe design. In addition, design variables have been set to adjustthe imported design.
Using geneticoptimization orsimulated annealing through the Galapagos plugin (Rutten, 2013) in
Grasshopper, the design can be optimized on perceived beauty, liveliness, orsafety. In addition, a
multi-objective optimization on all three of the human perception categories based on genetic
optimization can be run using the Octopus (Vierlingeretal., 2018) pluginin Grasshopper. Both
Galapagos and Octopus optimize the human perception scores by adjusting the design variables. In
orderto incorporate other design aspects such as the required amount of square metersora
minimum required amount of daylight availability in the buildings, itis possibleto set multiple
requirements that the optimized design has to meet.

Altogether, this research consists of afirst attemptto incorporate human perceptionin
computational urban design. This research has demonstrated acomplete process to incorporate
human perceptionin computational urban design. Including an analysis of the relation between
human perception and the builtenvironment as well as the creation of a computational urban
design extension, thatallows for optimizing urban designs on human perception.

In conclusion, itcan be stated that it is possible toincorporate human perceptionin computational
urban design, asdemonstrated by thisresearch. Furthermore, in this research several chances on
improvementare highlighted enabling this research to serve as a base for future improvement.
Future research should focus on incorporating more accurate relations between human perception
and the built environment, so that one day we can truly state that computational urban designisa
comprehensive supportivetool in the urban development process which enables fast and accurate
insight onthe impact of a potential urban design onits mostimportant stakeh older, humans.



Samenvatting

Bestaande stedelijke gebieden staan onderdruk aangezien het nodigis om deze gebieden te
verdichten. Het verdichten van stedelijke gebieden brengt grote uitdagingen met zichmee, in
stedelijke gebieden zijn er vele partijen betrokken bij een nieuwe ontwikkeling en de verdichting van
stedelijke gebieden kan invloed hebben op het welzijn van mensen die hierleven (Kalantari &
Shepley, 2020). Daarom is het van belang om een allesomvattend beeld te hebben van de impact
van nieuwe ontwikkelingen op de belangen van betrokken partijen en het welzijn van de mens.

Computational urban design, een container begrip voor parametrisch en generatief
stedenbouwkundig ontwerpen, kan als een hulpmiddel worden beschouwd tijdens het
ontwikkelproces van nieuwe stedelijke gebieden. Het biedt de mogelijkheid om snel mogelijke
ontwerpente genereren ente toetsen op de impactdie het heeft. Computational urban designis
voornamelijk sterkin hetgenererenvan conceptuele ontwerpen. Daarnaast biedt computational
urban design de mogelijkheid om een ontwerp te genereren dat de impact op een bepaald aspect
minimaliseert of maximaliseert. In complexe stedelijke ontwikkelingen, kan computational urban
design dus gebruikt worden om snel inzicht te krijgenin mogelijke ontwerpoplossingen. Hiermee kan
computational urban design een bijdrage leveren aan een sneller ontwikkelproces. Echter,
bestaande computationalurban design systemen zijn niet allesomvattend aangezien ze niet het
welzijn van mensen meenemen.

Eenvan de aspectendie invloed heeft op het welzijn van mensen en die nog nietin bestaande
computational urban design toolsisverwerkt, is menselijke perceptie. Uit bestaande literatuur blijkt
dat specifiek de perceptie van schoonheid, levendigheid, en veiligheid vaninvloed is op het welzijn
van mensen (Weijs-Perréeetal., 2020; Mouratidis, 2018). Om computational urban designte
versterken als hulpmiddel voor complexe stedelijke ontwikkelingen, focust ditonderzoek zich op het
onderzoeken en demonstrerenvan hetverwerken van menselijke perceptie in computational urban
design.

Om menselijke perceptiein computational urban design te verwerken, is eerst de relatietussen de
gebouwde omgeving en menselijke perceptie gekwantificeerd. Uit bestaande literatuur blijkt dat
vele elementen van de gebouwde omgevinginvlioed hebben op menselijke perceptie. Deze
elementen omvatten zowelelementen gerelateerd aan volumesin de gebouwde omgeving, zoals de
stedelijke morfologie, als elementen die niet gerelateerd zijn aan volumesin de gebouwde
omgeving, zoals detailsin de gevels van gebouwen. In computational urban design zijn overhet
algemeen enkel volume-gerelateerde gebouwde omgevingselementen verwerkt. Hierdoor, omvat
ditonderzoek alleen een analyse naar de relatie tussen volume-geralteerde gebouwde
omgevingselementen en menselijke perceptie.

De relaties tussen de geincludeerde volume-gerelateerde gebouwde omgevingsattributen en
menselijke perceptie zijn met behulp van multinomiallogit models uitgedrukt in lineaire functies. De
Place Pulse 2.0 (Dubey etal., 2016) datasetisgebruiktalsbelangrijkste keuze dataset, de dataset
bestaat uit gemaakte keuzes wat betreft menselijke perceptie tussen twee Google Street View
foto’s. De foto’s in de dataset zijn gesegmenteerd en open gebouwde omgevingsdatais gebruiktom
data te verzamelen die de gebouwde omgeving omschrijftin de nabijheid van de locatie waar de
fotois gemaakt. Uitde analyse blijkt datin gebieden meteenrelatief lage dichtheid, ereen andere
relatieistussen de gebouwde omgeving en menselijke perceptie danin gebieden meteen hoge
dichtheid. Daaromzijn vooralle drie de menselijke perceptiecategorieén twee relaties
gekwantificeerd, éénvooreen omgeving meteen relatieflage dichtheid en éénvooreen omgeving
met eenrelatief hoge dichtheid. Uit de analyse blijkt verder dat hetaandeel bomen dat zichtbaaris



inde foto’s eensterke invloed heeft op de perceptie van schoonheid, levendigheid, en veiligheid in
omgevingen met zowel eenrelatief lage als hoge dichtheid. Daarnaast hebben onder andere het
bebouwde oppervlakte van een gebouw, de gebouwhoogte en de relatie tussen de gebouwhoogte
ende straatbreedte eeninvioed op menselijke perceptie. Echter, vertegenwoordigen de volume-
gerelateerde gebouwde omgevingsattributen slechts een deelvan de totale invloed van de
gebouwde omgeving op menselijke perceptie. Daarnaast hebben ook niet volume-gerelateerde
gebouwde omgevingsattributen invioed op menselijke perceptie enis menselijke perceptie
subjectief van aard waardoor hetlastigte generaliserenis. Omdat computational urban designin
haar huidige vorm geen rekening houdt met subjectiviteit en het voornamelijk sterkisin het
genererenvan conceptuele ontwerpen, betekent een gelimiteerdeinvioed van volume-gerelateerde
gebouwde omgevingselementen op de perceptie van mensen tevens dat de mogelijkheid om
menselijke perceptie in computational urban design te verwerken gelimiteerdis.

De functies die de relatie tussen de volume-gerelateerde gebouwde omgeving elementen en
menselijke perceptie omschrijven zijn verwerktin computational urban design dooreen extensievan
een bestaande parametrisch stedenbouwkundig ontwerpmethodologie (Garcia Gonzalez, 2019) in
Grasshopperte creéren. Deze methodologie geeft de gebruiker de mogelijkheid om nieuwe
gebieden te ontwerpen op basis van data verkregen uit bestaande stedelijke gebieden. Binnen dit
onderzoek zijn parametrisch ontworpen gebieden geoptimaliseerd op de perceptievan schoonheid,
levendigheid, veiligheid en een combinatie van deze drie door gebruikt te makenvan de
gekwantificeerde relaties tussen de volume-gerelateerde gebouwde omgeving en menselijke
perceptie.

De gecreéerde extensie importeert eerst een gegeneerd ontwerp. Vervolgens wordt gebouwde
omgeving datadat menselijke perceptie beinvioed uit het ontwerp verzameld. Met behulp vande
gevonden relaties tussen de gebouwde omgeving en menselijke perceptie wordtervervolgens een
menselijke perceptiescore berekend voor het ontwerp. Daarnaast zijn er nieuwe ontwerpvariabele
gecreéerd die het mogelijk maken om het geimporteerde ontwerp aan te passen. Door genetische
optimalisatie of simulated annealing toe te passen met behulp van de Galapgos plugin (Rutten,
2013) in Grasshopperkan hetontwerp worden geoptimaliseerd op de perceptievan schoonheid,
levendigheid en veiligheid. Tijdens het optimaliseren worden de waardes van de ontwerpvariabele
automatisch aangepastzodat het ontwerp hogerscoort op de menselijke perceptie. Om ook andere
ontwerp aspecten mee te nemen zoals het vereist aantal vierkante meters of de minimum
hoeveelheid daglichtis het mogelijk om meerdere voorwaarden te stellen waaraan het
geoptimaliseerde ontwerp moetvoldoen.

Al metal bestaatditonderzoek uiteen eerste poging om menselijke perceptie te verwerkenin
computational urban design. Ditonderzoek demonstreert een volledig proces om menselijke
perceptie in computational urban designte verwerken, inclusief een analysetussen menselijke
perceptie en de gebouwde omgeving en de creatie van een computational urban design extensie die
het mogelijk maakt om stedenbouwkundige ontwerpen te optimaliseren.

Uit ditonderzoekblijkt dat het mogelijkis om menselijke perceptie in computational urban design te
verwerken. Desondanks belicht dit onderzoek een aantal mogelijkheden om menselijke perceptie
beterenaccurater te verwerken in computational urban design. Toekomstig onderzoek zal zich
hiervoor moeten focussen op hetverwerken van accuratere relaties tussen de gebouwde omgeving
enmenselijke perceptie in computational urban design, zodat het ooit mogelijkis omte stellen dat
computational urban design een allesomvattend ondersteunend middel isin het stedelijk
ontwikkelproces.



Abstract

In mosturban areas there isa need fordensification. The densification of existing urban areas comes
along withrisks and influences many different stakeholders and aspects within the existing urban
system. In orderto manage the influences of potential (re)development projectsinan urban
context, insight on the impact of potential (re)development projectsis neededin an early stage of
the development process. Computational Urban Design enables fast generation of conceptual urban
designsinanexisting urban context. These designs can be optimizedtoalign to certain design
aspectsand the influence of the generated urban designs on multiple design aspects can be
calculated andvisualized easily. However, current computational urban design tools do not provide
insightorinclude all relevant design aspectsin an existing urban environment. Since cities are built
to facilitate the life of humans, the wellbeing of humans can be considered asanimportant design
aspect. Yet, wellbeing of humansis notincorporated in computational urban design. One of the
aspectsinfluencing the wellbeing of humans thatis not yetincorporated in computational urban
designishuman perception.

This research demonstrates how human perception can be incorporated in computational urban
design. Within this research, first the relation between the built environment and human perception
isanalysed and quantified using a big data approach, including stated choice dataand a multinomial
logitanalysis. From the analysisitwasamongothersfoundthatthe presence of trees, the
dimensions of building volumes and the urban morphology influences human perception. The
guantified relationships between human perception and the built environment have been
implemented in computational urban design by creating an extension on an existing parametric
urban design methodology. This extension enables parametrically designed urban designs to be
analyzed and optimized on human perception.

As aresultof thisresearch, a first methodology has been described and tested that enables the
incorporation of human perception in computational urban design. The mostimportant
considerations forfuture research should be to increase the accuracy of the quantified relation
between the builtenvironment and human perception. In relation to the applicability in current
practice, future works could focus on improving the technical capabilities of the computational
urban design methodology by increasing the design freedom, the design generation speed and the
comprehensiveness by including more design aspects.

Keywords
Computational Urban Design, Human Perception, Optimization, Built Environment, Wellbeing
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1. Introduction

The world population hasincreased dramatically overthe last decades and is expected to keep
growing. Additionally, asignificant part of the world population lives in urban areas and the share of
peoplelivinginurban areasis expected to grow (United Nations Department of Economicand Social
Affairs Population Division, 2019). On top of that, specificallyin The Netherlands, the amount of
householdsinrelationtothe share of the overall populationis growing (Duin etal., 2018) as well as
the overall population (Groenemeijeretal., 2020). As a result, thereisahigh demand for the
construction of new dwellingsin and around existing urban areas.

Specificallyin many densely populated areas and western countries such as The Netherlands,
besides ahigh demandforlandfor the construction of dwellings due to anincre asing population,
the pressure onthe scarce landis increasing due to additional factors such as shifts towards
sustainable energy demands and required space forupgrading the existinginfrastructure network.
Whereas the currentintensive land use already resultsin challenges regarding the soil, waterand
biodiversity (PBL, 2021), dealing with these challenges requires more space for natural purposes as
well. Therefore, available land for the construction of dwellings in non-urban areasis scarce, shifting
the focus from expanding cities to densifying cities (Ministerievan Binnenlandse Zaken en
Koningkrijksrelaties, 2020). In addition, buildingin higher densities has received increased attention
due to the advantages that come along with it regarding more sustainable transportation, such as
mass transitand the highlevel of amenities coming along with dense urban areas (Nabielek et al.,
2012).

However, densifying existing urban areas comes along with many challenges. Densification for
example comes along with the challenge to maintain orimprove the livability of the city, in which
the livability of a city can among others be expressed in the contribution of the city to the health and
wellbeing of humans (Ministerie van Binnenlandse Zaken en Koningkrijksrelaties, 2020) (Nabielek et
al., 2012). The livability and wellbeing of humansis affected by many aspectsinthe overall urban
system shapingthe built environment. These many individual aspects of the whole city can be
affected by oneinterventioninadense urban area. Therefore, densifying existing urban areas
requiresacomprehensive view onitsimpactonall aspectsin the builtenvironment.

In addition to the risks and opportunities coming along with densificationin urban areas, more and
more responsibilities centered around the densification process are shifting from publicauthorities
towardsthe marketin the Netherlands. Asaresult, inthe real estate and urban development
process, market parties such as real estate and urban developers have to take a leading role whereas
the publicactors have a facilitatingrole. Nevertheless, in a pro-active manner (Heurkens, 2012). This
means that developers have to take up tasks that traditionally would have been taken care of by
local publicparties to safeguard publicinterest (Heurkens, 2012). Due to the increasein
responsibilities for private partiesin the real estate and urban development process, private parties
have been given amore comprehensive task. Notonly assuring a financial ly feasible project but also
guaranteeingaprojectthatisinline with publicinterest and thus has a positive impactonthe
overall urban system.

In orderto deal with the high number of complexities and responsibilities that come along with
developinganareaor buildinginan urban system, while maintaining orincreasing the efficiency of
the development process, there isaneed for supportive tools providing insightinto the effects of
new developments onthe overall urban system.

Simultaneously, scientificknowledge on the interactionsin urban systemsincreases and the pacein
which we retrieve datafromthe overall urban systemisincreasing. Thisincreasein knowledge
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aboutthe interactionsinoururban systemand the increase in data about what goesin and out of
the urban system, in combination with the trend that market parties receive more responsibilities
while having to deal with many complexities and challenges, increases the need to model the
complete composition of the system.

As withany system, itis modeled beforeitis constructed. Computational urban design can be
considered as designing part of an urban system through modelling the impact of that part on the
overall system. Simply stated, computational urban design shifts the design process away from
designing geometries into designing based on design variables and desired outcomes. Thus, instead
of drawinga cubicblock, the computerisasked to generate acubic geometry with certain
dimensions orthe computeris asked to create a geometry meetingacertain desired volume. The
design variable values can be retrieved by an analysis of the overall urban system and the output of
the design can be tested onitsimpact on overall urban system.

One of the strengths of computational urban designis thatitcan be used as a supportive tool in the
earlier phases of the urban development process. Thisis the result of the ability of computational
urban designto generate designs fastand accurately based on data. Ina short period of time, the
userhas an overview of a potential designthatis based on desired outcomes and thatisable to
indicate the relevant consequences of the design.

Within computational urban design, the ability toinclude all relevant aspects in one computational
urban designtoolis of greatimportance. This meansincluding how the urban environment should
influencethe wellbeing and behavior of humans butalsoincluding the interests of the real estate
developer, the interests of residents inthe environment and otherinvolved stakeholders. If a
computational urban designtool is not comprehensive, it neverincludes the e ntire urban system
and itwill remainto be limited to one or more subsystems.

One of these aspectsthatare relevanttoinclude inacomprehensive supportive computational
urban design tool butthatis notyet incorporated is how the urban system shapes us, expressedin
terms of the wellbeing of humans. Thisis especially relevant as currenttrendsin urban
developments, including densification and the construction of high-rise buildings in existing urban
areas, include risks negatively affecting the wellbeing of humans (Kalantari & Shepley, 2020).
Whereas densification can also provide opportunities to contribute to human wellbeing (Mouratidis,
2019a; Kalantari & Shepley, 2020). One of the aspectsthat influence wellbeingis how humans
perceive the builtenvironment (i.e. perceived safety, beauty and liveliness).

Althoughthe perception of humansinrelationtowellbeingin the context of the builtenvironment
isgenerallyregarded as relevantin urban development, supportivetools such as computational
urban designdo notinclude design capabilities relating to the perception of humans. Still,
computational urban designisregarded as a promising and strong supportive tool inthe urban
development process asitallows an urban designto be designed based onitsimpact onthe overall
urban system. Inline with this, itisimportant that computational urban designisacomprehensive
tool whichisable to include all relevantaspectsinan urban development. Thus, also able to
consider human perception. However, current computational urban designtools are notable to
considerthisinthe design process.
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In line tothe above, the overall objective of thisresearchis described as:

Strengthening computational urban design as a supportive toolin the conceptual design phase of an
urban development by incorporating human perception in orderto improve people’s wellbeing.

Based on this objective, the following research question is formulated:
How can the perception of humans be included in computational urban design?

In orderto provide an answerto this question, this research has beenset up as a first attempt to

incorporate human perception in computational urban design. he following sub questions are
formulated:

1. Howdoes human perception relate to wellbeing in the context of the built environment?

2. Howdoes the built environment influence human perception?

3. How can the relation between the built environment and human perception be quantified so
thatit can be incorporated in computational urban design?

4. How can the quantified relations be incorporated in computationalurban design?

1.1. Researchdesign

The global research design has been subdivided based on the sub questions. Sub question one and
two will be answered through aliterature review, sub question threeand four will be answered
using a methodology designed for this research. The designed methodology can be splitupintwo
phases, focusing on research question threeand four. The first phase uses the results of the
literature review to shape astudy resultingin finding quantified relations, that can be incorporated
in computational urban design, between human perception and the built environment. The second
phase uses the quantified relations from phase one and consists of an attempt to incorporate the
relationsin computational urban design. The methodology used for both phases will be described in
the corresponding chapter. Figure 1 providesan overview of the overall research design.
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Figure 1: Global research design

1.2. Scientificand practical relevance
The topic of human perceptioninrelationto human wellbeing and the built environmentisan
established topicinthe field of urban research. Furthermore, the discipline of computational urban
designisnota new conceptinscientificliterature. However, the combination of the two has not
received attentionin existingliterature yet.

Still, in existing scientificliterature there have been several successful attempts toinclude human
well-beingin computational urban design. Forexample based on an objective assessment of the
designed urban morphology (Zhang & Liu, 2021). However, as the well-being of humansin relation
to the builtenvironmentincludes many subjective elements such as human perception besides
objective and quantitative elements (Dodge et al., 2012; Mouratidis, 2018), the wellbeing of humans
isnot comprehensively takeninto accountin existingimplementations in computational urban
design. Atleast, human perceptionis notincludedin computational urban designina datadriven
manner. In current practice and often suggested in scientificliterature the wellbeing of humans has
to be incorporated qualitatively by the userthrough the abilities of the tool for manual interactionin
a hybrid work-flow (Perez-Martinez etal., 2020). Making the overall computational design process
less efficient, or neglectinghuman well-being through human perceptioninthe generation of a
completely computational generated design.
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In relation to current practice, incorporating human perception in computational urban designis
relevantas well. Although computational urban designis not widely applied in current practice, the
attention for computational urban designis growing. Especially, as the complexity of our urban
environmentincreases and the attention forhuman wellbeingin urban areasis growinginrelation
to today’s densification challenges. Ontop of that, market parties are receiving more responsibilities
inthe urban development process and are inthe need forsupportive tools fastening the urban
development process and the amount of available data of existing urban environmentsis growing.
This mixture of trends shows how current practice in urban development can benefitfromthe
incorporation of human perceptionin computational urban design.

Within the urban development process, computational urban design can be used by many
stakeholders. Itallows the developer to explore potential development opportunities, it allows the
municipalityto explore opportunitiesin certainareas butitcan also supportan urban designer
duringthe design process. As a result, this research does not specifically address one target group
within current practice. All the above mentioned stakeholders can benefit from computational urban
designand improvementsin the capabilities of computational urban design. Above all, this re search
addresses the capabilities of computational urban design. Therefore, actors active in the field of
computational urban design software development might be served best by thisresearch.

1.3. Organizationof the thesis
In line tothe objective of thisresearch, this thesis describes the process from understanding the

relations between human perception and the builtenvironment to the creation of a tool that
includes human perceptioninthe computationalurban design process.

The thesis will therefore start with aliterature review, followed by the chapter describing research
phase one. Inthis chapter, first the used methodology for research phase one will be explained.
Followed by the datagatheringand exploration section after which the data analysis section follows.
As conclusion of research phase one, the results from the analysis are reflected upon findings from
the literature review. After research phase one, research phase twois addressed. The second
research phase chapterstarts with the applied methodology forresearch phase two. Thenthe
implementation of research phase two, beingthe incorporation of the found relations as aresult of
research phase one ina computational urban designtool, is described. After research phase two, the
results of the overall research are presented in the results chapter. Finally, this thesisends with a
conclusion, discussion and recommendation chapter.
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2. Literature review

Incorporating human perception in computational urban design covers two mainresearch areas,
wellbeinginthe built environment and computational urban design. The literature review described
inthis chapter coversfourthemesinthese two research areas. The first reviewed theme concerns
human perceptioninrelationto humanwellbeing. The second reviewed theme concerns human
perceptioninrelationtothe builtenvironment and the third reviewed theme concerns measuring
human perception of the built environment using street view images. Thesethree themes all
concernthe research areaof wellbeingin the builtenvironment. The fourth addressed themein this
literature review concernsthe overallresearch area of computational urban design.

2.1. Human perceptionin relationto human wellbeing

The relation between the built environment and well-being has been atopicof interest formany
years. In which wellbeingis acknowledged to be related to the built environment (Fathi et al., 2020).
Wellbeingisfoundto be related in many ways with the built environment, of which one of themiis
how humans perceive the built environment (Mouratidis, 2021; Smith et al., 2015). Therefore, itis
importantto betterunderstand the relation between human perception and wellbeingin the
context of the built environment.

Within this section, the first research question will be addressed. Namely: How is human perception
relatedto humanwellbeinginthe context of the built environment? Figure 2shows how this section
is contributing to the overall research. Inred, the in this section addressed elementsin the overall
research design are highlighted.

Literature Review

Research question 1:

Wellbeing in relation
to human perception How is human perception
in the context of the related to wellbeing in the
built environment context of the built
environment?

Influence of built
environment on human
perception

|:| Adressed theme - Adressed theme centered around research question Chapter

Figure 2: Literature review section 2.1. within overall research design
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As a starting point, the definition of human perception and wellbeing as foundin the literature is
described below. Afterthe description of the definitions, the relation between human perception
and wellbeingin the context of the builtenvironment is described based on existing literature.

2.1.1. Definition of Human perception
Human perception can be considered as one of the six layersin the Layered Reference Model of the
Brain along with among others sensation and memory (Wangetal., 2006). How humans perceive
theirenvironmentthus fundamentally influences an individual’s cognitive system. This cognitive
systemonits handinfluences how humans behave, how they feel and how they move through the
builtenvironment.

Wang (2006) formulates the following definition for perceptioninrelationtothe Layere d Reference
Model of the Brain: “Perception is a set of internal sensational cognitive processes of the brain at the
subconscious cognitive function layer that detects, relates, interprets, and searches internal cognitive
information in the mind (Wang etal., 2006, p.126)”

The importance of an individual’s perception cannot be underestimated, as almost all cognitivelife
functions of humansrely on perception and human perceptioninfluences anindividual’s behaviour
(Ferguson & Bargh, 2004) and even personality (Wang, 2007). Inrelation to this, it is no surprise that
someone’s perception of the built environment caninfluence hisorherwellbeing. In orderto better
understand thisinteraction, itis firstimportant to formulate the definition of wellbeingin existing
literature.

2.1.2. Definition of wellbeing
Wellbeing can be seen as a balance point between the resources and challenges anindividual faces
(Dodge etal., 2012). More specifically, “Stable wellbeingis when individuals have the psychological,
social and physical resourcesthey need to meet a particular psychological, social and/or physical
challenge. “When individuals have more challenges than resources, the see-saw dips, along with
theirwellbeing, and vice-versa” (Dodge etal., 2012). Wellbeing can be measured in subjective terms
in which people cognitively and affectively evaluate theirlife (Diener, 2000). This approach on
measuring wellbeingisreferredtoin existingliterature as subjective wellbeing. Subjective wellbeing
iscentered around the question, whatisthe good life? Asaresult, itisargued that if people
evaluate theirlifewell, theyare livingagood life. Inrelation to wellbeing in general, subjective
wellbeing canthus be considered as a personal evaluation of anindividual if he orshe isable to

balance between his orheravailable resources and challenges. Figure 3visualizes the relation
between wellbeingand subjective wellbeing.

Wellbeing

Balance between challenges and resources (dodge et al. 2012)

Measuring an individual’s
Well?eing

Subjective wellbeing
Cognitive and affective evaluation of someone’s own life (Diener,

2000)

Figure 3: Definition of wellbeing, distinction between objective and subjective wellbeing.
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Definition subjective wellbeing

Subjective wellbeing (SWB) can be expressed in momentary terms andinlongterms. Emotionsand
moods concernthe momentary terms whereas general life satisfaction concerns the long term (Eid
& Diener, 2004). Long term subjective wellbeing positively influences momentary subjective
wellbeing (Weijs-Perrée etal., 2019). Inrelation to the built environment, the built environment
directly influences the momentary wellbeing (Weijs-Perrée etal., 2020; Mouratidis, 2018). Long
term subjective wellbeingis also indirectly influenced by the built environment (Weijs-Perrée et al.,
2020), this can partially be explained by the finding that the builtenvironment directly influences
someone’s health (Mouratidis, 2018). Figure 4 visualizes how momentary subjective wellbeingis
related to subjective wellbeingand wellbeingin general.

Wellbeing

Balance between challenges and resources (dodge et al. 2012)

Measuring an individual’s
wellbeing

Subjective wellbeing
Cognitive and affective evaluation of someone’s own life (Diener,

2000)

i

Long term subjective Momentary subjective
wellbeing wellbeing
General life satisfaction Emotions and moods (Diener,
(Diener, 2004) 2004)

Figure 4: Definition of subjective wellbeing

2.1.3. Human perception in relation to subjective wellbeing
Human perceptioninthe context of the builtenvironment is oughtto be influenced by
sociodemographiccharacteristics as well as urban physical characteristics (Mouratidis, 2018). Here,
inrelation to momentary SWB and long term SWB, momentary SWBis mostly influenced by how
humans perceive the urban space. Momentary SWB can be furthersplitupintofourdimensions:
happiness, sense of security, sense of comfortand annoyance (Birenboim, 2018). In relation to these
fourdimensions of momentary SWB and based on existing literature, perceived safety is oughtto
influence happiness and sense of security. Inaddition, perceived beauty is oughttoinfluence
comfort. Furthermore, the ambienceand thereforeamong others perceived liveliness is ought to
influencethe overall momentary SWB (Weijs-Perrée et al., 2020). Weijs-Perréeetal. (2020) indeed
found perceived safety toinfluence happiness, sense of security and annoyance. Also, atmosphereis
foundto influence momentary SWB through happiness. Although, the exact definition of
atmosphere was not specified, itis oughtto relate to ambience. Whereas ambience can be
expressedinamongothers perceived liveliness and perceived beauty (Redi etal., 2018). Although
Weijs-Perrée etal. (2020) did notfind a significant relation between perceived beauty and one of
the four dimensions of SWB, other literature does indicate that perceived beautyis able toinfluence
SWB (Mouratidis, 2018)(Weijs-Perrée et al., 2020) or more in general the perceived environmental
quality (Bonaiuto etal., 2003).
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Therefore, the following three human perceptual attributes are proposed for further study onits
relation tothe publicspace of the builtenvironmentinthis research: Perceived beauty, perceived
liveliness and perceived safety. Figure 5visualizes the described relations.

Definition of perceived beauty, liveliness, and safety

The three human perceptual categories differin the roots of their definition. The definition of
liveliness, being “the quality of beinginterestingand exciting” (Cambridge University Press, n.d.) can
be considered as a cognitive concept. This, since the concepts ‘interesting’ and ‘exciting’ are
cognitive concepts. Therefore closely related to human perception, which is also a cognitive concept.
As aresult, perceived liveliness by definition does not differ from actual liveliness. The same
reasoningcan be applied to perceived beauty, of which the definitionis: “the quality of being
pleasing, especiallytolook at, or someone orsomethingthat gives great pleasure, especially when
you look at it” (Cambridge University Press, n.d.). This definition of beauty can also be considered as
a cognitive conceptthatisclosely related to perception, which makes beauty not much different
from perceived beauty either. However, perceived safety on the other handis a different concept
then actual safety, being defined by: “astate in which or a place where you are safe and not in
dangeror at risk” (Cambridge University Press, n.d.). Perceived safety does not concern someone’s
actual safety buthow he or she perceives his or hersafety.

Wellbeing

Balance between challenges and resources (dodge et al. 2012)

Measuring an individual’s
wellbeing

Subjective wellbeing
Cognitive and affective evaluation of someone’s own life (Diener,

2000)

Long term subjective

wellbeing Momentary subjective wellbeing
General life satisfaction Emotions and moods (Diener, 2004)

(Diener, 2004)

Perceived Perceived Perceived
safety beauty liveliness

Figure 5: Human perceptual attributes found to have a relation with momentary subjective wellbeing

Inter-relation between perceived beauty, liveliness, and safety

Perceived beauty, liveliness, and safety can be studied individually onits relation with the built
environment, howeverthese human perception categories have been found to be related to each
otheras well inthe context of the builtenvironment. Studies including measuring human perception
inthe builtenvironmentthrough streetviewimage comparisons found a positive correlation
between perceived liveliness and perceived beauty (Zhangetal., 2018). Furthermore, perceived
safetyisfoundto correlate with perceived liveliness (Vermaetal., 2020; Zhanget al., 2018) and
perceived liveliness positively correlates with perceived beauty (Vermaetal., 2020; Zhanget al.,
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2018). In addition to the found statistical relation, multiple theories can be considered concerning
the relation between multiple human perception categoriesinrelationtothe built environment. For
example, amore lively environmentincluding the presence of people significantly contributes to the
perceived safetyin general (De Nadai etal., 2016; Jansson, 2019) and specifically to the perceived
safety afterdark (Rahm etal., 2021) as more people onthe streets canlead to more social control
and a higherperceived safety (Zhangetal., 2018).

2.1.4. Conclusion literature review human perception in relation to wellbeing
Existingliteratureon human perception, wellbeing and the relation between the two indicate that
thereisarelation between human perception and wellbeingin the context of the built environment.
Perceived beauty, liveliness, and safety of the builtenvironment all directly orindirectly are able to
influencesomeone’s subjective wellbeing and therefore someone’s overall wellbeing. The schemein
Figure 5 visualizes how human perceptionis related to human wellbeing in the context of the built
environment.

2.2. Human perceptionin relationto the built environment
This section describesthe inthe literature found relations between the built environmentand
human perception. The findings of this section therefore address the second re search question: How
doesthe built environmentinfluence human perception? Figure 6 shows how this sectionis

contributingto the overall research. Inred, the in this section addressed elementsinthe overall
research design are highlighted.

Literature Review

—
/ Research question 2:
v
How does the built
Influence of built environment influence
environment on human human perception?

perception

|:| Adressed theme - Adressed theme centered around research question Chapter

Figure 6: Literature review section 2.2. in relation to the overall research design
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First the topic of human perceptioninrelationtothe builtenvironment willbe introduced in relation
to the goal of thisresearch. Second, the in the literature found relations between perceived beauty,
liveliness, and safety and the built environment will be described. Third, the subjectivity of human
perception willbriefly be described. Finally, the overall literature review will be presented in tabular
formin the conclusion of this section.

2.2.1. Human perceptionin relation to the built environment within this research
In relation to the goal of this research, incorporating human perceptionin acomputational urban
designfocusing on conceptual designs that solely contain volumes, specifically the relation between
volumetricelements of the built environment and human perception is relevant. Whereas the
relation between non-volumetricelements of the built environmentand human perceptionarein
relation tothe goal of thisresearch lessrelevant. Figure 7illustrates the difference of whatin this
researchis considered as volumetricand non-volumetric. Here it can be seen that the volumetric
elements, concern the main shape of the building, streetand trees whereas the non-volumetric
elements concern elements such as building function and fagade objects.

O
O
n]
O

Figure 7: On the left, the volumetric built environment elements are highlighted in red. On the right, the non-volumetric
elements are highlighted in red.

Furthermore, every individual perceives something different. Although, taking the common opinion
of the mass, it is generally possibleto find the shared perception of something. In the remainder of
thisthesis, this common opinion will be referred to using the term “objective aspect of the relation
between human perception and the built environment”, whereas the variation in perception
betweenindividuals will be referred to using the term “subjective aspect of the relation between
human perception and the builtenvironment”. Since the goal of thisresearchisto incorporate
human perceptionin computational urban design using asimplisticunderstandable and general
approach, specifically the objective aspect of the relation between human perception and the built
environmentis considered to be relevantinrelation to this research.

However, this literature review does not only focus on the volumetricbuilt environment. Also, this
literature review will briefly coverthe subjective aspect on the relation between human perception
and the builtenvironment. The reason forthisisthat solely the volumetricbuilt environmentand
solely the objective aspect of the relation between human perception and the built environment
does not capture the full relation between the built environment and the objective aspect of human
perception. A better understanding of the overall relation between the builtenvironmentand
human perception contributes to an understanding of the extent to which a computational urban
designtool created for designing conceptual urban designsis able toinclude human perception.
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Human perception in relation to the built environment in general

Concerningthe general relation between human perception and the built environment, several
important remarks can be made based on existingliterature. First of all, specificallyin relation to
human perception of computationally created urban designs, the level of abstractness or
completeness of the urban organization influences the brain activity and perception of humansin
relation tothe urban environment (Hakak etal., 2016). In other words, people perceive apurely
volumetricurban design differently from an urban design containing several details of urban objects.
Here, more detailed designs generally attract more attention of the viewer (Hakak et al., 2016).
Retrieving accurate insights on human perception of an area using a conceptual design would
therefore not be likely to resultin accurate insights of human perception of an actual realized area.
However, the otherway around, this does not mean that insight retrieved on human perception
based on actual environments or detailed computationally generated designs does not resultin
accurate insights on volumetricinfluences on human perception.

Furthermore, concerning buildings specifically, buildings have been found as being the dominant
factor forimageability of animage (Tao etal., 2022). Thus, regardless of the way buildings influence
a specifichuman perception category, how humans perceive a building seems to be crucial for how
theyrememberaview orenvironment.

2.2.2. Perceived Beauty

Perceived beautyis generally considered as a very subjective topic. However, existing literature does
mention several findings on the common perception of what humans perceive as beautiful or not.

Volumetric built environment characteristics

Regarding the volumetricbuilt environment characteristics, tall residential buildings are found to be
negatively associated with beauty whereas tall office buildings and landmarks are exceptions on this
(Querciaetal., 2014a). Thisisinline with a study conducted by Karimimoshaver & Winkemann
(2018) who found that landmarksinthe skyline generally have a positive impact on people’s
perception of beauty of the skyline. Furthermore, not per definition relating to building height, the
presence of buildingsinthe streetview is found to negatively relate to perceived beauty (Rossetti et
al., 2019). High buildings and landmarks in the skylines can thus have a positive influence on the
perceived beauty of askyline view but on astreetlevel the presence of buildings generally
negativelyinfluences perceived beauty.

Concerningvegetationinthe built environmentinrelation to perceived beauty, greenery on general
positively contributes to perceived beauty (Joglekar etal., 2020; Querciaetal., 2014a; Rossettietal.,
2019; Weberetal., 2008; Zhang et al., 2018). Querciaetal. (2014) even mention the amount of
greenery as the mostinfluential positive factorinrelationto beauty. Gardens, yards, trees and grass
are found to be related to beautiful streetscenes (Joglekaretal., 2020), (Zhanget al., 2018).
Additionally, also buildings with incorporated vegetation are in aesthetical terms generally preferred
over buildings withoutincorporated vegetation (White & Gatersleben, 2011).

Furthermore, broaderstreets are negatively related with beauty, whereas small paths are positively
related with beauty (Joglekaretal., 2020). Concerningthe view fromthe street, less sky presentin
the streetview tends to correspond to more beautiful scenes (Joglekaretal., 2020; Rossetti etal.,
2019). This combination of less sky view and smallerroads could indicate a preference for more
enclosure concerning perceived beauty. Since greenery positively influences perceived beauty
whereasthe presence of buildingsin the street view negatively influences perceived beauty, this
feelingof enclosure thus is preferably facilitated by vegetation ratherthan buildings. Whichisinline
with findings from Weber (2008).
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Regarding the composition of the urban elements, sense of orderin urban form has been considered
as a key aestheticaspectfora longtime (Karimi, 2012). An uniform arrangement was found to be
perceived as more beautiful, bothin relation to buildings and vegetation and mainly concerning
theirheightin rough geometricterms (Weberetal., 2008). Thisis more or lessinline with the
finding that beautiful scenes are of low to medium complexity (Joglekar etal., 2020).

Non volumetric built environment characteristics

The presence of vehiclesis negatively associated with beauty (Quercia et al., 2014a; Rossettietal.,
2019). Additionally the fagade designis likely to have an influence on perceived beauty sincea study
towards the pleasantness, abroadertermthenjust perceived beauty, of facades shows significant
differences between the pleasantness of facadesin relation to the geometrical shapes of the
windowsinthe facades (NaghibiRad et al., 2019). Thus, elements of street lifeand fagade design
have beenfoundtoinfluence perceived beauty on astreetlevel, inaddition to the found volumetric
builtenvironment elements.

2.2.3. Perceived Liveliness
There is fewer attention within scientificliterature on perceived liveliness in relation to the built
environment. This could be the consequence of its definition, capturing the terms ‘interesting’ and
‘exciting’, as literature could focus more on these terms ratherthan on perceived liveliness. Thereis
quite some literature available onthe relation between the visual engagement of someone with the
builtenvironmentand the characteristics of the built environmental context he or she finds him- or
herself. More visual engagement with the built environment can be considered as a higherlevel of
interest of that personinits environment. In otherwords, more engagement could indicate alivelier
environment considering the definition of liveliness. This reasoning has also been applied in astudy
of Al Mushayt (2021) on the influence of the streetinterface, being defined as “the spaces between
urban and architectural dimensions on the ground floors of buildings forming collective spaces” (Al
Mushayt etal., 2021), on the liveliness of that street. Therefore, also eye-tracking studies describing
these relations have beenincluded in the literature reviewon perceived liveliness in relationto the
builtenvironment.

Volumetric built environment characteristics

First of all, consideringthe direct found relation between perceived liveliness and the built
environment, greenery isought to negatively influence liveliness whereas infrastructure and vehides
generally seemto positively influence liveliness (Zhangetal., 2018., Vermaet al., 2020). However,
these conclusions have beendrawnin studies based on the Place Pulse 2.0dataset (Dubeyetal.,
2016) containingchoices predominantly including urban streetviews howeveralso including rural
streetviews. Asrural environments generally include more greenery, a closerlook at the relation
between greenery and perceived liveliness based on solely urban street views would provide a more
accurate insightinthisrelation. Especially trees canincrease detailingand the level of shadingin
streets which positively relate to perceived liveliness (Mehta, 2007).

Considering perceived liveliness in relation to crowd density, the perception of volumetricbuilt
environment characteristics such as greenness, openness, enclosure, walkability and imageability is
not related to crowd density (Tao etal., 2022). Although, actual walkability and specifically denser
road networks are positively related to the concentration of peopleon the street (Zhangetal.,
2019).
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The subdivision of the building mass along a streetin segments making up visually distinctive
buildings or building parts have a significant influence in the visual engagement with pedestrians.
More plinths, defined as a morphological segmentinthe building mass, cause pedestriansto have a
longervisual engagement with the ground floor of the building mass (Simpson etal., 2022).

N on volumetric built environment characteristics

Concerning nonvolumetricbuilt environment characteristicsin relation to perceived liveliness,
varietyinthe businessonthe streetand number of independently owned stores are important for
supporting perceived liveliness. Detailingin the form of personalization, decoration of urban objects
are alsofound to positively influence perceived liveliness (Mehta, 2007). Additionally, commercial
and publicseating both positively influence perceived liveliness (Mehta, 2007).

Regardingthe facade of a building, irregularities in the facades are generally considered as more
interesting and exciting (Chamilothorietal., 2019), two fundamental concepts of liveliness. Also,
permeability of the facade positively influences perceived liveliness (Mehta, 2007), both visual
permeability and physical permeability (AlMushayt et al., 2021). Furthermore, more detailed and
complex designs are generally perceived as more interesting (Lu etal., 2021). Specifically regarding
urban green space, the complexity level of the landscape significantly correlates with eye movement
(Liuet al., 2021) also possibly indicating arelation between design complexity inan urban
environment and level of interest.

Finally the presence of life on the streets also influences perceived liveliness. Presence of social
activities (Al Mushaytetal., 2021), facilitated by community gathering places (Mehta, 2007)
positively influence perceived liveliness of astreet. In line to this, mixed use streets are perceived as
more lively as well (Al Mushaytetal., 2021).

2.2.4. Perceived safety
As mentioned earlierinthe literaturereview, perceived safety is afundame ntal different term then
safety. Alikelyresultisthat, in relation to perceived beauty and perceived liveliness, perceived
safety received most attention of all included human perception categories concerning the relation
to the builtenvironment.

Volumetric built environment characteristics

First of all, the general presence of a buildinginthe streetview is found to negatively influence
perceive safety. The presence of greenery and specifically trees (Jansson, 2019)(Harvey etal.,
2015)(Mouratidis, 2019b) and grass (Zhangetal., 2018) positively influence perceived safety.
Regarding the size of vegetation, specifically vegetation higher than 2.5 meter positively influences
perceived safety (Li etal., 2015). Furthermore, the presence of asidewalk, aroad and a path were
foundto relate toa higher perceived safety (Zhangetal., 2018). Additionally, the separation of
walkinginfrastructure fromthe road (Byoung-Suk et al., 2004) and the width of the sidewalk (Al
Mushayt etal., 2021) both positively influence perceived safety.

Urban form was found to influence perceived safety in astudy conducted on the important factors
to the perceived safety of street users on a main street (Jansson, 2019). Urban form here contained
a broad perspective on the built environment. Specifically, the presence of open space and sight as
well asrefuges are positively related to perceived safety (Rahm et al., 2021; Loewenetal., 1993).
These findings are confirmed by Jansson (2019), mentioning that the subdivision of the place orarea
isalso positively related to perceived safety. On top of that, concerning the subdivision of building
plots, manyindividual buildings are found to positively relate to perceived safety (Harveyetal.,
2015)
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Concerningthe building - street relation, the building height —street width ratio, was also found to
be significantlyrelated to perceived safety (Alkhresheh, 2007; Harvey et al., 2015). Thisisin line with
the findings that the feeling of enclosure positively relates to perceived safety (Harvey et al., 2015;
Stamps, 2005). The feeling of enclosureonits hand negativelycorrelates with the depth of astreet,
thevisible area, open sides and a visible horizon (Stamps, 2005). The negative influence of avisible
horizon on the feeling of enclosure, which onits hand positively influences perceived safety, isin
accordance withthe findingthatthe presence of sky in a street view negatively influences perceived
safety. Finally, Individual street width and building height on the other hand are notfound to
influence perceived safety (Harvey etal., 2015). Additionally, Mouratidis (2019) mentions that
density as well as street-wall continuity does not relate to perceived safety.

N on volumetric built environment characteristics

Concerningthe non-volumetricbuilt environment characteristics in relation to perceived safety,
detailing of objectsin an urban context, the pavement design (Lee & Kim, 2021) has a positive
influenceon how safe a streetis perceived. Inrelation to the building facades, the presence of
windows (Iglesias etal., 2013), entrances (Shaffer & Anderson, 1985) and active frontages
(Heffernanetal., 2014) all have a positive influence on perceived safety. Active frontages are
defined by the presence of doors and windows, the depth & relief of the facade surface and the
material quality of the facade. Active frontages could be related to the feeling of social securityon
the streets, also contributing to perceived safety (Jansson, 2019). Inline to the positive influence of
social security in general, the presence of other people (Iglesias etal., 2013; Jansson, 2019)
positively influence perceived safety of people. However, the presence of an unpleasant crowd can
also negatively influence perceived safety, forexample in the case of unsupervised youth (Austin et
al., 2002). Regardingthe presence of people, an exponential effect that might occur, as the presence
of otherpeople significantly influences the perceived safety, itisimportant that people are present
inthe streetview to stimulate perceived safety. However, the presence of people inaspace is
among others influenced by how safe people perceive that space. Furthermore, the presence of
moving objects such as a vehicle positively influences perceived safety asfound by Iglesias et al.
(2013).

Urban functions are also related to perceived safety. The presence of shops (Jiangetal., 2018;
Iglesias etal., 2013) and a frontage function (lglesias etal., 2013) variation are positively related to
perceived safetyinastreetview. However, concerning the neighborhood function, perception of
crimeislowerinresidential sub-urban neighborhoods in relation to mixed-use neighborhoods
(Fosteretal., 2013).

Additionally, the maintenance and tidiness of streets and buildings influence the perceived safety.
Deteriorating buildings (Austin etal., 2002) or deprivation of buildings negatively influence
perceived safety (Mouratidis, 2019b). Also trash on streets (Austin etal., 2002) has been foundto
negativelyinfluence perceived safety whereas clean streets (Jiangetal., 2018), although limited,
have a positive influence on perceived safety. Finally, well maintained and incorporated greenery
resultsin a highersense of security (Shaffer & Anderson, 1985). Furthermore, concerning vegetation
and natural elements, the influence of greenery on perceived safety was found to differ between
day and night. During day greenery could positively contribute to perceived safety however during
night, unmaintained and dense green, negatively influences perceived safety (Rahmetal., 2021).
Thisis supported by the finding that the lightness of the scene and specifically the overall presence
of light was found toinfluence perceived safety significantly (Loewen etal., 1993).
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2.2.5. Subjective influence on perception
Although, as described above, many common characteristics of the built environment can be found
to have an influence on human perception, subjectivity plays amajorrole in the perception of
humans. People with depressive symptoms forexample perceivetheir neighborhood less positive
(Latkin & Curry, 2003). Furthermore, men perceivetheirneighborhood as safer (Austin etal., 2002).
Finally, if someone recognizes a certain image, shape orview inan urban environment based on his
or her personal background his or herview is attracted by it. For example someone whois religious,
recognizes areligious symbol and pays less attention to other details (Vinnikov et al., 2021).

2.2.6. Conclusion relation human perception — built environment
In conclusion, existing literature mentions multiple built environment elements to influence
perceived beauty, safety and liveliness. These elements can be classified in volumetricand non-
volumetricbuilt environment elements. Furthermore, different categories can be found within this
classification. Volumetricbuilt environment elements thatinfluence human perception can be
categorizedinthe categories: Building, Vegetation, Street and Urban morphology. Non-volumetric
builtenvironment elements thatinfluence human perception can be categorized inthe categories:
Urban objects detailing, Building facade, Street lifeand Maintenance. Table 1 below provides an
overview of the inthe literature found indications on the relation between individual built
environment elements and each of the three human perception categories. This Table has been
subdivided based on the above mentioned classification and categories. From Table 1it can be seen
that the literature mentions quite somerelations between the volumetric built environment and
perceived beauty and safety whereas perceived liveliness seems to be influenced mostly by non -
volumetricbuilt environment elements. Based on Table 1and the findinginthe literature that
buildings are stronginfluential elements forimageability, buildings, vegetation and urban
morphological builtenvironment all are interesting toinclude in this research.

Table 1: Literature matrix on relation between built environment attribute and human perception category

Built Built environment Beauty Liveliness
environment element
element
category
Volumetric built environment characteristics
Building Buildingheight -(Querciaetal.,
residential 2014b)
Landmarksinskyline | + (Karimimoshaver &
Winkemann, 2018)
Visible buildings -(Rossettietal., 2019) -(Zhangetal., 2018)
Vegetation Visible greenery +(Joglekaretal., 2020; | -(Verma etal., 2020; +(Harveyetal., 2015;
Querciaetal., 2014b; Zhangetal., 2018) Jansson, 2019;
Rossettietal., 2019; + (Mehta, 2007) Mouratidis, 2019b;
Weber, 2008; Zhang Zhangetal., 2018)
etal., 2018)
Street Street width -(Joglekaretal., 2020)
Sidewalkwidth +(Al Mushaytetal., +(Al Mushaytetal.,
2021; Mehta, 2007) 2021)
Visible sidewalk +(Zhangetal.,2018)
Visibleroad +(Zhangetal., 2018)
Visible path +(Zhangetal., 2018)
Walkingpath +(Byoung-Suketal.,
seperation 2004)
Urban Order/ uniformity +(Karimi, 2012;
morphology Weber, 2008)
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Finerdivisionof
buildingmasses

+(Simpsonetal.,
2022)

+(Harveyetal., 2015;
Jansson, 2019)

Densestreet
network & refuges

+(Zhangetal.,2019)

+(Loewenetal., 1993;
Rahmetal., 2021)

Presence of open
spaceandsight

+(Loewenetal., 1993;
Rahmetal., 2021)

Streetdepth

-(Stamps, 2005)

Open streetsides

-(Stamps, 2005)

Visible sky & horizon
instreetview

- (Joglekaretal., 2020;
Rossettietal., 2019)

-(Stamps, 2005; Zhang
etal.,2018)

Buildingheight/
street width ratio

+(Harveyetal., 2015)

Non volumetric built environment characteristics

Urban objects | Decoration +(Mehta, 2007)
detailing Urban seating +(Al Mushaytetal.,
2021; Mehta, 2007)
Pavement design +/-(Lee &Kim, 2021)
Presence of vehicles | -(Querciaetal., +(Iglesias etal., 2013)
2014a;Rossettietal.,
2019)
Greenery complexity +(Liu etal., 2021)
Building Facade design +(Chamilothorietal.,
facade irregularities 2019)
Facade detail and +(Al Mushaytetal.,
complexity 2021; Lu etal., 2021)
Ground floorfagade +(Al Mushaytetal., +(Heffernanetal.,
visual permeability 2021; Mehta, 2007) 2014; Iglesiasetal.,
2013; Shaffer &
Anderson, 1985)
Ground floorfagade +(Al Mushaytetal., +(Heffernanetal.,
physical 2021) 2014; Iglesiasetal.,
permeability 2013; Shaffer &
Anderson, 1985)
Facade geometries +/- (NaghibiRadetal,
2019)
Frontage function +(Al Mushaytetal., +(Heffernanetal.,
variation 2021) 2014; Iglesiasetal.,
2013)
Streetlife Presence of people +(Iglesias etal., 2013;

Jansson, 2019)

Presence of social
activities

+(Al Mushaytetal.,
2021)

Unsupervised youth

-(Austinetal., 2002)

Presence of shops

+(Jiangetal., 2018)

Community
gathering places

+(Mehta, 2007)

Mixed use streets

+(Al Mushaytetal.,
2021)

Mixed use
neighborhoods

-(Fosteretal., 2013)

Maintenance

Deteriorating&
deprived buildings

-(Austinetal., 2002;
Mouratidis, 2019b)

Maintenance of
greenery

+(Shaffer & Anderson,
1985)

Streetlighting

+(Loewenetal., 1993)

Trash onstreets

-(Austinetal., 2002;
Jiangetal., 2018)
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2.3. Measuringhuman perception using choice dataandstreet view images
There are many waysin which humaninteraction, including perception, with the built environment
can be studied, e.g., by including virtual environments (Birenboim et al., 2021; EchevarriaSanchezet
al., 2017; Johnsonetal., 2010; Lee & Kim, 2021; Leite etal., 2019; Lu et al., 2021), real images and
videos (Alhasoun & Gonzalez, 2019; Chenet al., 2022; Ye etal., 2019), andthe tracking of real
behavior (Al Mushaytetal., 2021; Batool etal., 2020; Liuet al., 2021). Every method hasits
disadvantages and advantages. This section describes several methods, the understanding of these
methods contributes tothe designing of the methodology in research phase one. Figure 8 visualizes
how this section therefore contributes to the overall research design by highlightingitsrole in the
overall research design.

Literature Review

v

Existing methods to
measure human  ——>
perception

|:| Adressed theme - Adressed theme centered around research question Chapter

Figure 8: Literature review section 2.3. in relation to the overall research design

Concerningvirtual reality, differencesin perception can be found between virtual environments and
actual environments (Johnson etal., 2010). Inrelation to this, one can imagine thatif a virtual
environmentis more realistic, the difference in perception with areal image becomes smaller.
Furthermore, virtual environments can be customized so that the research can be controlled better.
Immersive virtual environments can even extend the visual viewwith other perceptions and
experiences related to the environment of a certain view. However, more customization and more
realisticvirtual environments alsolead toan increase inrequired effort and costs (Birenboimetal.,
2019).
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The most realisticenvironments are the actual environments, but these environments cannot be
controlled. Whereas these environments cannot be controlled, human sense monitoring techniques
do allow formeasuring human activities and senses when people are present in ormoving through
an urban environment. This results in usefulinsights on the interaction between humans and the
builtenvironment (Al Mushaytetal., 2021; Simpson etal., 2022). However, although people’s

tracked sensesand reactions are likely to be related to their perception, these insights do not reveal
how humans perceive an environment.

Therefore, if astudy concerns perception ratherthan experience orinteraction, realisticimages
generally are arelative low cost but accurate mean to measure human perception of agroup of
respondents. Especially as gaining accurate insights in human perception requires images used for
measuring human perception to be as realisticas possible so that the difference in perception
between actual and visualized environments is minimized. Street viewimages could fulfill this need
for accessible realisticimages of the built environment. Whereas virtual environments or actual
environments used to be the only means for presenting built environment scenes to respondents,
the accessibility of street view images has increased rapidly overthe past decade providing
researchers with alot of accurate visual dataon existing environments that can be presentedina
low-cost mannertorespondents. The use of streetviewimages has resulted in usable and
interesting results (Biljecki & Ito, 2021). As a result this technique has received anincrease in
attentioninscientificliterature (Biljecki & Ito, 2021). Finally, due to the extensive availability of
streetviewimages, researchers are able to selectrelevantimagesin orderto control the test data.
However, as the complete street viewimage of an actual environmentis never fully controllable,

large datasets are preferredtoretrieveinsights on human perceptioninrelationto the built
environment.

Finding human perception rating street view images

One of the large datasetsthat has been usedin existing literatureto study the relation between the
builtenvironmentand human perceptionisthe Place Pulse 2.0dataset (Dubey et al., 2016). This
dataset contained enoughimages and choices sothata deeplearning model could be trained oniit,
enabling new streetview imagesto be rated on human perception (Zhangetal., 2018). However,
within thisstudy, the deep learning model predicting human perception scores of new images solely
usesimage segmentation datato predict the human perception score. This means that only
percentages of majorbuiltenvironment elements visible in the images were used to predict how

people perceive thatimage, notincluding many of the in this literature found relevant built
environment elements, such as absolute heightand distance values.

The size and availability of the Place Pulse 2.0dataset along with the generally considered usefulness
of real streetview images inrelation to studying human perception make the Place Pulse 2.0datase t
veryinteresting forthe scope of thisresearch. Additionally, usingimage segmentation to recover
analyzable dataona streetview image provides useful insights on human perception (Zhangetal.,
2018). Notwithstanding that many relevant built environment elements cannot be captured using
solelyimage segmentation.
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2.4. Computational urbandesign

Within this section of the literature review, existing literature on computational urban designis
pointed out. Inscientificliterature, computational urban design has received anincrease in attention
overthe past decade. This section will start with the definition used in this thesis when referring to
computational urban design, followed with a brief overview of the develo pmentand current
implementation of computational urban designin existing literature. Figure 9shows how this section
contributestothe overall research. Inred, the in this section addressed elementsinthe overall
research design are highlighted.

Literature Review

Computational urban
design

|:| Adressed theme - Adressed theme centered around research question Chapter

Figure 9: Literature review section 2.4. in relation to the overall research design

2.4.1. Definitionsin computational urban design
Within existing literature, differentterms exist when we are talking about using the computerto
create a design based on non-geometricuserinput. Whenreferringto this principle, generative,
parametricand computational design are commonterms. However, these terms are different from
each other.

Within the discipline of architecture, the following understanding can be givento the term
parametricdesign: “Parametricdesign can be understood as the process of developinga computer
model ordescription of adesign problem. This representationis based on rel ationships between
objects controlled by variables. Making changes tothe variables results in alternative models...”
(Hudson, 2010). By designingthe relations based on design variables ratherthan the final design, the
eventual design can be generated by inserting values forthe design parameters.
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Generative design shifts the focus away from the designer. Meaning that the design variables are
not set by the designer but, partly, by the computer. The evaluation of the designisalso not done by
the designerbut by constraints, inserted by the designer, that test whether alternatives fulfill the
design goals (Pauwels, 2020). Generative systems thus automatically generate designs based on the
desired output of the user, whereas parametricsystems require the userto generate designs based
on pre-designed relations and adjustable design parameters. In common generative designs systems
the following optimization algorithms are generally applied to come to a design that meets the
requirements by auser (de Boissieu, 2021) :

- Gradient methods. Gradient methods optimize a design by adjusting the input value step by
step until the designis notimproved anymore.

- Simulated Annealing. Simulated annealingisan optimization approach inspired by the
annealing process appliedin the metal industry. It comes down tothe principle thata
designsspaceisinitially exploredin large steps, after which better outputs are sought using
small steps. The optimization algorithm does not abort when a design outputinitially results
ina weakerresult. Therefore, the algorithm does not stop when alocal optimumisfound.

- Geneticalgorithm. Geneticalgorithms create populations of designs, then aselection of the
design populationthat performsthe bestis used and combined to formthe next population
of design. This process continues until no better designs can be found anymore.

Within this thesis computational design will be referred to as the containerconceptforboth
parametricand generative urban design. As willbecome clearlaterin this thesis, both parametric
and generative principles have been applied in the developed tool. Therefore, in this thesis the term
computational urban design will be used ongeneral.

On top of that, several terms can be foundin relation to computational urban designin existing
literature. First of all, the term parameteris generally used torefertothe input variable that can be
adjusted and therefore enabling the flexibility in the design. Second, as computationally generated
designs are parameterordata driven designs, the output quality of the designs are generally
expressed using avalue thatisreferredto by the term key performance indicator (KPI).

2.4.2. Development of computational urban design
Different studiesinthe past decade identified computational design specifically useful as a
supportive tool inthe exploration process of the development of urban areas (CaliSKan, 2017;
Fuseroetal., 2013; Nagy etal., 2018; Steing etal., 2013; Y. Zhang & Liu, 2021). Computational urban
designisnamelyable to contribute to a more efficient urban developmentand design process by
generating conceptual designs fast while taking into account the interest of many stakeholders
(Steing etal., 2013) and the complexity of the existing urban environment (Nagy et al., 2018; Wilson
et al., 2019).

Although, itisacknowledgedinthe literature that computational urban designis mainly asupportive
tool enabling supportin the design process, many implementations of computational urban design
inscientificliterature concern specificdesign problems. Additionally, the targeted design problems
do notcover the complete spectrum of relevant disciplines in urban design. Table 2 providesan
overview of several papers focused on aspecificapplication of computational urban design.
Althoughthere is more existing literature on the application of computational urban design, Table 2
represents the main application topics thatcan be foundinthe literature.
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Table 2: Main application topics found in literature on computational urban design

| year | Reference paper Main KPI's Theme | Focus
2012 (Rakha &Reinhart, Objective walkability Infrastructure Urban fabric
2012)

2018 (Nagyetal., 2018) Profitabilityand Economic/financial, building Urban fabric
sustainability physical

2013 (Vidmar & KozZelj, 2013) | Meetingthe planning Planning regulations Buildingvolumes
regulations or not

2021 (Chi etal., 2021) Temperature Building physics Urban objects

2022 (Caligkan & Barut, 2022) | Contextintegration Urban morphology Urban fabric

2022 (Di Filippoetal., 2021) Solarradiation Buildingphysics Buildingvolumes

Based on the indications retrieved from existing literature, the literature on the one hand mentions
that the strength of computational urban designisits potential contribution in the design process,
facilitatingamongothers the stakeholderinvolvement and management during the design process.
However, onthe otherhand, existingliterature tends to focus on quite specificthemes such as
infrastructure, economic/financial, building physical and urban morphology. Human perception for
exampleis never considered in computational urban designinthe existingliterature. In addition, if
multiple KPI’sare includedin papers concerning computational urban design, itare generally justa
few. Forexample profitability and sustainability (Nagy et al., 2018). Therefore, two main problemsin
existingliterature may be identified. First of all, the lack of incorporating different KPI’sin one
computational urban design tool. Second, wellbeing related topics such as human perception are not
considered as KPI’satallin computational urban design tools. As aconsequence, the set of
implemented design performance indicators implemented and studied in existing literature lack
comprehensiveness.

2.4.3. Challenges of including human perceptual subjective parametersin
computational urban design

As computational urban designis datadriven, the relations between human perception and the built
environmentwillalso have to be quantified foritto be takeninto account. Inaddition, inorderto
quantify asubjective concept such as human perception, itshould be generalized as well. However,
generatingfinal designs that are based on generalized subjective relations is notfavorable since a
very general designisoughtto have negative consequencesforthe wellbeing of humans (Altomonte
et al., 2020). When computational urban designis specifically used as tool for exploration, retrieving
fastinsightin development optionsisrequired. Inthis stage, too genericdesigns are notyeta
problem asthese are not final designs. However, another challenge that can occur here, isthe
guestiontowhichvery genericbuiltenvironment elements that are presentina conceptual design
are able toinfluence human perception. Itis ofimportance that careful attentionis given to this
challenge while studying the relations between human perception and the built environment. Based
on this, further conclusions can be drawn on this challenge.

A potential development goes through many different design phases. Adesign from alaterdesign
phase generally is more detailed, therefore the question may arise to which extentthe human
perception of aconceptual designis relevant when the designis processed through the different
phases. Astudy done on the difference in human gaze in 3D virtual environments of adesign from
an early design phase and a design from a later design phase demonstrates that peopleindeed
explore the designs differently andin a more engaged mannerforthe more detailed designfroma
laterdesign phase. Furthermore, the interaction with the designinamore detailed designis more
intensive (Luetal., 2021).

37



2.5. Conclusionliterature review
Within the literature review, existing literature covering the research areas of wellbeinginthe built
environmentand computational urban design have been addressed. The main objective of the
literature review, is to formulate answers to sub question one and two, being respectively: (i) How is

human perceptionrelated towellbeingin the context of the builtenvironment? (ii) How does the
builtenvironmentinfluence human perce ption?

Starting with the answer on sub question one. Within the literature, it was found that the built
environment has a significantimpact on people’s wellbeing. People’s wellbeing can be considered
objectively and subjectively. Subjective wellbeing can further be categorized as momentary
subjective wellbeing and long term subjective wellbeing. How humans perceive the built
environment mostly influences momentary subjective wellbeing. Specifically perceived beauty,
liveliness, and safety all influence human wellbeing through momentary subjective wellbeing, as
accumulation of momentary subjective wellbeinginfluences the overall subjective wellbeing.

Concerningsub questiontwo, the built environment onits hand was found to influence perceived
beauty, liveliness, and safety. The built environment elements thatinfluence each of the three
human perception categories have been classified as eitheravolumetricora non-volumetric built
environment element. Within this research, only volumetricbuilt environment elements can be
included howeveritisimportantto understand the overall relation between the built environment
and each of the three human perception categories. This isimportant, in orderto puta
computational urban design tool thatincorporates human perception and the insights that can be
retrieved fromitin context of its potential and the overall relation between human perception and
the builtenvironment.

Furthermore, the following conclusion can be drawn on existing literature addressing th e topic of
computational urban design:In currentliterature the application of computational urban design,
being considered as acontainertermforboth parametricand generative urban design, generally
doesnotfocus ontopicsthat do not include easy quantifiable relationships. In other words, most
currentapplications of computational urban design tools focus on the generation of volumes using
explicit mathematical or physical relations. Human perception can be made quantifiable so thatit
can be incorporated in computational urban design through the common perception of the mass,
howeverthe subjective aspect of human perception always leaves space forinaccuracy in how an
individual perceives the built environment. As aresult, in contradiction to for example the
incorporated relations calculatingamount of daylight accessing a space, the incorporated relations
calculatinga human perception score will never calculate the exact score as perceived by an
individual.

Lastly, existing methodologies on measuring human perceptioninrelation to the built environment
show potential forfinding accurate results. Specifically the use of street view images has found to be

an interesting, relative accurate and relative low cost method for measuring human perceptionin
relation tothe builtenvironment.
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3. Implementation Research Phase One

Research phase one addresses research question 3: How can the relation between the built
environmentand human perception be quantified sothatit can be incorporatedin computational
urban design?Inordertodo so, several steps have been taken, togetherresultingin quantified
relationships that can be incorporatedin computational urban design. First, the applied
methodology is explained. Next, the data gathering processis described and finally the applied
analysisis described. This chapterendswith aconclusion. As illustrated in Figure 10, the results from
the literature review have been used to shape the methodology of research phase one whereas the
output of research phase one will be used to shape research phase two.

Research phase
one

/ / Research question 3:

—_— How can the relation
between the built
enviornment and

/ human perception be
/ quantified so that it
can be incorporated in
JEEEY computational urban >
design?

|:| Adressed theme - Adressed theme centered around research question Chapter

Figure 10: Research phase one in relation to the overall research design
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3.1. Methodology

Literature review section 2.3. described multiple methods to measure human perceptioninthe built
environment. From this section, it was concluded that street view images are suitable meansto
gatherdata on the perception of humansin relation to the builtenvironment. Besides measuring
human perception of street view images, also the built environment characteristics of the street
viewimages should be measured. The selection of the built environment elements that are included
inthisresearchis amongothers based on literature review section 2.2. However, the selected built
environment elements should also be volumetric built environment elements and data should be
available thatallows these elementsto be measured.

As aresultof the above, the Place Pulse 2.0 dataset (Dubey etal., 2016) is used as base for this
research. Place Pulse 2.0contains over 110.00 streetview images alongwith overone million made
choices of humans on their perception of these street view images. These street view images contain
pixels making up these images and for every image the location on which the image is takenis
known. This meansthatin additionto the pixel data of the image, built environment elements can
be expressed and measured using datafrom the builtenvironmentaround the location of the image.
However, thisrequires the relevant data describing the built environment contextin terms of
specificbuilt environment elements to be openly available.

As aresultof the above, the in Table 3 presented built environment elements and the belonging
attributes describingthe built environment elements have been selected to be included in the
analysisinthisresearch:

Table 3: Attributes included in research phase one in relation to the built environment element they describe

environment elem ttribute
category

Image data Tree share
Sky share
Building share
Road share

Building Height Height mean

Height median

Height standard deviation
Height standard deviation relative
Height minimum

Height maximum
Absolute height difference

Average perceived building height

Building footprint Fagade length index

Footprint areaindex

Area mean

Area median

Area standard deviation

Area standard deviation relative

Building volume Volume index

Street perspective Number of street segments

Two or more street segments

Offset distance median

Offset distance standard deviation relative
Offset height ratio
Other Urban complexity factor
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With the use of data on the in Table 2 presented built environment attributes and the human
perception choices onimages, the choices have been analysed inrelation to the attribute values.
Thisanalysis can be done in multiple ways. The overall dataset of Place Pulse 2.0 contains enough
images and choices between imagestoanalyse the relation between the imagesand human
perception choices. However, since the built environment attribute values have to be retrieved from
opendata on the location of the street view images, not all street view images and therefore notall
choicesinthe Place Pulse 2.0 dataset could be used. This makes the dataset that can be usedtoo
thinfor deeplearninganalysis techniques. However, as the Place Pulse 2.0dataset contains choices,
the datasetis very well suitable for discrete choice modelling techniques. As willbe presentedin

subsection Fout! Verwijzingsbron niet gevonden., discrete choice modelling techniques have the
advantage that the found relations are well quantified and understandable.

Altogether, Figure 11visualizes the methodology that has been used to quantify the relationship

between human perception and the built environment so thatit can be incorporatedin
computational urban design.

Ressarch phase

Research phase one

Research question 3:

How can the relation between the built enviornment and human perception be quantified so that it can
be incorporated in computational urban design?

—
Human perception
choices
»| PlacePulse 2.0
choices
N N N Quantified
N Built environment relationships
k] attributes Discrete bet h P
3 choice —p| betweenhuman
[} modelling perceptlor.I and
£ Place Image the built
> Pulse 2.0 — segmentatior ™| Image share data environment
images
—_—
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Ly Pulse2.0 | GISdata N Open built
image retrieval environment data
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Figure 11: Detailed visual of the method applied in research phase one
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3.2. Datagathering

Thissection describes the datagathering processin detail, from used input datato an exploration of
the outputdata. The main aim of the data gathering processisto create a dataset that can be used
for analysis. Within this section, first the input datasets usedin this research are described. Next, the
data preparation and data processing is described. Finally, the exploration of the prepared and

processed datais described. Figure 12 visualizes asimplified overview of the data gathering and
exploration process.

Place Pulse
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2.0 image e
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§ images data ] data g exploration raphs
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. = ©
Place Pulse segmeDn;altlon - Place Pulse image §
. 2.0 model 2.0 location
image > image Built > Maps
locations locations environment
— data
Open built
environment data
Processin I Processing Formatting Exploration
Input data g Filtering ploratio

Image Segmentation Spatial & building data retrieval

Figure 12: Data gathering process in relation to the overall research phase one methodology

3.2.1. Inputdata
The input data and sources can be classified intwo categories. The first category consist of data
containing choices between alternatives, in which an alternativeis astreetview image, on human
perception and metadataon the choice alternatives. Thisdatais retrieved from the Place Pulse 2.0
dataset (Dubeyetal., 2016). The other category of datasets can be referred to by open built
environment data. Datasetsin this category contain data that is used to retrieve or calculate the

attribute values perimage, describing the built environment elements visiblein the images. Figure
13 highlights the focus of this subsection within the overall datagathering process.
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Figure 13: Focus of the subsection within the overall data gathering process

Choice and alternatives datasets

The data containing the choices and alternatives metadata are retrieved from the MIT Place Pulse
2.0 dataset (Dubeyetal., 2016). The MIT Place Pulse 2.0 dataset contains two main datasets, one
image dataset containing over 110,988 Google Streetview imagesand one metadata dataset
containing 1,223,649 choices of people between two images ontheir preference in relation to six
human perception categories. The images are taken atlocations in differentcities, layingin 6
different continents. The majority of the images are taken in Europe and North America. Table 4
provides an overview of the imagesincluded in the datasetand its location. From Figure 13, it can be
seen how the different datain the Place Pulse 2.0 datasetis used for image segmentation process
and the spatial and building dataretrieval and proce ssing process, described later in this chapter.

Table 4: Overview of the image locations in the dataset

Continent | Images per Number Cities
‘ continent of cities ‘

Europe 38,636 22 Amsterdam, Barcelona, Berlin, Bratislava, Bucharest, Copenhagen, Dublin,
Glasgow, Helsinki, Kiev, Lisbon, London, Madrid, Milan, Moscow, Munich, Paris,
Prague, Rome, Stockholm, Warsaw, Zagreb

North 33,961 16 Atlanta, Boson, Chicago, Denver, Guadalajara, Houston, Los Angeles, Mexico City,

America Minneapolis, Montreal, New York, Philadelphia, Portland, San Fransisco, Seattle,
WashingtonD.C.

South 16,168 5 Belo Horizonte, Rio de Janairo, Santiago, Sao Paulo, Vina del Mar

America

Asia 11,342 7 Bankok, HongKong, Osaka, Singapore, Taipei, Tel Aviv, Tokyo

Africa 5,069 3 Capetown, Gaborne, Johannesburg/ Pretoria

Oceania 6,082 2 Melbourne, Sydney

Gathering of the MIT Place Pulse 2.0 dataset

The choice data of the MIT Place Pulse 2.0 datasetis gathered in 2016, using crowdsourcing, viaa
website where pairwise comparison of street photos are presented to respondents. In total, 81,630
differentrespondents have beenincluded. Every respondent had to choose an image that he or she
perceived as most beautiful, lively, safe, depressing, boring, or wealthy. Figure 14shows an example
of a choice that the respondents had to make. The dataset does not contain any respondent data, so
the subjective influence on the choice of a respondent cannot be related to personal characteristics
or experiences of arespondent and therefore captured in this research.
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Which place looks safer ? v

Figure 14: Example of a choice that a respondent had to make (Dubey et al., 2016)

The Place Pulse 2.0 dataset was originally set up with the main goal of training a set of deeplearning
algorithmsthat could predict the human perception rating of animage that was not originally
includedinthe dataset (Dubey etal., 2016). However, since the dataset contains pairwise
comparisons, it can be considered a choice dataset.

Attribute data

To be able to analyse the relation between human perception and the builtenvironment, we need
to enrich the above dataset with attribute datadescribingthe built environment on the photo
location. Forthis, multiple datasets have been used. These datasets can be categorized as datasets
containing building data and datasets containing street network data. The building data datasets are
generally used to compute dataon the building heightand footprintand the street network datais
generally used fordatadescribing the street pattern. The exact attributes retrieved from the
datasets will be described and explained laterin this thesis. Table 5 provides an overview of the
datasets used percity. From all the citiesincluded in the dataset, only for fourteen cities building
height datawas available and retrieved. This resultsin amajorreductionin suitable images from the
Place Pulse 2.0 dataset, therefore the data availability is one of the filter criteriadescribed in
section 3.2.3 of this chapter.

Table 5: Overview of the building data and road network data used per city

Building Height

Source reference
data reference

Building dataset

Toronto

Bostonopenbuilding Maximum height Boston (Boston Planning and
heightdata Development Agency, 2021)
Chicagoopenbuilding Stories Chicago (Cityof Chicago, 2021)
data
OosM Maximum height Boston, Denver, Houston, Los Angeles, (BuildZero, 2021)
Minneapolis, NewYork, Portland
LA County LARIAC4 Unknown Los Angeles (BuildZero, 2021)
Toronto 3D massing Mean height Toronto (Cityof Toronto, 2021)
Canadaopenbuilding Maximum height Montreal (Statistics Canada, 2021)
data
3D BAG Maximum height Amsterdam (TU Delft 3D geoinformation
group, 2021)
Stockholmopen Median heightroof | Stockholm (Stockholms Stad, 2021)
buildingdata
Helsinki 3D city model Unkown Helsinki (Helsingin kaupunginkanslia,
2021)

Street network dataset City Source reference

U.S. Street Network Analytic Measures Bostion, Chicago, Denver, Houston, Los (Boeing, 2017)
Angeles, Minneapolis, New York, Portland

OpenStreetMap Amsterdam, Helsinki, Montreal, Stockholm, | (OpenStreetMap

contributors, 2021)




Building data

In total eight different building height datasets have been used. The largest dataset, Opencitymodel,
isusedfor retrieval of building height dataforall nine US citiesincludedinthe Place Pulse 2.0
dataset. Additional datasets containing building footprints and heights are used for Chicago, Boston,
Toronto, Montreal, Amsterdam, Stockholm and Helsinki. Although more than these fourteen cities in
the Place Pulse 2.0 dataset have a 3D model publicly available or have published open building
height data, not all of these citiesare includedin thisresearch. Thisis mainly because of time
limitations, asincluding an additional dataset requires additional understanding of this dataset. For
example, the Tokyo and Osaka dataset are openly available, but the documentationis notavailable
in English which makes retrievingitadifficult process. In order to make a useful selection, European
and North American cities have beenincluded as these continents are mostly represented in the
overall datasetand as the citiesin these continents have the highest coverage of acce ssible building

(height) data. A brief description of all the data sources used forthe building datacan be foundin
appendix A.

As can be seenfrom Table, notall data refers to the same level of building height. Some building
height datarefers to the mean, some building height data refers to the maximum building height
and forsome cities the building height is an approximation. Thisis a consequence of the scarce
availability of uniform building height data throughout the world. When a choice could be made, the
maximum heightis used. Otherwise the only height dataavailable has been used. This resultsinless
accurate data regardingthe attributesrelated to the building height.

Street network data

The dataset used for the street networkinthe United Statesis the ‘U.S. Street Network Analytic
Measures’ (Boeing, 2017), consisting of the street network of every United States city ortown. Here,
everyobjectrepresentsastreetsegment. Every street segmentis anon-intersecting line which
could be a segment of a longerstreet orthe complete streetitself. Furthermore, every street
segment has, forthis research, relevant attributes such asan id, streettype and the streetname.
The datasetis created from OpenStreetMap data (Boeing, 2017). For the non-United States cities,
the street network datais directly retrieved from OpenStreetMap. In accordance with the datafrom
the US Street Network Analytic Measures, this data also consists of street-segments with anid, type
and streetname.

3.2.2. Processing: Image segmentation
The first processing applied tothe datais done usingimage segmentation. The image segmentation
process contributes to the output data by including the attributes concerning the built environment
sharesinthe images. Additionally, the image segmentation process contributes to the filtering of the
inputdata, in terms of relevantimages. Figure 15visualizes this process and shows its relation to the
larger context of the data gathering and processing process. This section describes the application of
image segmentation tothe images presentinthe inputdata.
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Figure 15: Image Segmentation process as described in this section in relation to the overall data gathering process

In orderto calculate the builtenvironment element sharesin the images, image segmentation has
been used. More specifically the PSPnet-50 model pre-trained on the Ade20k dataset (Zhao et al.,
2017) hasbeenappliedtoeveryimageinthe Place Pulse 2.0dataset. This pre-trained model has
beenselected based on the following criteria: First of all, the model should be able tofind the for
thisresearchrelevantbuiltenvironment elementsin the image, namely: building, road, tree and sky,
as accurate as possible. Furthermore, the application of the model should be welldocumented and
opensource. Using PyTorch and Google Colab, the pre-trained PSPnet50-Ade 20k model has been
appliedtoall 110,998 images. Using the segmented image data, the share of the relevant built
environment elements has been calculated foreveryimage. Theseshares are used as attributesin
the analysis. Figure 16 shows several examples of segmented images.

|Google

Figure 16: Three sets of segmented images with its original images from Place Pulse 2.0 (Dubeyetal., 2016).
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Several remarks can be made based onthe segmentedimages. Firstof all, it can be seenthat
seasonal differences are partly reflected in the image segmentation results. Astreesin winter are
somewhat smallerinsize after segmentation due to the lack of leaves. Furthermore, some
inaccuracies can be seen. Forexample, sometimes the sidewalk is segmented as sidewalk and
sometimes as part of the road. Thirdly, the segmented images are notable to tell a lotabout the
building typology. The depth of the images disappears in the segmented images, stressing the
importance of the need foradditional dataonthe buildings. Forthisresearch, irrelevant objects that
are locatedinfrontor on top of builtenvironment elements could influence the output. For
example, carslocated onroads and infront of buildings are segmented as cars resultingina lower
share of road and buildingsinthe images. Thisis nota probleminitself, since thisis how the image
isrepresented, howeveraroad filled with cars can be large in size whereas the road share can be
relatively low due to the fact thata large part of the road is segmented as car. Again, this stresses
that image segmentation alone would not be sufficient to draw conclusions oninrelationto human
perception.

3.2.3. Filtering
Notall the data inthe inputdatais relevantinrelationtothis research. Based onthe metadata of
theinputdata and the retrieved image segmentation data, itis possible tofilter out the non-relevant
data. Firstof all, concerning the made choices of respondents on human perception andinrelation
to thisresearch, we are only interestedin choices betweenimages regarding perceived safety,
perceived beauty, and perceived liveliness. Also, we are only interested in choices between two
images of urban, livable, streets. These images will be referred toin the remainder of this section
usingthe term urban streetscapes. Furthermore, we are only interested inimages for which the
relevant attribute values can be calculated, which means thatonlyimages can be included thatare
taken on locations which are surrounded by buildings for which building (height) datais available.
The subsections below will explain how and why we have filtered certainimages and choices. Figure
17 schematically visualizes the filtering process described in this subsection and how it relates to the
overall data gathering process.
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Figure 17: Filtering process as described in this section in relation to the overall data gathering process
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U rban Streetscapes

The Place Pulse 2.0 dataset containsimages takenin urban areas. However, there are imagesinthe
datasetthat have been takenina non-urban environment orfroma highway. Furthermore, the
Place Pulse 2.0 dataset also contains images thatare fully focused on one building or one row of
buildings. Theseimages concern adifferent street view then mostimages that have been taken with
an orientationintothe street. Asaresult, the information thatis communicatedintheseimagesis
different from the images with a perspective into the street. This potentially influences someone’s
choice on selectinganimage that he or she perceives as more safe, beautiful, orlively. The images
taken on highways and fully oriented towards abuilding or a row of buildings have been classified as
non-urban streetscapes.

Using the calculated shares of built environment attributes in the images of the Place Pulse 2.0
dataset, as described in subsection 3.2.2., the non-urban-streetscape images can be filtered out. For
example, imagesthatare takenina non-built-up area do not contain a large share of buildingsinthe
image. Inorderto filter out the non-urban-streetscapeimages multiplefilter conditions have been
applied tothe segmentedimages. Forexample, building share > 0.005. The complete set of
conditions are provided in appendix B. The combination and parameters of the conditions have been
determined based on manual assessment of the results afterapplying the conditions on asample of
images. This sample consisted of all the images takenin New York City, San Francisco and
Amsterdam. Figure 18 shows a row of images that are filtered out, Figure 19 shows a row of images
that are notfiltered out.

Figure 19: Typical images that remain in the dataset (Google Maps, 2021).

Open building height data availability

Anotherfilter condition thatthe imagesinthe Place Pulse 2.0dataset should meetis the availability
of opendataon the building height of the buildings in the images. The building height dataand its
availability and source percity has been presented in subsection 3.2.1. As a result of this
requirement, alarge share of the images from the Place Pulse 2.0dataset are filtered out.
Furthermore, buildingsin the input data are filtered outif they contain aninaccurate building
height. Because these buildings are notincluded in this research, situations could occurthat some
buildingsinthe surrounding of animage are not included in this research. In order to make sure that
arepresentativesample of buildings are always related to one image, we removed images for which
more than 20% of the selected relevant buildings contain predicted building heights.
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Filter results

As aresult of the above described filter conditions, 7,158 images from the Place Pulse 2.0 dataset
are relevantforthisresearch. Since we filterthe number of relevantimages, also the number of
choicesisreducedsignificantly as we want bothimagesincluded in the choice to be one of the
relevantimages. Thisresultsin atotal numberof 6,522 choicesthat are included inthis research.
Table 6 provides an overview of the number of images and number of choicesincluded.

Table 6: Overview of the images per city after filtering

Amount of relevant images Involved in amount of choices per city

Per city | Per continent Beautiful Lively Safety

1 Boston 257 103 146 220
2 Chicago 1151 409 707 902
3 Los Angeles 597 209 304 500
4 New York 1518 6522 587 953 1225
5 Portland 377 141 225 285
6 San Fransisco 440 152 268 335
7 Montreal 886 336 575 698
8 Toronto 1296 570 818 1052
9 Amsterdam 196 84 112 145
10 Stockholm 295 636 106 169 255
11 Helsinki 145 68 96 107

3.2.4. Processing: Spatial & Building data attributes
In this section the process of retrieving built environment data on the location of the filtered images
isdescribed. The input datasets used forthis processis are the building and street datasets,
describedinthe inputdatasection asthe Open builtenvironment dataclass. This section will first
describe the selection of relevant buildings and streets perimage. Second, the calculation method
perindividual-builtenvironment attribute will be described. Figure 20shows the processing of the
spatial and building data attributes within the overall datagathering process.
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Figure 20: Image Segmentation process as described in this section in relation to the overall data gathering process
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Building selection

Knowingthe location, footprint and height of every building thatisin the proximity of animage that
isincludedinthe Place Pulse 2.0dataset, the main building statistics of the buildings on the images
can be calculated. These statistics are either one of the attributes orare used to compute an
attribute. However, asthe orientation of the imagesin the Place Pulse 2.0datasetis not known,
calculating these statistics solely for the buildings onthe image is not possible. Therefore, ageneral
selection approachforall images has been created to select the buildings that are relevant per
image.

Assumptions and points of consideration

A buildingis consideredrelevantforanimage ifit hasa reasonable chance to be visible inthe image.
For the setup of a general selection approach, the following points of consideration should be taken
intoaccount:

- The buildingstatistics should be calculated for different types of images at locations with a
varying urban typology and function. Resultingin:
o Differentvisible street depths of the images
Different orientation of the buildings towards the street
Different building densities
Different dominant building types
Notall buildings visiblein the images are completely visible in the image
Varietyinthe building heights of the buildings visiblein the images
Varietyinfunctions of the buildings
Varietyinfunctions of the streets

O O O O 0O O O

- The buildingstatistics should be calculated forimages for which the orientation is not known
but forwhich the orientation is most likely equal to the direction of the street, resultingin:
o Notknowinginwhich direction of the streetthe orientation of the image is
o Atcrossings, towhich streettheimageisorientated

Figure 21 visualizes the different types of images thatare presentinthe Place Pulse 2.0dataset in
the top row and a different orientation of thatimage at the same locationinthe bottom row. From
Figure 21, it can be seenthatanotherview direction atthe same location canresultindifferent
building typologies butalsoin comparable building typologies.

& Google (00Gle

Figure 21: Three images in Place Pulse 2.0 (top)(Dubey et al., 2016) and images of the same location taken into another
direction (bottom)(Google Maps, 2021)
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As these points of consideration resultin alot of uncertainties, an attemptshould be made tofinda
building selection method thatis general but as accurate as possible forall the relevantimagesin
the Place Pulse 2.0 dataset. Therefore, the following assumptions and rules were set:

- Animageisdominated by buildings that are located alongthe street on which the image is
taken, thusonly buildings along the street on which the image is located are relevant

- Aftera certaindistance, the buildings along astreetare not visibleanymore. This distance
varies perattribute andis presentedin Table 6.

- Atcrossings, the streettowards the image is orientated is unknown and therefore all streets
that are intersectingatthe crossingon whichthe image is taken are included as relevant
streets

These assumptions are based on visual inspection of the dataset. Eventhough we have tried to set
the assumptions as accurate as possible, there are many situationsin which the assumptions do not
completely apply toanimage. For example, aselection process based on the above made
assumptions would exclude the high-rise buildings visible in the skyline of the top rightimage in
Figure 21. However, asthese images are relatively unique in the datasetand due to time limitations
withinthisresearch, ithas beenoughtthatthese set of assumptions will resultinthe best possible
selection of buildings that have to be includedin the calculation of the building stati stics perimage.

Selection of relevant buildings per image

The locations of the images are known, as well asthe location, footprintand height of the buildings.
In orderto make a selection of relevant buildings based onits location along the street on whichthe
image has been taken, street network datais used.

Using FME, every streetsegment has been checked onintersection with animage by creatingasmall
bufferaround the image and checkingforintersection between the bufferand the street segme nt.
Since a street segment can be relatively short (<50 meters long) and can be part of a series of street
segments making up the complete street, relevant street segments can also be street segments that
are adjacenttothe intersecting street segmentand which are part of the same street.

Therefore, using the street name as common attribute value, the street segments that touch witha
street segmentthatintersects animage are dissolved with the intersecting street segment. This
process has been done two times, which canresultin new street segments that consists of five loose
original street segments (one original street segmentintersecting with animage, two first order
adjacent streetsegments and two second orderadjacent street segments). All part of the same
streetand all adjacentto each other. At crossings, this process has been done forevery street that
intersectswithanimage. So, if an image is crossed by two streets, the maximum number of
potentially relevant street segmentsis 10 (two original street segments, fourfirstorderstreet
segments and foursecond orderstreet segments). Figure 22 visualizes the street selection and
joining process. In Figure 22, the image intersects through a small buffer with Kings Street. The two
adjacent Kings Street segments, segment one and two, are joined with intersecting segment,
segmentfour.Segmentthree isadifferentstreetsoisexcluded. If the image buffer would intersect
segmentthree as well, also all relevant street segments of University Avenue would be included.
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Figure 22: Selecting and joining relevant street segments

Eventually, the selection of the relevant buildings for every image has been done using the following
process:

Firstevery street segmentis buffered. The size of the bufferis dependent onthe street type. Since
residential streets are generallyless widethan primary roads, the buffer of residential streets s
smallerthanthe buffer of primary roads. By making the buffersize street type dependent, the
buffersaround widerroads are able to include the buildings that are adjacent to that road, whereas
itis preventedthatatoo large buffersize resultsin the inclusion of non-adjacent buildings along
narrow roads. Afterthe buffering of every street segment, the buffers of the street segments

belongingtothe same image are dissolved. Inthe remainder of this section the term ‘buffered
images’ will be usedtorefertothese buffers. This process hasbeen done in FME.

Secondly, the attributes of the buffered images are joined with every building based onits location.
If a buildinglaysinacertain buffered image, the buffered image attributes andits values are
attachedto the building attributes. This has been done using the ‘join attributes by location’
algorithmin QGIS. This resultsin building objects that contain building dataas well as an image id. If
a buildinglays within the buffer of more than one image, additional building objects are generated

so that every building objectis a unique building-image combination. Now aninitial selection has
been made onrelevant buildings perimage.

Thirdly, the distances of the buildings to the location of every relevantimage is computed. Thisis the
distance between the centroid of the building polygon and the image location to which the specific
buildingisrelated. Based on this distance, two selections of buildings are made foreveryimage. One
selection of buildings that are within 300 meter of an image and one selection of buildings that are
within 100 meter of an image. The 300 meter selection will be used for calculating the building
height statistics, mean building height, median building height, standard deviation of building height,
maximum building height, minimum building height and perceived average building height. The 100
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meterselection will be used for calculating the building footprint and building volume statistics. The
building height statistics have a larger distance as filter criterion as there is chance that high
buildings at larger distances are visible in the image. The building footprint and volume statistics
have a shorterdistance as filter criterion as these statistics describe the density of the buildings
around the image. Itisassumed that buildings at distances largerthan 100 meters do not have a
significantimpact on the feltdensity by looking at streetview images. Figure 23 visualizes the
selection process.

1. Buffer around street 2. Buffer around image 3. Select buildings that 4. Calculate distances
Buffer size dependend on locations are relevant for and create building
street type Buffer size dependend on calculation of certain image combinations
attribute statistic
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Figure 23: Selection of relevant buildings perimage

Attribute calculations & retrieval

Now that a selection has been made on buildings that are relevant forevery image and forevery
attribute, the attribute values perimage can be calculated. The attributes are classified in different
groups based on the builtenvironment characteristicthatitdescribes. Perbuiltenvironment
characteristicitis briefly described how the related attribute values are retrieved or calculated. A
complete overview of the built environment characteristics can be foundin appendix C.

Building Height

Height statistics

The height mean, height median, height standard deviation, height standard deviation relative,
height minimum, height maximum, and absolute height difference are all computed based onthe
building height of all buildings along the relevant street(s) perimage and within a distance of 300
meters. For the standard deviation asample standard deviation has been used. The height standard
deviationrelativeis calculated by dividing the height standard deviation by the height mean.

Building footprint

Facade Length Index

The facade length index is computed using FME. By creating offset lines from the relevant streets for
a certainimage, the intersecting length between the offset lines and buildings is calculated. The
intersectinglengthis divided by the overall length of the offset lines resultinginavalue between
zeroand one, inwhich one indicates that the sides of the streets are completely filled with building
facadesand inwhich zero indicates that the sides of the streets are not filled with building facades.

Since the offset of buildings to the street may vary per urban typology and road type, seven offset
distances have been used. Thesedistances are set based on a visual inspection of the inputdatain
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which an attempt has been made to coverthe facade lengthindex forevery streetand urban
typology as accurate as possible. Thesedistances are 10, 15, 20, 25, 35, 50 and 70 meters. Forevery
image the facade lengthindexis calculated forall seven offsetlinedistances. Then, the highest

facade lengthindexisselected perimage. Figure 24 visualizes the computation process for
calculatingthe facade length index.

The applied approach means that the situation could occurthat the facade index thatissetfor a
certainimage location, does not represent the fagcade index of the building line standing closest to
the street. However, if the facade index thatis calculated based on one or more buildings that stand
behind otherbuildingsandisfoundto be the largest, the view to the sides of the streets is still
blocked by these buildings located behind the first row of buildings. Yet, this situationis not
preferred asthe impressionreceived by anindividual standing on the streetis different when the
building row directly adjacenttothe streetisrelatively open whereas the side view eventually is
blocked by buildings behind it. Especially when these buildings are orientated towards a different
streetorifthereisadifferentstreetin between. Therefore, avisual inspection of the resultsin QGIS
has been conducted in different urban areas and citiesto gain an impression on how oftenitwas the
case thatthe facade lengthindex represented the facade length index of another row of buildings
behind the row of buildings standing directly along the respective street. The visual inspection
showed that this was rarely the case and that inalmost all cases, the fagade lengthindex
representedthe facade length index of the buildings standing directly adjacent to the respective
row. Furthermore, although the buildings on one side of the street could be standing closerto the
streetthanthe buildings onthe otherside of the street, the facade lengthindexis always calculated
based on the same offset distance on both sides of the street. Although, a more customized
approach could have beenselected here, this was not done to reduce the complexity of the
approach. If the fagade index shows to be an important attribute, a more customized approach
could be appliedinfuture studies.
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Figure 24: Computation process of the Facade Length Index

5
.
W=

—_——— —— — — ———— —

==

—_——— —— —— ———— ——

(=g =
-+
N~
-+

m
i;
"N

54



Footprint Area Index

The footprintareaindexis also computed in FME. For every image location, the image bufferis
shrunk to a maximum of 100 meters. However, stillthe same street bufferis used. Asaresult, an
areaisleftthat coversa strip alongthe street of which the furthest pointinthatareais maximally
100 metersaway fromthe location of the image. For this area, the relevantimage location area, the
areais calculatedin square meters.

Additionally, the sum of the area of the footprints of all the buildings laying within the image
location areais calculated. This resultsin the total building footprint area perimage. Thenforevery
image the total building footprintis divided by the overall area, resultingin the footprintareaindex.
A value of 1 would meanthat the area is completely covered by buildings, whereas avalue of 0
would mean thatthe areadoes not contain any buildings. Figure 25visualizes the computation
process. Here, it can be noted thatthere isa zone in which a building can lay within the circular
bufferdistance of 100 meters but cannotlay with the relevantimage location area. Thisis aresult of
the buffersize used forthe initial selection of buildings along astreet. As the buffersize of relevant
buildings alongastreetvaries perstreettype between 50 and 90 meters, the buildings that lay
within 100 meter of the image location but not within the bufferalongthe streetare notincluded.

1. Select area and buildings 2. Divide the total building area by the total buffer area
within 100 meter radius

100
meter
buffer

Figure 25: Computation process of the footprint area index

Area statistics

The area mean, area median, areastandard deviation and area standard deviation relative have all
been computed by selecting buildings that are located alongthe street on which the image is taken
and within 100 meters from the location of the image. The smaller maximum distance, 100 meters
and not 300 meters, has been chosen because fromacertaindistance onitislikely tobe impossible
for a buildingto have amajor impact on the image based onthe facade that isvisible due toits area.

The area standard deviation relative is computed by dividing the area standard deviation by the area
mean.

Building volume

Volume area index

The only statisticinrelationtothe building volumeis the volume areaindex. The volumeareaindex
iscomputed with the same approach as the footprintareaindex. However, in contradiction tothe
area footprintindex, this statisticis calculated in volumetricterms. Soinstead of the total building
footprintarea, the total building volume is calculated. Also, instead of the total areasize in square
meters, the total areavolume in cubic metersis calculated. Since, theoretically, the sky isthe limitin
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terms of buildingsize, areference height will be taken forthe calculation of the total areavolume.
Thisreference has been setto 40 meters. The total building volume thenis divided by the total area

volume, resultingin a positive value. This value can exceed the value of one if the total building
volume is higherthanthe taken areavolume based on the reference height.

Street perspective

Numberofstreet segments & One or more street segments

The attribute ‘number of street segments’ has been computed by counting the number of street
segmentsintheinputstreet datawithina50 meterradius of everyimage location. In Figure 26, a
case hasbeen providedin which the number of street segments is equal to five. In addition to the
total number of street segments, the attribute “more than one segment” has been computed. The
value of the attribute is zeroif there isonly one street segmentina 50 meterradius and the value is
oneifthere are more than one street segments within a50 meterradius. The, smaller, 50 meter
radius has been selected because this attribute is specifically included with the purpose of

representing refugesinthe urban streetscape. Afteralongerdistance, aside road might not be felt
as a refuge anymore and might not be well visible.

Segment 1

Segment 2

Segment 3

Segment 4

Segment 5

Figure 26: Computation process of street segment attributes

Building offset statistical attributes

In relation to the building offset, two attributes are included. The offset distance median and the
offset distance standard deviation relative. The mean was notincluded here as crossings and other
areas with open spacesin multipledirections can cause offsetlines to be extremely long whereas
these offsetlines are not representativeforthe image and the aim of the attribute. The attribute
should namely describe the distance of buildings from the road along whichitis standing. Since
many images have several of these cases, the mean would not be very representative whereas the
median excludes these cases. The offset distance standard deviation relative is calculated by dividing
the offset distance standard deviation by the offset distance mean since the standard deviation also
includesthe cases described above. This should be takenin consideration in the analysis on the

relationship with one of the human perception attributes. Furthermore, the building offset height
ratio is calculated by dividing the offset distance median by the height median.

Urban complexity factor

The urban complexity factoris computed by multiplying the height standard deviation relative by the
area standard deviation relative and the offset distance standard deviation relative. A highervalue
wouldthus meanthat, in general, there is more relative variation in building volumes expressed by
itsarea, heightand offset.
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3.2.5. Formatting
Now that the computation of all attributes has been described, this section describes how the
retrieved dataand choices from the different datasets have been constructed in aformat thatis
suitable foranalysis. This has been done by combining the choice data with the image attribute data.
The resulting Table consists of rowsin which every row is one image and every set of two rows is
one choice set. Whetheranimage is chosen or not is marked using binary notation, whereone
representsa‘winner’and zeroa‘loser’. Table 7 is a snip of the complete datasetin the right format.
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Figure 27: Focus of the formatting subsection within the overall data gathering process

Table 7: Snip of the complete dataset

category winner Tree share ... | Urban complexity
factor
0 1 Chicago safety 1 0.17 0.004
1 1 New York | safety 0 0.06 0.020
12861 | X Boston Beautiful | O 0.12 .. | 0.054
12862 | x Portland beautiful | 1 0.23 0.044

Afterformatting the overall composed dataset containing the choice dataas well asthe built
environment attribute values perimage, the complete dataset has been splitintwo additional
datasets. Allowingadistinction to be made inthe analysis on the relation between human
perception and the builtenvironmentin relative high density and relative low density areas. Thisis
done as human perception can be influenced by different attributes in low density areasthenin high
density areas. The dataset has been split using the attribute “volumeindex”. The high density
datasetis created by selectingall data, choices and image data, related to the 50% largest volume
indeximages. The low density dataset s created by selecting all data, choices and image data,
relatedtothe 50% lowestvolume indeximages. Asaresultthere are three datasets: the complete
dataset, the low density dataset and the high density dataset. Although splitting the dataset
significantly reduces the amount of choices, itis still considered large enough. Table 8 providesan
overview of the datasets used foranalysis. Inthe remainder of this thesis, the term ‘split datasets’
will sometimes be usedtorefertothe low and high density datasets.
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Table 8: Providing overview of the datasets

Human perception category Dataset Number of rows Number of choices
Perceivedbeauty Complete 2766 1383

Low density 588 294

High density 690 345
Perceived liveliness Complete 4374 2187

Low density 930 465

High density 1048 524
Perceivedsafety Complete 5724 2862

Low density 1410 705

High density 1346 673

3.2.6. Data exploration
This subsection describes the exploration of the complete datasets, thus not onthe split datasets for
low and high densities. The complete datasets have been explored on a potential relation between
citiesand choices, the location of the images and choices, the urban typologies of the buildings
around the image locations and choices, correlations between the attributes and finally on the

potential relations between the attributes and choices. Figure 28 visualizes how this subsection
relates tothe overall datagathering process.
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Figure 28: Data exploration in relation to the overall data gathering process

City — choice exploration

To betterunderstand the input data, the differences between the winner-loser ratio for the
individual citiesin the dataset have beenvisualized in Figure 29. Although itis notvery relevant for
this research which city exactly has the highest or lowest winner-loserratio, the factis that there are
significant differences between them is relevant. This could be aresult of one of the attributes
includedinthisresearch, Boston whichis perceived as most beautifuland lively could have many
treesforexample. However, this could also be the consequence of uncaptured built environment
characteristics. Forexample, the architectural style of acity, the wealth of a city, the maintenance
levelingeneral of acity or the general urban typology of acity are not included as attribute sin this
research. Inaddition, otherfactors could explain the differences such asthe composition of the
dataset, including the orientation of the images, the randomly chosen locations, the lighting of the
images, etc. However, altogether, the significant variation in winner-loser ratio per city does indicate
that it is possible that city wide characteristics have an influence on human perception.
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Spatial human perception choice exploration

The potential influence of alocation of an image on human perception could indicate uncaptured
geo-spatial related attributes such as the average neighborhood or city income, the average building
age of a neighborhood orcity, the function of an area etc. However, it can also indicate potential
relationships that can be captured such as building density. The spatial exploration can contribute to

identifyingthe scale (e.g., city or neighborhood) on which there might be a potential relationship
between human perceptionandthe location of animage.

Before exploring the datasets spatially, itis relevantto mention that existing literature mentions
that the visual quality of streets assessed using streetviewimagery has beenfoundto vary per
district (Ye etal., 2019). Although the visual quality of streets cannot be considered the same as the
perception of streets, it mightindicate that similaritiesin human perception rating can be expected
within districts whereas differences might be expected between different districts. Furthermore,
Middel et al. (2019) mention the following on the likely presence of potential relevant attributesin
street view images based on the location of the image: Street views taken in suburbs generally
containa higher percentage of tree share compared to street view images taken in the city center.
Streetview imagestakeninlow-income neighborhoods generally containthe leasttree sharein
relation tostreetviewimagestakeninthe city centeror suburban locations. Sky share on the other
handis generally more presentin streetviewimagestakeninlow-income neighborhoodsinrelation
to streetview imagestakeninsuburban and city centerlocations. Street view images in city center
locations generally contain most building share (Middel et al., 2019). Relating these indications from
the literature to the findings from the spatial exploration and eventually to the results of the analysis
could contribute to explaining the findings from the spatial exploration.

The choices and location of the images have been spatially visualized in orderto retrieve insight on
the spatial distribution of perceived safety, liveliness and beauty of the images. Forall relevant
images, animage is marked as loserif it has lost more than that it has won. Whereas the image is
marked as winnerifit has won more than that it has lost. Thisapproach provides arelative easy
method toreceive anindication onthe preference of animage concerning how people perceive it.
However, it must be noted that the situation could occurthat an image that is generally perceived as
safeisonlyrelatedtoan image that is perceived as even more safe in the dataretrieval process. Asa
resultthe image might be marked as loserwhereasitwould be perceived as relatively safe. Also,
some images might have won relatively more than otherimages, forexample one image could have
won three out of five times whereas anotherimage would have won five out of five times. In order
to maintain simplicity inthe overview, only adistinction between winners and losers has been made
forindividual images. Additionally, the images have been marked if they are clustered with other
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imagesthat have been marked as loserorwinneraswell. This has been done usinga DBSCAN cluster
algorithmin QGIS. DBSCAN is preferred over other clustering algorithms, such as k-means and Fuzzy
c-mean, as itis oughtto be more suitable tofind geospatial aggregation (Karayazi etal., 2021). It
requirestwo input parameters, the areas of neighborhood and the minimum number of points (n),
inthis case image locations, within the areas of neighborhood. Here, neighborhood is defined as the
area inwhich a clustercan be found. Itis thus determined by a maximum distance from a certain
point. The clusterinputvaluesvary perhuman perception ratingas there are lessimagesinvolvedin
the perceived beauty choices theninforexample the perceived safety choices. Thisresultsina
relative lowerimage location densityfor perceived beauty then for perceived safety, different
densities requiredifferent cluster requirements. The cluster algorithm finds and classifies apointto
bein a clusterifit liestogetherwith atleast n-1 others within the specified area of neighborhood
distance. This process of assigning a pointto a clusterisiterated overall the points until all points
are classifiedinaclusteror no points can be classifiedinaclusteranymore. Table 9 provides the
cluster parametervaluesforthe different human perception attributes.

Table 9: DBSCAN cluster requirements per human perception category

Perceived Minimum points withinareas(n) Areas ofneighborhood maximum
distance (m)

Beauty 3 1000

Liveliness 4 1000

Safety 5 1000

A disadvantage of the DBSCAN clustering analysisisthatif there isa specificareawith a high density
of image locationsinacity, imagesinthat area might be clusteredinawinneror losercluster
whereasthere isactually adiverse spreadin winnerand loserimagesinthisarea. Inorder to deal
with this disadvantage, a hexagon distribution has been created in addition to the DBSCAN clustering
analysis. Any spatial clustering visible in the DBSCAN clustering can therefore also be checkedinthe
hexagon analysis and the other way around. Using hexagons beingin total two kilometersin
horizontal and vertical direction, the hexagons are marked based onthe average winner-loserratio
of the images takeninthe hexagon. Every hexagonis marked with a color representing one of the
five differentintervals. The intervals have steps of 0.2and vary between zeroand one. Avalue of
one meansthat 100 percent of the imagesinthe hexagon are marked as winners. Below, the spatial
distribution of the winners and losers have been visualized in New York City per human perception
attribute, clustered and individually ontwo zoom levels.

Figure 30 up and until Figure 32 visualize onthe left the location of all images that have been
marked as winner(greencircle)orloser (redcircle) regarding perceived safety, liveliness, or beauty.
If the image isincludedinacluster, the circle representing the image is filled with red (loser cluster)
or green (winner cluster). Onthe right the hexagon grids are visualized, representing the winner-
loserratioin each hexagoninwhich a winner-loser ratio of one is greenand of zerois red.

Perceived beauty

Concerning beauty, looking at the clusteranalysis, the location of images having acomparable
winner-loserratiodoes notseemto be clustered on a city level butdoesseemto be clusteredona
local level. Furthermore, from the hexagon distribution, it can be seen that several hexagons seem

to be bordering predominantly on hexagons with acomparable winner-loser ratio, although many
hexagons do notbordera hexagon with acomparable winner-loser ratio as well.
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Figure 30: Spatial exploration perceived beauty in New York

Perceived liveliness

Regarding perceived liveliness, more orless the same remarks can be made as for perceived beauty.
However, the numberof winners regarding perceived liveliness seem to be larger. Which could
indicate that New York City isa more lively city than the average city included in thisresearch. The
clustersstill are mainly visibleon alocal scale and lesson a city scale.

Figure 31: Spatial exploration perceived liveliness in New York

Perceived safety

Regarding perceived safety, more orlessthe same trend can be seen as for the other two human
perception categories. There does notseemto be a relation between the location of animage and
the winner-loserratioon a city scale. However, ona more local scale, there doseemto be clusters

of winners and losers. Although, this does not always apply as there are also quite some areas where
amixis visiblebetween winnerand loserimages.
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Figure 32: Spatial exploration perceived safety in New York

Conclusion spatialexploration

In conclusion, the spatial exploration concerning the locations of the winnersand losers, indicates
that on a local scale within acity winnersand losers seemto cluster, although this does not apply to
all cases. This could mean that certain urban characteristics that vary on a local scale within acity
have an influence on each of the three human perception categories whereas urban characteristics
that vary withinacity, on the scale of the complete city seemto have lessinfluence on each of the
three human perception categories. Forexample, it might be relevantin which neighborhood an
image is taken but the location of this neighborhood within the city seems to be irrelevant.

Urban Typology — choice exploration

Insights retrieved from the winner-loser ratio per urban typology could contribute toan
understandingif there might exist relations between certain urban typologies and human
perception. If these relations exist, the differences inthe datadistribution could indicate which
urban typologies contribute most orleast to a positive perception of astreet. Additionally, it
indicatesif acombination of the individual attributesincluded in this research influences human
perception. Inthis exploration, nine different urban typology groups have been formulated:
‘Highrise’, ‘High density’, ‘Medium density closed’, ‘Medium density open’, ‘Low medium mix’, ‘Row
house’, ‘Free standing dense’, ‘Free standing’ and ‘Other’. These typologies have been formulated
based on a set of conditions. The complete set of conditions can be found in appendix D.

As an example, the following condition is used to classify an areaaround an image locations as
‘Highrise’ ornot: Facade lengthindex >0.5 AND Area median <300 AND Volume index >0.03 AND
Offsetdistance median <20. The conditions and condition values have been set by a process of
formulating conditions and manually inspecting the correctness of classification of animage location
inmultiple cities. In Figure 33, the average winner-loser ratiois visualized perurban typology class.
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Figure 33: Winner-loser ratio per urban typology class

From Figure 33 it can be seenthatthe urban typologies show remarkable differencesin their
winner-loserratio. Specifically, the following remarks can be made: First of all, the urban typology
‘other’ hasthe lowest winner-loserratio forall three human perception attributes. These images are
mainly located in openlow density areas such asindustrial sites and trafficareas. Thus, apparently,
industrial sites are generally not perceived as beautiful, safe or, lively.

Secondly, the higher density typologies, ‘Highrise’ and ‘High density’, both have arelative high
winner-loserratioforall three human perception categories. Although the spatial e xploration did
not indicate any relation between the human perception choice and the location within acity, higher
density areas seemto be perceived as somewhat more beautiful, lively, and safe. Thirdly, the bars of
perceived liveliness and safety show more orless the same pattern. Although, based on this
explorationitcannotbe stated what the cause of thisis, it could be that certain urban typologies are
alsorelated to certain othercharacteristics such as average income and land value that generally
define an attractive neighborhood orare in general more attractive as perceived by humans.
Furthermore, itis specifically interesting to note here that the urban typologies which generally have
more closed building blocks, medium closed versus medium open and row house versus free
standing, have ahigherwinner-loserratio.

These differences between winner-loser ratios and urban typologies could also partially explain the
differences between the cities, as certain cities can have highershares of certain building types then
othercities. Additionally, this could partially explain the clustering of winnerand loserimageson a
local scale withinacity as seeninthe spatial exploration. Finally, the differencesin winner-loser
ratio between many urban typologies indicates that the volumetricbuilt environmentis likely to
have an influence on human perception as the individual attributes defining the volumetricbuilt
environmentare used to classify areas as a recognizable urban typology.

Correlations

The Pearson correlation coefficient has been calculated for every combination of the attributes that
will be included inthe statistical analysis. This has been done, so that during the analysis, certain
combinations of attributes can be avoided as the selected analysis method, multinomial logit
models, do notallow highly correlated attributes to be included in one model. Inlineto this, the
attributes havinga correlation coefficient that exceeds oris equal to the value of 0.6 will be briefly
highlighted in this subsection. Below, the correlation coefficients will be discussed per building
characteristicclass. A correlation matrix including all research attributes can be found in appendix E.
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Image sharedata
First of all, the attributes ‘sky share’ and ‘tree share’ have quite a high correlation coefficient of -
0.62. The other correlation coefficients of the ‘share’ attributes do not exceed 0.6.

Building height data

Since many different attributes are used to describe the height of the buildingsinanimage, itisnot
surprising that many correlation coefficients exceed the value 0.6. Although this mightnotbe a
surprise, several interesting remarks can still be made here. First of all, the median height shows less
correlation coefficients exceeding the value of 0.6 than the mean height and the average perceived
building height, whereas the median height correlates very strong with the mean height (r=0.96). As
aresult, the median height might be preferred overthe mean heightin the analysis since it des cribes
more or less the same building characteristicbutis less correlated to otherattributes. Furthermore,
the absolute height difference tends to describe approximately the same as the maximum building
height, asthese two are strong correlated (r=0.96). The absolute building height difference is
retrieved by subtracting the minimum building height from the maximum building height, making
this not very surprising. However, the minimum building height on the otherhandis not strong
correlated with the absolute height difference (r=0.10). Additionally, the absolute height difference
correlatesless strong with the median building height (r=0.48) compared to the minimum building
height (r=0.72) and the maximum building height (r=0.65). Finally, the relative standard deviation
correlatesless strong with the otherbuilding height attributes than the regularstandard deviation.

Building footprint

Although, facade lengthindex and footprintareaindex do describe the footprints and theirlocation
of the buildings they do not correlate strong with the footprint area attributes. However, they do
correlate strong with each other (r=0.79). This could be explained by the way the datawas gathered,
which has attemptedto onlyinclude the buildings directly adjacent to the road. A higherfacade
lengthindex represents a highershare of building footprints along astreet, alargerarea of building
footprintsinarow is thusalsolikely toresultinahigherfootprintareaindex. The width of the road
and shape of the buildings stillexplain the difference between the two attributes. Furthermore, the
mean area and median area correlate strong(r=0.89) and the standard deviation and the mean area
correlate strong (r=0.86).

Building volume and street perspective

The volume index correlates strong with many building height attributes and not with any of the
footprintattributes. Thisindicates that the building volumes around animage location are mainly
influenced by the height of the buildings.

The only attributes that correlate strong with each otherregarding the street perspective attributes
are offset distance median and offset heightratio (r=0.72). Thisis not a surprising correlation as the
offset heightratiois retrieved by dividing the offset distance median by the height media
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Attribute — choice exploration

The winner-loserratio has been computed for every attribute and are represented in bar charts, the
bar chart of tree share in relation to the winner-loser ratio based on the complete beauty dataset is
shownin Figure 34. Through visual inspection, the distributions in the bar charts can give an
indication for potential relationships between an attribute and all three human perception
attributes. All bar charts potentially indicating arelationship are presented in appendix F.

The bar charts specifically visualize the winner-loser ratio for 20 equal sized bins perattribute forthe
complete datasetsand for 10 equal sized bins perattribute forthe split datasets. Foracertain
attribute, the first group will thus be the images with the 5% or 10%, depending on the dataset,

smallestvalues of that attribute.
l
<

Figure 34: Bar chart of tree share in relation to number of time an image was chosen (red) or not (light red)

Tree share
140-

120-

100-

choice count
@
o
|

o 3 & 8
0.0 0.0

0.0-0.01 _
0.01 - 0.02 - N
0.02 - .04
0.04 - 0.05 -
0.05 -0.07_
0.07 - 0.09 -
o.09-o.11 -
0.11-0.13 -
0.13-0.14 -
o.14 - o.16 - NN
0.16 - 0.19 -
0.19-0.21 -
0.21-0.23
0.23 - 0.26 N
0.26 - 0.20 -
028031 -
0.31 - 0.36 - N
0.4-0.55 - N

The potential relationship identified in these bar charts are summarizedin Table 10. In thistable,
indications for potential positive relationships are marked with a ‘+ signin green andindications for
potential negative relationships are marked witha‘-‘signinred. A darker colorand double sign
indicates astronger potential relationship. There are multiple insightful indications that can be seen
inTable 10. However, the following are mostinterestingto highlight: First of all tree share seems to
influenceall human perception categories the strongest, specifically perceived beauty. Building
share seemsto positively influence liveliness but negatively influence perceived beauty and safety.
Furthermore, building height variation generally seems to contribute to perceived liveliness but
seems to have a negative influence on perceived beauty. Finally, onlyperceived safety seemsto be
positively related to the width of the streets. Inline with this, in relation to the building height and
specifically concerning perceived beauty in relative high density areas, perceived safety seems to be
positively related to the offset height ratio (defined by the street offset divided by the building
height). Perceived beauty and liveliness, on the other hand, seemto be negatively related tothe
offset heightratio.

65



Table 10: Overview of relationship indications of bar charts and correlated attributes
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Urban complexity factor
(UCF)
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% % Sky share (SS) e - - - - - TS
£ 5| Building share (BS) - -- - + + + - - -
Road share (RS) - - - - - - - -
Height mean (Hmean) + + + + Hmedian, Hstdev Hmax,
Hmin, AbHdif, AvPerH
Height median (Hmedian) + + + + Hmean, Hmax, Hmin, AvPerH
Height standard deviation + - Hmean, Hstdevrel, Hmax,
- (Hstdev) AbHdif, AvPerH
% Height standard deviation - + - - Hstdev, AbHdif
T relative (Hstdevrel)
%o Height minimum (Hmin) - + Hmean, Hmedian, AvPerH
5 Height maximum (Hmax) Hmean, Hmedian, Hstdev,
@ AbHdif, AvPerH
Absolute height difference - + + Hmean, Hstdev, Hstdevrel,
(AbH(dif) Hmax, AvPerH
Average perceived building | + + + Hmean, Hmedian, Hstdev,
height (AvPerH) Hmax, Hmin, AbHdif
® Fagade length index (FLI) + + FAI
g Footprint areaindex (FAl) -+ FLI
= Area mean (Amean) - - - - - - - - Amedian, Astdev
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o Offset distance median + - = + + OHR
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ga_ deviation relative
o (ODstdevrel)
% Offset height ratio (OHR) - - - - + ODmedian
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3.3. Analysis
In the analysis we aim toretrieve three models that describe the relationship between perceived
beauty, liveliness, and safety and the built environment attributes. Since the choices of people make
up the input data, discrete choice models are suitable for describing these relationships. Based ona
discrete choice model, the relationships can be estimated. Also a model fitis calculated, describing
the extenttowhich these estimated relations fit the choices that are made by the respondents. This
section starts with a briefintroduction to discrete choice models, including an explanation on how
theyare used forthe analysisin thisresearch. Afterthis, the analysis results are presented and the
mostimportantfindings fromthe results are described. Finally, the findings are reflected upon the
indications fromthe barcharts and the findings from the literature.

3.3.1. Discrete choice models
Choice analysis isabout studying the behavior of individuals. To do so, individuals should be
presented with aset of alternatives from which they can choose (Henscheretal., 2015b). Discrete
choice models are models designed to model choice behavior using disaggregate level data
(Henscheretal., 2015a). In otherwords, they model choice behavior using attributes that describe a
certain alternative. Inthisresearch, the Place Pulse 2.0datasetis used as choice dataset. In the Place
Pulse 2.0 dataset, a respondent got to choose between two alternatives.

For every alternativeinthe choice set, a probability thatthe alternativeis chosenis calculated. The
probability of an alternative is based on the utility of an alternative and on the utility of the other
alternativesinthe choice set. The total utility of an alternativeis the sum of the observed and the
unobserved utility components. The observed componentis the sum of the weighted attribute
values. The coefficients (weights) are estimated such that the predicted probabilities match the
observed choices as closely as possible.

For the implementation phase of this research, the estimated coefficients forthe attributes are the
mostinterestingand relevantvaluesto be found in the statistical analysis. The coefficients
determine the influence of built environment attributes on human perception. These attribute
effects will be implemented inthe computational urban designtool.

In orderto keepthe observed utility function, and therefore the to be implemented relationship, as
simple as possible, the attribute values are not transformed to include non-linear relationshipsin the
observed utility function. Also, nointeraction variables are included in the observed utility function
as several attributes are already a composition of otherattributes. There isnoindicationin the
literature and from the data exploration that furtherinteractions should be included. The overall
utility of an alternative consists of astructural and random part, as can be seenin equation 1. The
structural utility component of an alternative is calculated based on the estimated weight of the
attributes multiplied by the respective attribute values of an alternative (equation 2).

Uig=Vigt+ & (1)
Vig = structural utility of alternative i for individual q

e; = random utility component for alternative i
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Vig = ZnbPn * Xing (2)
Bn = Weight of attribute n

Xinq = Score of alternative i on attribute n according to individual q

If the random components are assumed to be independently and identically (IDD) Gumble
distributed, the multinomial logit model is derived (Henscher et al., 2015b).

The multinomial logit model is the simplest random utility model and is defined as follows (Equation
3):

p. = exp(Vig) (3)
iq ij,zlexp(qu)
P;; = Probability that individual g will choose alternative i

Vig = Structural utility of alternative i for individual q

To retrieve the values forthe parameters (the §’sin eq. X), maximum likelihood estimationis used.
The likelihood measures how wellthe parameters represent the observed data; ahighervalue
means a betterfit between predicted probabilities and observed choices. The optimal parameters
are found by maximizing the likelihood value. The likelihood valueis arelative cumbersome
calculation, instead the log likelihood (equation4) is commonly used instead.

LL(B) = Xq2iViqIn(Py) (4)

Piq = Probability that individual g will choose alternative i

Yiq = l:alternative i was chosen by g, 0: otherwise

Using, formulas 1 up and until 4, the parameters of the structural utility function can be estimated
by optimizing the log likelihood function. However, the structural utility function is not the only thing
we are interested in. Inordertoretrieve insightin the predictive power of the included attributes,
alsothe model goodness of fit has to be determined. The model goodness of fit can be expressed by
McFadden’s Rho-Square (Henscheretal., 2015c). Whichis calculated by equation5.

LL(B)
p2 =10 - [T(O)] (5)

LL(B) = Loglikelihood using estimated parameters

LL(0) = Loglikelihood using the null model (with equal choice probabilities)

The McFaddan’s Rho-square value varies between 0Oand 1. Inwhich 1 would mean thatthe modelis
able to predict exactly how the respondents made theirchoices. Since, in practice, thisisimpossible
and there will always be unknowns, gettingavalue of 1is notthe objective. Inideal circumstances, a
rho square value of 0.3 is considered well acceptable (Henscher et al., 2015c). In this case, since the
respondent characteristics are unknown and since the data exploration and literature review already
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indicated thatthere are many influential factors that have notbeenincludedinthisresearch, a well
acceptable rho square value would be avalue approaching0.2.

Likelihood Ratio Statistic test

Withinthis research, a multinomial logit model is estimated on nine different datasets. Being, the
complete, relative low and high density dataset for each of the three human perception categories.
Since the relative high and low datasets are quite thinin relation to the complete dataset, found
relationshipsinthe completedataset can be considered as more reliable. Thus, only when the
estimated models forthe relative lowand high datasets show better model fits and the difference in
performanceissignificant, the estimated models forthe relative low and high density datasets are
considered to be more suiable forimplementation than the estimated model onthe complete
dataset.

LRS = —2(LL(Bcomplete) — LL(BlowBhigh)) (6)
LL(Bcomplete) = Log likelihood parameters from complete model on split datasets

LL(BlowBhigh) = Sum log likelihood estimated models low and high dataset

In orderto checkthis, a Likelihood Ratio Statistic (LRS) testis done. With the LRS test, the difference
in performance of two models can be tested. Equation 6is the equation forthe Log Likelihood Ratio
Statistic. In orderto test the difference in performance of the model estimated on the complete
dataset and the models estimated on the low and high density datasets, new models are estimated
on the low and high density datasets with the parameters found to be significant by the multinomial
logit model estimated modelon the complete dataset (Bcomplete). The performance of these
models are then related to the performance of the estimated model onthe low and high datasets,
including the attributes found to be significant on the low and high datasets (flowBhigh).

In orderto testif the, by the LRS, calculated difference in model performance is significant, the Chi-
Square test has been applied to LRS. Inwhich the number of degrees of freedomis equal tothe
difference in number of parameters between the split datasets and the complete dataset (=

Npar 10w + Npar pign — Nearggmiec) - If the Chi-Square probability is below 0.05, the difference can be
consideredsignificant. If the difference is significant, the model with the highest model performance
isthe best.

In the resultsection below, the estimated multinomial logit model is presented and described per
human perception category. Also the LRS on the difference between the model performance of the
model estimated onthe complete datasetand the models estimated on the split datasetsis
calculated and tested on significance.

3.3.2. Multinomial logit model results
In orderto retrieve the multinomial logit model results, including the rho square model fit and the
utility coefficients, several steps have been taken. First the complete set of built environment
attributes have beenincludedinthe model. This generally resulted in the highest model fitincluding
multiple relevant attributes. However, the eventual model should only include significant attributes
as the significance of an attribute indicates whether the addition of an attribute effectively increases
the predictive power of the model and if the contributions of that attribute to the predictive power
of the model is not caused by chance. In this research, a significancelevel of 10%, (p <0.10) is
accepted, meaningthatthe probability that the estimated parametervalueisequal tozeroisnot
higherthan 10%. In addition, nostrong correlations between attributes should exist. Correlated
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attributes mayresultin biased parametervalues oreven values with awrongsign or unreliable
significance values.

Usingthe significancevalues, the attributes with the highest p value have beenremoved from the
model first. This process has been repeated untilthe most significant attributes, which all have ap
value lowerthen 0.1, are left. Based onthe data exploration results, all attributes have been added
and removed to and from the model that showed a potential relationship. Finally, the set of
significant attributes that do not correlate strongly with each other, have the highest model fit

expressedinrhosquare and include amaximum variationin attributes has beenincludedin the
eventual model.

Theincluded attributes, their coefficients (‘Estimate’) and significance p values (‘Pr’) are presented

inTables 11 - 21 per human perception category and per dataset. Furthermore, the rho square of
the estimated modelisincluded for every model.

Perceived beauty
Table 11: Beauty complete

|  Estimate Pr(>|Z])
Tree share 4351 2.200e-16
Height mean 0.663 1.558e-4
Fagade length index 0.018 3.394e-3
Area standard deviation relative -0.197 0.020
Log likelihood -820.38
Log likelihood nullmodel -921.19
Rho square 0.11

Table 12: Beauty low density

| | Estimate | Pr(>1Z])
Sky share -5.147 3.849e-5
Building share -5.208 6.789¢e-8
Log likelihood -179.36
Log likelihood nullmodel -204.00
Rho square 0.12

Table 13: Beauty high density

| | Estimate | Pr(>|Z])
Tree share 4.393 1.712e-9
Height standard deviation relative -0.846 0.019
Offset distance height ratio -0.130 0.065
Log likelihood -211.38
Log likelihood nullmodel -239.14
Rho square 0.12

Starting with the relationship between the included volumetric built environment attributes and
perceived beauty, the multinomial logit models indicate that this relationship is not very strong with
a model fitexpressedinrhosquare of 0.12 for the split datasets. The model fit forthe complete
datasetis0.01 lower, being0.11.

For the high density dataset, the height standard deviation relative and offset heightratio have a
significantinfluence on perceived beauty in additionto the tree share. Whereasforthe low density
dataset, only sky and building image share attributes seem to be relevant.



Concerningthe model predicted onthe low density dataset, the following remark can be made.
Including tree share, sky share and building share in one model leads to insignificant attributesin the
model. Eitheronly tree share or only sky share and building share can be included inamodel with
solely significant attributes. Although tree share is of large influence on the perceived beauty inlow
density environments, the combination of sky share and building share resulted in a better model fit
thenwhenonlytree share wasincluded. This, probably, since sky share (r=-0.62) and building share
(r=-0.49) both correlate negatively with tree share and the included street view images are generally
dominated by trees, buildings, and sky. As a result, the combination of sky share and building share
would generally indicatea highertree share but also make a distinction between sky share and
building share. Tree share alone onthe otherhand would not be able to indicate anything on
whetherthe non-tree elementsinthe image are buildings, asky or somethingelse.

LRS

Table 14: LRS variables and values perceived beauty

| variable Value
LL(Blowhigh) -390.74
LL(Bcomplete) -396.29
LRS 11.10
Difference number of parameters 1
Chi-square p-value 0.001

The LRS onthe loglikelihood values of the models estimated on the split datasets and the model
estimated onthe complete datasetis 11.1. Resultingin a Chi-Square p-value of 0.001, being smaller
than 0.050 and thus consideringthe performance of the models estimated on the splitdatasets as
significantly better than the performance of the model estimated on the complete dataset. In other
words, there is a significant difference between the relationship between perceived beauty and the
volumetricbuilt environmentin higherdensity environmentand in lower density e nvironments.

Perceived Liveliness

Table 15: Liveliness complete

| Estimate | Pr(>|Z[)
Tree share 1.9370 2.479e-10
Building share 1.5810 7.270e-6
Fagade length index 1.1440 6.201e-10
Area mean -0.0003 4.868e-3
Absolute height difference 0.0060 5.101e-4
Log likelihood -1371.80
Log likelihood nullmodel -1446.00
Rho square 0.051

Table 16: Liveliness low density

| Estimate | Pr(>|Z]|)
Tree share 2.677 1.766e-5
Building share 3.458 1.051e-3
Area standard deviation relative -0.436 3.313e-3
Log likelihood -305.10
Log likelihood nullmodel -322.00
Rho square 0.054




Table 17: Liveliness high density

| | Estimate | Pr(>|Z|)

Tree share 1.101 0.032
Absolute height difference 0.005 0.062
Fagade length index 1.470 2.682e-4
Offset distance height ratio -0.119 0.048
Log likelihood -350.91

Loglikelihood nullmodel -363.21

Rho square 0.034

The multinomial logit models estimated on the three datasets regarding perceived liveliness have a
low model fit, varying between 0.034and 0.054 dependingonthe dataset. The attributes that have
beenfoundto have a significantinfluence on perceived liveliness vary per dataset as well. Forthe
complete dataset, the tree share (+), building share (+), facade lengthindex (+), areamean (-) and
absolute height difference (+) influence perceived liveliness. This set of attributesindicates thata
more builtup environmentwith greenis perceived as more lively. Having alook at the model
estimated forthe relative high density dataset, this modelindicates that environment’s tree share
(+), absolute height difference (+), fagcade lengthindex (+) and offset distance height ratio (-) have a
significance influence on perceived liveliness. Although, the very low model fit also indicates that
other attributes that have not been capturedin this research may have a more significantinfluence.

The multinomial logit model estimated on the relative low density dataset also indicates that tree
share (+) has an influence on perceived liveliness. It also indicates that building share (+) and area
standard deviation relative (-) have asignificantinfluence on perceived liveliness. This model has the
highest model fit of all three models regarding perceived liveliness but still has arel ative low rho
square of 0.054.

LRS

Table 18: LRS variables and values perceived liveliness

| variable Value
LL(BlowBhigh) -655.96
LL(Bcomplete) -659.77
LRS 7.62
Difference number of parameters 2
Chi-square p-value 0.022

The LRS onthe loglikelihood values of the models estimated on the split datasets and the model
estimated onthe complete datasetis 7.62. Resultingin a Chi-Square p-value of 0.022, being smaller
than 0.050 and thus consideringthe performance of the models estimated on the splitdatasets as
significantly better than the performance of the model estimated on the complete dataset. In other
words, thereis a significant difference between the relationship between perceived liveliness and
the volumetricbuilt environmentin higher density environment and in lower density environments.
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Perceived safety
Table 19: Safety complete

| ‘ Estimate Pr(>|Z|)
Tree share 2.0650 2.200e-16
Height median 0.0130 8.488e-5
Fagade length index 0.9660 4.057e-10
Area mean -0.0003 3.264e-4
Area standard deviation relative -0.1140 0.043
Offset distance median 0.0040 0.033
Log likelihood -1808.60
Log likelihood nullmodel -1895.06
Rho square 0.046

Table 20: Safety low density

Estimate Pr(>]Z2])

Sky share -2.4630 1.036e-05
Building share -3.1460 2.830e-4
Fagade length index 0.9880 3.236e-3
Area standard deviation -0.0004 0.052
Log likelihood -459.490

Log likelihood nullmodel -489.000

Rho square 0.060

Table 21: Safety high density

| ‘ Estimate Pr(>|Z])

Sky share -2.557 1.877e-05
Building share -1.073 0.030
Height median 0.014 0.013
Area standard deviation relative -0.259 0.032
Offset distance height ratio 0.132 6.740e-3
Log likelihood -445.80

Log likelihood nullmodel -466.49

Rho square 0.044

Finally, the multinomial logit analysis on the relation between the volumetricbuilt environment
attributes and perceived safety. Here the same behavior of the models asfor perceived liveliness
and perceived beauty can be seen as the models estimated forthe different datasetsinclude
different attributes. The model fit of the model estimated on the complete datasetislow witharho
square value of 0.046. The significant attributes are tree share (+), height median (+), fagade length
index (+), areamean (-), areastandard deviation relative (-) and offset distance median (+).

For the low density dataset, the model fit of the estimated modelis slightly higher with arho square
of 0.060. The significant attributes are sky share (-), building share (-), facade length index(+) and
area standard deviation (-). Asforthe model predicted on the low density dataset concerning
perceived beauty, including sky share and building share ratherthan solely tree share inthe model
resultsina higherpredictive power.



For the high density dataset, the model fit of the estimated modelis the lowest with avalue of
0.044. The significant attributes in this model are sky share (-), building share (-), height median (+),
area standard deviation relative (+) and offset distance ratio (+). Here, the same applies asforthe
estimated model onthe low density dataset: sky share and building share togetherresultinahigher
model fitthansolely tree share. Inthe model havingtree share initratherthan sky share and
building share, tree share is significant and has a high positive coefficient.

LRS

Table 22: LRS variables and values perceived safety

| VELE][] Value
LL(BlowBhigh) -905.29
LL(Bcomplete) -913.24
LRS 15.90
Difference in number of parameters 3
Chi-square p-value 0.001

The LRS onthe loglikelihood values of the models estimated on the split datasetsand the model
estimated on the complete datasetis 15.9. Resultingin a Chi-Square p-value of 0.001, being smaller
than 0.050 and thus consideringthe performance of the models estimated on the split datasets as
significantly betterthan the performance of the model estimated onthe complete dataset. Inother
words, there is a significant difference between the relationship between perceived safety and the
volumetricbuilt environmentin higherdensity environmentand in lower density environments.

3.3.3. Reflection on multinomial logit results, data exploration, and literature
Table 23 providesan overview of the found relevant built environment attributes along with the
signs of the coefficients, related tothe indications received from the bar charts presentedinthe
data exploration section and the findingsin the literature. It can be seen from Table 23 that not all
builtenvironment elements that have been found to significantly influence human perception have
been mentioned in existing literature to influence human perception. However, concerning the
attributesthat have beenfoundto be related to any of the three human perception categoriesin
the multinomial logit analysis, literature generally mentions the same relation between the related
builtenvironment elementsand the respective human perception category. Furthermore, as
expected, the signs from the analysis are equal to the signslisted in Table 23 (based on the bar
charts). The multinomial logit analysis added statistical significance to the explorative insights from
the bar charts. Reflectingto the main conclusions fromthe literature, the findings from the
multinomiallogit analysis are more orlessinline aswell.
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Table 23: Reflection overview of multinomial logit results

Human Dataset Built environment attribute Result Indication Indication
perception coefficient from bar from
category sign charts sign literature
sign
Beauty Complete | Tree share + + +
Height mean + + +/-
Facadelengthindex + + +
Area standard deviation relative - -
Low Skyshare - - -
density Buildingshare - - -
High Tree share + + +
density Height standard deviation relative - - -
Offsetdistance heightratio - -
Liveliness Complete | Tree share + + +/-
Buildingshare + +
Facadelengthindex + +
Area mean - - -
Absolute height difference + +
Low Tree share + + +/-
density Buildingshare + +
Area standard deviation relative - -
High Tree share + + +/
density Absolute height difference + +
Fagadelengthindex + + +
Offset distance heightratio - -
Safety Complete | Tree share + + +
Height median +
Fagadelengthindex + + +
Area mean - - -
Area standard deviation relative - -
Offsetdistance median + + +/-
Low Skyshare - - -
density Buildingshare - - -
Facadelengthindex + + +
Area standard deviation - -
High Skyshare = S -
density Buildingshare - - -
Height median + +
Area standard deviation relative - -
Offsetdistance heightratio + -

Perceived beauty

Starting with perceived beauty, the following remarks can be made: The positive influence of the
attributestree share and facade lengthindex, together with the negative influence of sky share and
offsetdistance heightratio are inline with the literature that mentions enclosure related elements
as a positive contributorto perceived beauty (Joglekar etal., 2020; Karimi, 2012; Rossettietal.,
2019; Weberetal., 2008). Although, the exact combination of attributes varies perdataset. Forthe
low density dataset, the negative influence of building share is a contradicting result considering the
enclosure, howeverasfoundinthe literature as well, people preferaspace to be bounded by
vegetation (Weberetal., 2008). Also, no differentiations have been foundin the literature between
high and low density environments. The negative influence of building height variation could be
explained by the literature in which uniformity (Karimi, 2012) is mentioned as a positive contributor
to perceived beauty.
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Perceived liveliness

Concerning perceived liveliness, fewfindings from the multinomial logit analysis have been explicitly
supportedinthe literature. However, the negativeinfluence of mean buildingarea can be related to
the findingsinthe literature mentioning a finer division of building masses to positively influence
liveliness (Simpson et al., 2022). Partly contradicting results can be found regarding tree share in
relation to perceived liveliness. However, as mentioned in the literature review, the findings fora
negative influence of vegetation on perceived liveliness are based on analysis on a dataset consisting
of rural and urban areasin which no distinction has been made between the density of an urban
area. Inthisresearch rural areas have been excluded and adistinction was made between high and
low density areas.

Perceived safety

Finally, regarding perceived safety, findings from the literature generally align with findings from this
research. Tree share contributes strongly to perceived safety (Harvey etal., 2015; Jansson, 2019;
Mouratidis, 2019a; Zhang etal., 2018), the positive influence of the median building offset can be
relatedtothein the literature found positive influence of open space and sight (Loewen etal., 1993;
Rahm etal., 2021) and the negative influence of the mean building footprint area can be related to
the findings from the literature that many individual buildings ratherthan few large buildings
positively contributeto perceived safety (Harvey etal., 2015; Jansson, 2019). The feeling of
enclosure was also found to positively relateto perceived safety (Harvey et al., 2015; Stamps, 2005),
whichisin line with the resultthatthe facade lengthindex positively influences perceived safety.
However, the found positive influence of offset distance height ratio contradicts with the findings
fromthe literature as this does not contribute to the feeling of enclosure. Although, it does
contribute to open space and sight.

Relative low rho square

The relative weak rho square of the multinomial logit models for perceived beauty, liveliness, and
safety highlight that the built environment elements that have been found toinfluence human
perceptioninthisresearch, have alimited influence on human perception. Also this could indicate
that the gathered datais lacking on accuracy, that the selected method of using discrete choice
modelsdoes notalign very well to the complexity of the relations ora combination of the above.
This subsection contains a brief reflection on how choices and limitations in the data gatheringand
analysis process might have influenced the low rho square of the models.

Consideringthe limited influence of the included attributes. This can be explained by the limited
influence of volumetricbuilt environment elements on human perception. thisis supported by
findingsinthe literature mentioning plenty non-volumetricbuilt environment elements toinfluence
human perception. Including built environment elements concerning the detailing of urban objects,
the building facades and elements related to street life. Additionally, how humans perceive
somethingvaries perindividual. Therefore, it can be considered as a subjective concept. However,
thereisgenerally ashared perception overalarge group of people, inthisthe sisreferred to as
objective aspect of human perception. The limited influence of the included builtenvironment
elements could also indicate that the objective aspect of human perceptionislimited, atleast
concerningthe respondents of the Place Pulse 2.0dataset. Since the socio-demographic background
of the respondentsis notknown from this dataset, it will remain unclearto which extentthe
perception of humans concerningthe built environment from astreet view perspective isinfluenced
by someone’s socio-demographicbackground. Literature on the other hand mentions that the socio-
demographicand personal background of anindividual does influence anindividual’s perception.
Altogether, itislikely thatthe rho square of the estimated modelsis, amongothers, low because
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onlyvolumetricbuilt environment elements could and have been included and because only the
human perception on objective characteristics of built environment is considered.

Additionally, inaccuracy of the data and limitations resulting from the available data could have
negatively affected the rho square of the models. Regarding the inconsistency, building height data
was not available inaconsistent manner, the included height value sometimes referred to the
median and sometimes to the maximum building height forexample.

Furthermore, the dataset contained many differentcities and urban settings. Asaresult, many non-
measured built environmental elements are presentinthe images used to measure human
perception and likely influencing people’s choices. These non-measured elements do notonly
contain non-volumetricelements as referred toin the paragraph above butalso non-measured
volumetricdata. Including for example the composition of volumes and sidewalk widths. This data
was generally notavailable inaconsistent mannerforall cities that have beenincluded. Inaddition,
several well-known cities and different types of cities have been included, human perception could
be affected by someone’s general perception of acity. In relation to this, people seem to perceive
different urban typologies differently on general, relating to the composition of the volumetric
urban elements. As this compositionis notincluded in the analysis, the perception of certain urban
typologies has not been accounted forinthe analysis.

Altogether, thereare multiple potential explanations for the relative low rho square. Several are
related to limitations as aresult of the goal to incorporate human perceptionin computational
urban design, some of them are related to the availability of dataand some of them are related to
choices made inthe data gathering process. A furtherreflection onthe overallmethodis provided at
the end of this thesisinthe conclusion, discussion and recommendation chapter.

3.4. Conclusionresearchphaseone

The objective of research phase one, istofind ananswerto the sub question: How can the relation
between the built environment and human perception be quantified sothatit can be incorporated
incomputational urban design?

In orderto find an answerto this question, amethodology has been designed withthe aimtofinda
quantified relationship between volumetric built environment elements and each of the three, in
thisresearchincluded, human perception categories. The selected methodology has been based on
findings in existing literature on measuring human perceptionin relation to the built environment,
available resources and the overall scope and objective of this research. Asaresult, a bigdata
approach has been applied making use of street view images and human perception choices from
the Place Pulse 2.0 dataset (Dubey etal., 2016). The imagesinthis dataset have been segmentedto
retrieve built environment data of the built environmentvisible in the images and the location of
these images have been used toretrieve built environment data of the built environmental context
of the image locations. Using the choice data from Place Pulse 2.0 datasetand the retrieved built
environment data, the relation between the volumetric built environmentand human perception
has been quantified using multinomial logit analysis. This approach has been selected foranalysis
sinceitresultsineasyinterpretable and accurate quantified formula’s describing the relations. Since
thisresearchisa firstattempttoincorporate human perceptionin computationalurban design, it
was considered thateasy interpretable and implementable relationships are of highimportance
whentheyare used to be implemented in computational urban design.

Formulatingan answertothe raised sub question: the overall methodology of usingabigdata
approach, using many different available open data sources to gatherthe data and using
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multinomiallogit analysis to analyses the data can be considered as a suitable approach within the
scope of thisresearch.

However, it must be noted that there is still room forimprovement concerning the accuracy of the
guantified relations between the volumetric built environment and human perception. Relating
mainly to a lack of accuracy in the available dataand the subjective aspect of human perception.
Whereas using streetview images in a big data approach provided advantages such as the
availability of dataand the realisticchoice alternatives, street view images are real environments
visualized inanimage taken from a human perspective, itis difficult to control the data. Resultingin
many potential influentialbuilt environment and non-built environment elements that have not
been capturedinthisresearch affectingthe respondents’ choices. Also, the availability of the built
environment data was limited resultingin assumptions that had to be made andinconsistencyin the
builtenvironmentinput data. Furthermore, the choice data did not contain any socio-demographical
data on the respondents. A methodology thatis able to limit the influence of non-captured elements
influencing human perception, enables the inclusion of more consistentand accurate dataand is
able to include the influence of socio-demographic characteristics of respondents while stillusing
discrete choice modelling to quantify the relationship between the volumetricbuilt environment
elementsand human perception would likelybe able toincrease the accuracy of the analysisresults
while maintaining easy interpretable and implementable relationships.
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4. Implementation Research Phase two

In this chapter, the process of incorporating the found relationships between the human perception
categories and the builtenvironment attributes in computational urban designis described. Within
this chapter, first the applied methodology forincorporation of the quantified relationships between
the built environment and human perception in computational urban designis described. Followed
by the description of the existing methodology and finally the implementation of the relationships
between the volumetricbuilt environment and the three human perception categoriesin
computational urban designis described. Figure 35 provides an overview of how research phase two
relates tothe overall research design.

Research phase
two

/ Research question 4:

- How can the
/ quantified relations be
incorporated in

computational urban
design?

|:| Adressed theme - Adressed theme centered around research question Chapter

Figure 35: Research phase two highlighted in the overall research design

4.1. Methodology

In the literature review on computational urban design, the definition of computational urban
designandthe difference between parametricand generative urban design is described. Applying
human perceptionin parametricdesign would limitthe parametricurban designtool tothe
provision of information on the perception of humans of adesign, while maximally maintaining the
design freedom and tasks of the user. Applying human perceptionin generative design would limit
the design freedom and tasks of the user but maximize the level of automatizationinthe design
process and therefore limitthe required design generation time. In order to make use of the
strengths of both parametricand computational urban design, acombination of the twois selected
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inthe inthisresearch applied methodology forincorporating human perception in computational
urban design.

Furthermore, as mentioned inthe literature review, many applications of computational urban
design have developed overtime. Inaddition, the strength of computational urban designisto be
comprehensive. As aresult, within this research, human perceptionisincorporated in computational
urban design by incorporatingit ontop of an existing computational urban design methodology. This
existing computational urban design methodology complies a parametricurban designtool, so
within thisresearch the generative aspect has been developed on top of the existing parametric
urban design tool. The overall resultis acomputational urban design methodology, including
multiple design aspects as well as parametricand generative urban design components. Figure 36,
visualizes the methodology appliedin research phase two, within the context of the overallresearch
methodology.
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How can the relation between the built enviornment and human perception be quantified so that it can be incorporated in
computational urban design?

Initial
TUDPUD
project

a

;
|
|
|
|
|
I
I
I
I
| Input data —
I

I S
Processing — Data | | Analysin
8 gathering vsing

% —
Ha

;
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|

Design }

parameters }

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Optimizing

Existing set of

methodologies

Parametric urban
design

Methodology incorporating human perception Output

Computational generated

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
! urban designs

Generative urban design component

Figure 36: Methodology applied in research phase two in relation to the overall applied methodology
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4.2. Existing set of methods

The existing set of methods have been developed as part of two graduation theses (Doan, 2021;
Garcia Gonzélez, 2019). Inthis documentthis set of methodsis referred to by the name TUDPUD (TU
Delft Parametric Urban Design Project). Since the implementation within this research is executed
on top of the created design output of the TUDPUD project, the objective, execution and output of
the TUDPUD project will be described briefly in this section.

4.2.1. TUDPUD objective
The objective of the TUDPUD projectis to enable interaction and knowledge sharingamongall
disciplines and stakeholders (Agugiaro etal., 2020). Furthermore, the tool is mainly designed for
small-scale urban development projects. More specificallyforaredevelopment projectin
Amsterdam Sloterdijk and in potential for otherlocationsin other Dutch cities (Doan, 2021). The tool
has the aimto be supportive inthe urban design process and requires the interaction with an urban
design expert. The mainintended user of the TUDPUD project therefore isan urban designer.
However, if the methodologies making up the TUDPUD project would be integratedinauserfriendly
manner, in principle every actorin the discipline urban development would be a potential user. The
ideaof the TUDPUD projectis that the strengths of the computerare maximally combined with the
strengths of the human design expert. The aim of the project therefore aligns with the conclusions
from Perez-Martinez etal. (2020) on the potential of computational urban design, advocatinga
hybrid work process between the computerand humansinthe design process.

This objective of creating a hybrid workflow between the design expert and the computeris
translatedinseveral inputvariables, forselecting these input variables the TUDPUD project has
several objectives aswell. The setting of the input variablesis centered around the idea of setting
the design variables based on the existing urban environment. Retrieving the values of the variables
from existing, selected, reference neighborhoods (Agugiaro etal., 2020) and retrieving datafromthe
direct context of the new to-be-designed area (Doan, 2021).

4.2.2. TUDPUD execution
Within the TUDPUD project, the userfirst hasto select existing reference neighborhoods. Based on
multiple datasets describing these existing neighborhoods in terms of buildings, land use, and quality
of life (Ministerie van Binnenlandse Zaken en Koninkrijksrelaties, n.d.), parameters such as the
dwelling size, building function, building density, and road typology are set for the to-be-designed
area (Agugiaro etal., 2020). Additionally, Doan (2021) included the direct urban context by
retrieving supportive decision data of the project site and its surrounding supporting the userto set
the values of the additional design variables. Figure 37 provides an overview of the dataretrieved
froma specificneighborhood and how thisis translated in the TUDPUD projecttoa buildingand
streettypology.
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Figure 37: Overview of retrieved data and created typology in TUDPUD project from existing urban environments (Agugiaro
etal., 2020)

In additiontothese design variables, describingamong others the division of building functions and
the number of square meters perhousehold, the userhasto setthe spatial design variables. This
comesdown to providing the computerwith input on: the buildings that have to be kept, the to be
developed plots, the geometric building type (solid buildings or courtyard buildings) and the spatial
configuration of the road infrastructure. The design process is specifically developed to be suitable
for a specificsite, being Sloterdijk | in Amsterdam. This currently is an industry/ business park but is
plannedto be transformed into an urban livingand working district. The existing buildings, parcel
sizesand street network, have to be selected or defined by the user.

Furthermore, the userisalso able toinclude requirements and limitations asinput. The
requirements and limitations vary fromthe required number of households to the maximum
building height perbuilding function type. The required input and the resulting output of the
TUDPUD projectisschematically visualized in Figure 38.
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Figure 38: The input (left) and the resulting output (right) in the TUDPUD project
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4.2.3. TUDPUD output
Due to the design parameters and processinthe TUDPUD project, the outputresultsin specific
designs. Meaningthat the output of the TUDPUD projectresultsina certain urban formand
structure that is likely to be different from many existing urban environments or outputs from other
urban design methodologies. An example is the option between a courtyard buildingand asolid
buildingthatisusedinthe designinputand directly affecting the design output by restricting the
building typologies to these two, asisvisible in Figure 38.

Overall, the output can be categorized in two categories: the building output and the street output.
Both the buildings and the streets have a specifictypology. The output can be stored as a scenarioin
a 3D City Database, based on PostGIS. From database, for this research specifically, the output has
been exported to ashapefile. This shapefile contains 2D footprints of the street segments and the
buildings along with semanticdata on the function(s) of the building and street segment. Here the
streetis builtup out of stripsin which every strip has a function, varying between a pedestrian path,
bike path, street parking strip, car road, vegetation, and canal. The buildings contain semanticdata
on the function, multifunctional orresidential, the building heightandifitis an existing building or
not. The shape of the newly designed buildingsis generally rectangular, although exceptions exist,
and new buildings always have aflat roof. The shape of the existing buildings is approximately the
actual shape of the building with aflat roof. Figure 39 provides an overview of two different design
scenarios created withinthe TUDPUD project. In Figure 39, visible are among others the optionsto
vary in streettypology, building function (residential in yellow vs mixed use in blue) and building
type (courtyard or closed).

Figure 39: Overview of two different output scenario’s (Agugiaro etal., 2020)

4.3. Implementation Method
Within this subsection, the used implementation method is described. Starting with acomplete
overview of the used implementation method, followed by in depth descriptions of the different
components of the overall method. Figure 40, provides an overview of the overallmethod used to
build the computational urban designtool.

4.3.1. Overviewof the overall implementation method
The parametricdesign aspect of the TUDPUD project has been created in Grasshopper. The in this
research created extensionis also created in Grasshopper. The aim of the created extensionisto be
able to analyze agenerated output, ascenario, of the TUDPUD project on perceived beauty,
liveliness, and safety but also to optimize ascenario on each of these three human perception
categories. As a result, the implementation lays alink to the TUDPUD project by importing ascenario
generated inthe TUDPUD project. However, the main element of the implementation method is to
retrieve the relevant data fromthe design, analyze the design and optionally to optimize the design
by changing design variables.
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Important to noteis that although the eventual aim of the created tool is to enable an optimization
so that the designs maximally align to human perception, the tool also enables solely an analysis of
the imported scenario on human perception. Therefore, in Grasshopper, the usercanselectthe
analysis mode orthe optimization mode. The analysis mode analyzes the loaded output design of
the TUDPUD project on human perception whereas the optimization mode allows the user to
optimize the loaded TUDPUD project design.

From a technical perspective, the tool consists of five technical components. In this subsection, a
briefintroductiontothese componentsisgiveninwhichthe reference numberto the componentin
Figure 40 is providedin between the brackets (). The first component concerns the loading of the
data retrieved from the initial TUDPUD project (1) whichisthen processedintoa3D environme nt
(2). These two components only run once and are not part of an iterative process. When the initial
urban designis processed, datais gathered fromthe initial design (3). This datais then analyzed on
each human perception category (4). After that the initial designisanalyzed, the usercan start with
adjusting and optimizing the design. When the user wants to do this, he or she switchesto the
optimizing mode, triggering the initial design to be decomposed and re-composed based on values
of the design variables. These design variables can be set by the optimization algorithms. Based on
the new setvalues of the design variables, anew 3D environmentis generated (5), datais gathered
again from the new design (3) and the new designis analyzed (4). Within the optimization process,
components 3,4 and 5 are iterated.
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4.3.2. Dataimport & processing
Thefirststepis loadingthe input data. The input data is loaded into Grasshopper using the Urbano
plugin (Dogan etal., 2020) and the data format of the inputdatais a shapefile. The inputdata
consists of geometricdatain the form of points and semanticdata. Using the pointdata, the street
strips and the building footprints can be regeneratedin Rhinointo polylines and surface boundary
representations. Since Grasshopper makes use of datatreesto link semantic data with geometric
data, the street strip function and building heightis storedinanested tree in the same orderas the
geometricdata. There are likely to be more and possibly more straightforward methods for
regeneration of 2D geofiles, such as shapefiles, into 3Din Grasshopper howeverthis method was
selected as the process was well documented and resulted in the desired outcome.

Followingthe dataimportfrom a shapefile into geometricand semanticdatatrees, the 2D building
footprints are extruded into 3D volumes. Additionally, the vegetation stripsin the streetlayoutare
filled with trees. Every street segment can have two vegetation stripsin the initial loaded design
(analyze mode). Inthe optimization phase (optimization mode), the computercan add two
additional vegetation strips resultingin a total of maximal fourvegetation strips perstreet segment.
This has been done to provide the computer with more design freedominterms of tree placement
duringthe optimization phase. The number of trees pervegetation strip are based on both the
length of the vegetation strip and the total area of the vegetation strip. The required number of
square metervegetation strip and required length of vegetation pertree can be set by the user.In
the demonstration process usedin this thesis, the numbers have been setto one tree per 200
square meterstrip area and one tree per 30 meters strip length. Grasshopperthen placesthe
calculated number of points of origin of the trees randomly in the vegetation strips. Since this can
resultintreeslocatedthat close to each otherthat theyintersect after 3D generation, Grasshopper
removes a pointof origin of a tree inthe same stripifit is withinadistance to the tree smallerthan
the radius of the sphere making up the branches of the tree. Then, from every point of origin the
treeisgeneratedin 3D. Every tree consists of a cylindertree trunkand a sphere makingup the tree
branches. The useris able toset the parameters forthe cylinderand sphere and every tree has
exactly the same shape. Making the vegetation strip layout the determinant factorin the number of
treesvisible fromacertain point. Table 24 presents the tree design variables which are inflexible
duringthe optimization phase.

Table 24, Inflexible tree design parameters
‘ Design parameter type ‘ Design parameter

Tree shape Stem length

Stemradius

Sphereradius

Tree density Numbersquare meterrequired pertree
Strip length required pertree

Besidesthe buildings and the trees, aground surface and sky is generated. The ground surface isa
flat planarsurface generated at the height of the lowest points of the buildings and street strips. The
sky surface is an enlarged duplicate of the ground surface at several meters above the highest
building.

Finally, the boundary representations of the trees, buildings and street strips are transformed into
meshes, asa meshisa more useful geometrical dataformatinthe analysis. The meshes are then
visualized in Rhino. Figure 41visualizes the process of importingthe TUDPUD outputinto the for this
research created Grasshopper script.
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Figure 41: Importing the TUDPUD output into the for this research created Grasshopper script

4.3.3. Dataretrieval
Afterthe processing of the loaded design generated as a result of the TUDPUD design process, data
isretrieved fromthe designthatis used asinputfor the analysis. This dataretrieval processis
following as much as possible the same procedure usedinthe dataretrieval process usedin phase

one of thisresearch, in which the relation between the volumetric built environmentand human
perception has beenanalyzed.

The firststepin the data retrieval processisthe generation of points of analysis, the points of
analysis are comparable with the image locationsin research phase one. The user hasto provide the
distance between two points of analysis, hereby influencing the accuracy and speed of the analysis.

As smallerdistances resultin more points of analysis and therefore a more accurate analysis result
but alsoa longer computationtime.

For most attributes, the points of analysis have been used to gather data for that location. However,
for some attributes that data has been gathered forthe complete street segment. Mainly since
gathering dataon the streetsegment forthese attributesis significantlyless complex to programin
the data gathering script. Table 25 provides an overview per attribute on the aggregation level of the
data gathering process used for that attribute.

For every point of analysis both buffersand a3D isovistis generatedin ordertoretrieve the
attribute data. The bufferis generatedinthe same manneras in research phase one whereas the 3D
isovistis used to compute the image share data, whereas the image share data was calculatedin
research phase one based onimage segmentation. Figure 42 visualizes the dataretrieval process.
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Figure 42: Visualisation of the data retrieval process

3D Isovist

The 3D isovistapproach usedinthisresearchis of a comparable approach usedin the research of
Michailidou on the influence of visible views on cyclists’ route choices (Michailidou, 2019). A sphere
isgenerated with the point of analysis as center point, the point of analysisis setatan altitude of
1.65 metersto approach the average height of ahuman eye. The sphereisthen subdivided in equal
surface partitions. Then, rays are computed fromthe middle of the sphere tothe corner points of
the partitioned surfaces. The number of partitioned surfaces and thereforethe number of rays from
one pointof analysis are provided by the user, againinfluencingthe accuracy and speed of the
analysis. Afterthe computation of the rays, the rays having an angle thatlays outside the potential
view of a person looking straight forward are excluded. However, forevery point of analysisitis
assumed thata person can turn around 360 degrees around the z-axis. Thus, only the rays pointing
sharp up or down are excluded. Rays with an angle largerthan 50 degrees forthe upperfieldand 70

degreesforthe lowerfield have been excluded, these angles have been set based onthe 3D isovist
approach of Michailidou (2019). Figure 43 illustrates the resulting rays.

Upper view-- 50°

/4

/

70°- Towerview

Figure 43: 2D section view of the rays emerging from a point of analysis, representing the eyes of a human
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The resultingrays are thentested forintersection with buildings, trees, and the sky. Every ray is
marked if it intersects with a building or not, ifit intersects with atree or not, and if it intersects with
the sky or not. It could happen that one ray intersects with more than one of the three classes. In
this case the ray isonly marked to intersect with the class of which the intersection pointis closest
to the observer. Finally, the tree share, building share and sky share visible from a certain point of
analysis are calculated by dividing the marked rays of each class by the total rays generated around
that point of analysis.

Table 25: Overview of attribute data gathered
Built Attribute Attribute Measurement level Retrieval Max
environment abbreviation technique building

element distance

Share data Tree share TS Pointof Analysis 3D isovist
Sky share SS Pointof Analysis 3D isovist -
Building share BS Pointof Analysis 3D isovist -
Building Height mean Hmean Point of Analysis Buffer 300
Height
Height median Hmedian Point of Analysis Buffer 300
Height standard deviation Hstdevrel Pointof Analysis Buffer 300
relative
Height maximum Hmax Pointof Analysis Buffer 300
Absolute height difference AbHdif Pointof Analysis Buffer 300
Building Fagade length index FLI Streetsegment Streetoffset | 100
footprint
Area mean Amean Pointof Analysis Buffer 100
Area standard deviation Astdev Pointof Analysis Buffer 100
Area standard deviation Astdevrel Pointof Analysis Buffer 100
relative
Street Offset height ratio OHR Streetsegment Buffer & 100, 300
perspective street offset

Area selection

Additionally, to the 3D isovist, buffers are generated around the points of analysis. Alongthe street,
dependingonthe streettype, alinearbufferis generated. Additionally, acircularbufferis generated
havingthe point of analysis as center. The linear street buffer and the circular point of analysis
bufferare thenlaid ontop of each otherand the intersecting areais selected as area of analysis for
that specificpoint of analysis. Figure 44, visualizes the process.

These buffersthen markthe buildings that have beenincluded in the buffer zone of every point of

analysis, resultinginaselection of relevant buildings per point of analysis. Foreach selection the
building height and building area datais thenretrieved.
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Figure 44: Area selection from which data is retrieved

Street segment data retrieval

Perstreetsegment, the facade length index and the building offset of every buildingalong astreetis
retrieved. The facade length indexis calculated using the same procedureasin research phase one,
by setting multiple offset lines from a certain streetand dividing, for every offset line, the calculated
length thatis intersected by a building by the overall length of the offsetline. The offset line withthe
highestfacade lengthindexis used tosetthe facade lengthindex of that street segment. The
median building offsetis retrieved by taking the median of all smallest distances from an adjacent
buildingto the streetouterline.

The output of the data gathering processin Grasshopper are tables containing the attribute values
for every point of analysis.

4.3.4. Dataanalysis
In the data analysis part, the relationships foundin research phase one are incorporatedin
Grasshopper. Foreveryrelationship, for relative lowand high density environments and forevery
human perception category arelationship was identified, the found coefficients have been inserted
in Grasshopper. Usingthe incorporated relationships and the attribute values retrieved as result of
the data gathering processin Grasshopper, every point of analysis can be analysed on human

perception by multiplying the attribute values with the attribute coefficients. The sum of all relevant
attributes perpoint of analysisisthe perceived beauty, liveliness, or safety score.

The overall human perception score per category has been calculated for the design by taking the
mean value of all points of analysis presentin the design area. The overall score per human
perception categoryisvisualized relative to the overall score of the original design. The overall
scores for the different human perception categories are then used in the optimization algorithm.

4.3.5. From original design to flexible design based on design parameters
In the firstrun, the original design beingan outputscenario of the TUDPUD projectis analyzed on
each of the three human perception categories. However, in orderto allow the designsto be
improved concerning each of the three human perception categories, the possibilityto adjust them
isincorporated. The process of adjusting the original design concerns of mainly two phases, the
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importing of the original design and the decomposition phase which only run once and the re-
composition phase which runs everytimeinthe iteration process. The re-composition phase is

based on the design parameters and userrequirements. Figure 45visualizes the process of
generatinganew design based on design variablevalues from the original TUDPUD design.
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Figure 45: Re-composition process original design to new design based on the design variable values

Decomposing the original design

The original designloaded into Grasshopper has been created as a result of the TUDPUD project. The
TUDPUD project contains several design parameters of which multiple KPI’s that have been set
based on reference neighborhoods. These design parameters allow little variation in volumetric
characteristics of the building and open space that influence human perception based on the found
relationshipsin phase one of this research. Therefore, the original design has to be decomposed.
The decomposed design then forms the basis of the design parameters that enable anew, flexible
composition of the volumes again.

The decomposition process mainly comes downtofindingthe building plots and street centre lines.
Firstthe plot of the individual buildings is defined, thisis done by finding the adjacent streets and
settingthem as plotborders. In addition, aline is created halfway between two adjacent buildings
which becomes anotherplot borderforthe plots of both buildings. The plotlines are then merged
intoa polyline definingone plot.

The plot centre lines are found by computing the centreline of the canal, which is always the middle
street stripinthe output designs of the TUDPUD project.
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Re-composing based on the design variables (5)

In orderto re-compose the original designinto aflexible design based on the design variables as
input, the userhas to set several variables which are mainly the design variables and the user
requirements. Below, first the design variables will be presented after which the user requirements
will be presented. Finally, the process of re-composing the design based onthe design variables and
requirements willbe described.

Design variables

The designvariables used tore-composethe buildings and streets are presented in Table 26, they
can also be subdividedinthree categories: building height, building footprintand street typology.
The designvariables create the design freedom forthe computer, these are the only valuesthat can
be adjustedin the optimization phase. The values of the design parameters can be adjusted
automaticallyif they cause aninterference with arequirement. Forexample, if the sum of the strip
widthsislargerthan the maximum set street width.

Table 26: Design parameters

Design parameter type Design parameter Variation level

Building height Relative building height Individual building

Building footprint Plotdivision category All plots
Offsetadjacent building All building
Offsetstreet All buildings

Street typology Canal width All streets
Vegetation stripinner width All streets
Road width All streets
Street parking width All streets
Vegetation strip outer width All streets
Bike path width All streets
Pedestrian pathwidth All streets

User requirements

The user requirements are different fromthe design variables as they cannot be touched by the
computerbutonly by the user. Table 27 contains an overview of all included requirements.

Table 27: Requirement overview

‘ Requirement type | Options | Requirement Remark
Amount of square Original design Every new design should contain an
meters equal amount of totalsquare meters as
in the originaldesign
New total Every new design should contain a total
of X square meters
New perdwelling | Every new designshould contain X Three types of dwellings
type dwellings of Xsquare meters can be inserted
Building offset - Minimum distance between adjacent
buildings
Building height - Maximum building height

- Minimum building height

Street typology - Maximumstreet width

- Minimum strip width
Daylight - Minimum daylight The share ofbuilding

faces allowing to drop
below the minimum can
alsobeset
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Re-composition process

The re-composition process based on the design variables mainly takes place in three steps. First the
streettypologyisre-composed, then the building footprints are re-composed and finally the building
heights are setagain. Below a descriptionis provided per main step on how the Grasshopper script
re-composes the design with the design variables.

Streettypology

The street centre lines form the basis of the re-composition process of the new streets together with
the design parameters. Starting with the centre line, the canal isinsertedinthe ‘new’ street with the
new canal width. Followed by the innergreen strips on each side of the canal. If the inserted canal
widthistoo small, the canalisremoved and the innergreen strips are mergedintoone green strip.
Nexttothe innergreenstrips, the road strips are inserted followed by the street parking strips, the
outergreenstrip, the bike path and the pedestrian path strips. The new width of the strips are the
widths assignedtoit by the design parameters. The strips furthermore have a minimum width
exceptforthe vegetation strips and the canal, to assure that a car, cyclist and pedestrian will always
be able to move through the street. Finally, the usercan seta maximum width forthe street. If the
newly composed street exceeds thiswidth, the strips are shrunk based on their relative width.
Figure 46 visualizes how the original streetis re-composed based on the design variables, taking the
centrelines as starting point.

Figure 46: Re-composition process of the street typology

Building footprint

In the composition process of the new building footprints, the following steps are taken: First the
plotoutline of each original buildingis defined. The plot borderlines are defined on the following
manner: The outerborders of the plotalongthe street take the street as borderline, the plot border
line between two original buildings is defined by aline laying exactly halfway the tw o buildings and if
a side of the original building neither borders astreet nora building, the side of the original building
istaken as plot borderline. Second the new building outline is defined based on the values of the
designvariables. The new building outlines are thus, simply stated, ashrunk version of its plotor a
copy of the plotif the offsetdistances are setto zero. Figure 47 shows how the original buildings are
reshapedinthe re-composition process, resultingin adefined plot peroriginal buildingand
eventually anew building footprint.
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Figure 47: Re-composition process of the buildings

Here, twothings are importantto note. First of all, if a buildingis a courtyard building, the thickness
of the buildingis keptthe same asinthe original design. Thus, if the buildingis shrunk, the courtyard
isshrunk as well. If one side of the square courtyard becomes too small, the courtyard is deleted.
Additionally, if one side of the building is pushed that farfrom the plotside that it crosses the other
side of the building footprint causing the normal of the building footprintto flip orif a part of the
building footprint crosses the building plot the buildingis deleted.

However, the process above does not describe the final output of the building footprints. Based on
the parcellation category, the building footprints can be subdivided into finer footprints. There are
foursubdivision categories: zero up and until three. Category zero does not subdivide the buildings,
category one cuts the courtyard buildings so thatthe corners and sides become separate buildings,
category two additionally cuts the longest sides into two and category three additionally cuts the
longestremaining building sides in two again. Simply stated, the largerthe subdivision category, the
finerthe building footprints. Figure 48visualizes the subdivision options of a building based on the
parcellation categories.

When the buildings are subdivided into smaller buildings (category one up and until three),
subdivided buildings can be automatically removed if they are too close to anotherbuilding on
another plotand if they are not corner buildings oradjacenttothe street. The usercan setthe
minimum required distance between two buildings on separate plots.

r—— — —

Figure 48: Subdivision of parcels in parcellation category 0-3

Building height

Finally, the re-composition of the buildings is completed by setting the building heights of all
buildingsindividually. Here, regardless of the buildings being subdivided or not, every single building
can be setto an unique building heightinthe design parameters. Forthe setting of the building
height, the following procedure is followed inthe Grasshopper script:
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Figure 49: generating new buildings based on the building height design variables

Firstthe Grasshopper scriptsetsthe individual buildings tothe building heights provided by the
designvariables, visualized in Figure 49. Then, the volume of all buildings togetherin terms of total
square metersis calculated by dividing the building heights of the individual buildings by aset floor
heightand multiplying thesevalues with the footprint areas of the building. Then Grasshopper
calculatesthe difference between the total required volume and the total generated volume with
the set footprintsand building heights. If the generated volume is more than the required volume,
Grasshopperreduces the building heights of all buildings by removing floors, the amount of floors
that are removedis set perbuilding according to the contribution of that building to the total
volume of all generated buildings together. If the generated volume is too little, Grasshopperadds
additional floors to the buildings according to the contribution of that building to the total volume of
all buildings together. Figure 50 illustrates this process if the total volume exceeds the required

Uialans

Figure 50: Limiting the building heights to meet the required volume

Besides the volume requirement, the usercan also seta maximum height requirement. This
requirementisimportant sothatthe computercannotreduce the footprintarea of a building almost
limitlessly while still meeting the volume requirement by generating an extremely high building. The
principle forlimiting the heights of the buildings is the same principle used for maintaining the
overall building volume. However, this process is somewhat more comprehensive including
iterations overthe buildings whichis not well supported by Grasshopper. Therefore, a Python script
isimplemented in Grasshopper to limitthe building heights. This script uses the following
procedure:

The buildings are storedina listand sorted from high to low. Iterating overthe list of buildings,
every buildingis checked on meeting the maximum height requirement. If the height of a building
exceeds the maximum height, the building heightis reduced to the maximum height. This means
that a certainamount of square metersisremoved from the building volume, thisamount of square
metersisthenspread overthe otherbuildings by adding additional floors to the other buildings
accordingto the contribution of abuildingtothe overall building volume. Thus, more square meters
are added to a buildingalready containing alot of square metersthanto a building containing
relative little square meters. The addition of floors to the otherbuildings resultsin new building
heights, the building heights are updated in the list of building heights and the script continuesto
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the nextbuildinginthe list. This process continues untilall buildingsin the building height listare
checked on meeting the building height requirements. Figure 51 visualizes this process.

Height
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Figure 51: Balancing of building heights to meet maximum height and volume requirement

As a consequence, the initialabsolute building heights inserted by the design variable values are
transformed to relative building heightsin orderforthe newly generated design to meet the volume
and maximum heightrequirement. Also, if the volume requirementis relatively high while the
maximum building height requirementis relatively low, the variationin building heights will

decrease. Figure 52visualizes the result of the height transformation process of the buildings so that
it meets the maximum heightand volume requirement.
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Figure 52: Result of the building height setting process

Daylight requirement

The final requirement that the designs should meetisthe daylight requirement. The daylight
requirementisincorporated by calculating the daylight factor for every facade forall buildingsinthe
generated design. The daylight factoris calculated using the ladybug plugin component “LBview
percent” (Roudsari & Pak, 2013). Thiscomponent calculates the percentage of view from certain
pointsona buildingtothe sky and open outdoors. Itis a fast component but providing accurate
insightinthe amount of daylightthata buildingreceives on acertainfacade. The view percentis
expressedin percentages, a percentage of 100% would indicate thatfroma certain pointon a
facade, a sky can be seenfromall view directions. As a consequence, this generally only occurs on
the roofs of buildings. The general highest achievable percentage forafacade lays around 50% since
alsoa significant part of the view is covered by the landscape evenif there are no buildings present.
For thisresearch, a regular grid of points on every facade is created from which the view percentage
is calculated. The average view percentage of all points onthe fagade is then calculated. The useris
able to seta minimum required daylight factor forevery buildingand a required average total
daylight factor. If the daylight factor conditions are not met, all buildings are removed from the
designinthe analysis and the buildings are marked red in the visualisation of the design. This leads

to relative low human perception scores and by marking the buildings red, itis communicated to the
userthat the design does not meet the requirements.
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4.3.6. Designoptimization
For the optimization of the design on human perception, perceived beauty, safety, orliveliness, the
usercan selectif he or she would like to optimize forone human perception category orfortwo or
three human perception categories, in other words the usercan select a single optimization
algorithm ora multi-objective optimization algorithm for finding the optimal design solution.
Furthermore, the usercanrun an optimization algorithm foronly the street typology, foronly the
building footprints, foronly the relative building heights or forall design parameters together.

Every optimization algorithminthe Grasshopper scriptis connected toone ormore objective
value(s), one of the human perception categories orall dependingonifitisa single - or multi-
objective algorithm, and to multiple design parameters. Simply stated, the optimization algorithms
try to maximize the connected objective value(s) by adjusting the connected design parameters.

The single objective optimization algorithms are accessible through the Galapagos plugin (Rutten,
2013). Galapagos enablesthe usertoselectfromtwo different types of optimization algorithms,
simulated annealing (SA) forfinding avalue thatapproaches the global optimum relative fastora
geneticalgorithm (GA) for finding the global optimum relatively slow.

For the multi-objective optimization, the multi-objective optimization algorithm Octopus has been
used (Vierlingeretal., 2018). Octopusis similarto the Galapagos optimization plug-in butincludes
the Pareto-principle for multiple goalsinit, in contradiction to Galapagos.

The optimization algorithms
The optimization algorithms used in Galapagos are SA and GA.

Simulated annealing

SAisa heuristicalgorithm that does not necessarily find the global optimum, howeverit does
attemptsto approach the global optimum. Specifically it does so based on the annealing process
used inthe domain of metallurgy (Kirkpatrick etal., 1983). In the optimization algorithm, this has the
effectthatthe algorithm starts to explore neighboring values (design parametervalues), in which
the algorithm accepts a neighboringvalueifitresultsinahigherobjective value orifresultsina
lowervalue laying within a certain maximum range. This range becomes smallerwhen the number
of iterationsincreases. In other words, the algorithm always takes on the neighboring value if it
resultsina highervalue allowingitto find the local optimumanditlooks for potential optimums by
exploring neighboring values havingalowervalue as well, enabling the jump from one local peak to
another.Inthe beginningittakes on neighboringvalues even whenithasarelative high decreasein
the objective value whereas atthe end it only accepts a neighboring value whenit has a relative low
decrease inthe objective value.

Genetic algorithm

The geneticalgorithm enables the finding of the global optimum. Geneticalgorithms do so by
initiallygenerating many different design solutions. Forevery solution afitness valueis calculated,
expressing the relative quality of the design solution. Based on the fitness value of adesign solution,
the bestdesignsolutions are selected for further calculation. In addition, new design solutions are
added by reproducingthe set of design solutionsleftinthe selection. This processis theniterated
until the stop conditionisreached. The stop condition can be assigned by the userand can be based
on a maximum number of generations, atime limit, unchanged design solutions, or a combination of
the tree.
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4.4. ConclusionResearch Phase Two

In this chapter, research phase two, ithas been described how the inresearch phase one found
relationships have beenimplemented in a generative urban design component forming an extension
of an existing parametricurban design methodology. Together, acomputational urban design
methodologyis created. The designed and developed process demonstrates an answerto sub
guestion 4: How can the quantified relations be incorporated in computational urban design?

The applied methodology toincorporate theserelations has been based on the capabilities of
parametricand generative urban design as well as earlier applications of computational urban
designtools. Thisenables auserto initially generate many designs parametrically, supported by
computer processes but maintain much design flexibility for the user. For every initially generated
design, the useris able to optimize the design forany ora combination of the three human
perception categories using the generative component created as part of thisresearch. The
guantified relationships can therefore be incorporated in computational urban design usinga
generative optimization approach. Altogether, enabling a userto generate an urban design based on
desired input KPI’s, set requirements and aligning maximally to human perceptionincluding the
relation to the existing contextin which the urban designis generated.

However, many improvements can still be made onthe incorporation of these quantified
relationships within the applied methodology. Concerningthe used implementation, the following
remarks can be made: The design freedom of the building shape, street layout and tree shape s,
sometimes partially, limited. The building shape can only be adjusted with the building height, and
footprint. Here, the footprint can only be changed by enlarging or shrinkingit butthe form of the
footprintshape cannot be changed. The building height can only be adjusted forthe complete
building, even though the original buildings can be subdivided in smaller buildings. One of the
potential solutions could be for example avoxel based building generation process, as this would
increase the design freedom dramatically. This would mean that, instead of one building block that is
customizable in shape through several design variables, buildings would be composed out of many
smallersquared blocks. These blocks can then be stacked so that the blocks togethercanformany
desired shape.

In addition, the incorporated quantified relationships between the built environment and human
perception are not able to influence the streetlayout. The streetlayoutis definedin the parametric
urban design process, after which the optimization processis not able to adjustitanymore. Even
thoughthe streetlayoutis expectedto be able tosignificantly influence the human perception
score.

Finally, the used implementation method does not allow trees to be flexiblein theirshape andin the
tree density. Asaresultthe spreadis more or less equal overthe different streets and the trees are
all the same. Since trees have been found to have a significantinfluenceon the overall human
perceptionscore, it would have beeninteresting to allow variation in tree density and dimensions
based on a designvariable.

The reason not to include the voxel based building shape generation process, the flexible street
layoutandthe flexibletree density and shape in the optimization phase of the computational urban
designtool, isthat this would extent the design freedom significantly again, resultinginlonger
computationtimes and a more extensive computationalurban design tool. Concerning the
generation and analysis process, thereis still room forimprovement concerningits pace. A faster
process would contribute to a significant faster optimization run, as an optimization run generally
consists out of many iterations of this process.
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5. Results

This chapter describesthe results of incorporating human perceptionin computational urban design
based on thisresearch’s applied methodology. The final results will be presented by describing the
optimization outputs. However, first the results of the sensitivity analysis will be described. This
sensitivity analysis focused on finding the individual effects of certain design variables on the human
perceptionscores. Before the results are presented and described, section 5.1first describes the test

scenariothat has been usedtoretrieve the results. Figure 53 highlights how this result chapteris
related tothe overall research design.
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Figure 53: Results in relation to the overall research design

5.1. Testscenario

The resultsall have beenretrieved by changing design variables or by applying optimizations to a set
testscenario. This testscenario consists out of four plots and the adjacent streets snipped outof a
larger design output of the TUDPUD project. The test scenario focusses on the high density
relationships as high density environments are generally more complex. Since they are more
complex, the application of supportive computational urban design tools would be able to
contribute more to these environments. In orderto generate adynamicand high density
environment, afake contextis generated around the test scenario. The actual contextis yetnamely
predominantly infrastructure, industrial buildings and open space. Figure 54, below provides an
overview of the general test scenario. In Figure 54 it is visible that the plots and centerlines are
marked inred, the plots stay alignedto the and cannot be changed. The centerlines of the streets
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cannot be changed either. Figure 54 also indicates the original buildings on plotzero tothree. The
new buildings have taken overthe shape of the plot. The fake context is made up of the grey
buildings surrounding the plots. The scenario’s used in the sensitivity analysis and the scenario’s
produced as a result of the optimization can vary through the design parameters butthe in Figure 54
marked context remains the same. Finally, forthe optimization runs on the test scenario, only the

geneticoptimization option has been used as, generally, the geneticoptimization was found to be
fasterwithinthe testscenario case.

Figure 54: Top and 3D view of original TUDPUD design

5.2. Sensitivity analysis
A sensitivity analysisis “the study of how the uncertainty in the output of a model (hnumerical or
otherwise)can be apportioned to different sources of uncertainty in the modelinput” (Saltelli, 2002,
p.1). The aim of the sensitivity analysisis to retrieve insightin the behavior of the computational
urban designtool by analyzing the effect of the input of the tool, the design variables, on the output
of the tool, the human perception scores. By reflecting the behavior of the tool on the found, and
implemented, relations between the built environmentand human perception, the sensitivity
analysis canalsofunction as a validation method for the created computational urban design tool.
The created computational urban designtool is able to make a distinction between low and high
density environments, for both environments different relations have beenincorporated and thus a
different behavior can be expected. Forthe aim of validating the created tool by understandingand
reflecting uponits behavior, only the high density relations have been tested in the sensitivity
analysis. Thisis considered to provide enough insightinthe tool to draw conclusions onthe
validation of its behavior.

5.2.1. Sensitivity analysis method
Itis possible todistinguish between two types of sensitivity analysis: one ata time analysis (OAT)
and global analysis. OAT analysis varies an input variable stepwise while keeping the remainder input
variables constant and relate thisto changesinthe output of the model. Whereas global analysis
include interactions between variables when testing the influence of input parameters on the output
of the model (Saltellietal., 2019).

In an OAT analysis, insight on the influence of individual design variables on the overall behaviour of
the model can be retrieved. However, the exactinfluence of adesign variable can neverbe found
whenthe othervariables are keptata constantlevel. If the contextis keptthe same orthe variation
of the contextis limited, the chance is small that the exact combinationisfoundthatresultsinthe
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worst or weakest design. A global sensitivity analysis doesinclude all options or all potentially
relevant options, howeverthe computation timein case of the created computational urban design
toolis too high to manage as part of this graduation research. Anindicationretrieved froman OAT
analysisis considered to be insightful enough to better understand the dynamics of the created tool.

In orderto retrieve insight on the effects of individual design variables on the human perception
scores, every design variable has been analyzed using a one-at-a-time (OAT) analysis. This means
that all but one variable are kept at a baseline value. The variablethatis analyzedis then stepwise
variedresultingin new outputs. These outputs, in this case human perception scores, are then saved
alongwiththe varied design variable value. This processisiterated forall variables that are tested.
In orderto conduct an OAT analysis, the baseline values need to be set. The overall set of baseline
values of the non-tested variable are referred to in the remainder of this section as the context.

However, within the design generation process, the parcellation category can be considered as a
fundamental design variable. The parcellation category only has four different design variable values
inwhich parcellation category zeroresults in adifferent design generation process then parcellation
categories one tothree. Therefore, the decision has been made to extent the OAT analysis by not
justvaryingevery designvariable stepwise in one context butintwo different conte xts. One context
being parcellation category zero, the roughest parcellation category, and one context being
parcellation category three, the finest parcellation category. As aresult, the run sensitivity analysis
cannot be considered as one pure OAT sensitivity analysis butasan OAT run on a base context with
parcellation category zeroand an OAT run on a base context with parcellation category three.

Furthermore, itisimportant to note that the daylight requirement has been switched off in the OAT
analysis. This has been done since the daylight requirement has beenincorporated inamannerthat
designsare deletedin case the design does not meetthe daylight requirement which results in
empty plots. Empty plots resultin standard low human perception scores which disturbs the
sensitivity analysis graphs and figures and empty plots are irrelevant as these do not concern an
actual design optionforthe user. Therefore, the consideration has been made thatit was more
interestingtoretrieve aninsightinthe pure effects of adesignvariable on the human perception
scores by switching off the daylight requirement. The otherrequirements do not remove but adjust
the generated design and have therefore been leftintactas these are part of the geometry
generation process ratherthan that they remove designs.

5.2.2. OAT setup
The OAT analysis has been conducted on all majordesign variables. The design variables have been
subdivided in the categories ‘Offset’, ‘Building heights’ and ‘Green Strip’. Furthermore, several
combinations of design variables have been made. Eitherthe parcellation zero context orthe

parcellation three context has beenapplied; Figure 55 below is animage of these two contexts. For
several design variables, the OAT analysis has only be conducted on the parcellation three context.
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Figure 55: The OAT context parcellation zero (left) and three (right)

The OAT analysisresults are expressedinthe following values: the Pearson correlation coe fficient
between the design variablevalues and the human perception scores, the minimum and maximum
found human perceptionvalues, the absolute difference between the maximum and minimum
found human perception values and the relative found difference between the human perception
values expressed as a percentage of the absolute difference divided by the found meanvalue.

Offset

The offsetrelated design variables are ‘adjacent building offset distance’ and ‘street offset distance’.
These distances apply to the buildings on all four plots. The distances have been setto vary between
0 and 30 metersin steps of two meters. Furthermore, the combination of the two design variables

has beenincluded separately inthe sensitivity analysis. As aresult, all potential footprint shapes of
the buildings are tested and related to the resulting human perception scores.

Building height

The building heightis asomewhat more complicated design variable category to test. This, since
every buildinginthe design hasits own designvariable setting the height. Inthe case of the
parcellation category resultingin the finest buildings, in total 40 design variables can be varied. In
which every design variable composes six optional values. Testing every combination becomes too
computational intensive. Therefore, forevery plot and for both parcellation categories zero and
three, one building varied on building height overall six optional values. As aresult, insight can be
retrieved on the potential influence the building height of one building has on each of the three
human perception categories. By varying the building height of one building on each plot, in addition
insights can be retrieved to which extent the location of an individual building might be able to
influenceits potentialimpact on each of the three human perception scores. Additionally, using the
Galapagos optimization algorithm, the worst and the best findable design has beenfound by only
varying the building height values. This way the steps cannot be traced but the overallinfluence fora
specificcontext of building heights on the overall human perception score can be found. As a result,

all the earlier mentioned output values of the OAT analysis can be computed except of the
correlation coefficient.

Green strip

Concerningthe street typology, more design variables are included then just the green strip. These
design variablestogethersetthe overall street width and the division of stripsin the street. The
overall street width influences the offset distance of abuilding from the centerline of the street.
However, the influence of the offset distance onthe human perception score is measured already
usingthe offset design variables. Furthermore, the user can seta maximum road width so only when
the total street width does not exceed this value, individual strip widths are able to influence the
total offset distance. In additiontothe limited influence of the street width, the strip widths of the
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street functions otherthan the green strip do not directly influencethe generation of any geometry
that influences the human perception scores. The green strip widths of the innerand outergreen
strip on the otherhand does as the green strip total area is one of the values settingthe number of
generated trees. Therefore, only the green strip widths are included in the sensitivity analysis. The
innerand outergreen strip have beenincludedindividually and combined.

5.2.3. Reflection incorporated analysis
The human perception scores are the output of the computational urban design tool. These scores
have been based onthe incorporatedrelationsfoundinresearch phase one.Inordertojudgeif the
influence of the design variables on the human perception scores make sense, asarecap, Table 27
contains the by the multinomiallogit models estimated coefficients for the built environment
attributesthat have beenfoundto be significant.

Table 27: Recap of the multinomial logit model estimates for every human perception category estimated on the high volume
datasets

Human perception . . . Estimate
Built environment attribute
category

Beauty Tree share 4.393
Height standard deviation relative -0.846
Offsetdistance heightratio -0.130
Liveliness Tree share 1.101
Absolute height difference 0.005
Facade lengthindex 1.470
Offsetdistance height ratio -0.119
Safety Skyshare -2.557
Buildingshare -1.073
Height median 0.014
Area standard deviation relative -0.259
Offsetdistance height ratio 0.132

5.2.4. OAT results
Table 28 contains an overview of the sensitivity analysis results. The table has horizontally been
subdividedin design variable categories and vertically inthe three human perception categories per
statistic. The correlation coefficientis expressed as Pearson correlation coefficientandis tested on
significance. The grey marked cells do not contain a value as the correlation coefficient was found to
be insignificant, if the cells contain avalue italso meansthat the correlationis significant. For
comparison betweenthe designvariables, itisimportant to take into account the base scenario,
varying on parcellation category. Furthermore, Table 28 highlights the strength of the correlation
coefficients perhuman perception category as well as the influence of an attribute perhuman
perception category usingablue tored colorscale. The bluer, the strongerthe correlation
coefficientand the bluerthe largerthe potential influence of adesignvariableon the respective
human perception score as found from the sensitivityanalysis. Since the absolute values for the
three human perception scores on which the correlations and the percentages, indicating the
influence of the design variablein terms of absolute difference as percentage of the mean score, are
not standardized inrelationto each otherand vary in magnitude between the human perception

categories, itis not possible to use the figuresin Table 28 to compare between human perception
categories.
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Table 28: Sensitivity analysis result overview

Base building bea live saf bea live saf bea live saf bea live saf | bea live  saf
scenario - number (Plot —
Design variable parcellation Building) cor min max dif % of mean
0 -0.07 -0.69 | -0.08 1.55 142 -1.55| 1.89 1.74 -1.20 | 0.34 0.32 0.35 20% 20% 26%
offset street 3 1.27 1.18 -1.13 | 1.71 1.66 -0.50 | 0.44 047 0.64 29% 33% 78%
E offset adjacent 0 0.64 -0.66 1.46 1.56 -1.70 | 2.02 1.90 -1.09 |1 0.56 0.34 0.61 32% 20% 43%
b building 3 -0.74 -0.91 0.77 149 141 -1.14 | 1.67 1.68 -0.85 ( 0.18 0.28 0.29 11% 18% 29%
0 1.26 1.24 -1.97 | 240 192 -0.75 | 1.14 0.68 1.22 62% 90%
combined 3 131 111 -1.20 | 1.87 1.75 -0.43 | 0.56 0.64 0.77 35% _ 94%
0 0 -0.32 -0.22 0.28 1.73 1.72 -1.70 | 2.12 195 -1.28 1 0.39 0.23 042 20% 13% 28%
1 -0.63 -0.60 0.55 1.76 173 -1.76 | 2.24 2.06 -1.30 [ 0.48 0.33 0.46 24% 17% 30%
2 -0.07 0.16 0.12 1.73 1.72 -1.59 | 2.00 1.84 -1.27 | 0.27 0.12 0.32 14% 7% 22%
.':; buildingheight first 3 -0.29 -0.28 0.21 1.73 1.72 -1.72 | 2.15 2.00 -1.27 | 042 0.28 0.45 22% 15% 30%
2 | buildingofeach plot 3 0-0 | | o078 1.65 1.59 -1.18 | 179 1.71 098|014 012 020 8% | 7%| 19%
%o 1-0 0.57 0.47 | -0.65 1.70 1.64 -1.17 | 1.77 1.72 -1.02 | 0.07 0.08 0.15 4% 5% 14%
'g 2-0 0.13 -0.39 1.77 1.70 -1.17 1 1.78 1.71 -1.17 | 0.01 0.01
3-0 -0.64 -0.39 0.83 1.76 1.70 -1.18 | 1.78 1.72 -1.17 | 0.02 0.02 0.01
EE: :g;:z:ﬁf:i” ; 124 147  -384| 202 212  -052| 078 065 332
o | greenstripinner 3 034 ( -0.84 0.90 177 160 -1.22 | 197 1.77 -0.88 | 0.20 0.17 0.34
E green strip outer 3 0.66 -0.77 0.89 1.75 161 -1.23 | 2.04 1.75 -0.88 | 0.28 0.14 0.36
g Innerand outer 058 135  -142| 214 177  -0.85| 1.56 041 0.57
green strip 3

As can be seen from Table 28, the strongest correlations can be seen for offset design variablesin parcellation category three. Furthermore, depending on
the human perception category, all three design variable types can have a stronginfluence on aspecifichuman perception score. The impact of individual
buildings onthe human perception scoresis limited. A more detailed description of the findings is provided below.
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Offset

Regardingthe impact of the offsetvariables on the overall human perception scores, it can be noted
from the results of the sensitivity analysis that especially the two variables combined are able to
influencethe human perception scores relative strongly. Thisis especially the case for perceived
liveliness, forwhich the offset distances are the most dominant design variable category based on
the precentral ability to change the human perception score.

The correlation coefficients for the offset design variables forthe parcellation category zero context
isgenerally weak whereas the coefficients are generally strong for the parcellation category three
context. Also, the signs swaps when the parcellation category changes concerning perceived safety
inrelationtothe street offsetand concerningall human perception categories in relation to the
adjacentbuilding distance. This behaviorindicates a strong, specific, influence of the parce llation
category. The change in direction of the correlation coefficient forthe adjacent building offset
distance can be explained by the behavior of the tool, as the tool removes buildings adjacent to each
otherifthe offset between two buildings of different plots becomes too small only for parcellation
categories one tothree but not for parcellation category zero. Concerning the correlation
coefficientsin parcellation category three, it can be noted that in accordance with the MNL model, a
largerstreetand adjacent building distance generally leads to lower perceived beauty and liveliness
scores whereasitgenerallyresultsin higherperceived safety scores.

Reflecting on Table 27, the relative high influence of offset distances on perceived liveliness can be
explained by the relativelarge influence of the ‘facade length index’ attribute and the ‘offset
distance heightratio’ attribute included in the relation between the built environmentand
perceived liveliness. For perceived beauty, the offset street distance directly influences the
perceived beauty score through the attribute ‘offset distance height ratio’, which negatively
influences the perceived beauty score as can be seen from Table 27. Explaining the negative
influence of the design variableas well. Whereas the design variable ‘offset adjacent building’ does
not seemto be directly related to perceived beauty through an influential built environment
attribute, the influence and positive correlation for the parcellation zero base settingsis likelyto be
the consequence of the attribute ‘Offset distance height ratio’ aswell. Asaresult of larger distances
between the building plots, the building footprints become smaller and the buildings become higher
to meetthe building volume requirements. Higher buildings that are notlocated furtheraway from
the streetresultinaloweroffset distance height ratioand thus a higher perceived beauty score.
Finally, concerning perceived safety, the offset distances resultin different sky view shares, building
view shares, median heights, footprint areas, and offset distance height ratios. The exactrelation
between the design variables and the perceived safety score is thus somewhat more difficult to
explainsolely based on the sensitivity analysis.

Building height

The influence of the building height of single buildings on the overall human perception score is
fairly limited, especiallyfor, the finer parcellation category three. This, however, is not surprisingly
as finerbuildings coverless areaand therefore less volume. When varying the building heights of all
buildings, the building heights do have arelative stronginfluenceon all human perception
categories butespecially on perceived safety. Forthe latteritis eventhe most dominant design
variable category based on the precentral ability to change the human perception score.

Interesting to note is the large amount of insignificant correlation coefficients forthe individual
building height design variables. Thisis likely to be aconsequence of among othersalow number of
observations. However, still this also means that the correlation found based on the small number of
observationsis mostly not strong enough to be found significant. Although, for perceived safety the
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correlation coefficient of the building height of the first building of the firstand fourth plot has been
foundto be significant. Thesevalues also indicate a contradicting behavior, asincreasing the height
of the first building on the first plot has a negative influence onthe perceived safetyscore whereas
increasingthe height of the first building on fourth plot has a positive influence on perceived safety.
It istherefore difficult tosayif the increase in building height of one building generally leads to
loweror higher human perception scores. A potential explanation of this contradicting effect can be
the requirement that the overall volume always needs to stay the same. Increasing one buildingin
heightthusresultsin decreasingotherbuildingsin heightif the footprints maintain the same. Also,
the location of the points of analysis can be related to this. A building thatislocated withinthe
bufferzone and within the line of sight of multiple points of analysisis likely to influence the score
more strongly. Since all building heights together can influence human perception scores strongly, it
can be stated that the exact composition of building heightsisimportantin relation to human
perception.

Reflecting on Table 27, higher buildings and building height variation generally influence the built
environment attributes: ‘height standard deviation relative’, ‘offset distance height ratio’, ‘absolute
height difference’, ‘sky share’, ‘building share’ and ‘height median’. All human perception categories
include atleast two of these attributessoit could be expected thatthe general influence is quite
high. However, for perceived beauty the dominance of the attribute ‘tree share’ could explain the
fairly limited influence and because of the volume requirement the general influence of the ‘offset
distance heightratio’ as a result of varying the building heights might be limited as well since
reducing one buildingin height resultsinincreasing another buildingin height. Furthermore, the
limited influence of varying one buildingin heightinrelation to the relative high influence of varying
all buildings for perceived liveliness could be the result of the attribute ‘absolute height difference’.
One buildingislikely to only affect afew points of analysis on this attribute whereas varying all
buildingsin heightis able to affectall points of analysis on this attribute. The large influence of
building heights on sky share can be explained by the attribute ‘sky share’ inrelation to the attribute
‘building share’. Minimizing sky share through increasing the building share ina view resultsin
higher perceived safety scores, an optimal composition of the buildings by varying building height
can influence this whereasforone building thisinfluence is limited. Furthermore, increasing the
height of the buildings laying in the buffer zone of most points of analysis positively contributes to
the perceived safety score through the attribute ‘height median’.

Green strip

The green strip sensitivity analysis was only conducted on the parcellation three context. The reason
for thisisthat the green strip width does notinfluence the building volumes of parcellation zero
buildings different then parcellation three buildings and the other way around, the type of buildings
varying per parcellation category do notinfluence the green strip width. From the sensitivity
analysis, it can be seenthatthe combination of the innerand outergreen strip width influences each
of the human perception scores relatively strong but especially perceived beauty is influenced
strongly.

For the width of the innerand outergreen strip individually, it can be seen that the influenceis
relatively limited howeveraclearinfluence isvisible in the correlation coefficients. The outergreen
strip most clearly influences perceived beauty positively whereas both the innerand outer green
strip show the same clearinfluencefor perceived liveliness (-) and perceived safety (+).

Reflecting on Table 27, the relative large influence of the green strip width on perceived beautyisin
line with what can be expected from Table 27. The attribute ‘tree share’ namely s of large influence
on perceived beauty and the green strip width is the only design variableinfluencing this. The
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attribute ‘tree share’ islessdominantin liveliness and influences perceived safety indirectly through
the attributes ‘sky share’ and ‘building share’, explaining the lowerinfluence of green strip width on
perceived liveliness and safety. Furthermore, the maximum width of the streetis constantso green
stripwidth does notinfluence the otherbuilt environment attributevalues. However, if the green
strips are very narrow and the otherstreet typology strips are relatively narrow as well, the total
streetwidth could be lowerthanthe maximum street width. Inthis case, the distance between a
buildingand the street centerline could become smaller. There is noindication from Table 28 that
this dynamicinfluenced the human perception scoresalot.

5.2.5. Conclusion OAT sensitivity analysis
In conclusion, Table 28 provides aclear overview of the strength of the mostrelevant design
variables on each human perception score. Perceived beauty is mostly influenced by the green strip
widths, perceived liveliness is mostly influenced by the offset distances and perceived safety is
mostly influenced by the building heights. Additionally, the offsetand green strip width design
variables show relative direct relationships with the human perception scores, showing the strongest
and least fluctuating correlation coefficients, whereas the building heights of the individual buildings
can have a strong collective influence if placed in a certain composition. The exact composition
determinesifanincreaseinbuilding heightleadstoanin-or decrease in human perceptionscore.
Furthermore, it can be seenfromthe different contextsin which the sensitivity analysis is conducted
that also the parcellation category can have quite a stronginfluence on the human perception
scores. On general, parcellation category zero resulted in higherhuman perception scores then
parcellation category three.

Finally, due tothe nature of the OAT analysis, it remains unknown to which extent interactions
between all design variables are able toinfluence the human perception scores and to which extent
an individual design variable contributes to this overall influence.

5.3. Single objective optimization
For each of the three human perception categories asingle objective optimizationisrun. The
objective of these optimizations was to maximize the respective human perception score. Within
thissection, asubsection describes the results from the optimization runs per human perception
category. In addition, abrief reflection on the sensitivity analysisisincluded perhuman perception
category. Asfor the sensitivity analysis, the optimization runs have only been conducted forthe high
density relationsinthe high density context. Finally, the optimization results for optimizing foreach
of the human perception categories are related to each other. The overall results are not yet
reflected onthe literature, research phase one and two. This will be done in the conclusion,
discussion and recommendation chapter.
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5.3.1. Perceived beauty
Regarding perceived beauty, the following remarks can be made based on the optimization output:
the output has the roughest parcellation category, zero. Furthermore, the street offset distanceis
fourteen meters and the adjacent building offset distance istwenty-one meters. These values result
inthe removal of the cornerbuilding on plot zero (see Figure 54 for the location of plot zero). The
innergreenstripisthinnerthanthe outergreenstrip, beingrespectively seven and ten meters.
Thereis no canal so the twoinnergreen strips are laying adjacent to each other. Finally, thereisa
slightvariationin building heights for the remaining three buildings.

In relation to the sensitivity analysis, the set rough parcellation category zeroisinline with what
could be expected as the roughest parcellation category in the sensitivity analysis shows higher
minimum and maximum scores than the finest parcellation category. The adjacent building offset
distance has a positive correlation with the perceived beauty score, as visible from the sensitivity
analysis. The relative high value of 21 meters, 30 metersis the maximum offset distance, thereforeis
also as expected from the sensitivity analysis. There are likelyto be many reasons that it has not
been setto the maximum. Forexample this could have been caused by the volume requirement or
the daylight requirement, both generally prevent buildings from becoming too thin and high. The
street offset distance of fourteenis somewhat less straightforward based on the sensitivity analysis.
For parcellation category zero it has a weak negative correlation (r=-0.07), sothere does notseemto
be a directrelation between the street offset distance and the perceived beauty score. The value of
fourteenislikely tobe a result of the dynamicsin the design generation process influenced by the
street offset distance value. The relative high green strip widths are alsoinline with the finding from
the sensitivity analysis that the outer green strip widthis positively correlating with the perceived
beauty score (r=0.66). In addition, the influence of the two green strip widths combinedis the
highestfrom all design variable combination concerning perceived beauty. Therefore, the relative
highvalues of seven and ten meters are as expected. Table 29 contains the design variables of the
importantdesign variables as well as the human perception scores and Figure 56 present visuals of
the on perceived beauty optimized design.

Table 29: Perceived beauty optimization output design variable values and human perception score values

| Design variable Value
Percelation category 0
Street offset 14
Adjacent building offset 21
Inner green strip width 7
Outer green strip width 10
Human perception category score Value
Perceived beauty score 2.39
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Figure 56: Overview of beauty optimization output
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5.3.2. Perceived liveliness
Regarding perceived liveliness, the following remarks can be made on the retrieved output: The
computersetsthe parcellation category to one, sets a reasonable smallstreet offset of three meters,
an adjacentbuilding offset of nine meters resultingin separated building blocks and wide green
stripsinwhich the outer green stripis setas the widest.

Reflecting this on the sensitivity analysis, it could have been expected that the parce llation category
zerowould have been selected when comparing the scores of the parcellation zero context with the
parcellation three context, in which parcellation zero showed the highest minimum and maximum
results. However, the sensitivity analysisis run in a contextin which all building heights except of the
varied one are equal. As can be seenin Figure 57, the building heights vary in the optimized output.
Thisdegree of variation would not have been possible with parce llation zero. The importance of
heightvariationisinline with the relative high influence of building heights as visible from the
sensitivity analysis. Table 30 contains the design variables of the important design variables as well
as the human perception scores. Figure 57 presents visuals of the on perceived liveliness optimized
design.

Table 30: Perceived liveliness optimization output design variable values and human perception score values

| Design variable | Value
Percelation category 1
Street offset 3
Adjacent building offset 9
Inner green strip width 7
Outer green strip width 10

| Human perception category score | Value
Perceived liveliness score 2.04
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Figure 57: Overview of liveliness optimization output
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5.3.3. Perceived safety
Regarding perceived safety, the following remarks can be made on the retrieved output: Asfor
perceived liveliness, the computerhas set the parcellation category toone. The street offsetis
somewhat higherinrelation to perceived liveliness and beauty, being eight meters. The Adjacent
building offsetis ten meters, again resultingin the separation of the building plots. The, in relation to
perceived beauty and liveliness, higher offset distances resultin general higheraverage building
heights. The green strip widths are again set to relative large values of nine meters forthe inner
strips and ten meters forthe outerstrips, making the outer strips again larger. Furthermore the
innergreen strips are separated by a canal. Finally, as can be seen from Fout! Verwijzingsbron niet
gevonden., the building heights of the individual buildings show quite some variation.

Reflectingtheseresults onthe sensitivity analysis, not setting the parcellation category to zero
seems logical as, the finer parcellation category three shows higher perceived safety results.
Although, notthe finest parcellation category is set by the computerfor maximum perceived safety
scores as parcellation category one is selected. Furthermore, the positive correlation with the offset
distances forthe non parcellation zero category contextin the sensitivity analysisisinline with the,
inrelationto perceived beauty and liveliness, higher offset distances. Finally, the large variationin
building heights are likely to be a result from the relative highimpact of building heights on the
overall perceived safety score. Table 31 contains the design variables of the important design
variables as well as the human perception scores. Figure 58 presents visuals of the on perceived
safety optimized design.

Table 31: Perceived safety optimization output design variable values and human perception score values

| Design variable Value
Percelation category 1
Street offset 16
Adjacent building offset 0
Inner green strip width 12
Outer green strip width 15

| Human perception category score Value
Perceived safety score -0.23
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Figure 58: Overview of safety optimization output
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5.3.4. Relating perceived beauty, liveliness, and safety to each other
Relatingthe design variable values of perceived beauty, liveliness, and safety resultsin the following
remarks: First of all, only perceived beauty has parcellation category zero. In combination with the
fewervariationin building heights,seen from Figures 56, 57 and 58 above, the perceived beauty
optimal design can be considered as simplerand more uniform. Liveliness has the smallest offset
distances sothe building footprints are the largest but the mean height the lowest, liveliness does
howevershow the mostvariationinbuilding heights. Concerningthe green strip widths, it can be
seenthatfor perceived beauty and liveliness, the innergreenstripis thinnerthanthe outergreen
strip whereas thisisthe otherway around for perceived safety. The perceived safety optimization
output designisalsothe only one havinga canal. This difference could be aconsequence of the view
share attributesincluded forthe human perception relations. The equation calculating the perceived
beauty and safety score include tree share, whereas the equation calculating perceived safety
includes building share and sky share but not tree share. Here building and sky share do have a
negative influence on perceived safety, sothe tree share is likely to be maximized. However, sky
share has a larger negative effect on perceived safety then building share. As aresult, the way tree
share is maximized for perceived safety could differ since notonly tree share is maximized but also
sky share is minimized. The preference of building share over sky share concerning perceived safety
could be a reason why the adjacent building offset distance is set to zero, especially as the fagade
lengthindexis notincludedinthe calculation forperceived safety.

From the human perception score, specificallyin relationtothe above, itisinterestingto see that
the optimized output for perceived liveliness shows avery high perceived beauty score aswell (2.31)
whichisslightly lowerthan the perceived beautyscore forthe optimized perceived beauty output
(2.39). The other way around, this also applies but not as strongly as the perceived liveliness score of
the optimal perceived beauty designis 1.92 whereas the perceived liveliness score forthe optimal
perceived liveliness designis 2.04. This could be the consequence of the, in relation to perceived
liveliness and safety, high dependency of perceived beauty onthe tree share. The green strip widths
are namely the same in the optimal perceived beauty and optimal perceived liveliness design.
Furthermore itisinterestingto see thatthe optimal perceived safety score leads to relative low
perceived beauty and liveliness scores. Table 32 provides on overview of the design variable values
and human perception scores of the on all three different human perception categories optimized
designs.

Table 32: The design variable and human perception score values of perceived beauty, liveliness, and safety related to each

other

| Design variable Beauty value Liveliness value Safety value
Percelation category 0 1 1
Street offset 14 3 16
Adjacent building offset 21 9 0
Inner green strip width 7 7 12
Outer green strip width 10 10 15
Perceived beauty score 2.39 2.31 0.69
Perceived liveliness score 1.92 2.04 1.02
Perceived safety score -1.88 -1.80 -0.23
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5.4. Multiobjective optimization

In this section, the output of a run multi objective optimizationis provided and described. The above
section, onthe single optimization, already described several conflicts between the design variable
values and the human perception scores.

The output of the multi objective optimization is presented by the Octopus pluginin Grasshopper
through a 3D scatterplot. Here every pointrepresents adesigninthe Pareto front, meaningthat the
in Figure 59 visualized points represent designs that cannot be improved on one human perception
category without decreasing the score of another human perception category.

£ Satety 2:1.92

=

30
Figure 59: Pareto front represented in the output 3D scatterplot

The output has been generated based on 25 generations all consisting of 100 designs. The designs
have been multi-objectively optimized using geneticoptimization. In contradiction to the single
objective optimization, generallyfewer generations have been produced. More generations would
likely resultinaslightly higherscore, however, would also require more computationtime. In
contradiction tothe single objective optimization, the goal of the multi objective optimizationis not
to find the most optimal design but to demonstrate the results of acomprehensive optimization
process considering more than one human perception category and considering the practical use of
the created tool. In practice, the goal is to get supported during the design process and to get
informed on potential design solutions aligning to human perception. The required time todosois
an important consideration here. Below, several designs have been highlighted from the Pareto
front, in Figure 59 these designs have been marked by numbers one to three. Starting with the
designthat maximizes perceived safety while not considering perceived beauty and liveliness, this
designis presentedin Figure60 (1in Figure 59). Second, the design balancing the three human
perception categoriesis presentedin Figure 61(2 in Figure 59). Third, the design aligning optimally
to perceived beauty and liveliness but not to perceived safety is presentedin Figure 62 (3 in Figure
59). Finally, the design variable values and human perception scores of t
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Figure 62: Pareto front optimized design perceived beauty and liveliness

From the multi-objective optimization itappearsthat perceived beauty and liveliness seemto go
handin hand when optimizing for one of them as there are only slightvariationsin the perceived
beauty and safety scores for the designsinthe Pareto front. Perceived safety seems to be conflicting
with perceived beauty and livelinessin the Pareto front. Thisisalsovisible in the three highlighted
designs, the designed marked by one shows arelative high perceived safety but relative low
perceived beauty and liveliness scores. The design marked by three shows relative high perceived
beauty and liveliness scores butarelative low perceived safetyscore.

Table 33: Design variable values and human human perception scores for output one to three in the Pareto Front

| Design variable ‘ 1 2 3
Percelation category 2 2 0
Street offset 1 2 2
Adjacent building offset 0 3 3
Inner green strip width 16 12 15
Outer green strip width 17 20 4
Perceived beauty score 0.80 1.72 2.14
Perceived liveliness score 1.19 1.72 2.06
Perceived safety score -0.39 -0.94 -1.92
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5.5. ConclusionResults

Usinga testscenario, beinga part of an TUDPUD outputdesign surrounded by a high density
context, the created computational urban designtool has beentested onits outcomes. The results
have been presented firstin the form of a sensitivity analysis, after which the single objective
optimizationresultforeach human perception category was presented and finally several results of
the conducted multi-objective optimization have been presented. From this set of analysis and
optimization runs the following conclusions can be drawn:

Concerning perceived beauty, the single objective optimization on perceived beauty includes wide
green strips. Fromthe streetviews it can be seenthatthe streetviewis dominated by treesasa
result of this. Furthermore, the optimized result has parcellation category zero. The adjacent
building distance isthat large, in combination with the street offset distance, that the plotzero
buildingisremoved. The removal of this buildingonits hand leads to higher mean building heights.
Thisis all inaccordance with the sensitivity analysis showing the green strip width to be most
influential, a positive correlation between perceived beauty and the adjacent building offset
distance and higherscores for parcellation category zero. Furthermore, the behaviorand tradeoffs
that had to be made to steerthe design towards having a high median height, relative equal building
heights and a minimal distance to streetisinline with the findings from the multinomial logit
analysis.

Interestingto see in the single optimization is the behavior of the scores for perceived beauty and
liveliness whereas perceived safety scores do notseemtoincrease or decrease simultaneously with
perceived beauty orliveliness. Perceived liveliness shows more variationin building heightsin
relation to perceived beautywhich can be expected based on the sensitivity analysis and the
multinomiallogit analysis results. This variation is only possible with finer parcellation categories,
explaining the finer parcellation category. Furthermore, comparable street typologies can be found
for perceived liveliness and beauty, likely to be the consequence of maximizing tree share in the
streetview.

The perceived safety single optimization output shows a different street typology, likelyto be the
result of the attributes building share and sky share instead of tree share to be presentinthe for
perceived safety incorporated relationship. The buildings are clustered without space between the
individual parcels, maximizing the building share while minimizing the sky share inthe streetview.
The relatively large street offset distance for perceived safety can be explained by the consequence
that it decreasesthe offset distance height ratiowhereasitincreasesthe median building height.

The multi-objective optimization highlights thatindeed perceived beauty and liveliness are related
to each other. Probably due to the dominance of the tree share attribute in the incorporated
formulas calculating the human perception scores. The multi-objective optimization furthermore has
shown to be a fast and insightful optimization tool enabling the userto make insightful tradeoffs
between designs having differentimpacts on different human perception scores. The optimal
outcomes foreach individual human perception category are approaching the optimal outcomes as
found from the single objective optimization runs while requiring significant less computation time.

Altogether, the results of the created computational urban design tool show explainable and
understandable outcomes based on the found relations between the human perception categories
and the volumetric built environment. The incorporated requirements and relationships have been
able to implement trade-offs that had to be made by the computer during the optimization process.
Thisresultsina dynamicdesign generation process, generating predominantly green volumetric
urban designsthatare positively aligned to how humans perceivethe builtenvironment.
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6. Conclusion, discussion & recommendation

Withinthisthesis, an attempttoincorporate human perceptionin computational urban design has
been described. This attempt was successfully completed, resulting in computationally generated
designsthathave been optimized to maximally align to perceived beauty, liveliness, and safety.
Based on the process of this attempt, manylessons have been learned on how toincorporate
human perceptionin computational urban design. Using the demonstrated approach toincorporate
human perceptionin computational urban design and the lessons learned from this approach,
incorporating human perceptionin computational urban design will be able to strengthen
computational urban design as supportive tool in the conceptual design phase of an urban
development.

Figure 63 visualizes how this chapterrelates tothe overall research design. It can be seen how this
chapterreflects upon, and uses, the findings from all main parts of this thesis. Including the findings
fromthe literature, the findings from research phase one and two but specificallyalso the overall
results of this research as described in chapterfive.

Within this chapter, firsta conclusion will be drawn formulating an answerto the mainresearch
guestion: How can the perception of humans be included in computational urban design? Followed
by a discussion, identifying the mostimportant remarks that have to be made on the research
process, decisions and results. Finally, this chapterends with asection including recommendations
for future research onincorporating human perception in computationalurban design.

v v ¥
Conclusion, discussion and recommendation

Main question:

How can the perception of humans be included in computational urban design?

|:| Adressed theme - Adressed theme centered around research question Chapter

Figure 63: Conclusion, discussion and recommendation chapter in relation to the overall research design

119



6.1. Conclusion

In orderto provide an answerto the question: How can the perception of humansbe includedin
computational urban design, first a brief reflection on the four main phases of this researchiis
provided below.

Based on a conducted literature review on the question: How is human perception related to
wellbeinginthe context of the builtenvironment, it was found that perceived beauty, liveliness, and
safety influence human wellbeing. Literature mentions many built environment elements that
influencethese three human perception categories. Relating these relations to computational urban
design, it can be stated that specifically the volumetricbuilt environment elements influencing

human perception are relevantin this research as computational urban design is strongestin
generating conceptual designs.

Formulatingan answertothe question: How can the relation between human perceptionand the
built environment be quantified so thatit can be incorporated in computational urban design? Using
multinomiallogit analysis applied on a dataset retrieved using a big data approach was found to
resultinunderstandableand quantified relationships between the volumetric built environment and
each of the three human perception categories. The big dataapproach includes street view images,
respondent choices between street view images regarding human perception and open built
environment data. As a result of the analysis, the presence of treesisfound to have a strong positive
influence on each human perception category. However, also the building composition, height and
street width have beenfoundto influence perceived beauty, liveliness, and safety.

In research phase two, it has been demonstrated that these found and quantified relationships can
be incorporated in computational urban design. The Grasshopperimplementation script createdin
thisresearch concerned a generative design component built on top of a parametricurban design
component, resultingin an overall computational urban design tool. Asaresult, the useris able to
implementimportant design considerations manually first after which the design can be optimized
on human perception.

In computational urban design, adesignis generated based on design variables. The human
perceptionscores and the design variable values of the optimized design can be related to the
incorporated relationship, among others through the results of asensitivity analysis. However, the
results also highlight thatthe design generation process and the set of requirements have astrong
influenceonthe outputdesigns. The requirements and limitations from the design generation
process guarantee the incorporation of otherdesign aspects. Preventing the design variables to
reach valuesleadingto non-realisticdesigns that are purely based on the incorporated relationships,
containing forexample buildings not receiving enough daylight. As aresult, it can be concluded that
itisimportantfora computational urban design tool to comply to multiple design aspects, especially
when implementing quantitative relationships concerning human perception.

Altogether, the following answerto the research question can be formulated: human perception can
be incorporated in computational urban design by implementing understandable and proven
functions describingthe relation between human perception and the builtenvironment. However,
the designfreedom should be limited by requirements in order to make sure that design aspectsare
included aswell.
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As aresult, this research contributes to knowledge and researchin the field of computational urban
design by demonstratingamethod toincorporate human perception in computational urban design.
Based on thisresearch, human wellbeing can be addressed in computational urban design through
the incorporation of human perception. Although the demonstrated method requires improvement
inaccuracy, current practice can benefit fromthis research asthe applied methodology resultsin
useful insights regarding the perception of humansin computationally generated designs.
Altogether, strengthening computational urban design as supportive tool inthe urban designand
development process.

6.2. Discussion

Throughoutthisthesis, the applied methods and the implications of these methods on the
intermediate results have been discussed already perresearch phase. Fromthe literature review, it
has become clear that the volumetricbuilt environment measured on the objective perception of
humansislikely to only explain a part of an individual’s perception on the built environment.
Findings from research phase one confirmed this, as the found relationships between the volumetric
builtenvironmentand human perception was relative weak. However, it was also discussed that this
could also be partially caused by the applied methodology, being a big dataapproach including not
fully consistent and accurate data. As a result, other methods such as measuringhuman perception
throughvirtual environments, would likely have resulted in strongerrelationships as the
environmentis controlled minimizing the non-captured built environmentinfluence on human
perception. Also, the data describing the captured built environment elementsis more accurate and
consistentin created virtual environments. However, virtual environments are less realistic, making
the potentially found relationships less reliable. Furthermore, the used approach of using street view
images of existing environments also contributes to the understanding of the importance of the
volumetricbuiltenvironment on human perceptioninrelationto non-volumetricbuilt environment
elements on human perception. Based on the results, the influence of the volumetricbuilt
environmenton human perception is likely to be limited. However, in orderto understand this
thoroughly, research is needed that enablesacomparison between the strength of the relations
between human perception and non-volumetric built environment elements and human perception
and volumetricbuilt environment elements. Only when this comparisonis accurately made, it can be
stated to which extent human perception can be incorporated in computational urban design that
focusses on generating volumetricurban designs.

Furthermore, human perceptioninrelation tothe builtenvironmentis acomplex relationship,
involving many different elements. In orderto accurately relate the built environmentto human
perception, not only built environmental characteristics should be known but also socio-
demographical characteristics of the respondents should be known. Additionally, the composition of
the built environment elementsis likely to be relevant as well. As aresult, many different
interactions between the builtenvironment elements could resultin completely different types of
builtenvironments, associated with different perceptions that vary perindividual. Discrete choice
models enable the incorporation of many different attributes, built environment elements orsocio-
demographiccharacteristic, including interactions between them. However, correlations between
the variables may become a problem. Furthermore, many less influential attributes are likely to be
insignificantin discrete choice models. However, since human perceptionin relation to the built
environmentisacomplexrelationship, there might be many less influential attributes influencing
human perception. Individually these attributes could seem insignificant but collectively the
influence might be relative strong. For quantifying human perceptioninrelation to the built
environment more accurately, itwould be relevant tofurther study the potential of other analysis
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methods on more extensive datasets. Including socio demographicdataon the respondentsand
methods forinclusion of alarge pool of attributes and combinations of attributes for which the
individualinfluence is limited but the collective influence could be significant.

Yet, the multinomial logit model has shown to be a suitable model forthisresearch, providing
insightinthe relation between human perception and the builtenvironment by pointing out the
most dominant attributes and enablingthe incorporation of these attributes in computational urban
design.

6.3. Recommendation
As mentionedinthe conclusion, the in this thesis described methodology forincorporating human
perceptionin computationalurban design can be considered as a suitable methodology based on
the described execution of this methodology. Yet, many things can be improved so thatit is possible
to generate urban designs with computational urban design, that are aligned to human perception,
faster, more accurate and more comprehensive.

It was found that different urban densities resultin different relations between human perception
and the volumetricbuilt environment. As the data availability was too scarce to distinguish between
more urban environment categories inthe analysis, it was not possible to study the relation
between human perception and the built environment for specificurban typologies. Although, it was
shownthat itis possible to classify locations based on the urbantypology inthe surrounding using
volumetricbuilt environment characteristics. Studying the relations between human perception and
the volumetricbuilt environment forevery urban typology could resultin interestingand more
accurate relations. If more volumetricbuilding data becomes openly available, more of these
classifications can be made to study the relation between the volumetric built environment and
human perception fordifferent urban environments. Furthermore, using crowdsourcing to gather
human perception choices canresultinlarge datasets such as the Place Pulse 2.0 dataset. However,
inorder to understand the perception of humansinrelation to the built environment better, future
research could focus on extending the data gathering process by asking respondents socio-
demographicinformation. When different relations between human perception and the built
environment can be quantified for different socio-demographicgroups, acomputational urban
designtoolisable to optimize adesignforthe target group of the area.

Furthermore, there are many built environment elements that can be studied more extensively or
that can be added. This research again highlights the importance of greenery in urban environments
inrelation to human perception. However, here only the share of trees visiblein the street view has
beenincluded. Since greenery is of such importance, more detailed but yet volumetricgreenery
elements could be included in future research thatincorporates human perception in computational
urban design. Forexample, the heightand width of the trees.

In addition, othervolumetric built environment elements can be included, for example attributes
describingsignificant variationsin the shape of abuilding. Within this research, solely the total area
and one reference heightis used. Since the height, offsetand area of buildings all have aninfluence
on human perception, adifference can be expected between arectangular building with astraight
facade inrelationtoa circularbuilding of which the highest floors are set back further away from the
street. However, inorderto describe variationsin these shapesadditional open building datais
needed, describing the shape of buildings more detailed and accurate. Furthermore, concerning the
streettypology, within this research only the width of the gree n strip directly influences the human
perception score through the number of streets. Future research could focus on describing the
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street typology more detailed by including directly related attributes in the analysis, such asthe
presence of a parkingstrip, the car road width, the pedestrian path width, etcetera.

Concerningthe computational urban design process, the following recommendations can be made
for future research incorporating human perception in computational urban design: first of all, more
design freedom can be incorporated in the computational urban design tool concerning the shape of
the building. Forexample, allowing a building to have a different offsetforthe higherlevels or
allowingthe footprint of the buildings to be setindependently perbuilding. Secondly, there is still
room forimprovement onthe pace of the design generation and analysis process. The current
optimization tool requires generally many hours to find an optimal design and since a fast
optimization processis preferredin relation toits potential use in practice, the time of one design
generation and analysis run should be minimized in orderto lowerthe cost, expressed intime, of
increasingthe design freedom. Inrelation to this, increasing the design freedom should always be
well considered asitisdirectly relatedtoanincrease in computation time as more design freedom
simply resultsin more optionsto be explored.

Finally, looking furtherinto the future, acomputational urban design tool is preferred thatisable to
incorporate the perception of the target group of an area when computationally generatingan
urban design. Itshould dosovery accuratelyin order to become useful in practice, considering the
objective of computational urban design to be a supportive tool by speeding up development
processes and improving the quality of the outcome of computationally generated designs. The
current methodology, although there isroom forimprovement, could lack in accuracy to become as
supportive as desired to be useful in practice. This could be aresult of the lack of influence of the
volumetricbuilt environment on human perceptioninrelationto the influence of the non-
volumetricbuilt environment on human perception, limiting the potential of the incorporation of
human perceptionin computational urban design. However, this could also be a result of the lack of
accuracy of the applied methods. Therefore, the mostimportant focus of future studies attempting
to incorporate human perceptionin computational urban design should be toincrease the accuracy
of the incorporated relationships. Here, other methods then using a big data approach including
multinomiallogit analysis could be considered. Including an analysis on the relation between human
perception and the builtenvironment for different target groups and for different urban
environments.
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