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SUMMARY

Accessibility is a widely employed concept across a variety of disciplines to evaluate the
degree to which individuals can reach a desired destination. In this dissertation, with the
term “accessibility” we refer to “urban accessibility”, which focuses on how structural ele-
ments of planning and urban development, such as the configuration of transportation
(mobility) corridors and the spatial distribution of people and land uses, affect people’s
ability to access opportunities.

Conventionally, accessibility is determined by the attractiveness of a destination and
the associated travel cost to reach it. The attractiveness of a destination encapsulates
a variety of factors, such as the number and type of activities, amenities provided, or
employment opportunities available at that location. In turn, the costs refer to time,
monetary expenditures, or other costs required for an individual to reach a desired loc-
ation. Accordingly, the optimization of existing accessibility measures involves the con-
current maximization of the attractiveness of destinations and the minimization of the
costs for individuals to reach them. This optimization goal exhibits certain limitations.
First, it often lacks the capacity to differentiate between disparate destinations access-
ible to distinct individuals and the same destination accessible to different individuals.
Second, existing place-based measures fail to distinguish between destinations that can
be accessed by individuals from a single demographic group and those that can be ac-
cessed by individuals across various demographic groups. Given that access to shared
spaces is critical for physical encounters and interactions among individuals, these con-
straints impede our capacity to unveil the potential of destinations in fostering encoun-
ters between various individuals or groups.

We address these limitations by introducing the concept of co-accessibility and pro-
posing a place-based measure to assess how accessible a given destination is to different
individuals and demographic groups. Considering the broad nature of the concept of
co-accessibility, to empirically analyze and measure it, we limit our scope to pedestri-
ans. We begin by laying the groundwork for a methodological framework for measuring
co-accessibility (Chapter 2). We demonstrate how a measure of co-accessibility could
enhance traditional accessibility metrics and alleviate some of their inherent biases. We
also outline the components of co-accessibility and propose a mathematical formula-
tion for its measurement. Furthermore, we highlight potential opportunities and pro-
spective measurement challenges to support future research endeavors in related fields.

Next, building on the definition and formulation of co-accessibility we propose a meth-
od for measuring co-accessibility and apply it for the assessment of spatial age segrega-
tion, meaning the degree to which different age groups occupy the same space (Chapter
3). In particular, we use spatially disaggregated data about urban destinations across the
cities of Amsterdam, Rotterdam, The Hague, Utrecht, and Eindhoven in the Netherlands
to calculate several spatial accessibility metrics and estimate co-accessibility scores for
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each destination. These analysis results demonstrate how the proposed co-accessibility
measure can provide new insight into the potential moderating effect that exposure to
other age groups in places outside of the home can bring to the level of spatial age se-
gregation.

Common assumptions in the applied measurement of accessibility include narrowing
down the travel cost solely to time-related expenditures and assuming all destinations to
be equally attractive. However, diverse perceptions of the urban environment between
individuals and groups can significantly affect both travel costs and the attractiveness
of a destination. For instance, individual preferences of different demographic groups
may play a crucial role in either encouraging or dissuading travel to specific destinations,
thereby influencing the choices made regarding space use for different activities. This
underscores the necessity of examining the influence of these assumptions on measur-
ing co-accessibility.

We begin with the travel cost, directing our attention towards investigating the impact
of streetscape features on the perceived safety and attractiveness of city streets, percep-
tions that have been found to either positively or negatively impact pedestrian trip gen-
eration. To do so, we pursued two distinct approaches (Chapters 4 and 5). The first
approach involved crowdsourcing perceptions from individuals. We developed a crowd-
sourcing tool that enables people to virtually navigate streets represented as a sequence
of street-level images, rate locations based on perceived safety and attractiveness, and
explain their ratings. To study the extent to which different street features impact these
perceptions, we conducted an experiment with 403 participants, while controlling for
different age and gender groups.

The second approach draws from contemporary urban design theories and principles
that often advocate urban forms that encourage natural surveillance or eyes on the street”
to promote community safety. In particular, we examined the degree to which the ex-
istence of windows with a view toward the street can be used as an estimator of the
street’s perceived safety. To do so, we propose a method that employs street-level im-
agery and computer vision techniques to detect windows on building facades and calcu-
late sightlines from the street level and surrounding buildings. To empirically evaluate
our method we applied it across forty neighborhoods in Amsterdam, the Netherlands,
and examined the correlations between our measurements and the city’s Safety Index.
Ultimately, the findings of these two studies are used to make evidence-informed recom-
mendations for designing safer and more attractive streets and for measuring pedestrian
co-accessibility.

Then, we focus on understanding how the physical characteristics of urban locations
impact the destination attractiveness component of co-accessibility. To do so, we focus
on public open spaces which are an essential component of every city, and when de-
signed to appeal to a variety of individuals and demographic groups, they witness a high
frequency of use, accommodating a multitude of activities, thereby serving as hubs of
social interaction and activity. Specifically, we explore how the physical characteristics
of public open spaces influence the likelihood of use across individuals and different
age and gender groups by combining crowdsourcing, street-level images, statistical com-
parisons, and reflexive thematic analysis (Chapter 6). Our findings allow us to gain an
improved understanding of how the physical characteristics of a space can impact the
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degree to which different people and groups are likely to perform activities there and,
consequently, the co-accessibility of such spaces.

In the concluding chapter of this dissertation, Chapter 7, we summarize our findings
and suggest potential avenues for future research in the realm of co-accessibility. We
provide answers to the research questions posed in this dissertation and discuss the con-
tributions of this work. Moreover, we outline this work’s limitations and propose poten-
tial ways to address them. Additionally, we delve into the broader implications of this dis-
sertation, including their relevance to urban planning, revisiting recently popular urban
models, and the development of related computational methods and tools. Finally, we
deliberate on future research endeavors that extend beyond the scope of this work.







SAMENVATTING

In een brede verscheidenheid aan disciplines is bereikbaarheid een veelgebruikt concept
voor het evalueren van de vraag in hoeverre mensen een gewenste bestemming kunnen
bereiken. In dit proefschrift verwijzen we met de term ‘bereikbaarheid’ naar ‘stedelij-
ke bereikbaarheid’, een begrip dat ingaat op de invloed van structurele elementen in
stadsplanning en stadsontwikkeling waaronder de inrichting van (mobiliteits) vervoers-
corridors en de ruimtelijke distributie van mensen en landgebruik op de mate waarin
mensen toegangsmogelijkheden hebben.

Gebruikelijk is dat bereikbaarheid wordt bepaald door de aantrekkelijkheid van een
bepaalde locatie en door de reiskosten om die locatie te bereiken. De aantrekkelijkheid
van een bestemming omvat een veelheid van factoren, waaronder het aantal en het soort
activiteiten en voorzieningen die worden aangeboden en de werkgelegenheid die op de
locatie voorhanden is. De kosten daarentegen verwijzen naar de hoeveelheid tijd, geld en
andere kosten die iemand moet besteden om de gewenste locatie te bereiken. Optima-
lisering van de bestaande bereikbaarheidsaanpak omvat de actuele maximalisering van
de bereikbaarheid van locaties en de minimalisering van de kosten die iemand moet ma-
ken om de locatie te bereiken. Deze optimalisering is aan bepaalde beperkingen gebon-
den. Ten eerste wordt er geen onderscheid gemaakt tussen verschillende bestemmingen
die voor verschillende individuen bereikbaar zijn. Ten tweede wordt er geen onderscheid
gemaakt tussen bestemmingen die toegankelijk zijn voor leden van één bepaalde demo-
grafische groep en bestemmingen die toegankelijk zijn voor een verscheidenheid van de-
mografische groepen. Aangezien de toegang tot gedeelde ruimten voor fysieke ontmoe-
tingen en interacties tussen mensen van groot belang is, verhinderen deze beperkingen
de mogelijkheid tot het ontsluiten van het potentieel aan bestemmingen om ontmoetin-
gen tussen individuen en groepen te bevorderen.

We gaan nader in op deze beperkingen door het introduceren van het concept ’co-
bereikbaarheid’ en we opperen een aanpak voor het beoordelen van de vraag hoe bereik-
baar een bepaalde bestemming is voor individuen en demografische groepen. Gezien de
brede toepasbaarheid van het analyseren en meten van het concept ‘co-bereik-baarheid’,
beperken we ons tot voetgangers. We beginnen met het formuleren van een methodolo-
gische basis voor het meten van co-bereikbaarheid (Hoofdstuk 2). We laten zien hoe het
meten van co-bereikbaarheid tot een verbetering kan leiden van traditionele maatsta-
ven van bereikbaarheid en we corrigeren de inherente verstoringen van deze maatstaven.
Ook schetsen we de contouren van de verschillende elementen van co-bereikbaarheid
en stellen we een wiskundige formule voor het meten ervan voor. Daarnaast gaan we
in op potentiéle kansen en op mogelijke uitdagingen met betrekking tot het meten van
co-bereikbaarheid ten behoeve van toekomstig onderzoek op verwante vakgebieden.

Voortbouwend op de definitie en formulering van co-bereikbaarheid, stellen we ver-
volgens een methode voor het meten van co-bereikbaarheid voor en passen we deze
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toe op de beoordeling van ruimtelijke segregatie naar leeftijd, d.w.z. de mate waarin ver-
schillende leeftijdsgroepen één en dezelfde ruimte delen (Hoofdstuk 3). In het bijzonder
gebruiken we ruimtelijk fijnschalige data met betrekking tot stedelijke bestemmingen in
de Nederlandse steden Amsterdam, Rotterdam, Den Haag, Utrecht en Eindhoven, met
het doel om verschillende ruimtelijke maatstaven van bereikbaarheid te berekenen en
voor elk van deze bestemmingen bereikbaarheidsscores te berekenen. Deze analyse laat
zien hoe de voorgestelde maatstaf van co-bereikbaarheid nieuwe inzichten kan opleve-
ren in de potentieel matigende invloed van de blootstelling aan diverse leeftijdsgroepen
buitenshuis op de mate van ruimtelijke segregatie naar leeftijd.

Tot de gebruikelijke opvattingen wat betreft de meting van bereikbaarheid behoort
het idee dat het omlaag brengen van reiskosten alleen van invloed is op tijdsgebonden
uitgaven en dat alle bestemmingen even aantrekkelijk zijn. Maar verschillen in percep-
tie van de stedelijke omgeving door individuen en groepen kunnen aanzienlijke invloed
hebben op zowel reiskosten voor een bepaalde bestemming als de aantrekkelijkheid van
die bestemming. Zo spelen de verschillende voorkeuren van demografische groepen mo-
gelijk een cruciale rol in het aangaan dan wel afzien van reizen naar bepaalde bestem-
mingen, waardoor ze van invloed zijn op keuzes met betrekking tot het gebruik van de
stedelijke ruimte voor diverse activiteiten. Dit benadrukt de noodzaak tot het onderzoe-
ken van de invloed van deze veronderstellingen met betrekking tot het meten van co-
bereikbaarheid.

We beginnen met de reiskosten en richten ons op het onderzoek naar de invloed die
straatvoorzieningen hebben op de waargenomen veiligheid en aantrekkelijkheid van
straten, percepties die een positieve dan wel negatieve invloed uitoefenen op de fre-
quentie van voetgangersreizen. Daartoe hebben we twee aparte benaderingen gevolgd
(Hoofdstukken 4 en 5). De eerste benadering betreft crowdsourcing-percepties van indi-
viduen. We hebben een crowdsourcing-instrument ontwikkeld waarmee we mensen in
staat stelden om op virtuele wijze door straten te wandelen; straten werden weergegeven
in een reeks beelden op straatniveau, waarna deelnemers locaties konden waarderen op
veiligheid en aantrekkelijkheid en hun waardering konden toelichten. Om te analyseren
in hoeverre verschillende straatvoorzieningen van invloed waren op deze percepties, de-
den we een proef met 403 deelnemers van verschillende leeftijden en uit diverse gender-
groepen.

De tweede benadering is gebaseerd op hedendaagse designtheorieén en -principes
waarin vaak wordt gepleit voor stedelijke vormen die aanmoedigen tot natuurlijke obser-
vatie en tot sociale controle, met het doel een gedeeld gevoel van veiligheid te bevorde-
ren. We onderzochten in het bijzonder de mate waarin de aanwezigheid van ramen met
uitzicht op straat gebruikt kon worden als indicator van de waargenomen veiligheid van
een straat. Daartoe stellen we een methode voor waarin gebruik wordt gemaakt van beel-
den op straatniveau en beeldherkenningstechnologie voor het registreren van ramen in
facades en het berekenen van zichtlijnen op de straat en de omringende gebouwen. Om
onze benadering empirisch te evalueren pasten we haar toe op veertig buurten in Am-
sterdam, Nederland, en analyseerden we de overeenkomsten tussen onze metingen en
de ‘Veiligheidsindex’ van de stad Amsterdam. Tenslotte worden de bevindingen van deze
beide onderzoeken gebruikt om enkele op data gebaseerde aanbevelingen te doen met
betrekking tot het ontwerp van veiliger en aantrekkelijker straten en tot het meten van
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co-bereikbaarheid voor voetgangers.

Vervolgens staan we stil bij de vraag welke invloed fysieke kenmerken van stedelijke lo-
caties hebben op de aantrekkelijkheid en co-bereikbaarheid van een bestemming. Daar-
toe richten we ons op de openbare ruimten die een wezenlijk onderdeel van elke stad
uitmaken en in hun ontwerp geacht worden een grote verscheidenheid van mensen en
demografische groepen aan te spreken; deze ruimten worden veel en vaak gebruikt en
voorzien in een groot aantal activiteiten, waarmee ze als knooppunten van sociale inter-
actie en activiteit fungeren. We onderzoeken daarbij vooral de vraag welke invloed de
fysieke kenmerken van openbare ruimten hebben op de gebruiksfrequentie bij indivi-
duen en bij verschillende leeftijds- en gendergroepen. We doen dat met een combina-
tie van crowdsourcing, beelden op straatniveau, statistische vergelijkingen en reflexief-
thematische analyse (Hoofdstuk 6). Onze bevindingen stellen ons in staat betere ant-
woorden te krijgen op de vraag in hoeverre de fysieke kenmerken van openbare ruimten
van invloed zijn op de mate waarin mensen en groepen activiteiten in die ruimten on-
dernemen, en daarmee in de co-bereikbaarheid van deze ruimten.

In het afsluitende hoofdstuk van dit proefschrift, Hoofdstuk 7, vatten we onze bevin-
dingen samen en stellen nieuwe benaderingen voor toekomstig onderzoek op het ge-
bied van co-bereikbaarheid voor. We geven antwoord op de onderzoeksvragen die in dit
proefschrift zijn opgeworpen en bespreken de inzichten die daarin worden aangedragen.
Daarnaast schetsen we de grenzen van onze benadering en opperen diverse mogelijkhe-
den om die beperkingen te overwinnen. Bovendien gaan we nader in op de bredere im-
plicaties van dit proefschrift, waaronder de relevantie van dit onderzoek voor de stads-
planning, waarbij we enkele populaire stedelijke modellen en de ontwikkeling van de
daarmee verbonden digitale methoden en instrumenten opnieuw onder de loep nemen.
Tenslotte bezinnen we ons op toekomstig onderzoek dat de grenzen van dit onderzoek
zal overstijgen.
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INTRODUCTION

The city is what it is because our citizens are what they are.

attributed to Plato
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10 1. INTRODUCTION

SUMMARY

Accessibility is a widely employed concept across a variety of disciplines to evaluate the
degree to which individuals can reach a desired destination. Conventionally, accessib-
ility is determined by the attractiveness of a destination and the associated travel cost
to reach it. However, existing place-based accessibility measures do not differentiate
between destinations accessible to individuals from a single demographic group and
those accessible to individuals from diverse demographic groups. This hinders our abil-
ity to discern the encounter potential of different destinations. We address this gap by
introducing the concept of co-accessibility to measure how accessible a given destina-
tion is to different individuals and demographic groups.

MEASURING cos
& TRAVEL 1) THE END
INTRO APPLICATION 2/2

TRAVEL COST DEST.
NCEPT
CONC 1/2 ATTRACT.
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1.1. BACKGROUND

The major role access plays in people’s well-being has been long-standing. Easy access
to essential amenities, goods, healthcare, jobs, and cultural and recreational activities
has been found to encourage their use [1], expand the range of activities citizens can
engage in, and reduce social exclusion [1-4]. A variety of measures have been proposed
to provide an enhanced understanding of the factors that make a place accessible and a
fundamental prerequisite step in this process is understanding how to measure access.

To define and measure access, scholars introduced the concept of accessibility. In this
dissertation, with the term “accessibility” we refer to “urban accessibility” which focuses
on how structural aspects of planning and urban development, such as the configura-
tion of transport (mobility) corridors and the spatial distribution of people and urban
destinations, affect peoples ability to access opportunities. Accessibility serves as a fun-
damental concept across diverse disciplines, including land-use planning, transporta-
tion planning, and urban design, wherein it plays a pivotal role in assessing the ease
with which individuals can reach essential activities and services, together referred to as
opportunities [5-9]. The measures of accessibility stand out because they are unique in
capturing, and thereby emphasizing, the interaction between land-use and transporta-
tion.

The difficulty of defining and measuring this concept has long been recognized, as
Gould already observed in 1969 “...[accessibility] is a slippery notion...one of those com-
mon terms that everyone uses until faced with the problem of defining it and measuring
it. [10]". Over the years, various definitions for accessibility have been suggested and
there is still no widespread consensus on how to define or measure it. In dictionaries
such as the Oxford English Dictionary or the American Heritage Dictionary, accessibility
has been defined as “capable of being entered or approached" [11] or “easily approached
or entered" [12], respectively. In the academic and planning context accessibility is often
defined based on Hansen’s definition from 1959: “the potential of opportunities for inter-
action" [5]. Other definitions include Dalvi and Martin’s “the ease of individuals to reach
a destination based on the transport system" [13] or the “benefits the transport system
provides" [14]. More recently, Mehta wrote in [15] that “a place is considered accessible
if it can be physically reached and used" and Handy in [9] that accessibility is “...a way of
characterizing the choices available".

Similarly, the conceptualization of accessibility and approaches to measuring it vary
between studies and across disciplines. A shared principle driving most approaches is
that accessibility is determined by the distribution of potential destinations across space,
the characteristics of these destinations, and the ease of reaching them [4]. The most
common mathematical formulation of accessibility in the literature builds upon the sem-
inal work of Hansen [5], and is defined by two main components: the attractiveness of
destinations and the associated costs required to reach them. The attractiveness of a
destination encapsulates a variety of factors, such as the number of activities, amenit-
ies provided, or employment opportunities available at that location. In turn, the costs
refer to time, monetary expenditures, or other costs required for an individual to reach a
desired location.

Over the years, numerous metrics have emerged in the literature that expand Hansen’s
formulation, aiming to capture the multi-dimensional nature of accessibility [16]. Some




12 INTRODUCTION

of these extended metrics enrich the cost component, considering different travel modes
and traffic conditions [17], time schedules of individuals, [18-21], individual perceptions
of travel costs [22], or how different population subgroups such as minorities or per-
sons with disabilities experience access [23]. Additionally, the destination attractiveness,
initially used to reflect the number of accessible destinations or jobs in area [5, 7], has
evolved to encompass a wider array of factors pertaining to why individuals are attrac-
ted to particular destinations. This includes considerations such as the type of activities
at a destination, the size and quality of facilities, or the lifestyle-based preferences of
individuals [24].

To encompass and distinguish the various perspectives within accessibility-related lit-
erature, the concept of accessibility, including its associated measures and mathematical
formulations, has been further specialized into active and passive accessibility. Active ac-
cessibility reflects the ease with which an individual can reach a destination or engage
in activities at a specific location (e.g., work, education, leisure). It is the most preval-
ent conceptualization of spatial accessibility and aligns with the fundamental definition
of [5]. In contrast, passive accessibility indicates the ease with which an opportunity
can be reached by the population [6, 25, 26]. Despite their considerable potential and
expanding applications, passive accessibility measures have received limited attention
compared to measures of active accessibility [26-28].

Measures of either active or passive accessibility can be further distinguished into
place-based and person-based measures [18, 29, 30]. Place-based measures assess the
spatial separation of different locations. Such locations often represent individuals an-
chor locations (e.g., home or work) and key destinations where activities occur. Person-
based measures reflect the extent to which individuals or specific groups can access
different destinations while accounting for each individuals spatial and temporal con-
straints.

1.2. PROBLEM STATEMENT

Derived from the existing formulations of accessibility and its identified components,
the optimization objective for accessibility involves the concurrent maximization of des-
tination attractiveness and minimization of travel cost. Nevertheless, this optimization
goal exhibits certain limitations. For active accessibility, it cannot differentiate between
various destinations being accessible to different individuals and the same destination
being mutually accessible to multiple individuals. We refer to this as isolation access-
ibility bias. In contrast, passive accessibility measures can overcome this shortcoming
by considering the number of people who have access to each destination. However,
most passive accessibility measures have another limitation: they do not differentiate
between destinations accessible to individuals from a single demographic group and
those accessible to individuals from diverse demographic groups. We refer to this as ho-
mogeneity accessibility bias.

To illustrate these biases, we present two examples inspired by the schematic activity
space representation proposed from [31] and [32] and depicted in Figs. 1.1 and 1.2. This
representation serves as a means to depict the destinations an individual can access us-
ing links to denote people’s mobility paths and nodes to represent the destinations they
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have access to.

Fig. 1.1 illustrates the isolation accessibility bias by contrasting two cases. On the left,
there are three destinations (d;, d», d3) and each destination is accessible to exactly one
individual. On the right, the same single destination (d;) is accessible to all three indi-
viduals. While these two cases are different in terms of the number of individuals who
have access to each destination they are not differentiated when solely examining the
number of destinations each individual has access to (one destination).

Isolation accessibility bias

Destination

. Destination . L
e — Y Destination
~—
" :
~— .

Destination . / /
P
p3 . 3
\@® e
[ ) P,
P,
Each person has access Each person has access
to one destination to one destination

Figure 1.1.: Isolation accessibility bias. Disparate destinations being accessible to distinct individuals is incor-
rectly equated with the same destination being accessible to different individuals.

Homogeneity accessibility bias

Destination Destination
- - - -
P, P,
./ p3 . p3
p, P,
The destination is accessible The destination is accessible
to three persons to three persons

Figure 1.2.: Homogeneity accessibility bias. A destination being accessible to individuals from a homogen-
eous group is erroneously equated with a destination being accessible to individuals from different
demographic groups.
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Fig. 1.2, illustrates the homogeneity accessibility bias by contrasting two different cases.
The one on the left depicts three individuals having access to the same destination. The
one on the right shows three individuals belonging to different demographic groups hav-
ing access to the same destination. These two cases are considered identical in terms of
the number of individuals who have access to the same destination since in both cases
each destination is accessible to three individuals. However, in the right case, d; is ac-
cessible by individuals from different demographic groups.

A possible way to overcome the aforementioned isolation and homogeneity biases lim-
itations is by employing a time-geography approach [18]. In time-geography, which con-
stitutes the primary theoretical framework for conceptualizing person-based accessibil-
ity [29], an individual’s accessibility is modeled using a space-time prism [19]. The space-
time prism represents the possible movements of an individual through both space and
time, considering factors such as personal mobility constraints and time schedules [33].
The intersection of multiple individuals’ space-time prisms across the continuous geo-
graphic space has been conceptualized through joint accessibility [20, 34]. Neverthe-
less, such an approach is hindered by the requirement for data on individuals’ time al-
locations for activities and travel, and the associated privacy and ethical concerns [35].
Consequently, it also suffers from issues of reproducibility and transferability [36]. Thus,
there is a need for a measure that mitigates the isolation and homogeneity biases and
unveils the potential of different places to promote encounters among people and pop-
ulation groups.

1.3. RESEARCH OBJECTIVE

In this dissertation, we introduce co-accessibility as a place- based measure that assesses
a destination’s potential to bring together different individuals and individuals from di-
verse demographic groups by being accessible to them. Co-accessibility considers spa-
tial constraints without accounting for individual time constraints. This allows for its
measurement without being hindered by the requirement for detailed data on the pre-
cise nature of an individual’s (completed) activity patterns and trips, and the associated
privacy and ethical concerns [6, 27, 35]. To address the isolation accessibility bias, the
co-accessibility of a destination is determined by the number of individuals who have
access to that destination. To address the homogeneity accessibility bias we also need to
consider the individuals’ demographic groups and the co-accessibility of a destination
is determined by the number of individuals who have access to that destination and the
number of demographic groups these individuals belong to.

This dissertation’s main research objective is twofold: (1) to define and formulate a
measure of co-accessibility and (2) to identify and capture physical characteristics of
the urban environment that impact the components of co-accessibility measures across
different scales; from a city scale down to the level of individual streets. The primary
research question driving this dissertation is:
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How to measure the extent to which a destination
is accessible to different individuals and population groups?

The studied physical characteristics of the urban environment that impact co-accessi-
bility are related to the two central components of co-accessibility, the travel cost to
reach a destination and the destination attractiveness. Throughout this dissertation, we
examine these components under the lens of co-accessibility, research how they impact
it, and propose methods to measure them. Our research objective is organized around
the following research questions:

RQ1: What are the formulation and components of co-accessibility? (Chapter 2)

RQ2: How can co-accessibility facilitate the evaluation of potential encounters
among different individuals and population groups? (Chapter 3)

RQ3: To what extent do physical characteristics of urban streets impact the
travel cost in co-accessibility’s formulation? (Chapters 4 and 5)

RQ4: To what extent do physical characteristics of urban destinations impact
the destination attractiveness in co-accessibility’s formulation? (Chapter 6)

1.4. RESEARCH METHODOLOGY
1.4.1. APPROACH

To develop the concept of co-accessibility, we first review spatial accessibility-related lit-
erature from a variety of fields such as urban design, urban planning, and transportation
planning. Reviewing the literature allows us to identify some of the limitations of the
existing accessibility measures and build the concept of co-accessibility upon existing
work. Based on this, a measure of co-accessibility is proposed to tackle certain limita-
tions of existing accessibility measures.

For the empirical part of this work, our aim is to identify and measure the physical char-
acteristics of the urban environment that impact co-accessibility across different scales;
from a city scale down to the neighborhood and street level. Traditional approaches, typ-
ically employing participant observation methods or interviews, often face challenges in
including a broad and diverse range of areas and neighborhoods, necessary for conduct-
ing city-scale analysis. For that reason, we adopt a computational approach, informed by
methods from the fields of computer science and urban analytics such as crowdsourcing
and geospatial analysis.

Finally, this work leverages the increasing availability of open data sources, such as
OpenStreetMap [37] or the Dutch Central Bureau of Statistics [38], that describe the
urban environments at high spatial resolution. It is conducted based on principles of
Open Science [39] so that all academic output, data, and software developed within the
process of writing this thesis are openly shared and made available for reuse.
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1.4.2. SCOPE

Considering the broad nature of the concept of co-accessibility, to empirically analyze
and measure it, we limit our scope according to the following aspects, also depicted in
Fig. 1.3:

Scope
Physical Characteristics of
Travel Mode Demographics the urban enviroment
Walking Age 1
Travel Cost Dest. Attract.
Characteristics that Characteristics that
impact how safe or impact the likely use
attractive streets are of urban destinations
perceived

Figure 1.3.: Scope of the dissertation

Travel Mode: Our work is centered on pedestrians. Walking is the most affordable and
accessible travel mode to people of virtually any demographic group, compared to cars,
bikes, or public transport, it is sustainable and contributes positively to people’s well-
being. At the same time, walking is usually part of every trip, regardless of the chosen
travel mode (i.e., one needs to walk to reach the nearby bus station or their car). These
qualities establish walking as an ideal lens through which to explore co-accessibility.
Nevertheless, co-accessibility could also be measured and assessed considering other
travel modes (e.g., bikes, cars, or public transport).

Demographics: The concept of co-accessibility is strongly tied to people’s demographic
characteristics. To be consistent throughout all the chapters of this thesis, the demo-
graphic characteristic we primarily focus on is age. This choice is partially made to
align with the emergent global mandates coming from the United Nations’ Sustainable
Development Target 11.7, where the emphasis is given to accommodating certain age
groups, in particular children, and older persons [40]. Another reason driving this choice
is that the need for urban spaces that bring people of different ages together and encour-
age intergenerational encounters is universal and related to most cities. When dealing
with other demographics, such as ethnicity, this need might be more dependent on the
specific context of each city. Yet, the definition and mathematical formulation of co-
accessibility can support the study of other demographic characteristics as well.

Factors that impact co-accessibility: While a broad range of factors could impact co-
accessibility, we focus on factors related to the cities’ physical characteristics. Essentially,
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we are interested in measuring how the urban environment promotes or discourages dif-
ferent individuals and groups to access and use the same destination rather than, for
instance, how different cultures or social norms could impact this.

Travel Cost: The range of factors that can be associated with the travel cost in co-accessi-
bility’s formulation is broad. Especially when looking at different individuals and popu-
lation groups, the reasons they might be discouraged or promoted to walk on a certain
street can vary. To provide methods that adequately capture and analyze these factors,
we found it necessary to limit our scope and select only a subset of them.

To scope our view, our work draws from Alfonzo’s hierarchy model of walking needs
[41]. The five-level hierarchically structured walking needs according to Alfonzo’s model,
from the most basic needs to higher-order needs, are: feasibility, reachability, safety,
comfort, and attractiveness'. Feasibility mostly considers factors such as individuals’
mobility, time, or other responsibilities. Reachability, encompasses factors related to the
quality and spatial distribution of amenities or the actual and perceived barriers to walk-
ing such as a wide road or a natural river. Safety entails the degree to which an individual
feels safe to walk. Comfort entails factors that reflect the ease of walking, such as the qual-
ity of the sidewalk or the width and length of the streets. Lastly, attractiveness is related
to factors related to the appeal of the environment and how enjoyable and interesting an
area is.

In this work, we focus on reachability, safety, and attractiveness. Hence, our starting
point is the presence of a pedestrian network that links individuals to certain destin-
ations. Then, to assess the extent to which the physical characteristics of pedestrian
streets impact the travel cost in co-accessibility’s formulation, we explore methods for
capturing how safe and attractive streets are perceived by different (groups of) people.
Additionally, we investigate the degree to which the physical characteristics of streets in-
fluence these perceptions.

Destination Attractiveness: To assess if a destination is co-accessible by different indi-
viduals or groups of people it is crucial to identify, not only if these people can reach a
destination but also if they would perform activities there [15]. This is reflected in co-
accessibility’s formulation through the destination attractiveness component. To study
the destination attractiveness component, this research narrows its focus to examining
how the physical characteristics of various urban destinations affect the likelihood of
different individuals or age groups to perform activities there.

1.4.3. OVERVIEW OF METHODOLOGY

This work is structured in four main parts organized around the aforementioned re-
search questions and depicted in Fig. 1.4. In step I, we introduce and formulate the
concept of co-accessibility. In step II, we operationalize co-accessibility and apply a co-
accessibility measure to demonstrate its utility through an empirical analysis. In steps III
and IV, we focus on the two main components of accessibility, namely the travel cost and

L Alfonzo’s model uses different terms to describe what we refer to as “reachability” and “attractiveness”,
namely, “accessibility” and “pleasurability”. For consistency, we adhere to the terminology established in
this dissertation and have substituted the original terms.
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destination attractiveness, research how the physical characteristics of the urban envir-
onment impact them within the context of co-accessibility, and propose new methods
to measure them. In more detail, our methodology consists of the following steps:

INFORMS WHAT TO MEASURE

-
-
CONCEPT ERENRIS By TRAVEL COST DESTINATION
APPLICATION ATTRACTIVENESS
(CH. 2) (CH. 4 &5)
(CH. 3) (CH. 6)

R (RQ1) What are the (RQ2) How can we apply (RQ3) To what extent do physical | (RQ4) To what extent do physical

ELATED formulation and components co-accessibility measures to characteristics of urban streets characteristics of urban

RQ of co-accessibility? assess the encounter potential impact the travel cost in destinations impact the

among different individualsand | co-accessibility’s formulation? destination attractiveness
population groups? in co-accessibility's formulation?

Measuring co-accessibility Street characteristics that
to assess influence perceived safety &
spatial age segregation attractiveness

Focus Concept and formulation
of co-accessibility

Outdoor spaces’ characteristics
that influence likely use

Introduce co-accessibility
asa measure of how

Capture the perceived safety | Capture and identify the physical
and attractiveness of urban characteristics of outdoor spaces
acces.smle adestinationis assessing spatial age _ streets and determine the t_hat impact what activities
to different (groups of) segregation impact of streetscape features different (groups of) people
individuals. on these perceptions. perform there

Measure co-accessibility to

SUMMARY demonstrate its utility for

INFORMS HOW TO MEASURE

Figure 1.4.: Overall methodology

1. Concept formulation — RQ1

In step I, we introduce the concept of co-accessibility as an indicator of how access-
ible a given destination is to different individuals and demographic groups. We demon-
strate how measuring co-accessibility can alleviate biases inherent to existing accessib-
ility measures, describe its components, and suggest a mathematical formulation for
quantifying it. Moreover, we apply our measure to a sample case study where we meas-
ure and compare the accessibility and co-accessibility of various destinations in Amster-
dam, the Netherlands to highlight the complexities and challenges inherent in measur-
ing co-accessibility. Building upon existing literature and the results of our analysis, we
discuss the potential implications of co-accessibility, highlight the key challenges in as-
sessing it, and recommend directions for future research. This step is detailed in Chapter
2.

2. Measuring & Application — RQ2

In step II, we demonstrate the practical value of co-accessibility by applying a co-accessi-
bility measure to assess spatial age segregation (i.e., the degree to which different age
groups occupy the same space). We use spatially disaggregated data about various des-
tinations across the cities of Amsterdam, Rotterdam, The Hague, Utrecht, and Eindhoven
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in the Netherlands to calculate several spatial accessibility metrics and to estimate co-
accessibility scores for each destination. Our analysis shows how co-accessibility can
provide new insight into the potential of places outside of the home to promote encoun-
ters among different age groups and shed new light on the level of spatial age segregation
across different areas. This step is detailed in Chapter 3.

3. Travel cost — RQ3

Step III of our methodology comprises two studies centered on how streetscape char-
acteristics affect the travel cost in co-accessibility’s formulation. In other words, the
primary objective of step III is to capture and understand the impact of the physical
characteristics of streets on how safe or attractive they are perceived.

The first study, detailed in Chapter 4, focuses on capturing the perceived safety and
attractiveness along city streets and disentangling the streetscape characteristics that
impact these perceptions while controlling for different age and gender groups. To de-
termine how different streetscape characteristics contribute to a streets perceived safety
and attractiveness we adopt a crowdsourcing approach. In particular, we developed a
crowdsourcing tool and conducted a study with 403 participants, who were asked to vir-
tually navigate city streets through a sequence of street-level images, rate locations based
on perceived safety and attractiveness, and explain their ratings. In this way, we study
how participants perceptions develop along the street and investigate to what degree
the characteristics different participants encounter along a street influence how they per-
ceive it.

The second study, described in Chapter 5, presents a novel method for measuring (per-
ceived) safety levels along city streets. It is founded upon contemporary urban design
guidelines that often advocate urban forms that encourage natural surveillance or “eyes
on the street" to promote community safety [42-45]. A common denominator across
theories and design approaches aimed at improving actual and perceived safety is the
provision of natural (or passive) surveillance in urban public spaces [46]. Originating
in what Jane Jacobs referred to as eyes on the street [47], enhancing a streets level of
natural surveillance has become a widely adopted design guideline towards safer urban
environments [48, 49]. In our approach, we propose a method for measuring natural
surveillance at scale using street-level imagery and computer vision techniques and val-
idate how our method can be used as an estimator of streets’ (perceived) safety.

4. Destination Attractiveness — RQ4

In the 4th step of our methodology, we investigate the physical characteristics of urban
destinations that impact the destination attractiveness in co-accessibility’s formulation
and how to capture them. In particular, we investigate the characteristics of outdoor
spaces that influence the activities different individuals and population groups are likely
to perform there, using crowdsourcing and street-level imagery data. This approach,
allows us to recruit a balanced sample of participants in terms of age and gender and
provides participants with the opportunity to digitally explore outdoor spaces independ-
ently of where they are currently residing. In our experiments, each participant is given
five different spaces, represented as 360° panoramic street-level images and coming
from three European cities: Rotterdam, Barcelona, and Gothenburg. We ask them to
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explore these places, rate to what degree they find them suitable for social, relaxation,
physical, commuting, or children activities, and explain their ratings in their own words.
Based on the collected data, we test different hypotheses and perform thematic analysis
to qualitatively explore which characteristics of these spaces affect their suitability for
various activities. This step is detailed in Chapter 6.

1.5. CONTRIBUTIONS

The original contributions of this thesis, in alignment with the research questions are the
following *:

¢ A conceptual contribution regarding the definition and formulation of co-accessi-
bility. This contribution is presented in Chapter 2 and addresses RQ1. It is based
on a journal article currently under review in the Journal of Transport Geography
[50] (V. Milias, A. Psyllidis, and A. Bozzon).

* A method to measure co-accessibility towards assessing spatial age segregation.
This method is described in Chapter 3 and addresses RQ2. It is based on a journal
article published in Computers, Environment, and Urban Systems [51] (V. Milias
and A. Psyllidis).

* An open-access web-based tool named CTwalk Map that serves as a demonstrator
of a co-accessibility measure and enables users to compare the accessibility and
co-accessibility of various destinations for the five most populous cities in The
Netherlands: Amsterdam, Rotterdam, The Hague, Utrecht, and Einhdoven. CT-
walk Map was showcased at the Dutch Design Week in 2023 [52] and received the
first prize demo award at the NWO ICT.OPEN conference in 2024. [53].

* Astudy to determine how different streetscape features contribute to a streets over-
all sense of safety and attractiveness while controlling for different age and gender
groups. This study is described in Chapter 4 and addresses RQ3. It is based on a
full paper published in the 26th AGILE Conference on Geographic Information Sci-
ence (AGILE 2023) [54] (V. Milias, S. Sharifi Noorian, , A. Bozzon, and A. Psyllidis).

¢ A method for measuring natural surveillance as a proxy of perceived safety along
city streets at scale using street-level images. This method is described in Chapter
5 and addresses RQ3. It is based on a book chapter published in Goodspeed, R.,
Sengupta, R., Kyttd, M., and Petit, C. (eds) Intelligence for Future Cities, CUPUM
2023 [55] (T van Asten*, V. Milias*, A. Bozzon, and A. Psyllidis).

¢ A study on the influence of physical features on the likely use of outdoor spaces
among different (groups of) individuals. This study is described in Chapter 6 and
addresses RQ4. It is based on a journal article currently under review in Computa-
tional Urban Science [56] (V. Milias, R. Teeuwen, A. Bozzon, and A. Psyllidis).

2(*) denotes equal contribution



2

URBAN CO-ACCESSIBILITY: CONCEPT AND
FORMULATION

There is no such thing as a new idea. It is impossible. We simply take a lot of
old ideas and put them into a sort of mental kaleidoscope

Mark Twain
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SUMMARY

In this chapter, we lay the groundwork for defining and measuring co-accessibility. First,
we introduce the concept of co-accessibility and explain how measuring it can mitigate
limitations of existing accessibility measures. Next, we describe its components and pro-
pose a mathematical formulation. Then, to highlight the complexities and challenges in
measuring co-accessibility we apply a co-accessibility measure to a sample case study
where we compare the accessibility and co-accessibility of various destinations in Ams-
terdam, The Netherlands. Building upon existing literature and the results of our ana-
lysis, we discuss the potential implications of co-accessibility, highlight the key chal-
lenges in assessing it, and recommend directions for future research.

MEASURING
L TRAVEL COST

THE END
INTRO APPLICATION 2/2

TRAVEL COST DEST.

NCEPT
EONS 1/2 ATTRACT.

*This chapter is based on a journal article currently under review in the Journal of Transport Geography
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2.1. INTRODUCTION

While there are various approaches to measuring accessibility, one prevailing and widely
accepted principle is that accessibility is determined by the attractiveness of a desired
destination and the associated cost required to reach it [4, 7, 57]. The attractiveness of
a destination encompasses a range of factors, such as the number and type of activit-
ies, amenities provided, or employment opportunities available at that location. In turn,
travel cost refers to time, monetary expenditures, or other costs required for an indi-
vidual to reach a desired location.

As explained in Chapter 1, accessibility can be specialized into active and passive ac-
cessibility. Active accessibility reflects the ease with which an individual can reach a
destination or engage in activities at a specific location (e.g., work, education, leisure). It
is the most commonly found interpretation of spatial accessibility and corresponds with
the fundamental definition of Hansen [5]. In contrast, passive accessibility indicates the
ease with which an opportunity can be reached by the population [6, 25, 26]. Although
passive accessibility measures have significant potential and are increasingly being ap-
plied, they have received less attention than active accessibility measures[26-28].

In both cases, the optimization of accessibility entails maximizing the attractiveness
of destinations while minimizing the costs for individuals to reach them. Nevertheless,
this optimization goal exhibits certain limitations. For active accessibility, it cannot dif-
ferentiate between various destinations being accessible to different individuals and the
same destination being mutually accessible to multiple individuals. In contrast, pass-
ive accessibility measures can overcome this shortcoming by considering the number of
people who have access to each destination. However, most passive accessibility meas-
ures have another limitation: they do not differentiate between destinations accessible
to individuals from a single demographic group and those accessible to individuals from
diverse demographic groups.

This Chapter addresses these limitations by laying the groundwork for defining and
measuring co-accessibility: a measure for evaluating the extent to which a destination
is mutually accessible to individuals from various demographic groups (e.g., age, ethni-
city, income). The co-accessibility of a destination is measured as the degree to which a
destination is accessible to different individuals or groups, taking into account the vari-
ations in factors influencing accessibility contingent on the demographic group to which
each individual belongs. These factors include available travel modes, types of activities,
and needs and preferences pertinent to different demographic groups or individuals.

In the following sections, we examine existing accessibility measures, highlight some
of their inherent limitations, and illustrate how co-accessibility might transcend these
constraints. We then define the fundamental constituents of co-accessibility and provide
a mathematical formulation for quantifying it. In highlighting the intricacies and chal-
lenges involved in the measurement of co-accessibility, we use a sample case study to
evaluate and compare pedestrian accessibility and co-accessibility across various des-
tinations in Amsterdam, the Netherlands. Drawing upon the existing literature and the
outcomes of our analysis, we investigate the potential implications of co-accessibility,
underscore the main challenges in its measurement, and suggest avenues for future re-
search.
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2.2. FROM ACCESSIBILITY TO CO-ACCESSIBILITY

There are various approaches for conceptualizing and measuring accessibility. A com-
mon underlying principle guiding most approaches is that accessibility is determined by
the distribution of potential destinations across space, the characteristics of these destin-
ations, and the ease of reaching them [4]. The most common mathematical formulation
of accessibility in the literature builds upon the seminal work of [5], and is defined by two
main components: the attractiveness of destinations and the associated costs required
to reach them. Following the notation of [57], its formulation is given by:

. J
Al = Zlojf(cij) @1
]:

where A; denotes the accessibility of origin location or zone i to destination or zone j;
O; is the destination attractiveness, often reflecting the number of opportunities avail-
able at destination j; and f(C;;) is the cost or impedance to reach destination j from
origin i. Equation 2.1, formally defines active accessibility but can be used for both act-
ive and passive accessibility depending on what zone i and j represent (i.e., location of
individuals or opportunities) [57].

Over time, numerous metrics have been introduced in the literature to expand upon
Hansen'’s formulation, with the aim of capturing the different components of accessibil-
ity [16]. Some of these extended metrics enrich the cost component (C;;), considering
different travel modes and traffic conditions [17], time schedules of individuals, [18-21],
individual perceptions of travel costs [22], or how different population subgroups such
as minorities or persons with disabilities experience access [23]. Additionally, the destin-
ation attractiveness (O;), initially used to reflect the number of accessible destinations or
jobsin area j [5, 7], has evolved to encompass a wider array of factors pertaining to why
individuals are attracted to particular destinations. This includes considerations such
as the type of activities at a destination, the size and quality of facilities, or individuals’
lifestyle-based preferences [24].

To capture and differentiate the various perspectives within accessibility-related liter-
ature, existing measures have been classified in multiple ways. Both active and passive
accessibility measures can be further divided into place-based and person-based cat-
egories [18, 29, 30]. Place-based measures evaluate the spatial separation between vari-
ous locations, which often include individuals’ anchor points such as home or work, and
important destinations where activities take place. On the other hand, person-based
measures consider the ease with which individuals or specific groups can access differ-
ent destinations, taking into account each individual’s spatial and temporal constraints.

Levinson and Wu [57], building on Hansen’s formulation (equation 2.1), proposed a
generalized measure of accessibility to encapsulate all the different considerations of
spatial accessibility (equation 2.2). This formulation, while similar to Hansen’s equation
2.1, allows a shift from partial to general access [57] by representing A;, Oj, and G;; as
matrices. These matrices enable accounting for different types of destinations, times of
day, time availability, travel modes, and all costs related to accessing a destination (e.g.,
money, noise, or congestion). In addition, function g is used to reflect the unequal value
of destinations.
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J
A=) g(0)f(Cy) (active)
]71 2.2)
AiO =) g0y f(Cyp) (passive)
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As explained in Chapter 1, based on the existing formulations and components of ac-
cessibility measures the optimization objective for accessibility concerns maximizing
the destination attractiveness (i.e., what is offered at a destination) and minimizing the
travel cost (i.e, the costs to reach a destination). However, such an optimization does
not guarantee the existence of locations accessible to different individuals and popula-
tion groups (e.g., ethnicity, age, or income-level groups). In practice, the accessibility of
distinct destinations to different individuals is often mistakenly considered equal to the
same destination being accessible to different individuals. We refer to this as isolation
accessibility bias. Moreover, the accessibility of a destination to individuals from a ho-
mogeneous group is erroneously equated to a destination being accessible to individu-
als from different demographic groups. We refer to this as homogeneity accessibility bias.
These biases are illustrated and explained in Chapter 1, through two examples depicted
in Figs. 1.1 and 1.2.

A possible way to overcome these limitations is by employing a time-geography ap-
proach [18]. In time geography, which constitutes the primary theoretical framework for
conceptualizing person-based accessibility [29], an individual’s accessibility is modeled
using a space-time prism [19]. The space-time prism represents the possible move-
ments of an individual through both space and time, considering factors such as per-
sonal mobility constraints and time schedules [33]. The intersection of multiple indi-
viduals’ space-time prisms across the continuous geographic space has been conceptu-
alized through joint accessibility (20, 34, 36].

In this Chapter, we address the above-mentioned accessibility biases by defining and
formulating co-accessibility as a place-based measure that assesses a destination’s po-
tential to bring together different individuals and individuals from diverse demographic
groups by being accessible to them. Co-accessibility accounts for spatial constraints
without considering individual time constraints. This enables its measurement without
the need for detailed data on specific activity patterns and trips of individuals, thus
avoiding associated privacy and ethical issues. [6, 27, 35]. To address the isolation ac-
cessibility bias, the co-accessibility of a destination is determined by the number of in-
dividuals who have access to that destination. To address the homogeneity accessibility
bias we need to consider the individuals’ demographic groups and the co-accessibility
of a destination is determined by the number of individuals who have access to that des-
tination and the number of demographic groups these individuals belong to.

In Fig. 2.1, we present six dummy examples to illustrate how measuring accessibility
and co-accessibility could enable us to examine the degree to which various destinations
are accessible to different individuals and demographic groups. In all our examples we

consider five individuals (P, = {p1, p2, p3, ps, ps}) and three destinations (D, = {d), d», ds}).

Furthermore, in these examples, in alignment with the commonly found formulation of
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accessibility, for a destination to be considered accessible by an individual two condi-
tions must be met: the individual needs to be able to reach the destination (low travel
cost) and to consider the destination attractive (high destination attractiveness). To de-
pict the accessibility of a destination by an individual, meaning that the individual can
reach the destination and considers it attractive, we utilize lines that connect the indi-
vidual to the corresponding destination.

The co-accessibility of a destination is indicated based on two numbers: the num-
ber of individuals who have access to that destination, and the number of demographic
groups to which the individuals with access to that destination belong. The purpose of
these examples is to underscore the distinctions between the outcomes of (active or pass-
ive) accessibility and co-accessibility measures, and to demonstrate how co-accessibility
could address the isolation and homogeneity accessibility biases presented in Figs. 1.1a
and 1.2.

In examples (I) - (I) illustrated in Fig. 2.1, we examine the limitations of active and
passive place-based accessibility measures towards indicating the degree to which des-
tinations are accessible to different (groups of) individuals. In example (I), following
an active accessibility approach, each individual has access to one destination and all
three destinations d;, d», and ds3 are considered to be equally accessible to different
(groups of) individuals. In example (II), following a passive accessibility approach, des-
tinations d, and ds are accessible to two individuals, while d; is accessible to only one
individual. Moreover, destinations d» and ds are equally accessible to different individu-
als and groups. In example (III), we illustrate the proposed co-accessibility measure, by
extending passive accessibility to account for the different demographic groups. In this
case, d» and ds are accessible to two individuals while d; is accessible to only one in-
dividual. When we further look at the demographic group of each individual we also
observe that only d, is accessible to individuals from different demographic groups (red
and green) since d; and d3 are accessible to only one group, red and blue respectively.

In examples (IV) — (VI) shown in Fig. 2.1, we demonstrate how further adjusting the
co-accessibility measure could provide a more refined indication of the degree to which
destinations are mutually accessible to different (groups of) individuals. Beginning with
example (IV), similar to (III), destinations d, and ds are mutually accessible to two indi-
viduals while d; is accessible to only one individual. Looking at the number of groups
who have access to each destination, we observe that d, is mutually accessible by two
groups, while d; and ds are accessible by only one group. Thus, d, exhibits a higher
degree of co-accessibility overall.

To measure the co-accessibility of a destination while considering the individuals’ demo-
graphic groups, we also propose to account for the factors that impact the travel cost to
reach it and are shared among the people of each demographic group (e.g., in the case
of pedestrians belonging to different age groups we would need to consider the different
walking speeds [58]). Certainly, within the same demographic group, individual differ-
ences still exist. Nonetheless, by tailoring the factors that impact accessibility by each
population group, we gain a more nuanced understanding of co-accessibility compared
to treating all groups as identical while avoiding the excessive complexity of considering
each individuals unique preferences. In example (V), we adjust the travel cost per group
to show how this consideration could alter co-accessibility. We illustrate the adjusted
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Accessibility & Co-accessibility

(I) Place-based Active Accessibility
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The distribution of destinations ensures
that each individual has access to one

destination. d;, dp, and d3 are con-
sidered equally accessible to different
(groups of) individuals (Isolation and Ho-
mogeneity accessibility biases).

(I) Place-based Passive Accessibility
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Destinations dp and d3 are equally ac-
cessible to different individuals and more
accessible than dy. Moreover, dy, do,
and d3 are considered equally accessible
to different demographic groups (Homo-
geneity accessibility bias).

(II1) Co-accessibility
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Destinations dp and d3 are equally ac-
cessible to different individuals. d» is
also accessible to individuals belonging
to different demographic groups (green
and red in this example). d; and ds are
not accessible to people from multiple
demographic groups.

Adjusting Co-accessibility

(IV) Individuals from different demo-
graphic groups

C = [#individuals, #groups]

d

dy: CP:L =1,1]
d:

dy: Cpi =2,2]
d:

ds: Cpf, =[2,1]

Destination dj is not accessible to differ-
ent individuals. dp is mutually accessible
to two individuals and two demographic
groups (green and red groups). dg is mu-
tually accessible by two individuals and
one demographic group.

(V) Individuals from different demo-
graphic groups (+) adjusting the travel
cost per group
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C = [#individuals, #groups]

d

dy: CP; =2,2]
d

dy: CPfL =[3,3]
d

ds: cpfl =[1,1]

This example demonstrates how adjust-
ing the travel cost per group could alter
the results of co-accessibility. In this case,
dy is accessible to two individuals and
two groups (red and green). dy shows
the highest degree of accessibility since
it is accessible to three individuals and
all demographic groups under considera-
tion (red, blue, and green). d3 is only ac-
cessible to a single individual.

(VD) Individuals from different demo-
graphic groups (+) adjusting the destin-
ation attractiveness per group

- s
/

C = [#individuals, #groups]
dy: Cf); =[2,2]
dy: Cgi =[1,1]
ds: cﬁfl -1,

This example demonstrates how further
adjusting the destination attractiveness
per group could alter the results of co-
accessibility. For dy, the results remain
the same: dj is accessible to two indi-
viduals and two groups. dp and d3 are
each accessible by only one individual
and therefore exhibit a low degree of co-
accessibility.

Figure 2.1.: Dummy examples illustrating how accessibility and co-accessibility measurements can indicate
the degree to which different destinations are accessible to various individuals and demographic

groups.
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travel costs, using group-based colors for each line. In this case, the destination that
shows the highest degree of co-accessibility is d». d» is mutually accessible by three indi-
viduals all belonging to different groups. Then, d; follows, which is mutually accessible
by two individuals, also belonging to different groups (red and green). Last is ds, a des-
tination only accessible by a single individual.

Finally, we also account for the factors that impact the attractiveness of each destina-
tion and are shared among the people of each demographic group [24] (e.g., playgrounds
are more attractive to children than to the elderly). In example (VI), we further adjust
the destination attractiveness per group to show how this consideration could alter co-
accessibility. We illustrate the adjusted destination attractiveness, using group-based
colors for each destination. In this case, d; is mutually accessible by two individuals,
also belonging to two different groups, and it is the destination with the highest degree
of co-accessibility. Then, destinations dy and ds follow, each being accessible by only
one individual.

2.3. MATHEMATICAL FORMULATION OF CO-ACCESSIBILITY

In this section, we propose a mathematical formulation of co-accessibility. To measure
the co-accessibility of a destination d for individuals from different demographic groups,
we first need to measure the accessibility of d for each demographic group g. As illus-
trated in Fig. 2.1, this involves considering factors that influence the attractiveness of d
and the travel costs associated with reaching it, which are assumed to be shared among
members of each demographic group g. As mentioned in the previous section, indi-
vidual distinctions persist even within the same demographic group. However, by adjust-
ing the factors influencing accessibility for each group, we obtain a more nuanced under-
standing of co-accessibility compared to treating all groups as identical, while avoiding
the excessive complexity associated with considering the unique needs and preferences
of each individual. Thus, within the formulation of co-accessibility, the travel cost de-
pends on the location of the person p; € g in relation to the destination d and on factors
that impact traveling and are shared among the people who belong in group g (e.g., in-
come level, available travel modes, walking speed, etc). Similarly, the attractiveness of
a destination depends on factors that impact how attractive destination d is considered
and are shared among the members of group g.

The passive accessibility of a destination d to n individuals who belong to the same
demographic group g, allows us to address the isolation accessibility bias presented in
Fig. 1.1 by expressing the degree to which d is mutually accessible by members of g and
is formulated as:

d _ d d d .
cg =h(48, 48,45 ) pjeg 2.3)

where cg denotes the (passive) accessibility of destination d to individuals from group g.
Agj is the accessibility of destination d to a person p; from group g (equation 2.2). Agj
is determined by factors that impact how attractive a destination is considered and are

shared among the people from group g, the location of the person in relation to the des-
tination and factors that impact traveling and are shared among the people from group
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g Ag]_ can adopt various types of accessibility measures depending on the underlying
assumptions made, as explained by [57]. & represents a function that is used to aggregate
the accessibility of destination d by each p; € g and provides the co-accessibility of des-
tination d by all individuals. We purposefully permit % to be non-linear and output dif-
ferent types of results such as single values (e.g., from summation) or distributions (e.g.,
from probability distribution functions). By embracing non-linearity in our approach,
we aim to provide a versatile formulation that can yield a spectrum of results, catering
to the demands of analyzing co-accessibility across different scenarios and contexts. For
instance, h could be a summation and provide the total number of people who have
access to a destination.

This approach is commonly seen in passive accessibility measures [27, 28]. When de-
veloping a co-accessibility measure, % can be tailored to account only for individuals
belonging to a specific demographic group (e.g., the number of children with mutual ac-
cess to a park). In that case, equation 2.2 can also be adjusted to the group under study.
Alternatively, i could represent a probability distribution function, providing insights
into the likelihood that individuals from demographic group g will access a destination,
We refer to equation 2.3 as group-based co-accessibility, which essentially serves as a
specialized passive accessibility measure.

Finally, the co-accessibility of a destination d to individuals belonging to a set of n
mutually exclusive demographic groups G (e.g., [children, adults, older persons] or [low
income, medium income, high income]), Cg, allows us to address the homogeneity ac-
cessibility bias presented in Fig. 1.2 and can be formulated as:

Cé=H(c ety cly) Vi €G 2.4)

where H is the function used to aggregate the co-accessibility values of destination d for
each group in G, resulting in the overall co-accessibility of the destination for all groups
in G. Like h, the selection of H depends on the context of the problem being studied. H
aims to address the homogeneity bias and allows for the differentiation of destinations
based on their accessibility to individuals from different demographic groups. Therefore,
H can be chosen to reflect the diversity of the people who have access to a destination
according to their demographic group. Examples of widely known diversity indices that
can be used include Shannon’s Equitability Index [59], Simpson’s Diversity Index [60],
and the Gini Index [61]. Alternatively, for simplicity, H could be a summation reflecting
the number of different demographic groups with access to d.

2.4. SAMPLE CASE STUDY

We employ a representative case study to demonstrate how the proposed co-accessibility
measure can be compared with and complement the more commonly used active ac-
cessibility measures. The simplified co-accessibility measure we use does not encom-
pass all the factors influencing co-accessibility as discussed in earlier sections. Its aim
is to facilitate a discussion on the applicability of co-accessibility and to highlight the
intricacies and challenges involved in its measurement.

Our case study is defined by four key aspects: the area of analysis, the travel mode, the
demographic attributes, and the type of destinations involved. The area of analysis is
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the city of Amsterdam in the Netherlands. We chose Amsterdam due to its diverse array
of neighborhoods, which include both historic and more recently developed areas. Ad-
ditionally, Amsterdam features a mix of pedestrian-friendly streets and barriers, such as
canals and high-traffic roads. As for the travel mode, our focus is on pedestrians. Walk-
ing is chosen as it is the most affordable and accessible travel mode for individuals of
virtually every population group, it is a sustainable means of transport, and it has been
shown to positively contribute to people’s well-being. The demographic characteristic
we examine is age. The need for urban spaces that bring people of different ages together
and encourage intergenerational encounters is universal and relevant to most countries
and cities, as underscored by the United Nations’ Sustainable Development Goal 11.7
[40]. The selection of destinations is guided by the concept of third places introduced
by [62], encompassing venues where individuals of different ages can encounter each
other beyond the realms of home and work. Specifically, we selected destinations that
are accessible to individuals of all ages, such as parks, playgrounds, and museums while
deliberately excluding venues that impose age restrictions to access, such as casinos or
nightclubs.

2.4.1. MEASURING ACCESSIBILITY & CO-ACCESSIBILITY

To assess accessibility and co-accessibility, we employ an isochrone-based measure. Iso-
chrones show what destinations can be reached from an origin location within a given
travel cost threshold [57, 63]. Isochrones are selected because of their simplicity and
ease of interpretation, characteristics that also contribute to their widespread adoption
by practitioners [64].

We make three main assumptions. First, we consider all destinations in our analysis
equally attractive to all groups. Second, we assume all people walk at the same speed:
1.26 m/s (i.e., the average of different age groups, as measured by [58]). The reason for
not adjusting the walking speed per age group is that considering the lowest (1.2m/s)
and highest (1.29m/s) average walking speeds found by [58] would only result in a differ-
ence of 81m within a 15-minute walk. This difference cannot be reflected in our estim-
ations due to the spatial resolution of the employed population data (100 x 100 grid
cells). Third, regarding the travel cost we only account for the walking time and consider
accessible every location a person can reach within a 15-minute walk from their home.
We opted for the 15-minute walking distance threshold because it is increasingly util-
ized both in research and in practice, with several cities integrating it into their urban
planning strategies in recent years [65-69]. However, we acknowledge that assigning any
time threshold is somewhat arbitrary in nature. Based on these three assumptions, the
accessibility of a destination d by an individual p; € g is formulated as:

Ad_

pj

{1 if walking-time between d and p; < 15 minutes ©.5)

0 if walking-time between d and p; > 15 minutes

To identify which destinations are accessible to each individual, we model the pedes-
trian street network as a graph, with nodes representing street intersections and edges
representing street segments. We then overlay a grid layer (100x100m) indicating resid-
ential areas and determine the closest intersection to the center of each grid cell. These
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intersections represent individuals’ home locations. Next, we calculate 15-minute walk-
ing trips from these home locations, considering the length of each street segment and
the average walking speed defined earlier. This process allows us to measure all destina-
tions within the reach of these walking trips for each individual.

To measure the co-accessibility of a destination by a particular group we need to define
the function h as shown in equation 2.3. In our analysis, we define h as a summation
to align with the aforementioned isochrone-based measurement of accessibility. Thus,
the group-based co-accessibility of a destination by the n individuals from group g is
formulated as:

n
cgzzlAg]_,Vp,-Eg (2.6)
]:

After having calculated the co-accessibility of destinations per group we can calculate
the co-accessibility of each destination by all groups. To do so, we need to define the
function denoted as H in equation 2.4. In our case, we are interested in the degree to
which a destination is mutually accessible by a set G of n different age groups (g is chil-
dren, g» is adults, g3 is elderly). Therefore, H is chosen to represent the age diversity of
the people who can access each destination by means of Shannon’s Equitability Index
[59]. Shannon’s Index is selected as it is among the most commonly used diversity in-
dices and summarizes in a single number a partial description of species richness and
evenness [70, 71]. Thus, equation 2.4 is now:

d d
_Z?=1(Pgi x lnPgi)

cd=
G In(n)

rVgi eG 2.7)

where Pg,- is the ratio of the co-accessibility of d by each age group (Cg,-) over the total
number of individuals with access to d (Z;’=1 cgi) ; n is the count of age categories. The

Cg values range from 0 to 1, with 1 indicating a perfect balance in the proportions of
each age category.

2.4.2. DATA

We use three different types of data: population demographics, pedestrian street net-
work data, and location-based data. Starting with the population demographics, to col-
lect information reflecting peoples’ residence location and age we use the Dutch [38]
(spatial resolution of 100 x 100m). The collected data pertain to the year 2020. In total,
the population demographics data include 6,949 grid cells reflecting the entire Amster-
dam. We group residents into three population age categories: children (0-15 years old),
adolescents and adults (16-64 years old), and the elderly (equal or above 65 years of age).

The data related to the pedestrian network reflect streets that are considered for ped-
estrians such as sidewalks and pedestrianized streets. We obtain this information from
[37], by collecting the streets for which the network_type is set to walk using the OSMNX
package [72]. Thus, we only collect streets for pedestrians and exclude streets such as
motorways, bike lanes, or service roads. The street network of OpenStreetMap has been
determined to be approximately 83% complete in over 40% of countries worldwide [73].
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When focusing on the pedestrian street network studies have suggested that OpenStreet-
Map data provide a free and adequate alternative in situations where commercial pedes-
trian data sets are not available [74]. The data collection was realized in November 2021.
The collected street segments lie within the administrative boundaries of Amsterdam,
as delineated from the open Dutch land use dataset Basisregistratie Grootschalige Topo-
grafie (BGT) [75], extended by a buffer of 1km to minimize potential boundary effects
[76].

Lastly, the locations are also collected from OpenStreetMap. In particular, we select
and collect locations that lie within the administrative city boundaries of Amsterdam ex-
tended by a buffer of 1 km and come from the following primary feature groups: Amenity,
Entertainment, Arts & Culture, Leisure, or Shop. OpenStreetMap has been considered a
valid source for such data with an acceptable level of completeness [77-79]. The data col-
lection process was realized in September 2021. In total, we collected 10,483 locations.

2.4.3. RESULTS

The results of the measurements of pedestrian accessibility and co-accessibility are il-
lustrated over three types of maps. First, the maps of pedestrian (active) accessibility
highlight the number of destinations accessible from each grid cell within a 15-minute
walk. According to equation 2.5, these maps show the total number of accessible des-
tinations for each grid cell included in our analysis. Second, the maps of pedestrian
co-accessibility per group (cg) (passive accessibility) display the total number of people
within a specific age group who can access a destination, estimated using equation 2.6.
Third, the maps of the co-accessibility of each destination from all groups (Cg) reflect
the age diversity of the people with access to each destination, as calculated through
equation 2.7.

For the visualizations, we first calculate the average accessibility of all grid cells and the
average co-accessibility of all destinations. Then we cluster our values in three groups
and color them accordingly: Higher than average , Near-average, and Lower than aver-
age. To identify the statistically significant clusters of high and low values we further
create a connectivity matrix using queen contiguity-based spatial weights and measure
the spatial autocorrelation using Moran’s I correlation coefficient.

2.4.4. COMPARISON OF ACCESSIBILITY AND CO-ACCESSIBILITY

We display our area-based results through Figs. 2.2 and 2.3. Panels 2.2a and 2.2b high-
light the spatial inequities in accessibility. In particular, panel 2.2a shows the number
of accessible destinations within a 15-minute walk from each grid cell and 2.2b further
underpins the spatial clusters of grid cells with a significantly high (or low) number of
accessible destinations, compared to the mean. Then, panels 2.2c and 2.2d present the
destinations’ co-accessibility in terms of how age-diverse is the set of people who have
access to each destination. Fig. 2.3 follows the same structure while focusing on the ac-
cessibility and co-accessibility of different areas per age group (i.e., children and elderly).
Asindicative examples, we consider three areas denoted as A, B, and C. People residing
in area A have access to the highest number of destinations in comparison to any other
area. Indicatively, people in the vicinity of A have access to a significantly high number
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(a) Accessibility of destinations from each grid cell within a

15-minute walk.

(b) Local spatial autocorrelation (Moran’s I) of the number
of accessible destinations from each grid cell within a
15-minute walk.

Number of accessible destinations within a 15-minute walk
from each grid cell.

Higher than average (> 340)

Near-average (240 +100)

Lower than average (< 140)

(c) Co-accessibility of each destination based on the age
diversity of the people who have access to it within a
15-minute walk.

Destinations’ age diversity based on the individuals who have Destinations’ age diversity based on the individuals who have

access to them within a 15-minute walk.
@ Higher than average (> 0.66)
® Near-average (0.61 +0.05)

Lower than average (< 0.56)

Number of accessible destinations within a 15-minute walk
from each grid cell.
@ High values
Not significant
® Low values

(d) Local spatial autocorrelation of the age diversity of the
people who have access to each destination within a
15-minute walk (Moran’s I).

access to them within a 15-minute walk.
@ High values

Not significant
® Low values

Figure 2.2.: Accessibility and co-accessibility (based on age diversity) of different areas in Amsterdam.
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(a) Co-accessibility of each destination based on the number (b) Local spatial autocorrelation of the number of children
of children who have access to it within a 15-minute walk.  who have access to each destination within a 15-minute
walk (Moran’s I).

Number of children who have access to each destination Number of children who have access to each destination

within a 15-minute walk. within a 15-minute walk.
@ Higher than average (> 2865) @ High values
©® Near-average (2365 + 500) Not significant

Lower than average (< 1865) ® Low values

(c) Co-accessibility of each destination based on the number (d) Local spatial autocorrelation of the number of elderly
of elderly people who have access to it within a 15-minute  people who have access to each destination within a
walk. 15-minute walk (Moran’s I).

Number of elderly people who have access to each Number of elderly people who have access to each

destination within a 15-minute walk. destination within a 15-minute walk.
@ Higher than average (> 3378) @ High values
@ Near-average (2878 +500) Not significant

Lower than average (< 2378) ® Low values

Figure 2.3.: Accessibility and co-accessibility (based on children and elderly) of different areas in Amsterdam.

of destinations compared to other areas, as can be seen from panel 2.2b, ranging from
around 2250 to 400.

Regarding co-accessibility, the destinations located in area A are accessible within a
15-minute walk by a significantly low or near average in terms of age-diversity set of



2.5. DISCUSSION AND CONCLUSION 35

people compared to other destinations as depicted in panels 2.2c and 2.2d. These res-
ults are also supported when looking at the group-based co-accessibility (panels 2.3a—
d): the destinations within the A area are accessible by a significantly lower number of
children, compared to the mean. Thus, by comparing the results of accessibility and co-
accessibility for the area A we see that a higher number of accessible destinations does
not directly translate to a higher number of destinations that are simultaneously access-
ible by multiple age groups.

The people residing within the B area, have access to a more limited range of destin-
ations typically varying between 10 and 180. In certain cases, the number of accessible
destinations is statistically significantly lower than the mean, as indicated by panel 2.2b.
Regarding co-accessibility, the destinations within area B are mutually accessible by a
significantly broader age range of people compared to other destinations. Regarding the
number of children who have access to the destinations in that area, we can observe
diverse results with small clusters of destinations that are accessible to either a near-
average or significantly higher number of children. When looking at the elderly, we see
results that are closer to the mean.

Similarly to the B area, the people residing within the C area have access to a statist-
ically significantly lower number of destinations, compared to the mean, as shown in
panel 2.2b. When looking at co-accessibility, the estimated age diversity values of the
destinations within area C are not significantly higher or lower than those of other des-
tinations. However, when focusing on specific groups we observe that the destinations
within the C area, are found to be accessible by a significantly low number of elderly.

In summary, the results of accessibility and co-accessibility provide complementary
insights. While accessibility provides information regarding the extent to which destina-
tions are accessible to people, co-accessibility indicates the degree to which the destin-
ations of each area promote encounters among individuals belonging to the same age
group (tackling the isolation accessibility bias) or different age groups (tackling the ho-
mogeneity accessibility bias) by being accessible to them.

2.5. DISCUSSION AND CONCLUSION

This Chapter lays the groundwork for a methodological framework for measuring co-
accessibility, which assesses the degree to which various destinations are mutually ac-
cessible to individuals from different demographic groups. We demonstrated how a
measure of co-accessibility could enhance traditional accessibility metrics and alleviate
inherent biases such as the isolation and homogeneity bias. We also outlined the com-
ponents of co-accessibility and proposed a mathematical formulation for its measure-
ment. In the following paragraphs, we highlight potential opportunities and prospective
measurement challenges to support future research endeavors in related fields.
Co-accessibility is a place-based measure that shares some conceptual similarities
with passive accessibility and other person-based measures such as joint accessibility.
The advantage of person-based measures is that they consider both spatial and time
constraints. However, their implementation in real-world case studies can be challen-
ging due to the need for detailed data on individual spatiotemporal activity patterns. Ad-
ditionally, it is cumbersome to apply such measures when evaluating future spatial plan-
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ning interventions since they rely on data from past activities and trips. These challenges
have been well-documented in the literature [6, 80]. Co-accessibility offers an alternat-
ive for examining how mutually accessible destinations are to different individuals and
demographic groups when detailed data cannot be collected due to time or monetary
costs or should not be collected because of ethical concerns.

We introduced co-accessibility as a broad concept but subsequently narrowed our
focus to measure and apply it in a sample case study. Specifically, we measured co-
accessibility by focusing on a single mode of travel, namely walking, and a given demo-
graphic, namely age. Nevertheless, co-accessibility can be applied across any mode
of travel or demographic group. For instance, when considering other demographic
groups, co-accessibility could be valuable for studying segregation phenomena, typic-
ally centered on ethnicity [81], income [82], or education level [83] by enabling to go bey-
ond the commonly studied domains of residential [84], workplace [85], and educational
settings [86].

Similarly, measures of co-accessibility could be employed to compare the effectiveness
of public transportation systems in fostering place-based encounters. Such an examin-
ation could delve into understanding how considering different modes of travel, such
as public transportation, private vehicles, or cycling impacts co-accessibility. This ap-
proach could provide insights into the social dynamics facilitated by different transport-
ation modes and expand existing research on the impact of public transport on social
encounters [87, 88].

Moreover, measures of co-accessibility can be leveraged to guide the design of destin-
ations to better meet the wants and needs of those who can reach them. This approach
can help to address issues of spatial inequality and spatial justice by ensuring equitable
access to essential services and opportunities for all demographic groups. Studying the
co-accessibility across different destinations might also provide a nuanced understand-
ing not only of the capacity of destinations to facilitate encounters among diverse indi-
viduals but also of the intrinsic characteristics of areas that nurture this potential. These
characteristics extend to the surroundings of the destinations which, as Jane Jacobs ar-
gued, can generate mutual support and “complex pools of use" that encourage people
to use destinations at different times of the day [89, 90]. Additionally, prospective inter-
ventions or urban design scenarios can be converted into input data for the proposed
measure to assess their impacts on co-accessibility. However, this undertaking must be
approached with caution, as there is a risk of developing urban destinations tailored to
the predominant population groups that have access to them, inadvertently marginaliz-
ing other population subgroups [91].

Lastly, our sample case study highlighted the complexities associated with the meas-
urement of co-accessibility, revealing inherent challenges that should be addressed. We
identify three main challenges for measuring co-accessibility. The first challenge stems
from the necessity to identify and measure the factors influencing accessibility for vari-
ous demographic groups. This is illustrated through examples (IV)-(VI) in Fig. 2.1, where
we adjust the travel cost and destination attractiveness per group. While it is important
to account for demographic disparities, it is challenging to simultaneously identify and
measure such differences in a time and cost-effective manner. The factors that influ-
ence accessibility are group-specific, many, and intertwined [92, 93]. As a result, there is
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the challenging task of disentangling the impact of each factor and prioritizing them for
the different groups. Moreover, some factors can be very subjective and thus difficult to
capture, particularly when adjusting for the different demographic groups. For instance,
when considering pedestrian co-accessibility, such factors can be the perceived safety or
the attractiveness of a street which can influence whether a person can walk to a destin-
ation [54, 94].

Second, the proposed mathematical formulation of co-accessibility (expressed through
equation 2.3 and 2.4) is purposefully quite broad, encompassing more of a conceptual
formulation, aiming to guide and inspire the development of new context-specific co-
accessibility measures, rather than a “ready-to-follow" recipe one can use to measure
co-accessibility. To apply a co-accessibility measure three main questions need to be
answered first: How to measure accessibility (equation 2.2)? How to aggregate the ac-
cessibility of a destination to different individuals belonging to the same group (equation
2.3)? How to aggregate the co-accessibility of a destination to multiple groups (equation
2.4)? Establishing a consistent selection process protocol for defining these functions
proves challenging, as this decision is influenced by a variety of factors such as the con-
text (e.g., demographics), the data availability, and the specific aspect of the problem
under investigation (e.g., assessing co-accessibility statically or dynamically based on
time, season, or weather). In this quest, other scientific fields can provide valuable in-
sights. For instance, the plethora of accessibility studies can aid the selection of the most
relevant accessibility measure to the problem under study. In another example, when se-
lecting aggregation functions to measure the diversity of individuals with respect to their
demographic traits, one can draw insights from existing studies on the potential and lim-
itations of different diversity indices [95].

Third, when measuring co-accessibility it is important to consider the interplay between
a destination’s co-accessibility and visitation patterns. This relationship may indicate
how to assess co-accessibility to better reflect its impact on real visitation patterns. The
influence of co-accessibility on visitation patterns can be complex and may exhibit vari-
ations based on demographics, cultural nuances, time, or season. Relevant literature
on visitation patterns can provide valuable guidance on how to approach this relation-
ship [96, 97]. The aforementioned opportunities and challenges serve as avenues for
additional investigation and hold the potential to shape the trajectory of future research
endeavors that expand upon the concept of co-accessibility.
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All places are accessible but some places are more accessible than others.

modified from George Orwells Animal Farm
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SUMMARY

Building on the definition and formulation of co-accessibility established in the previ-
ous chapter, we propose a method to measure co-accessibility and apply it for the as-
sessment of spatial age segregation, meaning the degree to which different age groups
occupy the same space. In particular, we use spatially disaggregated data about urban
destinations across the cities of Amsterdam, Rotterdam, The Hague, Utrecht, and Eind-
hoven in the Netherlands to calculate several spatial accessibility metrics and to estimate
co-accessibility scores for each destination. This chapter’s analysis results demonstrate
how the proposed co-accessibility measure can provide new insight into the potential
moderating effect that exposure to other age groups in places outside of the home can
bring to the level of spatial age segregation.

MEASURING cos
& TRAVEL T THE END
INTRO APPLICATION 2/2

TRAVEL COST DEST.
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*This chapter is based on a journal article published in Computers, Environment, and Urban Systems [51]
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3.1. INTRODUCTION

In this chapter, we demonstrate how co-accessibility can be utilized to assess spatial age
segregation. Spatial age segregation occurs when individuals of different ages do not
occupy the same space and, thereby, lack mutual interactions [98]. Evidence suggests
that bringing different age groups together could have a number of societal benefits that
range from the reduction of ageism and the risk of isolation in later life to the promotion
of socialization between the young and the old [99-102].

Common indicators of spatial age segregation that have extensively been used in liter-
ature are the concentration and distribution of different population age groups residing
within a neighborhood [103-109]. Even though this is important to consider when aim-
ing to identify the existence of segregation, in reality people may further experience age
segregation in places outside of the residential space. This implies that the location and
distribution of different daily activity spaces (e.g. parks, restaurants, supermarkets, work-
places) across the urban fabric may either promote or obstruct encounters with people
from different age groups [62, 110-113]. For instance, a park that is accessible to and
visited by children, adults, and the elderly promotes mutual exposure and could induce
interactions between these age groups. Subsequently, determining spatial age segrega-
tion solely on the basis of population distribution in the residential space may lead to
partial or biased insights into this phenomenon.

Access to different activity locations is rarely considered in studies of spatial age segreg-
ation. Only alimited number of studies of general spatial segregation have accounted for
locations beyond the residential space [81, 110, 114-116]. However, accounting for how
accessible various activity locations are to different age groups merits attention as a key
component of spatial age segregation, in addition to the commonly considered factor of
age structure (i.e. the presence and concentration of different age groups). Three reas-
ons underscore the necessity for considering access to activity locations in a spatial age
segregation context: (1) social encounters and interactions primarily occur in places out-
side of home [110, 117], (2) easy access to facilities has been shown to encourage their
use [1], and (3) differences in access capacity (e.g. between younger and older people)
substantially influence the chance for encounters between age groups. To enable the
integration of accessibility in spatial age segregation research and policy, there is a need
for methods that do not only capture how accessible activity locations are to different
people, but can also assess the possibility of different age groups sharing the same space.

Despite the growing body of accessibility studies, existing metrics fall short in cap-
turing both who can access different destinations and how likely it is that people from
different groups meet in these places. Generally, accessibility metrics fall into two cat-
egories: (a) place-based (or location specific), and (b) people-centered measures [29, 30].
The former capture access according to the number, density, and diversity of activity loc-
ations in a neighborhood, whereas the latter measure the degree to which individuals
or groups have access to a given set of destinations [118, 119]. Typical determinants are
space (i.e. the distance between a destination and an origin — usually, the home location
ofan individual), time (e.g. business or office hours), and cost (i.e. travel time and related
costs to reach a destination) [4, 120]. Regardless of the general category, these metrics
often fail to distinguish between a facility that is accessible to a large, yet homogeneous,
population age group and one that brings people of different ages together. In other
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words, there is a need for methods that can capture the degree of co-accessibility (i.e.
how accessible a given destination is to individuals from different population groups) of
activity locations.

In this chapter, we aim to fill this gap by proposing a new methodology for measuring
spatial age segregation at a granular level (i.e., at the level of individual activity locations)
that considers both age structure and the degree of co-accessibility to different activity
locations. To that end, we account for factors pertaining to the spatial distribution of dif-
ferent destinations and the age diversity of people who potentially occupy these places
at the same time. First, we calculate several accessibility metrics to measure how access-
ible different activity locations are to various age groups relative to other places within
different walking distances. Second, we estimate the age diversity of the people who
potentially access each activity location. These estimates are used to capture the possib-
ility of different age groups occupying the same space and, therefore, serve as proxies of
potential encounters and intergenerational interactions.

We use the five most populated cities in the Netherlands — namely, Amsterdam, Rot-
terdam, The Hague, Utrecht, and Eindhoven — as case studies to demonstrate the utility
of our methodology. Even though quite similar in terms of population size, the cities
are characterized by different densities, distributions of activity locations, and age struc-
tures. We collect spatially disaggregated data about the road and pedestrian network,
population demographics, and the distribution of land uses across the five case stud-
ies to explore the role of activity (co)accessibility in spatial age segregation. We further
compare our methodology to existing approaches to measuring the spatial age segreg-
ation, by contrasting age diversity scores at activity locations to those derived from age
structure in residential space. What sets our approach apart is the simultaneous con-
sideration of factors that do not only pertain to how age populations are distributed at
the neighborhood level (i.e. the age structure used exclusively in existing approaches),
but also reflect the degree of potential encounters between age groups at the level of in-
dividual activity locations. Our results highlight the importance of considering both the
population distribution and the (co)accessibility of activity locations, especially in neigh-
borhoods with different age structures that are adjacent to each other, and in neighbor-
hoods with a limited number of activity locations. Our work complements the existing
literature by providing an additional avenue to assess spatial age segregation at a granu-
lar level, considering how exposures to different age groups at activity locations beyond
home might bring a moderating effect to the way people experience segregation.

The remainder of this chapter is structured as follows. First, we review the related re-
search on spatial age segregation and different approaches to measuring accessibility.
Second, we explain how we calculate spatial accessibility and estimate age-adjusted co-
accessibility scores for each activity location. We then detail the data sources and explain
how we extract information pertaining to population demographics, the pedestrian net-
work, and distribution of activities. Next, we present the outcomes of our analyses. We
then discuss the obtained results, demonstrate how our methodology complements ex-
isting approaches, and outline the limitations of our approach. Finally, we summarize
the conclusions and suggest future lines of research.
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3.2. RELATED WORK

3.2.1. SPATIAL AGE SEGREGATION

Spatial age segregation, as defined by Hagestad and Uhlenberg in [98], is determined by
the extent to which people of different ages occupy the same space. A large body of lit-
erature primarily focuses on residential age segregation. That is, areas are considered
age segregated if people belonging to different age groups do not reside in the same
city, neighborhood, urban block or building unit [108, 121]. Evidence has demonstrated
that the societal effects of spatial age segregation may include ageism, weaker social ties
among different ages, and could lead to a society that is less generative (i.e. a society
that cares less for future generations) [99-101]. Similar concerns have been raised by the
World Health Organization (WHO), leading to the emergence of the “age-friendly city"
concept as a response to the converging trends of ageing. WHO has specifically stressed
that older people need more activities that can foster integration within the community
and with other age groups and cultures, in proximity to the places they live in [102].

Empirical studies on age segregation suggest that the degree of segregation varies sig-
nificantly across different counties in the United States [121], whereas [108] show an in-
crease of this phenomenon in the urban areas of England and Wales throughout the
years. Other empirical studies focus on measuring the potential effects that residen-
tial age segregation could have on the society or on people’s health. For instance, [109]
developed new age segregation metrics towards an improved understanding of its ef-
fects on older adults’ self-rated health. Similarly, [122] examined the relation between a
neighborhood’s age structure and people’s self-rated health. Their findings support that
people living in neighborhoods with an increasing percentage of older adults rated their
health lower compared to people who live in areas with more mixed age groups.

Despite the growing body of literature on the effects of spatial age segregation on
health outcomes, the primary focus has hitherto been on neighborhood age structure.
However, WHO has recently emphasized that strategies towards age-friendly cities should
rather adapt neighborhood structures and services so as “..to be accessible to and inclus-
ive of older people with varying needs and capacities." [102, 123]. This implies that, be-
sides neighborhood age structure, the consideration of accessibility to services and activ-
ity locations could add meaningful insights into the level of spatial age segregation. This
is lacking in existing related studies. This chapter aims to fill this gap by considering the
role of accessibility to activity locations beyond the residential space as an important
complementary indicator of spatial age segregation.

3.2.2. MEASURING ACCESSIBILITY

A variety of methods have been introduced for measuring accessibility to various des-
tinations in cities. These methods can be categorized into two main categories: place-
based (or locational) and people-centered [118, 119]. Place-based approaches to meas-
uring accessibility aim to determine how accessible different destinations are (e.g. re-
tail establishments, greenspaces, hospitals) from a given set of origins (e.g. home loca-
tions) [124]. Conversely, people-centered approaches aim to assess how accessible dif-
ferent locations are to a given group of people or individuals, with particular emphasis
on equitable access [79, 125]. An example of the latter approach is [3], in which it is
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suggested that ethical theories, such as egalitarianism and sufficientarianism, should be
combined to evaluate how equitably accessible different facilities are to people. Other
people-centered approaches revolve around Higerstrand’s time geography concept [18]
and focus on the spatiotemporal settings of individuals. Both approaches determine ac-
cessibility in relation to the spatial distribution of destinations in a given area (e.g. a
neighborhood or other administrative units), their characteristics (e.g. type, price range,
quality) or the ease of reaching them (e.g. in terms of distance, time or cost) [4].

However, the demographic characteristics of the people who have access to the same
destinations are rarely considered. Kelobonye et al. [126] proposed the addition of a
competition component when measuring accessibility to urban services, and further
supported that it can be misleading to consider a large number of accessible urban ser-
vices as an indicator of increased choices, if the competition or demand for these ser-
vices is not considered. To demonstrate this, three groups of people were considered,
namely the labor force, school-age children, and the population as a whole. The main
assumption is that people belonging to each group compete each other for accessible
job, education, and shop opportunities, respectively. Related studies that account for
people’s characteristics focus either on where people reside (and not necessarily on what
is accessible to them) or on visitation patterns. For instance, [127] explore income se-
gregation in US cities using Global Positioning System (GPS) and Foursquare data to
classify places according to the time different income groups spend at each place. Sim-
ilarly, [106] use GPS data to estimate experienced racial segregation, and highlight that
policies concerning the spatial distribution of commercial facilities could largely influ-
ence the degree of facility occupation by people belonging to different races.

This chapter builds on existing methods to measuring spatial accessibility, with the
aim to explore its meaningfulness in assessing spatial age segregation. It further comple-
ments existing literature by considering the extent to which people belonging to different
age groups have access to the same activity locations beyond the residential space (i.e.
the degree of co-accessibility of activity locations).

3.3. MEASURING AGE-ADJUSTED CO-ACCESSIBILITY SCORES

This section outlines the proposed methodology, in which people’s residences (origins)
together with activity locations (destinations) are received as input, a set of spatial ac-
cessibility measures are then calculated, giving as output a set of age-adjusted co-accessi-
bility scores for each activity location.

In the following paragraphs, we first explain the spatial accessibility measures we use
to determine which locations are accessible to different people. Then, we look beyond
accessibility and describe how we enrich these measures with age-adjusted variables
that are based on the co-accessibility of these locations. The measures of co-accessibility
are aligned with the ones described in the empirical analysis of Chapter 2.

3.3.1. SPATIAL ACCESSIBILITY MEASURES

We measure accessibility according to which activity location is accessible to different
people within walking distance. This choice is made for two reasons. First, drawing on re-
lated literature, places that lie within walking distance (walkable distances vary between
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Figure 3.1.: Simplified graphical overview of the proposed method

300m and 800m of a person’s — usually home — location) may have an effect on people’s
health and habits. For instance, food stores of either high or low quality in proximity to
someones home have been shown to, respectively, promote or obstruct healthier eat-
ing habits and, subsequently, people’s health [128, 129]. In addition, activity locations
within walking distance of individuals belonging to different age groups may encourage
encounters and social interaction. Second, by conducting an analysis on the Nether-
lands Mobility Panel (MPN) data [130] we discovered that walking is the third most fre-
quent (i.e., 15%) travel mode in the Netherlands (after car with 29%] and bike with 28%)
for shopping and social recreational trips, and the second most frequent (i.e., 25%) travel
mode for short trips (i.e., less than 5km from home, with car and bike representing 23%
and 40% of trips, respectively). Besides, walking is the most affordable and accessible
travel mode to people of virtually any age and income level, compared to cars and bikes.
Given these two reasons, the use of walking distance to an activity location as a determ-
inant of accessibility better fits the context of this chapter.

To determine which activity locations are reachable within walking distance around
each residence we use different pedestrian sheds. Specifically, we use buffers that cor-
respond to 5, 10, and 15-minute walksheds. Generally, there is no consensus in the liter-
ature on which (travel time) distance optimally captures pedestrian trips. Moreover, the
distance covered on foot may vary substantially across different population age groups.
However, evidence suggests that the three aforementioned walksheds capture the ma-
jority of pedestrian trips [4, 131-133]. The corresponding radii that determine the buffer
size can be defined in two ways. According to [134], a 5, 10 or 15-minute walk would, re-
spectively, correspond to a 300m, 500m or 800m network radius distance. Another way
to determine the radius is by means of average walking speed. Even though this varies
across population age groups, [58] suggest that the lowest average walking speed is found
to be 1.2m/sec (for people above 60 years of age), whereas the highest is 1.29m/sec (for
people between 40 and 49 years of age). For the longest considered walking trip in our
case (i.e. a 15-minute walk or 900sec), this would correspond to an 1.29m/sec x 900sec —
1.2m/sec x 900sec = 81 m difference in network radius distance among the different age
groups. This difference cannot be reflected in our estimates, given that the resolution of
population demographics used in our study is available at 100 x 100 grid cells. For this
reason, we use the average walking speed of 1.26m/sec (i.e. average of all age groups, as
defined by [58]) throughout, to calculate walking trips to different activity locations.

In order to capture the spatial accessibility of each activity location, we represent the
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case-study environments as a graph. The edges of the graph represent the streets, whereas
the nodes represent the street intersections. We then calculate the centroid (i.e. the geo-
metrical center) of each grid cell and identify the closest graph node to this centroid. The
resulting node represents the estimated home location of a person, and is used as the ori-
gin point in our analyses. We estimate the potential accessibility to different destinations
(i.e. activity locations) by calculating walking trips from these origin points, weighed by
the length of each street segment and considering the average walking speed defined
above. In this way, we calculate the areas accessed on foot within 5, 10, and 15-minute
trips, and identify the activity locations that lie within these areas. We should emphas-
ize that these denote potentially accessible locations around people’s residences and are
not based on observed walking trips.

3.3.2. AGE-ADJUSTED CO-ACCESSIBILITY

To assess spatial age segregation, we need to look beyond general accessibility to activ-
ity locations. For this, we enrich our estimated accessibility measures with a number of
age-related variables. Similarly to our approach in Chapter 2, we first calculate the total
number of people who have access to each facility within the three considered walk-
sheds. Second, we calculate how many (number and percentage) of these people belong
to each age group. As suggested in [98], instead of accounting for a single age group
(e.g. elderly) relative to all others, we consider three main age categories that represent
the different walks of life (i.e. children, adolescents and adults, and the elderly). Lastly,
within the context of spatial age segregation, it is important to determine not only which
age groups have access to each activity location but also to what extent the different age
groups have access to the same activity location. To do so, for each activity location we
calculate the age diversity of all the people who have access to it by means of Shannon’s
Equitability Index (EI) [59, 135, 136] using the following formula:

_-X(P;ixInP)

El= o (3.1)

where P; denotes the proportion of each age category i relative to the total number of
people who have access to a given activity, and k is the number of age categories. Index
values range between 0 and 1, with 1 denoting complete evenness of each age category’s
proportions. Shannon’s Equitability Index can be applied to any number of age groups,
and is influenced only by the age diversity of the people who have access to a given loca-
tion, rather than by the age structure of the overall urban population.

3.4. DATA & CASE STUDIES

EMPIRICAL CASE STUDIES

To demonstrate the utility of our methodology, we use the five most populated Dutch cit-
ies, namely Amsterdam, Rotterdam, The Hague, Utrecht, and Eindhoven. Even though
they are quite similar in terms of population size, they are characterized by different
densities, distributions of activity locations, and age structures. Moreover, within their



3.4. DATA & CASE STUDIES 47

administrative boundaries, there is a combination of historical city centers alongside
new housing developments, especially in the outskirts, which has led to a change in the
distribution of population age groups over the past three decades (e.g. increased concen-
tration of children in the outskirts relative to the city center, which are predominantly
populated by adults).

POPULATION DEMOGRAPHICS

We use the Dutch Central Bureau of Statistics [38] to collect granular data on population
demographics (including household location and age) at a 100 x 100m grid level. Our
population demographics concern the year 2020. In total, the population demographics
data include 6,949 grid cells for Amsterdam, 5,490 grid cells for Rotterdam, 5,076 grid
cells for The Hague, 3,725 grid cells for Eindhoven, and 2,988 grid cells for Utrecht. We
group residents into three population age categories: children (0-15 years old), adoles-
cents and adults (16-64 years old), and the elderly (equal or above 65 years of age).

PEDESTRIAN NETWORK

We use OpenStreetMap (OSM), an open-source mapping platform containing worldwide
geographical data, to collect data on the pedestrian network in the five case-study cities
[37]. The OSM street network has been found to be complete in more than 40% of all
countries worldwide [73], thereby allowing for replicability of our approach to other cit-
ies beyond the ones included in this study. More specifically, we use the OSMnx package
[72] to extract walkable streets, by setting the network_type to walk. In this way, we ex-
clude from the analysis streets categorized as motorways, service roads and cycleways,
among other categories unrelated to pedestrian movement. OSM data were collected in
November, 2021. In total, our resulting sample includes 540,896 street segments usable
by pedestrians in the five cities. The collected pedestrian street segments lie within the
administrative boundaries of the five cities, extended by a buffer of 1km to avoid poten-
tial boundary effects [76].

ACTIVITY LOCATIONS

We use the Overpass Application Programming Interface (API) to collect OSM land use
data about urban activities. The selection of the activity locations to be included is influ-
enced by Ray Oldenburgs definition of the third places (i.e. public places that host the reg-
ular, voluntary, informal, and happily anticipated gatherings of individuals beyond the
realms of home and work) [62]. We, specifically, extract activity locations where people of
different ages perform activities and can socially interact with each other. Subsequently,
we exclude land use types that are restricted to a specific population age group (e.g.
nightclubs). Similar to the pedestrian network data, we collect activity locations that lie
within the administrative city boundaries, extended by a buffer of 1km. We collected the
following activity location types, using the corresponding land use categories: square,
park, playground, library, dog_park, beach_resort, swimming_area, cafe,
fast_food, food_court, pub, restaurant, marketplace, shop, social_facility,
arts_centre, cinema, community_centre, social_centre, theatre, gallery,
museumn. In total, we collected 30,420 activity locations in September, 2021 across the five
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cities, and more specifically: 10,483 activity locations in Amsterdam, 5,226 in Rotterdam,
8,118 in The Hague, 4,190 in Utrecht, and 2,403 in Eindhoven.

3.5. RESULTS

This section provides an overview of the application of our proposed methodology in
the five largest cities in the Netherlands. Specifically, we aim to explore spatial age se-
gregation from the perspective of age-adjusted co-accessibility: how accessible activity
locations (i.e. our spatial units of analysis) are to different population age groups (cat-
egorized in our study into children, adolescents and adults, and elderly). We look at the
distribution of activities (destinations) over the geographical space of each city and how
this influences the time required to reach them from people’s residences (origins). Sub-
sequently, we explore how this impacts the degree of age diversity at the different activity
locations and use this as a measure of spatial age segregation.

3.5.1. CO-ACCESSIBILITY OF ACTIVITY LOCATIONS — AGE GROUPS

We start by exploring how accessible the different activity locations in each city are to
the three population age groups under study. To do so, we calculate an estimate of the
total number of each age group that has access to any given destination within five, ten,
and fifteen-minute walking radii from people’s residences. We then assign percentages
to each destination that reflect the potential age structure of people who might perform
activities at that location. These percentages are used as proxies of potential exposure of
an individual to a specific age group (e.g. children).

Fig. 3.2 illustrates the various activity locations across the five case-study cities, clas-
sified according to the percentage of a given age group that can access each location
relative to all the other groups. In other words, a location yielding a 10% accessibility
score in the children’s age group would indicate that only 10% of the people who overall
have access to it would be children between the ages of 0 and 15. Fig. 3.2 specifically
presents the co-accessibility results pertaining to children (0-15 years of age) and the
elderly (65+). The majority of activity locations considered in this chapter appear to be
easily accessible by adolescents and adults (between 16-64 years) relative to children and
elderly people. For this, we illustrate the percentages of the two latter age groups, as they
primarily determine the degree of age diversity at a given destination. Fig. 3.2 further
shows how the different walking radii (five and fifteen-minute walksheds are illustrated
in columns) affect the corresponding degree of accessibility across the five case-study
cities (rows). We organize the resulting percentages into five classes. The fifth class (i.e.
20% — 100%) has a larger increment relative to all others, and corresponds to a relatively
small number of locations, where the percentage of either the children or elderly popu-
lations — of those accessing the same location — is larger than 20%.

Depending on the city, the largest differences between the percentages of the children
and the elderly — of those accessing the same activity location — range between approx-
imately 10% and 50%. An indicative example of this is observed in Amsterdam Center
(AC in Fig. 3.2), where approximately 14% of the total number of people who have ac-
cess to the activity locations in that area within a 15-minute walk from their residence
are elderly, and only about 5% are children. Our analysis yields similar results in the
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Figure 3.2.: Activity locations across the five case-study cities, classified according to the percentage of children and the elderly that can
access each location relative to all the other groups within two different walking distances (5 and 10-minute walksheds).
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Nieuwe Werk (NW) neighborhood of Rotterdam. A notable example of the opposite case
is the IJburg (IJ) neighborhood of Amsterdam, where there is a concentration of activities
that are predominantly accessible to children relative to elderly populations. Specifically,
we estimate that approximately 20-30% of the total number of people who have access
to various destinations in IJburg are children and only 2-6% are elderly people. This may
further be associated with the age structure of IJburg, where children comprise 23-30%
of the total population, whereas only 3-5% are elderly people.

A notable case of co-accessibility score discrepancy among the considered pedestrian
walksheds emerges when comparing the scores pertaining to children and the elderly
across the case-study cities. Specifically, when looking at destinations accessible within
a five-minute walk, the resulting accessibility scores of either children or the elderly are
relatively low for a large number of activity locations. On the contrary, this case is re-
versed when looking at destinations accessible within a fifteen-minute walk, regardless
of the city. This discrepancy is associated with the spatial distribution of the places where
either children or the elderly live. In fact, the residencies of these two age groups are
more sparsely distributed over space, relative to the home locations of adolescent and
adult populations. This, subsequently, impacts the co-accessibility scores. Correspond-
ingly, destinations that are located within a five-minute walk from people residencies
are often accessible to a low percentage of either children or the elderly. In contrast,
considering destinations within a larger distance from people’s residencies (e.g. within a
15-minute walk) result in higher co-accessibility scores.

3.5.2. CO-ACCESSIBILITY OF ACTIVITY LOCATIONS — AGE DIVERSITY

In investigating spatial age segregation from the perspective of accessibility, it is import-
ant to not only determine whether activity locations are accessible to specific age groups,
but to also explore the degree to which they are accessible to a diverse set of age groups.
This section focuses specifically on the second aspect. In particular, we look at the spatial
distribution of activities in each city and explore how this influences the degree to which
they are accessible to an age-diverse set of people, by calculating Shannon’s Equitability
Index (ED).

Fig. 3.3 maps the spatial distribution of activity locations in the five cities with the
resulting age diversity scores, considering 5, 10, and 15-minute walks from people’s res-
idences. The age diversity values are categorized into four classes: low (0-25%), low-to-
medium (25-50%), medium-to-high (50-75%), and high (75-100%). Rows represent each
of the five cities under study, whereas columns represent the walking trip distances used
to determine the accessibility of different destinations.

Across all cities and walking trip distances, the age diversity scores of most areas range
from medium-to-high (i.e. 50% < EI < 75% ) to high (EI > 75%). An emerging pattern,
visible across all the cities under study;, is that activity locations with higher age diversity
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Figure 3.3.: Activity locations based on the age diversity of the people who have access to them within a 5, 10, or 15-minute walk
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scores tend to be located in the city outskirts. Examples of such areas include Buitenvel-
dert (BU) in Amsterdam, Scheveningen (SC) in The Hague, Overvecht (OV) in Utrecht,
Vaartbroek (VA) in Eindhoven and the northern and southern precincts of Rotterdam. In
contrast, across all cities, activity locations with low age diversity scores (i.e. EI < 25%)
tend to be located in the Inner City (IC) neighborhoods. This, is mostly visible when
considering activities accessible within a five-minute walk distance from people’s resid-
encies. Overall, activities within a 10 or 15-minute walk from people’s residencies yield
higher age diversity scores.

Fig. 3.4 provides further insight into the distribution frequency of the various destina-
tions relative to their age diversity scores for the three walking trip distances. The width
of each plot is scaled by the number of activity locations with a given age diversity score,
whereas the centerline illustrates the value distribution and the median (denoted with a
white dot).

The plots illustrated in Fig. 3.4 highlight two distinctive cases. On the one hand, the
majority of activity locations in Amsterdam, Rotterdam, and The Hague appear to have
relatively similar and high age diversity scores (i.e. EI > 60%, with most values revolving
around the median). On the other hand, the age diversity values of activity locations
in both Utrecht and Eindhoven are more evenly distributed. These results suggest that
individuals who perform activities within Amsterdam, Rotterdam, and The Hague are,
overall, more likely to encounter people of different ages than individuals who perform
activities in Utrecht and Eindhoven. However across all the cities under study, while this
is not clearly visible in Fig. 3.4, there are several activity locations with relatively low age
diversity scores. For example, there are 314 and 78 activities in Utrecht accessible within
a 5 and 15 minutes walk, respectively, by sets of people of age diversity lower than 20%.
People who perform activities in these locations are less likely to be exposed to an age
diverse set of people.

Moreover, the diagrams of Fig. 3.4 further support the previously mentioned obser-
vations regarding the effect of walking distance on the resulting age diversity scores. In
particular, destinations that lie within a 10 or 15-minute walking distance tend to yield
higher age diversity scores, relative to those that lie within a 5-minute walk. This is par-
ticularly evident in the cases of Utrecht and Eindhoven.

3.6. DISCUSSION

This section first discusses the results of our analysis, followed by a comparison of our
methodology with existing approaches to measuring spatial age segregation, and con-
cluding with an outline of the limitations of our approach.

The application of our methodology in the five most populated cities in the Nether-
lands demonstrated how the spatial distribution of activities influences the degree to
which the same activity locations are accessible to different age groups. We further cal-
culated an age diversity score and assigned it to each destination. This score can be used
as a proxy of an individual’s potential exposure to people of other age groups and, sub-
sequently, as a measure of spatial age segregation.
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Figure 3.4.: Frequency distribution of all activity locations by the age diversity of the people who have access
to them. The y axis shows the age diversity. The width of each plot reflects the number of activity
locations.

Our results suggest that the likelihood of an individual to be exposed to people from
different age groups when visiting various destinations is influenced by the location of
these destinations. For instance, as shown in Fig. 3.3, individuals who perform activit-
ies within the IJburg (IJ) neighborhood of Amsterdam are less likely to encounter elderly
people. Specifically, among all the people who have access to activities located in this
neighborhood, only 2-6% appear to be elderly (i.e., 65+ years of age). IJburg is a relatively
new neighborhood (first residents moved in there in 2002) and one of the most child-
rich neighborhoods of Amsterdam. Our results suggest that, similar to IJburg, other
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neighborhoods under the so-called “Vinex" policy !, tend to contain activity locations
that are more accessible to children relative to elderly populations. Examples of such
neighborhoods include Nesselande (NSL) in Rotterdam, Leidsche Rijn (LR) in Utrecht,
Leidschenveen-Ypenburg (LY) in The Hague, and Grasrijk (GR) in Eindhoven.

Contrariwise, individuals who visit destinations within the Center of Amsterdam (AC)
are less likely to encounter children. In this case, among all the people who have ac-
cess to activities located there, only 5% appear to be children. Moreover, across all cities
under study a similar pattern emerges; that is, the activities located in the outskirts of
each city tend to have higher age diversity values. These values are strongly affected by
the population distribution in the Netherlands, where children and elderly populations
reside primarily in the outskirts of the cities, contrary to adolescent and adult popula-
tions that are more dispersed across the urban fabric. Thereby, local age structure should
be considered in tandem with the distribution of activities when assessing spatial age se-
gregation from the lens of accessibility.

The effect that the spatial distribution of activities has on the co-accessibility and age
diversity scores is further supported by the results of the distribution frequency analysis,
illustrated in Fig. 3.4. In particular, our results suggest that the majority of activity loc-
ations are accessible to a set of people that is characterized by a medium-to-high age
diversity (i.e., 50% < EI < 75%) in Amsterdam, Rotterdam, and The Hague, and by a
low-to-medium age diversity (i.e., EI < 50%) in Utrecht and Eindhoven. A potential ex-
planation of this discrepancy could be that in the case of Utrecht and Eindhoven both
population density and the density of activity locations are the lowest among the five
cities under study. Subsequently, the various destinations appear to be accessible to a
lower number of people with a rather unequal representation of the three age categor-
ies at hand. Lastly, our results suggest that the time required to reach a destination also
influences the co-accessibility and age diversity scores. In particular, destinations that
lie within a 10 or 15-minute walk yield higher age diversity scores, relative to destina-
tions within a 5-minute walk from people’s residences (accessible to a lower number of
people). This further indicates that promoting people to perform activities only within
a 5-minute walking radius potentially decreases the likelihood of encountering people
from different age groups.

3.6.1. COMPARISON OF AGE DIVERSITY SCORES — ACTIVITY VERSUS
RESIDENTIAL SPACE

Existing approaches to measuring spatial age segregation make almost exclusive use of
spatially aggregated data (e.g., at the neighborhood or city level) about the distribution
of age groups in the residential space to evaluate the level of age segregation. This sec-
tion discusses how the co-accessibility score at the activity location level proposed by
our methodology could further complement and enrich the existing approaches. To do
so, we compare two different types of age-diversity estimates of activity locations: one

1vinex stands for “Fourth Memorandum on Extra Spatial Planning” in Dutch) neighborhoods were created
based on a 1991 policy briefing note from the Dutch Ministry of Housing, Spatial Planning and the Envir-
onment. Based on this note, large outer city areas were designated for new housing development. Vinex
neighborhoods led to an overall increase of the number of young children who grow up in an urban envir-
onment [137].
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based on the age structure of people who have access to each activity location within a
15-minute walk from their residence (similar to what is presented in Section 3.5.2), and
another one based on the age structure of people who reside within the same neigh-
borhood where the various activities are located, assuming equal distribution of age
structure over each neighborhood’s geographic space. Fig. 3.5 illustrates the differences
between these two approaches.

Activity locations colored in blue indicate that the overall age diversity deriving from
the people residing in the neighborhood where these activities are located is higher (i.e.,
more than 5%) relative to the age diversity deriving from the people who have access
to these activity locations. Such activity locations are often found in neighborhoods that
are populated by residents with a higher age diversity relative to adjacent neighborhoods.
Notably, individuals performing activities in these neighborhoods appear to be less likely
exposed to people from other age groups compared to what the age composition of these
neighborhoods suggests. Indicative examples include the Westerdokseiland (WE) neigh-
borhood in Amsterdam, Oude Western (OW) in Rotterdam, Schildersbuurt-Noord (SN)
in The Hague, Langerak (LA) in Utrecht, and Schrijversbuurt (SC) in Eindhoven.

Contrariwise, activity locations colored in red indicate that the overall age diversity de-
riving from the people residing in the neighborhood where these activities are located
is lower relative to the age diversity deriving from the people who have access to these
activity locations. Such activity locations are often found in neighborhoods that are pop-
ulated by residents with a lower age diversity score relative to their adjacent neighbor-
hoods. Individuals visiting destinations within these relatively age segregated neighbor-
hoods appear to be more likely to encounter people from other age groups. Notable
examples include Zuidas (ZU) in Amsterdam,Blijdorpsepolder (BLI) in Rotterdam, Ker-
ketuinen en Zichtenburg (KEZ) in The Hague, Bedrijvengebied Kanaleneiland (BK) in
Utrecht, and Strijp S (STS) in Eindhoven.

As shown in Fig. 3.5, the majority of destinations are colored gray. These, in fact, refer
to activity locations for which the two types of estimates yield similar results (i.e., a dif-
ference smaller than 5%). This is not surprising, given that the spatial distribution of
activity locations and age structure of the different neighborhoods are, overall, relatively
uniform over space across all the cities under study.

There is one more notable insight emerging from the comparison of the two measure-
ment approaches. This primarily concerns neighborhoods that are often located in the
outskirts of each city, are large in size, are populated by a relatively age diverse set of resid-
ents, and include a limited number of activity locations (e.g., less than 4 activities/ km?).
Conventionally, judging only on the basis of age structure in the residential space, these
neighborhoods would not be considered age segregated. However, the scarcity of ac-
cessible activity locations within these neighborhoods could have a substantial effect
on the likelihood of people from different age groups encountering each other. This,
for instance, might occur either when the portion of residents who have access to the
same activity location are not as age-diverse as the overall neighborhood population, or
when a portion of the residents have no access to any activity location and it is, therefore,
unlikely to encounter other people. In other words, the sole consideration of a neighbor-
hood’s overall age structure could often result in an overestimation of the degree to which
different age groups are exposed to each other.
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Contrasting age diversity scores at activity locations
to those derived from age structure in residential space
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Figure 3.5.: Points represent the various activity locations within each neighborhood (delineated by its admin-
istrative boundary). We compare the age diversity scores of each activity location if calculated
according to (1) the set of people who have access to it within a 15-minute walk from their resid-
ence (i.e., our approach), and (2) the set of people who reside in the same neighborhood where
each activity is located, assuming equal distribution of age structure over geographic space (i.e.,
existing approaches). Differences between the two measurements are indicated by different col-
ors. Specifically, blue indicates that the scores resulting from existing approaches are higher than
those estimated with our approach. Red colors indicate the opposite. Gray colors indicate activity
locations where both approaches yield similar results.
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Overall, the results of this comparative analysis suggest that, in several cases, the age
diversity of the people who have access to destinations (beyond the residential space)
located within a neighborhood (e.g., within a 15-minute walk from people’s residences)
often diverges from the score that would derive from the sole consideration of the ag-
gregated age structure in that neighborhood. These differences are consistently found
in cases where neighborhoods with different age structures are adjacent to each other
(i.e., share a common administrative boundary), and in neighborhoods with a limited
number of activity locations (e.g., less than 4 activities/ km?). These differences further
suggest that the two approaches could complement each other and lead to an improved
understanding of the level of spatial age segregation. Moreover, they indicate that be-
sides the concentration and level of mixture of different age groups in residential spaces,
the density and distribution of activity spaces can play an important role in how people
experience age segregation in their daily encounters.

3.6.2. LIMITATIONS

There are several limitations in this study that could be addressed in future research.
First, we chose to focus our analyses only on one mode of travel, namely walking. Thereby,
the results of our analyses reflect pedestrian access measured from people’s residencies.
Our work can be extended to further account for biking trips and other modes of trans-
port, such as public transportation. Second, our calculations are not based on actual
walking trips, but are rather based on the assumption that people tend to perform activ-
ities at destinations close to their place of residence. As such, they in fact reflect potential
access to different activity locations within different walking distances (i.e., 5, 10, or 15-
minute walking trips) from home. Data on actual walking trips and visiting patterns (i.e.,
indicating when and for how long people visit given places), if available, can be easily in-
tegrated in our methodology and would provide more accurate estimates of the level of
potential encounters. Third, pedestrian mobility behavior may further vary across cities,
countries, cultures, or by the type of destination (e.g., people generally tend to visit the
closest retail or grocery store to their home, as opposed to more specialized activities for
which they might travel longer distances). Fourth, drawing on insights from related work
on pedestrian mobility, the characteristics and quality of the routes may substantially in-
fluence the routing choices of pedestrians. Examples include scenic environments, dif-
ferences in the quality of sidewalks, and the mixture of land uses along streets, among
others [138, 139]. Our methodology could be extended to further consider these vari-
ations in qualitative characteristics and attractiveness scores. Lastly, our analyses use
people’s residences as origins. In future work, we could consider additional daily activity
locations (e.g., schools, workplaces) as origins in our accessibility analyses.

3.7. CONCLUSION

In this chapter, we proposed a novel methodology to assess the degree of an area’s spatial
age segregation through the lens of co-accessibility to different activity locations. Our
methodology receives as inputs the locations of people’s residences (origins) and a set
of activity locations (destinations), calculates a set of spatial accessibility measures, and
estimates an age-adjusted co-accessibility score for each activity location. These estim-
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ates are used as proxies of an individual’s potential exposure to people from different age
groups. Our results suggest that the spatial distribution of activities, in combination with
an area’s age structure, affect the degree to which the same activity locations are access-
ible to different age groups. We further highlighted how our methodology can provide an
additional avenue to assess spatial age segregation relative to existing approaches that
are exclusively based on population distribution in the residential space. We have shown
that accounting for access to places outside of the residential space, in addition to the
age structure of a neighborhood, can provide new insight into the potential dampening
effect that exposure to other age groups at activity locations outside of home can bring
to the level of spatial age segregation. In particular, our comparative analysis sugges-
ted that an exclusive focus on the age structure at the neighborhood level can lead to
over-estimations of the level of age segregation, especially in adjacent areas with differ-
ent age structures or areas with a limited number of activity locations (e.g. less than 4
activities/ km?).

To the best of our knowledge, this work is the first to account for the degree of co-
accessibility of activity locations as an important indicator of spatial age segregation,
complementary to an area’s age structure. Our methodology has practical value for urban
planners, policy makers, and public health officials who can use it as a tool to assess how
thelocation, density, and distribution of places outside of the residential space can either
promote or obstruct encounters with people from different age groups. Specifically, in-
stead of exclusively focusing on the mixture and concentration of different age groups
within neighborhoods, age segregation policies could further account for the density and
distribution of activity locations to promote access and facilitate interactions between
different population age groups.

Future research could extend the proposed methodology by accounting for different
travel modalities such as biking or public transportation. It could further be refined by
data on actual walking trips and relevant information about the characteristics and qual-
ity of the chosen routes. Moreover, it can be extended to consider other socioeconomic
characteristics such as income, ethnicity, and education level. Data on actual human in-
teractions at different locations and over different time periods, where available, would
help elicit the likelihood of meaningful interactions emerging from the now-estimated
inter-generational encounters. Our methodology can be replicated in other cities to
strengthen the generalizability of our approach.
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SUMMARY

In the previous chapter, we demonstrated the application of a pedestrian co-accessibility
measure. To measure co-accessibility we made the assumption that the travel cost com-
ponent in its formulation is only related to the walking time. In this chapter, we dive
deeper into the travel cost component by studying how streetscape characteristics influ-
ence the perceived safety and attractiveness of city streets, perceptions that have been
found to highly impact different (groups of) individuals from walking. To do so, we de-
veloped a crowdsourcing tool and conducted a study with 403 participants, who were
asked to virtually navigate city streets through a sequence of street-level images, rate
locations based on perceived safety and attractiveness, and explain their ratings, while
controlling for different age and gender groups. Ultimately, the findings of our study
are used to make evidence-informed recommendations for designing safer and more
attractive streets that promote pedestrian co-accessibility.

MEASURING cos
& TRAVEL COST THE END
INTRO APPLICATION 2/2
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*This chapter is based on a full paper published at the 26th AGILE Conference on Geographic Information
Science (AGILE 2023) [54]
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4.1. INTRODUCTION

Safe and attractive public spaces are essential to a city’s vibrancy, as they encourage so-
cial interaction and physical activity through walking and cycling [41, 140-142]. Since
streets account for the majority of public space in cities, a growing body of literature fo-
cuses on identifying street design features that encourage active travel while also improv-
ing people’s experiences and well-being [94, 143-146]. Greenery, the density and mix of
land uses along streets, the morphology and aesthetics of buildings, intersection density,
good visibility and street lighting, and the quality and maintenance of sidewalks have
been identified as essential characteristics of safe and walkable streets [94, 147-151].

Aside from general streetscape characteristics, it is less clear how much each feature
contributes to an overall sense of safety and attractiveness, and whether similar features
have an equal influence on these perceived qualities. The subjective nature of percep-
tion, as well as the variety of conditions that influence it, makes determining these is-
sues particularly difficult. Place perceptions vary among people of different ages, in-
come levels, ethnic backgrounds, physical abilities, or past experiences [142, 152-156],
and getting a representative sample of people to participate in city-scale studies takes
time and effort.

Ewing and Handy [94] developed a conceptual framework that connects streetscape
characteristics like sidewalk width and the number of trees to individual perceptions
such as safety, comfort, and level of interest. Other empirical studies involving a small
number of streets observed how people traversed and used the streets to identify char-
acteristics such as street furniture and local stores that influence how people experience
the urban environment and interact with other individuals [144, 146, 157]. More recently,
a growing body of literature has investigated the relationship between urban character-
istics and the perception of safety or attractiveness at the city scale using crowdsourcing
and leveraging the availability of street-level imagery [142, 153, 158-162].

Typically, the streetscape features associated with perceived safety and attractiveness
of city streets have been studied separately or assumed to be identical for both of these
perceived qualities [15, 145, 163, 164]. But, do streetscape features that promote safety
impact a street’s attractiveness, and vice versa? And how much influence does each fea-
ture have? What factors should be considered when designing streets to make them feel
safer and more attractive? Disentangling the factors influencing how people perceive
city streets as attractive and safe may help to inform design interventions that contrib-
ute to healthier, more walkable, and accessible cities.

In this chapter, we adopt a crowdsourcing approach to determining how different
design features contribute to a street’s overall sense of safety and attractiveness. We
develop a crowdsourcing tool that allows participants to virtually navigate a set of city
streets represented by panoramic street-level images. We use Frankfurt in Germany as a
case-study city. Participants in the study are asked to rate the locations they visit along
each street on a 5-point Likert scale based on how safe and attractive they appear. To
compare the factors influencing participants’ perceptions, we ask them to explain their
ratings. Then we investigate which features, and to what extent, influence the perceived
safety and attractiveness of city streets, while controlling for age and gender.

Our findings show that streetscape features that influence perceived safety and attract-
iveness have a high degree of overlap, highlighting key differences. Overall, perceived
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safety along city streets was found to be strongly related to human activity characterist-
ics such as traffic and crowdedness, whereas attractiveness is primarily influenced by
building aesthetics and the amenities and services offered along a street. We show that
construction sites along a street or underpasses, more than any other feature, have a sig-
nificant negative impact on a street’s sense of safety and attractiveness. We also discuss
the practical value of our tool and empirical findings for urban design.

The remainder of this chapter is structured as follows. First, we present our research
methodology and describe the data sources, as well as the demographics of the recruited
participants. We then report the results of our analysis, followed by a discussion of the
empirical findings and the practical value of our approach to urban design. The chapter
concludes with a summary of the main findings, an outline of the limitations, and sug-
gestions for future lines of research.

4.2, CAPTURING STREETSCAPE CHARACTERISTICS THAT
INFLUENCE PERCEIVED SAFETY AND ATTRACTIVENESS

4.2.1. COLLECTION OF PERCEPTIONS OF SAFETY AND ATTRACTIVENESS
ALONG CITY STREETS

To collect data that capture how people perceive city streets, we use crowdsourcing and
street-level imagery. Crowdsourcing is selected as a time- and labour-efficient practice
that allows us to recruit participants at scale while controlling for an overall representat-
ive sample of participants in terms of demographic characteristics such as age, gender,
or country of residence. Street-level images are selected since most streetscape charac-
teristics could be visually observed and are, therefore, depicted in such images (e.g., the
number of shops and trees, the width of the street, and the number of cars).

In particular, we developed a crowdsourcing tool in Angular/S that integrates three
key characteristics. (1) City streets are depicted as a sequence of panoramic (360) street-
level images. The distance between consecutive locations ranges from 20 to 25 meters
(depending on the availability of the images) and, therefore, the images practically cover
every part of the selected streets. In this way, we can study how participants’ perceptions
develop along the street and investigate to what degree the characteristics participants
encounter along a street influence how they perceive it. (2) Participants have complete
control over their experience and can explore the streets at their own pace. They can
digitally traverse the streets (by moving from one image to another), turn their view, and
zoom in and out. (3) The tool asks the participants to traverse a path (consisting of mul-
tiple streets) and to rate at least four locations along the path according to two ques-
tions: “how safe is this place in your opinion?" and “how attractive is this place in your
opinion?". The provided ratings are based on a 5-point Likert scale (1 corresponding to
very unsafe/unattractive and 5 to very safe/attractive). For a task to be completed, par-
ticipants must visit each location on the entire path at least once. Moreover, the tool
prompts the participants to explain their ratings further. To make each task time and
labour efficient, the participants’ input is asked every other time they provide a rating or
when their ratings are at the extreme points of the rating scale (i.e., 1/5 or 5/5). This input
can be used to capture what are the main characteristics that influence the participants’
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Figure 4.1.: Top: The user interface of the crowdsourcing tool developed to capture how safe and attractive city
streets are perceived. Bottom left: Example of the birdview map after 2 locations have been rated
(marked with a star) and 9 locations have been visited (green points). Bottom right: Example of the
panel in which participants provide their input to explain their ratings.

rating process.

The user interface we used to collect participants’ input is shown in the upper part of
Fig. 4.1. On the left side of the screen, participants see a street-level image and can turn
their view and zoom in and out. Whenever they want to move to the following location,
they can either click within the picture towards the direction they want to move or click
on one of the two buttons named “BACKWARD" and “FORWARD" located at the bottom
of the screen. Alternatively, they could also select to visit a specific location through the
birdview map, located on the upper right side of the screen (Fig. 4.1). To provide a rating
for alocation, participants can adjust the sliders accordingly and then click on “SUBMIT
SCORES". The locations for which they have already provided a rating will appear as a
star on the birdview map (Fig. 4.1, bottom left). Fig. 4.1 (bottom right), also depicts the
pop-up window that enables participants to provide an explanation of their ratings.
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4.2.2. IDENTIFICATION OF CHARACTERISTICS THAT INFLUENCE THE
PERCEIVED SAFETY AND ATTRACTIVENESS OF CITY STREETS

To identify the characteristics that influence how safe or attractive city streets are per-
ceived, we first average the participants’ ratings per location and then group the loca-
tions based on their average rating. In particular, according to our 5-Point Likert scale,
each location has been rated by each participant as very unsafe/unattractive (r = 1), un-
safe/unattractive (r = 2), neutral (r = 3), safe/attractive (r = 4), or very safe/attractive
(r =5). We calculate the rounded average of the participants’ ratings per each location
and group them accordingly as unsafe/unattractive (rqyg < 2.5), neutral (2.5 < rgyg <
3.5), or safe/attractive (r4yg = 3.5). Then, we process the text that accompanied the par-
ticipants’ ratings by first manually correcting spelling mistakes and merging closely re-
lated words (e.g., “road” and “street”). After that, we use the NLTK Python package1 to
remove stop-words, perform lemmatization, and look at the most frequently used words.
In this way, we identify the characteristics participants most frequently describe when
rating the perceived safety and attractiveness of city streets.

To further investigate how participants describe the characteristics that most frequently
influence their perceptions, we convert the participants’ input into a graph, similar to
previous work that follows graph-based approaches to analyse textual data [165, 166].
First, for each word in each sentence we determine its head using spaCy?, a Python Lib-
rary that relies on dependency parsing [167]. The head of a word determines the word’s
syntactic category [168]. As an indicative example, in the sentence “Nice urban street
with many cool shops and beautiful buildings”, the heads of “urban” and “cool” are the
words “street” and “shops”, respectively. Next, based on the word-head pairs, we con-
struct a weighted graph where each word is represented by a node, and each word-head
relationship is represented by an edge. The edges’ weight reflects how often this pair oc-
curs in our data. Then, we calculate the degree centrality of each node (i.e., how many
other words it is connected to) to identify the characteristics that participants tend to de-
scribe most often. We examine the five nodes with the highest degree centrality scores,
representing the five most discussed characteristics, and look at the 10 most frequent
neighbours of those, representing the words most commonly used to describe these
characteristics. In this way, we identify the words participants use to describe the char-
acteristics they most frequently focus on when providing their ratings.

Furthermore, to investigate the degree to which streetscape characteristics influence
the perception of safety and attractiveness, we look at the rate of change of the ratings
along the streets. Particularly, we list all pairs of consecutive locations (distance of 20-
25m) and calculate the absolute difference of each pair’s ratings (for both perceived
safety and attractiveness). A high difference implies that participants encountered within
20-25m characteristics that suddenly changed how they perceived the street. Then, we
further examine the pairs of consecutive locations that exhibit the largest differences and
based on the participants’ input, we identify the characteristics responsible for these dif-
ferences. Lastly, we explore the linearity of the relationship between perceived safety and
attractiveness and estimate their correlation.

Thttps://www.nltk.org/
2https://spacy.io/



4.3. DATA 65

4.3. DATA

CITY STREETS

We applied our methodology for 27 paths (500-750m each), each path consisting of mul-
tiple streets, covering areas in the centre and the outskirts of Frankfurt, Germany. To
select the paths, we first randomly collected 2000 street segments in Frankfurt. Then,
we selected 50 streets that are diverse in terms of socioeconomic aspects, such as the
average size of the household, purchasing power, the number of retail stores, the rate
of unemployment, and the dominant age group based on data from WIGeoGIS °. We
used a location in the middle of each of the 50 streets selected as the origin of our paths.
Next, we selected a set of destinations based on the locations of pharmacies (collected
from OpensStreetMap) since they are described by a relatively uniform regional coverage
throughout Frankfurt. Particularly, we calculated the 3 shortest paths (500-750m) from
each of our 50 origin locations to each destination. Then, we obtained street-level im-
agery data from Cyclomedia®, depicting the selected paths. We removed any overlapping
paths and previewed them to ensure that the paths were clearly and consistently depic-
ted through the street-level images. After these manual adaptations, we kept 27 paths
represented by 753 distinct locations for our analysis.

PARTICIPANTS

We recruited 403 individuals through the Prolific platform, amongst which 94 do not
share any personal information. The remaining 309 participants came from 54 (and cur-
rently reside in 12) different countries, 129 were male, and 178 were female (2 preferred
not to say), and their ages ranged from 19-71 (with 79% of the participants’ ages ran-
ging from 19-40). Each participant was asked to rate three different paths. From these
403 participants, we received 7989 rating pairs of perceived safety and attractiveness and
19114 and 18232 words that were used to explain the ratings of safety and attractiveness,
respectively.

DATA AND SOFTWARE AVAILABILITY

The data collected from the participants, after being aggregated, and the code used for
the analysis are publicly available in GitHub °. The code used for developing the crowd-
sourcing tool can also be found in Github °. The street-level imagery obtained by Cyclo-
media cannot be publicly shared due to the company’s data-sharing regulations.

4.4, RESULTS

This section reports the results of our analysis. We present the characteristics that in-
fluence how safe and attractive people perceive city streets, explore the degree of this
influence, and investigate the relationship between the ratings of perceived safety and

3https:/ /www.wigeogis.com

4https:/ /www.cyclomedia.com/en
Shttps://github.com/MiliasV
Shttps://github.com/shahinsharifi/subjectivity
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attractiveness.

4.4.1. CHARACTERISTICS THAT INFLUENCE THE PERCEIVED SAFETY AND
ATTRACTIVENESS OF CITY STREETS

Perception of safety. Starting with perceived safety, 6% of locations (44 locations) are
considered on average as “very unsafe” or “unsafe” (rgyg < 2.5), 50% of locations re-
ceived ratings between 2.5 and 3.5, and 44% of locations are considered as safe or very
safe (rayg = 3.5, Fig. 4.2). Fig. 4.3 depicts the words participants most frequently used
to explain their ratings. As observed, common reasons for a location to be considered
unsafe revolve around the high number of “cars” and “graffiti”, the “traffic”, and the ex-
istence of “construction sites/building work” (e.g., “ There is lots of construction, therefore,
people do not visit this area for daily activities”). Regarding the locations that were rated
as safe, participants often mentioned that they “have limited traffic”, look “residential”,
are “open’, “clean”, and “busy” and “have people around”. Fig. 4.4 depicts as indicative
examples the three locations that received the highest and lowest ratings regarding per-
ceived safety. Furthermore, Table 4.1 presents the percentages of locations considered
(very) safe/unsafe when controlling for the gender and age of the participants. We ob-
serve that male participants rated 11% of locations as unsafe and 50% of locations as
safe, while female participants rated 9% of locations as unsafe and 47% of locations as
safe. Thus, male participants appear to provide more extreme ratings than female par-
ticipants. To control for age, we divide our participants into two age groups, including
both male and female participants, with each group having a similar number of parti-
cipants: 19-35 years old and 35+. The 19-35 group rated 8% of locations as unsafe and
45% of locations as safe, while the 35+ group rated 13% of locations as unsafe and 50% as
safe. Therefore, in this case, the older participants seem to provide more extreme ratings.

Number of locations
5
3

Number of locations
-
5
3

10 15 2.0 2.5 3.0 3.5 4.0 4.5 10 15 2.0 2.5 3.0 3.5 4.0 4.5

Average safety rating Average attractiveness rating

Figure 4.2.: Histograms of the locations’ average safety (top) and attractiveness (bottom) ratings.

Perception of attractiveness. Regarding attractiveness, the locations’ average ratings
present a higher variability than the ones for safety (Fig. 4.2). 24% of locations are con-
sidered “very unattractive” or “unattractive” (rqyg < 2.5) while most locations received
a rating between 2.5 and 3.5 (57% of locations). The most frequent words participants
used to describe (very) unattractive (r < 2.5) or (very) attractive (r = 3.5) locations are
depicted in Fig. 4.3. According to the participants, unattractive locations depict build-
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traffic car
cpen graffiti
residential building
car traffic
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building night
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Figure 4.3.: Most frequent words participants used to explain their ratings for the locations they rated as safe,
unsafe, attractive, or unattractive.

Percentages of locations rated
as (un)safe or (un)attractive

Safe  Unsafe Attr. Unattr.
Males 50% 11% 22% 31%
Females 47% 9% 22% 27%
19-35y.0. 45% 8% 20% 26%
35+ y.0. 50% 13% 22% 37%

Table 4.1.: Percentages of locations that were considered as (very) safe/attractive (rgyg = 3.5) or (very) un-
safe/unattractive (rgpg < 2.5) when controlling for gender and age. The percentages of locations
that received ratings higher than 2.5 and lower than 3.5 are not presented in the table.

» o«

ings that are “ugly”, “grey”, and “dull’. Moreover, unattractive locations have “graffiti’,
“lack of greenery”, and “do not have many shops”. Similarly to the results about safety per-
ception, participants mentioned the existence of construction sites as among the main
reasons for considering a location unattractive. Oppositely, attractive locations were de-
scribed as having “trees” and “shops” and being “open” and “clean”. Buildings in
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Safety: 4.8

Safety: 1.4

"

Attractiveﬁess: 4.6
. y

Attractiveness: 1.2 A Attractiveness: 1.2

Figure 4.4.: Examples of the three locations that received the highest and lowest average ratings in terms of

perceived safety (top) and attractiveness (bottom).
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attractive locations are often considered “nice”, “aesthetic”, or “beautiful” and the archi-
tecture of such locations is characterized as “old”, “modern”, or “nice”. Fig. 4.4, depicts
as indicative examples the three locations that received the highest and lowest ratings in
terms of average attractiveness (bottom). Moreover, Table 4.1, includes the percentages
of locations that are considered (very) attractive/unattractive when considering differ-
ent gender and age groups. Overall, we observe that the percentage of locations rated as
attractive is similar among the different gender and groups (20-22%). However, male and
older participants appear to rate more locations as unattractive than female and younger
participants.

Graph analysis of participants’ input As explained in the Methodology section, we con-
struct four graphs based on the words participants used to describe the locations they
perceive as safe, unsafe, attractive, and unattractive. These graphs allow us to identify
the characteristics participants most often mention when explaining their ratings and
the words they use to describe these characteristics. Our results are well aligned with the
results we present in Fig. 4.3. The 5 most mentioned characteristics are depicted in Fig.
4.5.

Residential

Traffic
People
Attractive Building Car Unsafe
House 3
Shop Tree Construction
Architecture
Graffiti
Unattractive

Figure 4.5.: Five most mentioned characteristics based on the words participants used to describe the loca-
tions they rated as safe, unsafe, attractive, and unattractive.

As could be observed, “building” is among the five most mentioned characteristics in all
four graphs, meaning that participants often describe the buildings along the street to
explain why they rated a location as attractive, unattractive, safe, or unsafe. Regarding
the locations that are considered safe, participants often characterize them as “residen-
tial”. Other characteristics that participants mention to explain their ratings regarding

” o«

safe/unsafe locations are the “people”, “ traffic”’, and “car”. However, these characteristics
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are not that frequently mentioned when participants explain their attractiveness ratings.
Instead, participants frequently comment on the existence or absence of “trees” to ex-
plain why they consider a location attractive or unattractive. Therefore, trees appear to
play a fundamental role in how attractive a location is perceived. When participants rate
a location as attractive they also tend to explain their ratings by describing the “shops”
and “architecture”, while for unattractive locations they often mention “graffiti” as an
important characteristic that influences their perception. Furthermore, the word “con-
struction” is often used to describe why a location is rated as unsafe or unattractive.

We further examine the words most commonly used to describe the most mentioned
characteristics by looking at the 10-nearest neighbours of these characteristics in our
graphs. Table 4.2 presents an indicative example of the 10 most frequent words parti-
cipants used to describe buildings in locations that are rated as safe, unsafe, attractive,
or unattractive. As could be seen, participants often use different words to describe the
buildings along a street depending on whether they rate perceived safety or attractive-
ness. For instance, to explain how buildings influence their perception of safety parti-
cipants often mention the function of the buildings by using words such as “residential”
or “office”. For the safe locations, we could also see the word “unattractive” suggest-
ing that some locations although perceived as safe they are also considered unattractive.
For attractiveness, participants focus more on the aesthetics of the building using words
such as “colored”, “high”, “ pretty”, “tall’, “big”, “ugly”. Notably, in the case of unattractive
locations, the word “attractive” is present. This, however, occurs because participants
often mention that the buildings in this location “are not attractive”. Similar results are
found when looking at the words participants use to describe the other most mentioned
characteristics.

Ten most frequent characterisations of “buildings”
at locations rated as (un)safe or (un)attractive

nice, office, modern, old, street, big, new, residential,

Safe car, unattractive

unattractive, site, nice, big, tall, closed, graffiti,
Unsafe . ’ 8 8

construction, poor, bad

old, modern, tree, attractive, beautiful, pretty, colored,
Attract. . .

clean, ugly, historic

ugly, high, unattractive, old, grey, big, plain, dull,
Unattract. &, g grey, big p

attractive, tall

Table 4.2.: The 10-nearest-neighbours of the word “building” according to the computed safe, unsafe, attract-
ive, and unattractive graphs.

Degree of influence To explore the degree to which streetscape characteristics influence
perceived safety and attractiveness we look at how the collected ratings change as par-
ticipants encounter different characteristics along the streets (example in Fig. 4.6). Re-
garding perceived safety, the absolute difference between the ratings of any two consec-
utive locations (distance < 25m) is less than or equal to 0.5 for 80% of the locations
and less than 1 for 98% of the locations. The further apart two locations are located the
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more the ratings of perceived safety tend to differ (Table 4.3). For example, for the con-
secutive locations, we observe an average difference of safety ratings equal to 0.25. This
difference grows to 0.51 when considering locations within 260-325 meters. Similarly,
the maximum difference between the ratings of different locations tends to increase the
further apart those locations are from each other. To statistically evaluate this observa-
tion, we measured the global spatial autocorrelation of the safety ratings using Moran’s
I correlation coefficient. As expected, we identified a strong and significant spatial auto-
correlation (I = 0.63, z = 18, p = 0.001) when looking at locations within a distance of
25m (i.e., using a 2-nearest neighbours connectivity matrix). This correlation weakens
as the distance between the nearest locations we use increases. Thus, our results suggest
that participants’ perception of safety is spatially clustered. It does not increase or de-
crease steeply from one location to the next, but rather gradually, as participants move
past the different locations.

“greenery” “dangerous building site” “nice urban street” “residential area”
“open” “seems like nowhere” “‘good visibility” “spacious”
“green spaces”

“only street and parking”  “bad visibility, messy”

R

“no shops around”

7

4.0-
3.5~
3.0-
2.5-
2.0-

Average ratings

—e— Safety
—e— Attractiveness

1.0- ' ' ' U ' ' '
0 5 10 15 20 25 30 35

15+

Sequence of locations along urban path

Figure 4.6.: Indicative example of the perceived safety and attractiveness ratings of 37 locations along a path
located in the Bornheim/Ostend district of Frankfurt, Germany.
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The largest differences between the safety ratings of two consecutive locations range
from 1.6 to 1.9 and are often explained by a single infrequently observed dominant char-
acteristic. For instance, in one situation, the relatively high difference in the ratings was
explained by the construction work that occurred when the pictures were taken. The
participants described the first location (example A, location I in Fig. 4.7) as “openness”,
“nice houses”, and “good looking” and the next (example A, location II in Fig. 4.7) as
“roadworks”, “looks very dodgy, doesn’t feel good”, and “barriers and building materials in
road, iron railings and barriers”. In another example, the first location is under a bridge
(example B, location I in Fig. 4.7), received an average safety rating of 1.4, and parti-
cipants described it as “dark”, “hidden”, “sketchy”, and “dangerous”. The next location
(example B, location II in Fig. 4.7), located 20 meters away and shortly after the bridge,
received a rating of 3.5 and was described as “close to the public area”, “well organised”,
and “well lit”. In most cases for which consecutive locations received ratings of a relat-
ively high difference the comments of the participants revolve around a single dominant
characteristic that made them suddenly feel unsafe (e.g., construction work, being under
the bridge, graffiti, iron bars on windows).

Regarding the difference between the attractiveness ratings of consecutive locations,
the results are similar to the ones about safety perception. In particular, this difference
is less than 0.5 for 76% of the locations and less than 1 for 95% of the locations. The
farther apart two locations are located, the more likely the attractiveness ratings are to
differ (Table 4.3). Once again, to statistically evaluate our observation, we calculated
Moran’s I spatial autocorrelation coefficient for the attractiveness ratings and received
similar results to the ones for the safety ratings: there is a strong and significant spatial
autocorrelation (I = 0.63, z = 18, p = 0.001) that weakens as the distance between the
locations we consider as neighbours increases. Therefore, as for the safety perception,
the attractiveness of streets does not tend to change suddenly but rather gradually along
streets. Relatively large differences in the attractiveness ratings were found only in par-
ticular situations, similar to the ones described above for safety perception.

Difference between the safety (and attractiveness) ratings of locations that
are D-meters apart and located within the same path (Likert scale 1-5)

Distance
20-25m 100-125m 180-225m 260-325m

Max. diff. Avg. diff. Max. diff. Avg. diff. Max. diff. Avg. diff. Max. diff. Avg. diff.

Safety 1.9 0.25 1.8 0.47 2.5 0.47 1.9 0.51
Attr. 2.0 0.28 2.3 0.52 2.5 0.52 2.8 0.57

Table 4.3.: Maximum and average ratings’ difference between locations that are located within the same path
and are D-meters apart (considering all 27 paths under study).

Relationship between safety and attractiveness perception. Since the normality test
we performed on both the average ratings of safety and attractiveness indicated a nor-
mal distribution we used the Pearson correlation coefficient to calculate the correlation
between the average ratings of safety and attractiveness. We identified a strong positive
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“openness” “roadworks”
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Figure 4.7.: Indicative examples of consecutive locations with average safety rating differences larger or equal
than 1.9.

and statistically significant correlation between the two (r = 0.82, p < 0.005) and com-
puted the following linear fit (with stderror = 0.023, R? =0.66):

attractiveness =0.88* safety—0.07 4.1)

The linear regression model (Fig. 4.8) suggests that, overall, participants tend to rate
urban locations higher in terms of safety than attractiveness. Also, while there are no loc-
ations that are considered at the same time unsafe (rating < 2.5) and attractive (rating =
3.5), 2% of the locations are perceived as safe and unattractive. According to the parti-
cipants’ input, the locations that are perceived as safe and unattractive seem to be loc-
ated on quiet, residential streets without shops or other types of facilities. They are of-
ten described in terms of safety as “narrow street”,“ slow traffic”, having “people around”,
“safe”, or “residential” and received ratings ranging from 3.5 to 4. In terms of attract-
iveness, the participants continuously emphasize the lack of shops (e.g., “no place for
shops”). In certain cases, participants also mentioned “Not a lot to look at aside from
buildings, cars and wheelie bins” and “Not very appealing as a place to visit or place to
be”.
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Figure 4.8.: Linear regression between the average ratings of perceived safety and attractiveness of urban loca-
tions.

4.5. DISCUSSION

Our results highlight key similarities and differences in streetscape features that influ-
ence perceived safety and attractiveness. Furthermore, our method shows how crowd-
sourcing can be used to capture the elements of the built environment that influence
how people perceive streets. In this section, we discuss our findings and make recom-
mendations for the design of safer and more attractive streets that increase the probabil-
ity of engaging in active travel.

Overall, our findings are consistent with previous research. According to our findings,
the number of people and parked cars, the volume of traffic, and the presence of graffiti
on city streets are among the factors that most frequently influence how safe alocation is
perceived to be, as suggested by other studies [169, 170]. We also discovered that the pres-
ence of trees or green spaces influences the attractiveness rating of streets. A number of
related studies support this finding, emphasizing the link between the presence of green
spaces and attractiveness levels in urban areas [171-173]. In line with Tobler’s first law of
geography [174], crowdsourced safety and attractiveness ratings exhibit a strong and sig-
nificant spatial autocorrelation, implying that nearby locations have more in common
than distant locations. This also suggests that crowdsourcing can be used as an accept-
able alternative to field observations, which may be more accurate but are also more
expensive and time-consuming. Looking at the relationship between the ratings of per-
ceived safety and attractiveness, we find a statistically significant and strong correlation
between the ratings of perceived safety and attractiveness, similar to the one found in
previous studies [153, 161]. Specifically, our calculated linear fit ( coef = 0.88, R% =0.66)
aligns well with [153]’s linear fit between perceived safety and pleasantness (coef = 0.83,
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R? =0.55).

Our findings also provide new insights not previously found in the literature. We dis-
covered that single, negatively perceived features, such as the presence of construction
sites or underpasses, outweigh any other set of features in causing the most abrupt
changes in safety ratings. Given that these features are uncommon, they can easily be
overlooked by computationally-driven characterizations that rely on common feature
patterns. The consistently found negative impact of temporary construction sites on
people’s perceptions should be taken into account when managing short-term construc-
tion projects. Our analysis shows that participants’ explanations for safety ratings favour
elements of potential human activity over street design features. When evaluating the
perceived qualities of streets, participants emphasize traffic, cars, construction sites, and
the presence of people more than general aesthetics and design features such as the ar-
chitecture or the colours of the buildings. Notable exceptions to this include a street’s
“openness” (most commonly used to describe areas with a high percentage of open pub-
lic space) and lighting (e.g., dark parts of streets are always considered unsafe). Overall,
participants approach the question “How safe is this place in your opinion?” by assessing
either the risk of accidents (e.g., the risk of crossing the street due to traffic) or the risk of
crime (e.g., it feels safer if there are people around). When asking participants about their
perception of safety, it is critical that they distinguish between these two scenarios and
respond accordingly. We also discovered differences in the safety ratings from various
demographic groups. Female and younger participants, in particular, appear to provide
less extreme ratings, rating fewer locations as (very) unsafe or (very) safe than male and
older participants, respectively. However, more research is needed to determine whether
the differences in perceptions observed between different groups are due to how the city
streets are perceived or how different groups use the Likert scale.

Regarding attractiveness, the ratings are more dispersed along the Likert scale than the
safety ratings, with a higher frequency of both low (i.e., 1-2.5) and high (3.5-5) average
ratings. In other words, the perception of attractiveness tends to be more sensitive to
the characteristics along the streets than the perception of safety. Once again, sudden
changes are usually caused by single negatively perceived characteristics that outweigh
the influence of any other characteristic (e.g., a part of the street located under a bridge
or the existence of windows that are covered by iron bars). When looking at the different
demographic groups in terms of gender and age, we observe that while all groups iden-
tified nearly the same percentage of locations as attractive, male and older participants
rated more locations as unattractive than female and younger participants, respectively.
Thus, once again our findings highlight the variations in how different demographic
groups perceive the urban environment. When rating the attractiveness of city streets,
participants tend to focus on either the aesthetics (e.g., describing the architecture and
how the trees make the street aesthetically appealing) or the opportunities (e.g., shops
and parks) that are offered along the street. In some instances, the words participants
used to explain the attractiveness ratings could be interpreted both as positive and neg-
ative. Notable examples of such words are the “old”, which could be positively used as
“old-fashioned” or negatively as “not well maintained”, and the “crowded”, which could
imply vibrancy or overcrowdedness. Thus, even though the text participants provided
was intended to explain the ratings, the ratings occasionally allowed for a richer under-
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standing of the text. Overall, the combination of ratings and text proved to be necessary
for interpreting our results.

The statistically significant and strong correlation between the ratings of perceived
safety and attractiveness highlights the high overlap among the characteristics that influ-
ence the perception of safety and attractiveness of streets. However, our findings provide
additional evidence that this relation is not entirely symmetric. While we observed that
all places that are considered attractive are also considered safe, the opposite is not al-
ways true (i.e., some places are considered safe but unattractive). Based on our results,
this mainly occurs in quiet, strictly residential streets with few amenities or shops.

Our analysis shows that greenery and shops are important factors in making a street at-
tractive, but we found no significant evidence, contrary to widely held assumptions, that
these features also make a street feel safer. This finding should be taken into account by
built-environment professionals when planning and designing for improved streetscape
qualities. To further support or refute similar findings, there is a need to invest in ac-
quiring fine-grained data that capture the perceived qualities of streets. Our results also
indicated variations in how different demographic groups perceive the streets and how
individuals interpret the questions they are asked. Thus, when gathering people’s opin-
ions, special care should be taken to include a demographically representative sample of
participants and to ask clear, concise, and understandable questions.

4.6. LIMITATIONS

We acknowledge several limitations of this work that could be addressed in future re-
search. First, people’s perceptions of city streets rely on a range of factors that go beyond
the visually observable streetscape features such as the sounds or smells along a street,
people’s past experiences, or their familiarity with similarly looking streets [147, 175, 176].
Thus, our work could be expanded to capture and combine additional factors. Second,
the influence of streetscape features on people’s perceptions could differ depending on
the time of day, lighting conditions, weather, and season. Following our approach while
including images that depict the streets under different conditions could allow for study-
ing such differences. Third, studies have shown that crowdsourcing spatial information
tasks often attract participants who are particularly interested in nature and landscapes
[160]. To better capture the opinions of the general public there is a need for developing
or combining recruiting strategies towards including a more representative set of parti-
cipants. Lastly, in our work, we studied streets coming from a single city. In the future,
we aim to replicate our study in different cities to further investigate the generalizabil-
ity of our insights and the influence the city selection has on our results. Despite these
limitations, our study provides new insights into people’s perceptions of city streets and
presents a replicable time and labour-efficient crowdsourcing approach that can be eas-
ily enhanced with additional data and applied in other cities.

4.7. CONCLUSION

The design and structure of city streets can have a significant impact on the perceived
level of safety and attractiveness. These, in turn, can encourage or discourage active
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travel and access to amenities, having an impact on people’s well-being. Using a crowd-
sourcing approach, this study adds to the body of literature on measuring urban design
qualities by presenting empirically derived features that influence the perceived safety
and attractiveness of city streets. Our findings suggest that the features that contribute
to a street’s perceived safety do not always overlap with those that contribute to its at-
tractiveness, and vice versa. The number of people and parked cars, the volume of traffic,
and the presence of graffiti all have an impact on the feeling of safety. In turn, the pres-
ence of greenery, as well as the number and type of amenities along a street, are the
primary contributors to the attractiveness of a street. We also provide evidence that cer-
tain characteristics, such as underpasses and construction sites, have a negative impact
on both the perceived safety and attractiveness of city streets, outweighing the influence
of any other set of characteristics. Further studies of cities with varying morphological
characteristics, sizes, and densities that also represent non-European contexts should
be carried out in order to develop more robust and universally applicable guidelines for
the design of safer and more attractive streets. Nonetheless, our work demonstrates how
crowdsourcing can be useful for built-environment professionals seeking to understand
the factors that influence the perceived qualities of the urban environment using a tool
like the one developed in this study. It presents an interesting future research direction
in the measurement of urban design qualities, which can be incorporated into evidence-
informed design standards for safer and more attractive cities that promote health and
well-being.
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SUMMARY

Safety is considered among the primary factors that affect all age groups to walk. In
this chapter, we propose a method that can be used as an estimator of how safe streets
are perceived. This chapter draws from contemporary urban design guidelines that ad-
vocate urban forms that encourage natural surveillance or eyes on the street to pro-
mote community safety. We propose a method for measuring natural surveillance at
scale by employing a combination of street-level imagery and computer vision tech-
niques. We detect windows on building facades and calculate sightlines from the street
level and surrounding buildings across forty neighborhoods in Amsterdam, the Nether-
lands. We show how perceived safety varies with window level and building distance
from the street, and we find a non-linear relationship between natural surveillance and
(perceived) safety.

MEASURING
TRAVEL COST

& THE END
INTRO APPLICATION 2/2

TRAVEL COST DEST.
CONCERY ATTRACT.

*This chapter is based on a book chapter published in the book volume accompanying the 18th International
Conference on Computational Urban Planning and Urban Management (CUPUM 2023) [55]
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5.1. INTRODUCTION

A growing body of literature has shown that the design and structure of the built envir-
onment can influence both actual safety risks and how safety is perceived by different
population groups, subsequently impacting citizens’ physical and mental health and
well-being [42-45]. Especially in neighborhoods where the fear of crime is dispropor-
tionate to the actual crime rates, there is evidence of significant associations with lower
levels of physical activity (e.g., limited play among children and walking in older popu-
lations, or women being discouraged from using parts of the neighborhood), leading to
increased levels of childhood obesity and social isolation amongst the elderly [152, 156,
177].

Design and planning approaches to community safety in urban spaces, including New-
man’s defensible space theory [178] and the Crime Prevention Through Environmental
Design (CPTED) strategic framework [46], often advocate for neighborhoods with in-
creased density, mixture of land uses, well-maintained walkways, and permeable street
networks with high connectivity, even though there has been some recent criticism about
the universality of these features in reducing actual crime risk and the fear of crime [151,
179-181]. Similar principles are also adopted by the recent United Nations’ guidelines
on safer cities and human settlements [49].

A common denominator across theories and design approaches aimed at improving
actual and perceived safety is the provision of natural (or passive) surveillance in urban
public spaces [46]. Originating in what Jane Jacobs referred to as “eyes on the street” [47],
enhancing a neighborhood’s level of natural surveillance has become a widely adopted
design guideline towards safer urban environments [48, 49]. Natural surveillance is a
byproduct of how citizens normally and routinely use public spaces [46]. Even though
there are several factors that can influence the level of natural surveillance, it is gener-
ally assumed that characteristics such as good street lighting, abundance of unobstruc-
ted windows overlooking walkways, and more permeable streets contribute to an in-
creased level of natural surveillance [181, 182]. However, evidence of how much of these
built-environment characteristics contribute to increased natural surveillance and lead
to improved perceptions of safety is still lacking. Several approaches to measuring nat-
ural surveillance have been proposed to date, ranging from collecting observations on
the ground [183-185] to computational models for estimating sightlines [186, 187]. Yet,
measurements across large spatial extents remain a challenge even for computational
approaches, primarily due to the subjective nature of surveillance and the lack of relev-
ant fine-grained data.

This chapter addresses these knowledge gaps, first, by introducing a method for meas-
uring natural surveillance at scale using street-level imagery and computer vision tech-
niques and, second, by providing evidence of a non-linear relationship between nat-
ural surveillance and (perceived) safety. We collect and analyze street-level imagery
along all street segments across 40 neighborhoods in the city of Amsterdam, the Neth-
erlands. Unlike related approaches that use generic proxies of visibility such as the dis-
tance between buildings [186, 188], street-level imagery gives us the opportunity to cap-
ture built-environment features that can affect natural surveillance, such as the location
of windows on a building facade and any visibility blockages by fences or vegetation.

We extract these features with geolocalization and computer vision (i.e., facade la-
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beling) techniques. We calculate sightlines from the windows to each street and vice
versa, as well as the windows of surrounding buildings, using the extracted features.
Drawing on the work of [185] and [187], we calculate two types of surveillance for each
street segment: (1) street surveillance, which captures the surveillance of windows from
the street level and vice versa, and (2) occupant surveillance, which captures the sur-
veillance of windows from surrounding buildings. We then correlate the resulting sur-
veillance values per street segment with publicly available data on (perceived) safety,
crime, and nuisance in Amsterdam. Our research goes beyond defining the magnitude
of associations between natural surveillance and (perceived) safety by identifying street-
segment surveillance threshold values above which the feeling of safety remains un-
changed. Such evidence can have significant implications for the design of safer neigh-
borhoods and communities.

The remainder of this chapter is structured as follows. We first present our research
methods and describe the data sources, the study area, and how we calculate the sight-
lines and measure street and occupant surveillance. We then report the results of our
analysis of Amsterdam’s neighborhoods, and correlate them with the Amsterdam Safety
Index. Next, we discuss the outcomes of our analysis, identify threshold values and im-
plications for the design of safer communities. Finally, we summarize the conclusions
and suggest future lines of research.

5.2. ESTIMATING NATURAL SURVEILLANCE SCORES AT A
STREET-LEVEL

We estimate natural surveillance at the street-segment level considering both street and
occupant surveillance. Both of these surveillance types depend on the degree to which
people are able to observe the street from a specified distance; what is usually referred
to as sightline. We group sightlines according to three parameters. The first parameter is
based on the assumption that surveillance from ground floor windows is associated with
lower levels of street crime than surveillance from upper floor windows, which is suppor-
ted by previous research [184]. We group sightlines based on their altitude a,,, to study
the impact surveillance from different window levels has on street safety. Assuming that
each building story is approximately 3m high, the value of a,,, for first-floor windows
is 3m, for first and second-floor windows it is 6, and for first, second, and third-floor
windows it is 9m. Second, existing literature indicates that the most reliable distance to
observe and interpret an event is 15m [187, 189, 190]. Furthermore, events witnessed
from a 43-meter distance produce weak but reliable eyewitness accounts. Therefore, we
divide sightlines into two types: those with d,;4x < 15m and those with d};;, 4 < 43m. Fi-
nally, we define an angle 6,, as the field of view visible through a window. Outside of
this field of view, sightlines are excluded.

DETECTION AND GEOLOCALIZATION OF WINDOWS

The first step in the calculation of sightlines is the detection of windows on building
facades along streets. We collect street-level imagery along the streets of interest and



5.2. ESTIMATING NATURAL SURVEILLANCE SCORES AT A STREET-LEVEL 83

detect windows using the facade labeling algorithm developed by [191]. The algorithm
detects a set of four key-points (i.e., top-left, bottom-left, bottom-right, and top-right)
using 2D heatmaps. Then, it links them together using a neural network trained on
labeled images with varying facade structures, viewing angles, lighting, and occlusion
conditions. Following this, we calculate the geolocation of each detected window by us-
ing and adapting the geolocalization algorithm that was originally developed in [192]
and later modified in [193]. For each of the detected windows, this process calculates
the latitude, longitude, and altitude of the four key-points in the street-level images (Fig.
5.1). We then compute the center-point and store it as the window’s geolocation.

Figure 5.1.: Indicative outputs of the facade labeling algorithm developed by [191] on street-level images col-
lected in Amsterdam.

STREET AND OCCUPANT SURVEILLANCE

To calculate street surveillance, we count all sightlines that have as a starting point the
windows with an altitude lower than a;,,, and as an endpoint the location of the street-
car camera, with a length lower than d,,,,. The number of these sightlines reflect the
number of windows that have unobstructed views to points sampled across the street
network (i.e., every 10m). Regarding occupant surveillance, we calculate for each window
the number of neighboring windows that have an unobstructed view (i.e., sightline) to
it. Specifically, for each detected window 0y;ewpoin: With an altitude lower than @ qx,
we select all neighboring windows that have an altitude lower than a4, and are at a
maximum distance dpqx from each 0yjewpoin:- Next, we calculate all sightlines from the
neighboring windows to the 0y;ewpoins and remove the ones that are obstructed by the
presence of intermediate buildings. In particular, for each sightline s, we calculate the
angle 6, between s and the building segment that contains oyiewpoint. If 05 > %9 Fovy WE
consider s outside the field of view of the neighboring window and remove it from the
set of sightlines to be considered. Due to the restriction of the sightline angle, a sightline
originating from each window (0y;ewpoint) to €ach neighboring window (0y¢ignpor) does
not imply that the reverse also exists. By repeating these steps for each detected window,
we calculate how many neighboring windows have unobstructed views to each window
at hand.
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To calculate the overall natural surveillance scores, we link all points with a street and
occupant surveillance score to a given street segment g. We define a street segment as
a section of the street between two junctions, or between a junction and the end of the
street, if the street has a dead end. More specifically, each window is linked to the image
where it was detected, and this is, in turn, linked to the corresponding street segment.
We calculate the following two scores, normalized by the street segment’s length:

Sqg=— ) si (5.1)
qL icpq
1

Og=— ) 0; (5.2)
qL iep,

where S; and O, respectively denote the street and occupant surveillance scores, Py
denotes the set of points linked to a street segment ¢, gz is the length of street segment
g in meters, and s; and o; denote the number of sightlines observing point i.

We further aggregate our scores at the neighborhood level by calculating the sum of
the sightlines of all points within each neighborhood, and divide it by the length of each
street segment using the following formulas:
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where S, and O, respectively denote the sum of street and occupant surveillance scores
within a neighborhood n, Q, is the set of sampled street segments within n, and Py, is
the set of sampled points linked to the street segments within n. As previously stated, we
further group our scores according to whether the distance between the windows and
the corresponding street segment is reliable for witnessing an event (d,, 4, = 15m) or de-
pendable (d;, 4y = 43m).

CORRELATION ANALYSIS

To investigate the relationship between natural surveillance and safety (both actual and
perceived), we correlate the street surveillance and occupant surveillance scores with
the Amsterdam Safety Index [194]. We first test the normality of the estimated natural
surveillance scores using the Kolmogorov-Smirnov test, which indicated a non-normal
distribution. Therefore, for each of the considered neighborhoods, we use Spearman’s
rank correlation coefficient (rh0) to calculate the correlation between the natural surveil-
lance scores and the Index’s aggregate values and sub-components (i.e., crime, nuisance,
and perceived safety).
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5.3. DATA

We use the city of Amsterdam in the Netherlands as a case study to illustrate and valid-
ate how our method could be used to assess a neighborhood’s level of natural surveil-
lance. Amsterdam is the capital and most populated city in the Netherlands, character-
ized by a variety of neighborhoods with equally varying levels of reported (perceived)
safety. The city combines a medieval center bustling with tourists all year round with
new developments and strictly residential areas in the outskirts. A well-substantiated
dataset on (perceived) safety for the entire city of Amsterdam is publicly available, mak-
ing it an exemplary case to compare our measurements with real-world data on actual
and perceived safety. The Amsterdam Safety Index [194] covers 104 neighborhoods in the
city and is composed of three sub-components. These are, namely, the levels of crime,
nuisance, and perceived safety in each neighborhood. The lower the index value, the
safer the neighborhood is considered to be. We use OpenStreetMap (OSM), an open-
source mapping platform, to collect data about the street network and the building foot-
prints. We make use of the OSMnx [72] Python library to extract street network data,
and the OSM Overpass Application Programming Interface (API) to collect the building
footprints. Moreover, we used the Google Street View Static API to detect the location
of windows on the building facades along the street segments. Due to budget limita-
tions, we focused on 40 out of the 104 Amsterdam neighborhoods covered by the Safety
Index. Neighborhoods were selected such that they are spatially contiguous (i.e., they
share a common administrative boundary) and are characterized by a variety of safety
index scores. In the final subset of 40 neighborhoods (Fig. 5.2), we collected 6,667 street
segments from OSM and 109,988 street-level images from Google Street View along the
street segments, with the maximum allowed resolution of 640 x 640 pixels and with ortho-
gonal field of view and zero pitch to capture the building facades. The window detection
and geo-localization algorithms provided a total of 872,360 windows, extracted with the
use of the ResNet18 model for facade labeling.

5.4. RESULTS

This section provides an overview of the application of our method for estimating nat-
ural surveillance in Amsterdam, the Netherlands. We also present the correlation res-
ults between our measurements of street and occupant surveillance and the 2019 Am-
sterdam Safety Index and its sub-components, namely crime, nuisance, and perceived
safety in each of the considered neighborhoods. Furthermore, we compare the influ-
ence of considering windows from different floor levels and distances from the street on
indicating a neighborhood’s actual and perceived safety levels.

Figure 5.3 illustrates the calculated street and occupant surveillance scores, consider-
ing windows within a distance of 43 meters from the streets and up to the first floor of
the buildings, together with the overall Safety Index values of the 40 considered neigh-
borhoods. We convert each of these scores into three categorical variables, namely, low,
medium, and high, according to the tertile they belong to. This allows for easier visual
comparison, given that each of the presented metrics is originally expressed in different
units.

Most neighborhoods showcase consistency across the three scores, routinely result-
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Figure 5.2.: Left: The 40 neighborhoods and their streets considered in our analysis. Right: An ex-
ample of the geolocations of street-level images collected along street segments in Amsterdam’s
Grachtengordel-West neighborhood.

ing in high or low safety areas. Indicative examples of this include the Burgwallen-Oude
Zijde (BOZ) and Burgwallen-Nieuwe Zijde (BNZ) neighborhoods, both in the historical
center of Amsterdam, consistently scoring low across all metrics. Similarly, neighbor-
hoods such as Museumkwartier (MU) and Staatsliedenbuurt (ST) consistently score among
the safest. Examples of the opposite include Buitenveldert-West (BW), which scores low
in terms of street surveillance, medium in occupant surveillance, and high in the Safety
Index values. Figure 5.3 further zooms in on the street structure of select neighborhoods
to elucidate the individual contributions of street segments to the overall street and oc-
cupant surveillance scores.

Table 5.1 shows the results of the correlation between our street and occupant surveil-
lance scores and the Amsterdam Safety Index and its sub-components, using the Spear-
man’s rank correlation coefficient (710). Results yield a moderate negative and statistic-
ally significant correlation (r = —0.49, p < .001) between street surveillance and Safety In-
dex values in the case of sightlines with d,;,,x = 43m and up to the first floor of buildings
(i.e., 1F). The correlation becomes weaker when we consider sightlines from buildings
within a 15m distance, or from higher floors. Looking at the Index’s sub-components,
the correlation between street surveillance and crime or nuisance also becomes weaker
when we consider sightlines originating from floors higher than the first. Also, street sur-
veillance scores generally present strong negative correlations with perceived safety val-
ues, with sightlines of 15-meter length yielding the strongest results. The correlations of
occupant surveillance scores with the Safety Index and its sub-components are generally
weaker in comparison with their street surveillance counterparts. The occupant surveil-
lance scores have the highest correlation with the average Safety Index values (r = 0.34).
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A: Street surveillance

B: Occupant surveillance

C: Amsterdam safety index
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Figure 5.3.: (A) Street surveillance scores; (B) Occupant surveillance scores; (C) Amsterdam Safety Index values
for the 40 considered Amsterdam neighborhoods, classified into tertiles.
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Correlations of street and occupant surveillance with the Amsterdam Safety Index

Index and sub-components Maximum sightline length
15m (reliable) 43m (dependable) None

Included floors
1F <2F <3F 1F <2F <3F All

Street surveillance

Safety Index -0.45** -0.38* -0.39*  -0.49** -0.42** -0.40* -0.45**
Crime -0.34* -0.30 -0.31 -0.40* -0.37* -0.34* -0.33*
Nuisance -0.23  -0.18 -0.15 -0.29 -0.21 -0.18 -0.27
Perceived Safety -0.48** -0.43** -0.44** -0.45** -0.36* -0.38* -0.43**

Occupant surveillance

Safety Index -0.34* -0.38* -0.39* -0.40* -0.41* -0.38*
Crime -0.23  -0.33* -0.34* -0.31* -0.35* -0.31
Nuisance -025 -0.22 -020  -0.32* -0.24 -0.19
Perceived Safety -0.36* -0.35* -0.36* -0.32** -0.33* -0.35*

Table 5.1.: Spearman correlations of the street and occupant surveillance scores with the 2019 Amsterdam
Safety Index.
*=p<=.05*"=p<=.01
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Figure 5.4.: Scatter plots and corresponding trendlines depicting the relationship between estimated street
surveillance scores and the Amsterdam Safety Index (I) and its sub-components: perceived safety
(IT); nuisance (III); crime (IV).
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The use of a locally weighted scatter plot smoothing (LOWESS) regression to exam-
ine the linearity of the relationship between the different scores, as shown in Fig. 5.4,
provides additional insight into the correlations. Specifically, the comparison of the
street surveillance scores with the overall Safety Index (Panel I) and the perceived safety
sub-component (Panel II) yields an interesting non-linear pattern. We observe that as
the street surveillance score increases, the trendline becomes relatively horizontal from
a certain point onward. This suggests that even though an increased level of street sur-
veillance is generally associated with higher safety — either actual or perceived — this
association becomes weaker after a certain value (approximately 0.3 for safety and 0.8 for
perceived safety). However, this does not seem to be the case when it comes to the asso-
ciation of street surveillance with the levels of nuisance (Panel III) and crime (Panel IV).
The corresponding scatter plots and trendlines do not indicate any particular pattern.

5.5. DISCUSSION

The application of our method in several neighborhoods in Amsterdam demonstrates
that the combination of street-level imagery with computer vision techniques offers a
promising approach to measuring natural surveillance across large spatial extents. As
such, it can provide a pathway to integrate the widely advocated, yet difficult to cap-
ture, notion of “eyes on the street" into the planning and design for safer neighborhoods.
We also show that different aspects of surveillance (i.e., street or occupant-based) have
varying contributions to a neighborhood’s overall level of safety and elicit interesting
non-linear relationships.

Our results suggest an overall significant negative correlation between our average nat-
ural surveillance scores and the Safety Index. Given that lower Index values indicate safer
neighborhoods, an increased level of natural surveillance correspondingly indicates a
safer neighborhood. This aligns with related expectations from the CPTED literature
[46, 195]. We specifically detect stronger correlations between street surveillance scores
and the Safety Index, whereas the correlations with occupant surveillance scores appear
weaker. This suggests that the degree of street visibility from surrounding windows is a
stronger predictor of a street’s level of natural surveillance compared to window visibility
from surrounding buildings.

Our analysis also uncovers aspects of natural surveillance that have largely been over-
looked in the existing evidence base. Our findings, in particular, support our hypothesis
that window levels and the distance of buildings from the street influence how natural
surveillance correlates with overall safety. However, variations do exist between the two
different facets of natural surveillance. Specifically, street visibility (i.e., street surveil-
lance) from first-floor windows correlates most with the average values of the Safety In-
dex and this association becomes stronger as the distance from the street increases. This
appears to be less the case when it comes to the visibility of windows from surrounding
buildings (i.e., occupant surveillance). We also observe a strong correlation between
street surveillance and perceived safety. The consideration of different floor levels barely
influences this correlation. However, the distance of the windows from the street does
influence this association, with windows closer to the street (i.e., sightlines with a length
of 15m) leading to stronger correlations.
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The overall strong association between street surveillance and perceived safety would
generally suggest that the higher the level of street surveillance, the more it would correl-
ate with an increased perception of safety. However, our analysis of linearity indicates a
natural surveillance threshold value above which the level of perceived safety remains re-
latively stable. Fig. 5.4 (Panel I) shows that street segments with street surveillance score
up to 0.3 — this corresponds to an average of three windows overlooking a 10-meter-
long street segment — accordingly lead to a gradually increasing level of neighborhood
safety. However, street surveillance scores of 0.3 and above do not lead to any increases
in the overall level of safety. Fig. 5.5 provides indicative examples of streets with street
surveillance scores of 0, 0.15, 0.3, and 0.7 to showcase what streets of low or high street
surveillance are like. This result provides an interesting insight into how much and what
kinds of street features lead to increased (feelings of) safety and requires further research
in different urban environments.

There are several limitations in this study that could be addressed in future research.
First, our method depends on how well windows are depicted in street-level imagery.
Some windows, however, are excluded from the street-level images either due to a lack
of imagery along certain street segments or because the view from the street to the win-
dow is obstructed (e.g., by a tree). Second, the facade labeling algorithm used for win-
dow detection is occasionally inaccurate. Indicative inaccuracies include windows that
are in shadow or with occluded openings, as well as storefront windows that may go
undetected by the algorithm because it was trained on images of residential buildings
[191]. Nonetheless, the facade labeling algorithm we used was tested on several datasets
of building facade images and achieved a pixel accuracy of 90% on average [196-198].
Third, the geolocalization algorithm can introduce errors (namely, mean error of 1.07m
and standard deviation of 1.09m), the most significant of which are caused by inaccurate
GPS metadata in street-level images. Fourth, natural surveillance is a broad concept that
encompasses more than window-based surveillance. In fact, active street observation is
largely dependent on residents’ time, willingness, and capacity to watch and defend their
streets and communities [181]. Therefore, our research could be expanded to take into
account other factors that influence natural surveillance, such as citizens’ daily activity
patterns, time of day, or street lighting quality. Lastly, we only tested and evaluated our
method in a few Amsterdam neighborhoods. For this reason, we intend to broaden the
applicability of our method by implementing it in other cities.

5.6. CONCLUSION

Natural surveillance has drawn a lot of interest and is now a crucial component of design
strategies aimed at improving actual and perceived safety in urban spaces. This chapter
introduced a method for measuring natural surveillance at scale by leveraging a com-
bination of street-level imagery and computer vision techniques. Our work has prac-
tical value for built-environment professionals who seek to understand and improve the
levels of actual and perceived safety in urban neighborhoods. Specifically, our method
draws on the new possibilities offered by street-level imagery in capturing built-environment
features, such as the location of windows and any visibility blockages that have been
shown to affect natural surveillance. It also employs geolocalization and facade labeling
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Amsterdam Safety Index

0 0,15 0,3 0,7

Street surveillance (1F dependable)

Figure 5.5.: A selection of Amsterdam streets, along with their street surveillance scores (1F reliable). Streets
included in the figure, from left to right: Havenstraat, De Rijpgracht, Chasséstraat and Amaliastraat.
As the street surveillance score rises to 0.3, neighborhoods feel safer. An increase to 0.7 does not
appear to be associated with increased (perceived) safety.

techniques to estimate the surveillance of windows from the street level and surround-
ing buildings across large spatial extents. We applied our method in neighborhoods of
Amsterdam and correlated our measurements with various components comprising the
city’s Safety Index to validate its use as an estimator of neighborhood safety. Our ana-
lysis showcased that our method can be a promising and scalable alternative to the
manual collection of observations around aspects of natural surveillance. Our results
align with existing evidence from the CPTED literature and suggest that surveillance of
windows from the street contributes more to the overall safety than surrounding build-
ings. Moreover, the window level and distance of buildings from the street appear to have
varying influences on the feeling of safety. Another intriguing finding from our analysis
is the identification of a natural surveillance threshold point, with scores above it not res-
ulting in increased (perceived) safety. However, more research in different urban settings
is required to provide more evidence of this. In particular, it presents an interesting av-
enue of future research in the fields of environmental criminology and next-generation
CPTED [199] that can contribute to an improved understanding of what kinds of built-
environment characteristics lead to increased (feelings of) safety.
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OPEN SPACES

One is always wrong; but with two, truth begins.
One cannot prove his case, but two are already irrefutable.

Friedrich Nietzsche, The Gay Science, 1882

Group A has A
nothingtodo .~ - N Grocery

93



EXPLORING THE INFLUENCE OF PHYSICAL FEATURES ON THE LIKELY USE OF PUBLIC

94
OPEN SPACES

SUMMARY

In this chapter, we focus on understanding how the physical characteristics of urban
locations impact the destination attractiveness component of co-accessibility. To do so,
we focus on public open spaces. Public open spaces are an essential component of
every city. When designed to appeal to a variety of individuals and demographic groups,
they witness a high frequency of use, accommodating a multitude of activities, thereby
serving as hubs of social interaction and activity. In this chapter, we study how the phys-
ical characteristics of public open spaces influence the likelihood of use across individu-
als and different age and gender groups by combining crowdsourcing, street-level im-
ages, statistical comparisons, and reflexive thematic analysis. Our findings allow us to
gain an improved understanding of how a space’s physical characteristics can impact
the degree to which different people and groups are likely to perform activities there
and, consequently, the co-accessibility of such spaces.
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*This chapter is based on a journal article published in Computational Urban Science
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6.1. INTRODUCTION

Public open spaces, such as public squares, greenspaces, and streets, constitute a funda-
mental part of every city where different people can perform a wide range of activities.
In this work, “public open space" refers to spaces open to the general public, located
outdoors, and typically owned by governmental authorities or organizations.

Various factors could impact how likely individuals are to engage in specific activities
in public open spaces, with physical features playing a significant role [15, 47, 200]. Phys-
ical characteristics include the size of the space, the presence of seating, the abundance
of amenities, and the presence of natural elements such as trees, grass, or water bodies.
Such characteristics influence how frequently public open spaces are used and shape
their capacity to serve as hubs for social interaction and for engaging in different activ-
ities [144, 146, 201-207]. For instance, narrower streets with various amenities, wider
sidewalks, and the availability of street furniture along sidewalks have been identified to
encourage social interactions [146]. Similarly, the size of greenspaces has been found to
influence the range of activities conducted within them. Larger greenspaces are often
deemed more suitable for physical activities, while smaller ones are considered prefer-
able for socializing and relaxation [208, 209].

Additionally, the preferences of different population groups may lead to varied choices
in using public open spaces for specific activities [210-212]. For example, research re-
veals that older individuals and women may perceive fewer spaces as suitable for exer-
cise compared to men and younger adults [44]. Seniors and women have also reported
feeling vulnerable and having greater security concerns when walking [171]. The im-
portance of creating spaces that cater to the diverse preferences of various population
groups is widely recognized [144, 146, 201-203], as emphasized by the United Nations
Sustainable Development Target 11.7 [40], which underscores the necessity for inclus-
ive spaces designed to accommodate everyone, with specific attention to the needs of
women, children, and older individuals.

To comprehend how the physical attributes of public open spaces influence their use,
researchers have employed various methods such as participant observation [144, 146,
157, 210], (online) questionnaires [213-215], or crowdsourcing approaches [142, 161].
Often, these studies are focused on specific activities like exercising or walking [216,
217], particular demographic groups such as the elderly [218] or children [219], or on
specific qualities of a space like perceived safety or attractiveness for performing activit-
ies [142]. Nonetheless, our understanding of how the physical characteristics of public
open spaces affect the suitability of various types of spaces for different activities, and
the extent to which this suitability varies among different population groups, remains
limited.

In this Chapter, we employ a crowdsourcing approach to explore how physical char-
acteristics of public open spaces influence the likelihood of their utilization among in-
dividuals of various ages and genders. We recruit 409 participants from 21 European
countries in a thorough examination of people’s propensity to use public open spaces.
To ensure a broad range of physical characteristics, we select various public open spaces
such as public squares, open marketplaces, greenspaces, pocket parks, play spaces, and
streets, sourced from three European cities: Rotterdam, Barcelona, and Gothenburg. We
formulate three hypotheses and subject them to statistical testing: (H1) The likely use of
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public open spaces varies significantly by place type (e.g., parks, squares, streets); (H2)
The likely use of public open spaces varies significantly across age groups; and (H3) The
likely use of public open spaces varies significantly across gender groups. Subsequently,
guided by the outcomes of the statistical analyses, we pinpoint cases where noteworthy
differences were observed. For these instances, we employ reflexive thematic analysis to
qualitatively assess the characteristics of public open spaces mentioned by participants
as reasons for the identified disparities.

In our approach, the collected ratings serve as a proxy for the probable use of space,
indicating the likelihood that individuals would engage in activities there. By focusing
on the likelihood of space usage rather than the observed behavior (i.e., real activities
undertaken by people), we can account for factors unrelated to the physical characterist-
ics of spaces that might discourage individuals from engaging in activities, such as not
residing in close proximity [201]. Additionally, in contrast to conventional data collec-
tion approaches, such as participant observations or interviews, crowdsourcing serves
as a time and resource-efficient method, allowing for the comprehensive study of vari-
ous public open spaces and the recruitment of a diverse sample of participants in terms
of age and gender.

The remainder of this Chapter is organized as follows. First, we explain our approach
to capturing the likely use of public open spaces. Then, we describe the statistical tests
conducted to scrutinize our hypotheses and how we qualitatively analyzed the collected
data to identify the physical characteristics that influence the likely use of public open
spaces. Next, we detail the data sources used in our empirical analysis and provide in-
formation about the participants of our study. Finally, we report the results of our study
and discuss the empirical findings, implications, and limitations of our approach, as well
as future lines of research.

6.2. METHOD

Our methodology consists of four main steps: (1) sampling a variety of public open
spaces in three European cities, (2) crowdsourcing the types of likely use, (3) testing three
hypotheses using statistical methods, and (4) qualitatively exploring the physical charac-
teristics of public open spaces that affect their use.

6.2.1. SELECTING PUBLIC OPEN SPACES

We select public open spaces in three European cities: Barcelona (Spain), Rotterdam
(Netherlands), and Gothenburg (Sweden). These cities represent urban environments
in the Southern, Western, and Northern European regions. Consequently, our selection
includes a wide range of spaces, enriching our study with a diverse set of spaces’ physical
characteristics and types.

The public open spaces included in this study were collected from OpenStreetMap
(OSM) using the Overpass API and the OSMnx Python library [72]. OSM represents the
physical features of the environment using tags. To ensure a broad range of public open
spaces we selected a variety of tags from OSM. We identified OSM tags related to public
open spaces which reflect three main types of spaces: (1) vegetated spaces such as parks
or forests, (2) play spaces dedicated to children’s activities such as playgrounds, and (3)
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other public open spaces such as squares and marketplaces. Since the tags related to
the vegetated spaces encompass very different sizes of spaces, in accordance with re-
commendations by the [220], as well as the European Common Indicator for greenspace
accessibility [221], we divided vegetated spaces into two types: greenspaces that are lar-
ger than 0.5 hectares, such as parks, forests, and nature reserves; and pocket parks that
reflect the vegetated spaces that are up to 0.5 hectares. Additionally, given that streets re-
flect the largest portion of public open space in every city, we also collected streets that
are accessible to pedestrians.

After defining these OSM tags, we collected all the spaces that fell under at least one
of these five tags for all three case-study cities. Then, we investigated the spaces’ rep-
resentation in Google Street-View. Using Google’s Street View Static API, we identified
the spaces for which there is a street-level image within no more than 15 meters, a reli-
able distance to observe and interpret an event according to [222]. Ultimately, we ran-
domly sampled 420 public open spaces (140 per city), balanced in terms of OSM type.
We then manually examined their street-level images and excluded spaces with images
of poor quality, shot during nighttime, or not accurately representing the public open
space because other urban objects obstructed the view (e.g., hedges or fences), and re-
placed these with other randomly sampled locations of the same type until all street-
level images passed the test. In case a place is located in direct vicinity to multiple types
(e.g., a public square located within a park), we assign it to both types. Table 6.1 sum-
marizes the types of public open spaces included in this study along with the number of
collected spaces per type and city, and the tags used to collect them from OSM.

6.2.2. CAPTURING THE LIKELY USE OF PUBLIC OPEN SPACES THROUGH
CROWDSOURCING

To collect information about how people of different ages and genders are likely to use
public open spaces, we follow a crowdsourcing approach and use street-level images.
Street-level imagery allows us to visually present the physical characteristics of spaces
that potentially influence their use, such as seating, amenities, and trees.

Regarding the likely use of public open spaces, we focus on the following five types
of activities: socializing, relaxing, exercising, commuting, and children-related activit-
ies. The selection of the activities considered in this work is aligned with and supported
by [223] and [224], and aims to encompass a variety of activities that different individu-
als perform in public open spaces. In our experiments, we present to participants five
different spaces and ask them to indicate to what degree, and why, they consider them
suitable for any of the aforementioned activities.

Our crowdsourcing campaign is implemented using the cloud-based research plat-
form Qualtrics. The crowdsourcing task consists of four steps and requires 15 to 20
minutes to be completed. First, we inform the participant about the task and ask for
their consent to participate. Second, we ask the participant their age and self-reported
gender. The third step consists of the main crowdsourcing task, as illustrated in Fig. 6.1.
In this task, we initially show the participant a public open space represented as a 360°
panoramic image and give them some time to pan around the image. Afterwards, draw-
ing from the work of [223] and [224], we ask them to rate, on a 5-point Likert scale, if they
find this place suitable for social, physical, relaxation, commuting, or children’s activities,
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and explain in their own words what characteristics influenced their ratings. We repeat
this question for five different public open spaces. In the fourth step, we ask participants
how important it is for them to have a space near their home where they can carry out
these activities.

We recruited participants using the Prolific platform. In total, we recruited 420 parti-
cipants, evenly distributed across gender groups, as well as age groups categorized by
decades (i.e., 18-30, 30-40, 40-50, 50-60, 60+). We selected participants based on the fol-
lowing criteria. First, we only allowed participation through a laptop or desktop. Second,
to ensure a similar level of familiarity with the shown spaces we only recruited parti-
cipants residing in Europe. In addition, we ensured that people have not visited the
shown spaces in real life, through a question we included in our crowdsourcing task.
Third, we selected participants only if they had a high approval rate, based on the previ-
ous tasks they had contributed to. Fourth, we only selected participants who are profi-
cient in English. All participants were above 18 years old, provided informed consent to
participate, and were compensated according to the minimum wage in [country hidden
for anonymity due to the blind review process].

SRR T
53 Carrer de Salamanca

What characteristics of the place made

?
Would you use this place for..? you decide this?

Never Rarely Sometimes Often Always  Explainin afew words (at least 2/5)

How suitable do you find this place

for children's activities o O e} O © ]
(e.9., playing outdoors)

Would you use this place

for social activities o O e} o © ]
(e.g., picnics, meeting friends or others)

Would you use this place

to walk or bike to destinations O @) O O O I:l
(e.9., to work or school)

Would you use this place

for physical activities o O [e] o O 1
(e.g., sports, walking or biking for fun)

Would you use this place

for relaxation O ©) O @) (@] I:l

(e.g., reading, simply doing nothing)

Figure 6.1.: Main crowdsourcing task: participants first explore a public open space, represented as a 360°
panoramic image, and then provide answers regarding the activities they would perform in that
space

To ensure adequate quality of collected responses, we only kept responses from par-
ticipants who passed a reCAPTCHA bot test, answered correctly to a simple attention
check, and clicked at least four times inside the 360° images, as a proxy for panning
around in the panoramic image. For each iteration, we ensured that the questions were
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displayed in a randomized order, and that the locations were selected at random from
all public open spaces within one of the case-study cities.

6.2.3. HYPOTHESES TESTING

After the crowdsourcing task, we have a set of spaces accompanied by the participants’
ratings reflecting how suitable these spaces are for social, relaxation, physical, commut-
ing, or children’s activities (Fig. 6.1). We use this information to examine how the charac-
teristics of public open spaces influence how likely people are to perform activities there
and the degree to which this varies among different age and gender groups. In particular,
we formulate three hypotheses:

* (H1) The likely use of public open spaces varies significantly by place type
* (H2) The likely use of public open spaces varies significantly across age groups

* (H3) The likely use of public open spaces varies significantly across gender groups

With the first hypothesis, we explore the variation in the use of public open spaces
based on their types, to examine queries such as: Does the likelihood of using a green-
space, public square, or pocket park for activities like socializing or exercise remain con-
sistent, or do certain types of public open spaces naturally encourage specific activities
more than others? With the second hypothesis, we examine whether there are variations
in the likely use of public open spaces among different age groups, for instance: To what
extent do younger adults consider the same spaces suitable for socializing or relaxing as
older adults. With the third hypothesis, we investigate whether the likely use of public
open spaces varies among different genders.

We test these hypotheses using the ratings provided by the participants (i.e., 5-point
Likert scale ratings). For H1, we aggregate all ordinal ratings of each space using the me-
dian rating per activity. Therefore, each space is assigned five median ratings, one per
activity-type. To test if the different types of spaces received statistically different ratings
we use the Kruskal-Wallis test. The Kruskal-Wallis test is suitable for our analysis asitisa
non-parametric statistical test used to detect variations among three or more independ-
ently sampled groups based on a single non-normally distributed variable. This test is
often employed for ordinal data [225, 226]. We perform five Kruskal-Wallis tests and
examine if the different types of spaces received significantly different ratings for each
activity. To address the issue of multiple comparisons and reduce the likelihood of Type
I errors, we applied the Bonferroni correction [227], setting our significance threshold to
p-value=0.05/5. It's important to note that while the use of Bonferroni correction may
elevate the risk of Type II errors, the decision to employ it reflects our emphasis on mit-
igating Type I errors, thus striving to minimize false discoveries.

For H2, participants’ ratings were initially segmented based on age groups and then
aggregated per space, again using the median value. To test H2 we compared the spaces’
ratings per activity between each pair of ages using the MannWhitney U test. The Man-
nWhitney U test, is a non-parametric statistical method employed to detect variations
between two groups on a single ordinal variable [228, 229]. For instance, we tested if the
ratings of spaces for social activities differed significantly between the age groups [18-
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29] and [30-39], and conducted nine additional tests to compare all age groups pairwise.
This process was then repeated for other activity types. We opted for pairwise tests us-
ing the MannWhitney U test instead of simultaneously testing all age groups (e.g., using
the Kruskal-Wallis test), due to the insufficient number of spaces for which we obtained
ratings from all age groups, limiting statistical comparisons. Thus, for each activity, we
performed ten pairwise comparisons (five age groups compared with each other), result-
ing in fifty tests across all five activities. To address the issue of multiple comparisons, we
adjusted our significance threshold using the Bonferroni correction, setting the p-value
t0 0.05/50.

For H3, participants’ ratings were first divided based on gender groups and then ag-
gregated per space, employing the median value. Similar to H1, to test H3 we compared
the ratings of spaces per activity between genders using the MannWhitney U test. As our
participant pool included two gender groups and five activities, we conducted one test
per activity to assess differences between the two groups, totaling 5 tests. Once again,
to address multiple comparisons, we employed the Bonferroni correction, setting the
p-value to 0.05/5.

For H2 and H3, participants’ ratings were first segmented based on age or gender
groups and then aggregated per space, using the median value. To test H2 and H3, we
compared the ratings of space per activity between every pair of age or gender groups us-
ing the MannWhitney U test. For instance, we assessed whether the ratings of spaces for
social activities differed statistically between the age groups [18-29] and [30-39], and con-
ducted nine additional tests to compare all age groups with each other. This process was
then repeated for other activity types. We opted for pairwise tests using MannWhitney
U test instead of simultaneously testing all age groups, because the number of spaces
for which we received ratings from all age groups was insufficient to facilitate statistical
comparisons.

6.2.4. THEMATIC ANALYSIS

To provide further insight into our quantitative results, we qualitatively explore the reas-
ons individual participants provide to explain their ratings. Specifically, we focus on the
cases for which we find significant differences in the likely use of public open spaces,
whether those pertain to the types of space (H1) or to the demographic groups (H2, H3).
We employ reflexive thematic analysis [230], using iterative inductive coding followed by
identifying common themes, and document our analysis in Atlas TI.

6.3. RESULTS

6.3.1. DESCRIPTIVE STATISTICS ON PARTICIPANTS AND SPACES

Among all recruited participants, 409 participants met our quality standards as described
in 6.2.2. These 409 participants completed our task in March - May 2023 and reside in 21
different European countries. The duration for participants to complete their task varied
between 15 and 20 minutes. Participants were evenly distributed across age groups cat-
egorized by decades with 80-82 participants per group (i.e., 18-30, 30-40, 40-50, 50-60,
and 60+). Similarly, they were evenly spread among genders, including only female and
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male groups since most participants self-identified as such and we did not have enough
data to perform statistical analyses on the other gender groups. Following the exclusion
of data due to technical issues (such as delayed panorama loading) or in cases where par-
ticipants showed no interaction with the panorama (i.e., no clicks to pan or zoom), 413
places were included in this study, representing 102 public squares and marketplaces,
107 streets, 114 greenspaces, 91 pocket parks, and 84 play spaces (Table 6.1). Each parti-
cipant provided input for five different public open spaces, resulting in 9700 ratings and
6388 short explanations of these ratings.

All participants stated that they found the task clear, 93% stated they turned the 360
images to look around as requested, and 95% answered that they were not familiar with
the spaces they were asked to rate, as planned. For most participants (> 70%), having
space for nearly all activities is considered important or very important. Exceptions are
observed for social and children-related activities. Having access to space for social activ-
ities is deemed (very) important by 60.8% of respondents, while 10.5% consider it not im-
portant (at all). Moreover, having space for children-related activities is viewed as (very)
important by 75.2% of participants with children, with 10.3% rating them as not import-
ant at all. Among respondents without children, such spaces are considered as (very)
important by only 21.1%, while 56.5% regard them as not important at all.

Overall, participants would often/always use a relatively large proportion of public
open spaces for commuting activities (41.4% of spaces), a smaller proportion for phys-
ical and children-related activities (= 20%), regardless of whether considering participants
with or without children, and an even smaller for social and relaxation activities (= 12%).

6.3.2. HYPOTHESES TESTING

In this section, we present the results of our three hypotheses. In case the hypotheses
are accepted, we perform exploratory analyses to gain deeper insights into the identified
statistical differences.

H1: THE LIKELY USE OF PUBLIC OPEN SPACES VARIES SIGNIFICANTLY BY PLACE TYPE

Overview: With this hypothesis, we examine if the activities people would perform in a
given public open space vary per type of space (e.g., public square, greenspace, street).
To test our hypothesis, we perform five Kruskal-Wallis tests, one for each activity-type
(i.e., social, relaxation, physical, commuting, children-related). For each activity, we test
if participants’ ratings are significantly different for different types of public open spaces.

Result: H1 was accepted for social (p = 3.32 x 10~!1), relaxation( p = 5.04 x 10~'1), phys-
ical (p =2.71 x 10719), and children-related activities (p = 1.26 x 10725). However, it was
rejected for commuting activities (p = 5.90 x 10~1). In other words, the degree to which
people are likely to use a space for social, relaxation, physical, or children-related activit-
ies varies for different types of public open spaces. For commuting activities, we did not
find evidence for such variation.

Exploratory Analysis: Based on our results, we further explore (1) which types of spaces
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Public Open Spaces

Category Examples OSM Tags RTM BAR GOT TOTAL

leisure:park|nature_reserve,

Parks, nature
landuse:meadow/|grass

reserves, forests

Greenspaces (larger than 0.5 |village_green|forest, 37 42 35 114
hectares) natural:wood|scrub|heath|
grassland|fell|shrubbery
Parks, nature
Pocket parks reserves (up to 0.5 Same tags as for greenspaces 31 30 30 91

hectares)

leisure:playground|schoolyard 28

Play spaces Playgrounds (accessl=private) 29 27 84
. Open public place:square, amen-
Public squares squares, open ity:marketplace, leis- 30 44 28 102
& marketplaces
marketplaces ure:common
Streets Streets acc.ess1ble network_type=walk (OSMnx) 37 38 31 107
to pedestrians
Activities
Type Examples
Socializing Picnics, meeting friends or others
Relaxing Reading, or simply do nothing
Exercising Doing physical activities such as sports, walking/biking for fun
Commuting Walk or bike to destinations
Children-related Activities for children such as playing outdoors

Table 6.1.: Types of public open spaces, OSM tags used, number of collected spaces per type and city (Rotter-
dam (RTM), Barcelona (BAR), Gothenburg (GOT)), and examples of the activities examined

would participants more often use for social, relaxation, physical, or children-related
activities (Fig. 6.2) and (2) what variety of activities people are likely to perform in the
same space (Fig. 6.3).

Greenspaces, as illustrated in Fig. 6.2, emerge as highly favored locations for most
activities. An exception to this is found for the children-related activities for which, un-
surprisingly, play spaces are preferred the most. In particular, participants’ ratings sug-
gest that they would often use green spaces for commuting, sometimes for socializing,
relaxing, and exercising, and rarely/never for children-related activities. Notably, pocket
parks are less favored than greenspaces for all types of activities. Participants would
sometimes use pocket parks for commuting and exercising and rarely for socializing, re-
laxing, and children-related activities.

Concerning public squares and marketplaces, we note that participants gave them re-
latively low ratings for most activities. In particular, participants would never or rarely
use these spaces for relaxation or children-related activities, and would rarely or some-
times use them for social and physical activities. Public squares and marketplaces are
predominantly preferred for commuting. We observe similar results for streets. Notably,
streets received the lowest ratings among all types of spaces and for all activities except
for commuting, for which participants would sometimes use them.

Finally, regarding play spaces, apart from being often considered to be used for
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Figure 6.2.: Ratings of the likely use of public open spaces per activity.
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children-related activities, they were also considered sometimes suitable for socializing,
exercising, and commuting. The least appropriate activity to perform in a play space, as
indicated by the participants, is relaxing.

Furthermore, to identify the different activities participants would perform in the same
public open space, we measure the correlations among the spaces’ ratings for each pair
of activities using the Spearman’s rank correlation coefficient. The corresponding cor-
relation matrix is presented in Fig. 6.3. Overall, only positive correlations were found.
A strong and statistically significant correlation was found between social and relaxa-
tion activities (p = 0.76, p < 0.05), indicating that spaces that are considered suitable for
socializing are also deemed suitable for relaxing and vice versa. Children-related activit-
ies were also found to have a moderate and significant correlation with both relaxation
(p = 0.67, p < 0.05) and social activities (p = 0.57, p < 0.05). Moreover, physical activit-
ies exhibit a significant weak or moderate correlation with all other activities. Notably,
commuting is the sole activity type lacking a significant correlation with all the other
activities, excluding exercising.

Correlation among activity ratings

social

physical -

commute -
-0.4
relax
-0.2
children ; 043 *
-0.0

I = | |
social physical commute relax children

Figure 6.3.: Correlation of activity-based ratings

THE LIKELY USE OF PUBLIC OPEN SPACES VARIES SIGNIFICANTLY ACROSS AGE GROUPS

Overview: With this hypothesis, we examine if the activities participants are likely to
perform in public open spaces vary per age group. To test our hypothesis, we perform
Mann-Whitney U tests: one for each activity and each pair of age groups. As explained
in Section 6.2.2, the age groups included in our tests are [18-29], [30-39], [40-49], [50-59],
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[60+].

Result: H2 was accepted for physical activities between the age groups [18-29]-[60+] and
for commuting activities between the age groups [30-39]-[60+]. However, it was rejected
for all other activities and age groups. That is, several age groups were found to differ
in how likely they would use public open spaces for physical activities and commuting
activities, but we do not have sufficient evidence to conclude that the degree to which
different age groups would use a space to perform social, relaxation, or children-related
activities differs significantly.

H3: THE LIKELY USE OF PUBLIC OPEN SPACES VARIES SIGNIFICANTLY ACROSS GENDERS

Overview: With this hypothesis, we examine if the activities participants intend to per-
form in public open spaces differ between gender groups. Out of all participants, 49%
self-identified as males, 49% as females, and 2% as non-binary, third gender, or prefer
to self-describe or not to say. To statistically test our hypothesis we limit to males and
females since we do not have sufficient data to draw statistical conclusions for the other
groups. In particular, we performed four Mann-Whitney U tests, one for each type of
activity, between the ratings we received from male and female participants.

Result: H3 was rejected for all types of activities. That is, we do not have sufficient evid-
ence to conclude that the likely use of public open spaces between males and females
differs significantly.

6.3.3. THEMATIC ANALYSIS

The aim of the thematic analysis is to explore what characteristics people consider pro-
moting or obstructing them from performing activities in an public open space. In-
formed by the results of the statistical hypotheses, we focus on the cases for which sig-
nificant differences were found. Following up on HI, we analyze the explanations of
the people’s ratings to identify how the physical characteristics of a space contribute
to differences in a space’s likely use for social, relaxation, physical, or children-related
activities. We summarize our findings at the end of this section in Table 6.2. In addition,
following up on H2, we identified significant differences between the likely use of public
open spaces for physical or commuting activities among several age groups. Thus, we
also group participants’ explanations per age group and examine if there are differences
among the spatial characteristics they consider important to perform such activities.

WHAT CHARACTERISTICS MAKE A PUBLIC OPEN SPACE LIKELY TO BE USED (OR NOT) FOR
DIFFERENT ACTIVITIES?

From H1, we found that the type of public open spaces significantly affects the likely use
of a space for social, relaxation, physical, or children-related activities. In this section,
we qualitatively analyze the input we received from participants to explore what are the
characteristics of a space that promote or obstruct people from performing such activit-
ies there. Table 6.2 summarises the results of the qualitative analysis by presenting the
most prevalent characteristics that positively or negatively influenced participants for
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performing an activity in a space.

Social Activities — vibrant versus calm

The most frequent reasons participants mentioned to explain why they would often or
always use a place for socializing are relatively contradicting: on the one hand, places
appropriate for socializing are “vibrant" and with a high number of amenities. As one
participant mentioned ‘I think it seems like a central place for meeting plus there is a
shopping mall and restaurants close-by so fits well for socializing". On the other hand,
participants also prefer places that look “calm"”and “open". Another important factor fre-
quently mentioned is the existence of ‘“sitting places” such as chairs or benches. When
looking at the reasons one would rarely or never visit a place for socializing, participants
most often mention the lack of amenities, sitting places, and space as well as the place
being “unattractive”. The factors that most often co-occur with a place being described
as unattractive revolve around the lack of sitting places, space, and nature, and the place
looking “busy”, “noisy", and “industrial”. Lastly, certain places received low ratings be-
cause they were considered to be dedicated to only certain age groups, as participants
mentioned “only for young people at night" or “only children/parents related". Fig. 6.4
depicts examples of spaces that participants would always or never visit for socializing.

(a) Public open spaces that participants would never use for socializing

T

(b) Public open spaces that participants would always use for socializing.

Figure 6.4.: Public open spaces that participants would never (top) or always (bottom) use for socializing

Relaxation Activities — nature and privacy

Participants mentioned that the places they would “Always" or “Often" use for relaxing
are places that are near “nature" (e.g., trees, water), are “calm" and “quiet", and have
a high number of sitting places. In addition, participants relatively often commented
positively about the sun or the shade; in their own words “Has nice shade for hot days"
or “Nice benches to sit and sun bath". When participants explained why they would
“Never" or “Rarely"” visit a place for relaxation activities, they often mentioned the ab-
sence of nature and characteristics connected to a busy urban environment such as
“noisy", “industrial", “busy", “high traffic and cars", “construction sites". Characterist-
ics that were explicitly mentioned in relation to relaxation activities, and not often men-
tioned for other activities, were about the places looking “polluted" or not offering ad-
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equate “privacy". Notably, while places offering “privacy" are appreciated places that are
considered “isolated" are not. Thus, participants make an explicit distinction between
places that provide privacy by having areas not exposed to public view and places that
appear to be isolated and abandoned. Fig. 6.5 depicts examples of spaces that parti-
cipants would always or never visit for relaxing.

(b) Public open spaces that participants would alu)ays use for relaxing

Figure 6.5.: Public open spaces that participants would rnever (top) or always (bottom) visit for relaxing

Physical Activities — space, nature, and safety

Regarding the physical activities, the most discussed characteristics were the amount of
“space", and the existence of green spaces, trees, and blue spaces such as rivers. Addi-
tionally, several participants mentioned the place being “busy" as the main reason they
would not perform physical activities at a place; as explained “I would walk in this place,
but I believe it would be too crowded to do some other sports". Moreover, characterist-
ics that were repeatedly mentioned positively revolved around specific sports, such as
having tracks dedicated to walking, running, or cycling, or having space suitable for ball
games. Lastly, in several cases, participants based their ratings on how safe a place ap-
pears to be. Fig. 6.6 depicts examples of spaces that participants would always or never
visit for exercising.

Children-related Activities — safety and “something for the children to do"

For a public open space to be suitable for children-related activities, participants clearly
prioritized safety above any other characteristic. In particular, they mostly discussed
safety in terms of potential accidents, for instance, due to the presence of cars and nearby
streets “Too many cars for children to be playing on their own safely", or nearby blue
spaces “I think it would be dangerous for children to play unsupervised in this area due
to water being present". In addition to that, participants often explicitly complemented
their comments on safety with how much supervision is needed or not, as a participant
explained “With adult supervision as there is not proper enclosure to make sure that kids
cannot wander into the streets or get lost". Thus, a space that is considered safe for chil-
dren to visit along with their parents might not be a safe place for children to be unsuper-
vised. The next most prevalent reason for a place not being considered suitable for chil-
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dren is not having anything that would entertain the children “it doesn’t look like there’s
anything that would entertain a child and doesn’t seem stimulating enough.". Overall, in
comparison to the reasons related to the other activities, we observed fewer comments
about how “attractive”, “calm", or “polluted" a place looks. Instead, participants tend to
mention more physical characteristics, like the presence of a street or particular amen-
ities and play equipment. Fig. 6.7 depicts examples of spaces that participants would

always or never visit for children-related activities.

& SEuETY e
(b) Public open spaces that participants would always use for exercising

Figure 6.6.: Public open spaces that participants would never (top) or always (bottom) use for exercising

(b) Public open spaces that participants would always use for children-related activities

Figure 6.7.: Public open spaces that participants would never top or always (bottom) use for children-related
activities
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Positive Negative

Social amenities, sitting spaces, calm,lack of amenities, lack of sitting
open, nice for picnic, vibrant,spaces, unattractive, lack of space,
nature, nice meeting place, view road/traffic/cars, lack of nature, indus-

trial, noisy, busy, dedicated to certain
age groups, not calm

Relaxationnature, calm, quiet, sitting spaces, noisy, busy, lack of sitting spaces, high
nice for reading, sun/shade, open, traffic/cars, no nature, industrial, unat-
view, little traffic/cars, attractive, tractive, no calm, lack of space, unsafe
private

Physical space, nature, dedicated to spe-little space, busy, unsafe, unattractive,
cific sports (e.g., walking, biking, high traffic/cars, industrial, little nature,
pools), safe, open, calm, little narrow, pollution, bad view
traffic, attractive, quiet, view

Children play equipment, safe (super-unsafe, high traffic/cars, nothing for
vised/unsupervised), amenities, children to do, nearby roads, little
nature, space, open, quiet, little space, lack of amenities, industrial, blue
traffic, sitting spaces spaces (considered unsafe), isolated,

little nature

Table 6.2.: Most prevalent characteristics of public open spaces that positively or negatively influenced parti-
cipants’ ratings

6.3.4. WHAT CHARACTERISTICS MAKE A PUBLIC OPEN SPACE LIKELY TO BE
USED FOR PHYSICAL AND COMMUTING ACTIVITIES ACROSS
DIFFERENT AGE GROUPS?

From H2, we found that the likely use of public open spaces varies significantly among
age groups only in two cases: (1) for physical activities when comparing age groups [18-
29]-160+], and (2) for commuting activities when comparing age groups [30-39]-[60+]. In
this section, we qualitatively analyze the input we received from participants to explore
what are the characteristics of a space that contribute to these differences.

PHYSICAL ACTIVITIES

Age group [18-29] — space, safety, nature, equipment

The youngest group of participants in our study, 18 to 29 years old, highlighted having
enough space as one of the top priorities for a place to be considered suitable for phys-
ical activities. In particular, participants mentioned that they would not exercise in cer-
tain locations because there is “not enough space" or “this area as a whole looks too con-
stricted for physical activities". Similarly, they also mentioned “large space" to explain
why they considered a place suitable for exercising, as a participant said “enough space
for various types of sports activities." while often focusing on “open" space and nature-
related characteristics such as trees, grass, or rivers. Moreover, this group of participants
considered safety among the most important reasons they would exercise at a place. In
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this case, safety was mostly related to potential accidents due to the place being close
to high-traffic streets. Lastly, participants often focused on the lack or presence of spe-
cialized equipment for exercising, as one participant mentioned positively “looks like an
outdoor gym".

Age group [60+] — space, nature, attractiveness, safety

For the participants older than 60 years old, having enough space was also highlighted
among the most important characteristics for a place to be suitable for exercising. How-
ever, this age group emphasized more often the aesthetic and nature-related character-
istics of these places, than the [18-29] age group. For instance, participants often ex-
plained their high ratings through comments such as “it would be a nice area for walk-
ing or biking due to the presence of green spaces" or “picturesque for walking/biking" and
considered places that seem to be too crowded and busy or too industrial-looking as not
appropriate for exercising. Lastly, safety was once again considered an important char-
acteristic to consider a space as appropriate for physical activities. Therefore, although
there are characteristics that both groups typically prioritize when evaluating how suit-
able places are for physical activities, we have also identified characteristics that vary
between these groups.

COMMUTING ACTIVITIES

Age group [30-39] — safety, space, connectivity, attractiveness

The most frequently mentioned characteristic of the spaces that were considered suit-
able for commuting by the participants aged from 30 to 39, is safety. In particular, parti-
cipants often explained their high ratings by mentioning that a place or street looks safe
towalk or cycle or that “paths are well separated from roads". Then, participants also con-
sidered having enough space to walk or cycle important often explicitly mentioning the
width and quality of the sidewalks. Next, they provided comments related to how well-
connected the corresponding places or streets seem to be to the rest of the city such as
“road looks like it's heading to the major destinations of the city" or “it has good transport
links". Similarly, places that were described as more isolated or dead ends received low
ratings, as one person commented “looks a bit deserted and out of the way of anywhere
T'would go". Lastly, participants also mentioned that places suitable for commuting are
attractive, quiet, and not too busy or crowded.

Age group [60+] — safety, connectivity, attractiveness, nature

The reasons participants older than 60 years old find a place suitable for commuting
activities are similar to the ones described for the 30-39 age group. Once again, safety is
the most emphasized explanation of high ratings, followed by connectivity and attract-
iveness. A difference between the two age groups is that the 60+ age group mentions
more often nature-related characteristics to explain their high ratings such as greenery,
water, and grass, and less often the size or space of the place.
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6.4. DISCUSSION
6.4.1. KEY FINDINGS

CHARACTERISTICS AND TYPES OF PUBLIC OPEN SPACES THAT INFLUENCE LIKELY USE

Overall our findings align with prior research on public open space characteristics affect-
ing use. Indicatively, we found that the presence of natural features such as trees, grass,
or water bodies increases the likelihood of people using these spaces. The importance
of such features extends to almost every activity, it was acknowledged by every popula-
tion group studied, and is in line with previous studies [15, 231, 232]. Furthermore, we
identified that the presence of seating spaces, such as chairs or benches, may promote
socializing and relaxing. This is also in line with related work that found that the absence
of seating spaces is a barrier to using public spaces for socializing and relaxing [146, 207,
233, 234]. Moreover, we found that spaces being small in size was frequently highlighted
as a key deterrent to using public open spaces for physical and children-related activities,
as also indicated by [234]. Similarly, characteristics diminishing perceptions of safety in
spaces, such as the absence of nearby amenities and associated passive surveillance or
being close to traffic, were considered to discourage probable use for all activities and by
all population groups, in line with findings by [206] and [142].

In addition to previously documented findings in the literature, our study revealed stat-
istically significant variations among diverse public open spaces in terms of their likely
utilization. Greenspaces were identified as the most conducive for all activities, except
those associated with children, where playgrounds were the preferred choice. In con-
trast, pocket parks were deemed less suitable than larger parks, receiving lower ratings
across all activities. The lack of ample seating in these pocket parks or their smaller size
may account for this observed difference, as these elements are commonly considered
essential for human activities [146]. While natural features like vegetation or water bod-
ies are generally well-received by individuals, their presence alone may not suffice to
encourage human activity in public open spaces when there is a deficiency in seating or
size.

Unlike greenspaces, streets exhibited the lowest likelihood of being utilized for any
activity. Prior studies have identified that well-designed streets can support a wide range
of activities such as social interaction, leisure, and play [146, 207, 235]. Our results, how-
ever, suggest that most streets lack the essential characteristics identified in previous
works for facilitating these activities, such as having stores with street-fronts, trees, and
seating spaces. Notably, the low ratings assigned to streets could also stem from the
prevalent perception of streets primarily being for transport, and not for the activities
considered in this work. Similarly, public open spaces, commonly regarded as import-
ant for social interaction [236], received low ratings in terms of most activities, including
socializing and relaxing. These low ratings were frequently justified by the absence of
nearby amenities such as cafes or restaurants, proximity to traffic, or perceived lack of
attractiveness. Specific public open space types were consistently identified as either the
most (e.g., greenspaces) or least (e.g., streets) likely to be used (Fig. 6.2). Additionally, our
findings revealed a correlation between the probable use of spaces for multiple activities.
Specifically, a space deemed likely for one type of activity was also predisposed to being
used for others (Fig. 6.3). Hence, the suitability of an public open space for a particular
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activity can serve as a key indicator of its appropriateness for other activities.

LIKELY USE AMONG INDIVIDUALS AND AGE/GENDER GROUPS

In general, there is a consensus among individuals regarding the features that render a
public open space suitable for use. Nevertheless, instances of conflicting opinions were
identified. For example, when considering socializing, divergent preferences emerged.
Some participants favored lively spaces equipped with diverse amenities, while others
leaned towards tranquility and quietness.

CONSENSUS AMONG INDIVIDUALS AND GROUPS

Contrary to both our hypotheses and existing literature, our analysis revealed no stat-
istically significant disparities in the likelihood of public open space usage among vari-
ous age and gender groups. Nevertheless, it is noteworthy that several other studies
have identified variations in utilization patterns based on age and gender [171, 212, 237].
For instance, research has indicated that older adults and women tend to experience
heightened vulnerability and express greater concerns about safety while walking [171].
These contradicting findings may arise from context-specific factors, such as crime rates
in the surrounding area or daily visitation patterns, which are not necessarily linked to
the observable physical features of a space captured in street-level imagery. For example,
parks situated in areas with high crime rates have been found to discourage individu-
als from engaging in physical exercise there [238]. An alternative interpretation is that,
while perceptions of safety may vary among different age and gender groups, the ob-
jective physical characteristics of a space, such as the quantity of trees, seating areas, or
amenities, exert a more significant influence on the type of activities people intend to
perform.

DIFFERENCES AMONG INDIVIDUALS AND GROUPS

In the cases where significant differences in likely use were found among different age
groups — namely for exercising between the age groups [18-29] and [60+] and for com-
muting between the age groups [30-39] and [60+] — we identified two underlying pat-
terns. First, our findings indicate that different groups deemed distinct characteristics
of spaces as more desirable. For instance, older individuals placed greater emphasis on
aesthetic and nature-related characteristics when contemplating the use of public open
space, such as the space being perceived as “attractive", having a “picturesque" appear-
ance, not having an “industrial" ambiance, and having abundant vegetation. This obser-
vation aligns with and is supported by previous research studies [152, 211]. Additionally,
our results suggest that the physical characteristics of a space that contribute to its per-
ceived safety may differ between individuals. In several circumstances, locations that
one individual deemed safe were regarded as unsafe by another.

Second, spaces generally considered as designated for a specific age group, such as
children or youngsters, often led to other groups claiming that they will not use them
for any activity. This observation aligns with the conclusions of [210], who reported that
young adults prefer spaces located away from playgrounds and residential areas to avoid
disruptive noise from children and minimize disturbance to neighboring residents. Addi-
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tionally, our findings indicate that public open spaces deemed likely for activities related
to children are typically confined to designated play areas, such as playgrounds. Other
spaces that we examined, including streets, pocket parks, or public squares, were not
considered conducive for children-related activities.

6.4.2. IMPLICATIONS
IMPLICATIONS FOR FUTURE RESEARCH

Our results largely align with findings from previous studies, thereby further strength-
ening them. Additionally, our results indicate how crowdsourcing could complement
traditional data collection approaches, such as field observations, for studying how the
characteristics of public open spaces influence likely usage. Crowdsourcing solves the
main challenges traditional approaches face. It is time and labor-efficient, enabling us
to include a broad range of spaces from different cities, and a multitude of opinions
from different individuals and population groups, into one single study. Thus, future
research should consider crowdsourcing as a valuable supplementary method for eval-
uating the anticipated use of public open spaces. However, it is essential to proceed ju-
diciously, considering the potential oversight of individuals and groups without access
to digital resources. In addition, we also noted some differences between our results
and those reported in earlier research. A potential reason for these differences is that
we did not include context-dependent factors in our analysis, such as the crime levels of
city or a neighborhood or which groups of people usually visit a space. Future research
should explore how crowdsourcing could incorporate context-dependent factors that af-
fect people’s perceptions of public open spaces.

Our results also indicate the importance of considering diverse types and characterist-
ics of public open spaces to enrich our understanding of how they can accommodate dif-
ferent activities and people. In terms of the types of public open spaces, future research
could benefit by including and comparing a range of spaces such as public squares, parks
of varying sizes, playgrounds, open marketplaces, streets, and other green spaces. Re-
garding the characteristics of public open spaces, focusing solely on specific features,
such as natural features, may not suffice to determine what activities are likely to occur.
Instead, scholars should consider including in their studies spaces with a diverse array
of characteristics, such as varying levels of vegetation, proximity to busy streets, availab-
ility of amenities and seating, size, and spaces that are perceived differently in terms of
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how “calm", “vibrant", “attractive"”, or “safe" they are.

IMPLICATIONS FOR PRACTITIONERS

Our results suggest that likely use differs between types of public open spaces, and that,
occasionally, the same space does not accommodate activities by different people equally.
For instance, certain people prefer vibrant places with a variety of amenities for socializ-
ing, while others prefer calm places. Additionally, younger individuals emphasized the
availability of exercise equipment for performing physical activities, whereas older indi-
viduals mentioned the aesthetic appeal of the spaces. Therefore, for an area to provide
opportunities for a variety of people to engage in different activities, a diverse set of pub-
lic open spaces might be needed to suit all people and preferences. This extends fur-
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ther from considering diversity between the types of spaces to also considering diversity
within types. For instance, an area might need to have both “vibrant" and “relaxing”
public squares or both “sports-oriented" and “social" greenspaces.

Moreover, our work demonstrates the value of employing crowdsourcing to study how
public open spaces are likely to be used by different individuals. Crowdsourcing could
be a valuable tool for built-environment professionals aiming to elicit the propensity of
citizens to use various public open spaces in a city or neighborhood.

6.4.3. LIMITATIONS

Our study has several limitations that could be addressed in future work. First, public
open space characteristics influencing how likely they are to be used extend beyond the
visually observable such as smells, noises, or past experiences [54, 142, 171]. Account-
ing for these characteristics could further expand our work. Second, our study does not
account for dynamic factors impacting how people perceive the physical characteristics
of spaces, such as the time of day, weather, or season. Incorporating images reflecting
diverse conditions could enable us to study these dynamic factors as well. Third, our ap-
proach requires participants to have access to digital resources (e.g., a computer). Com-
plementing the proposed approach with traditional methods like participant observa-
tion or interviews for individuals without access to such resources can broaden the par-
ticipant pool, leading to a more inclusive representation of the wider population. Finally,
crowdsourcing tasks related to capturing spatial information have been found to intro-
duce a participation selection bias, since such tasks attract a certain audience [160]. Re-
cruiting participants through different strategies could result in a sample of participants
that better reflects the broader population.

6.5. CONCLUSION

The way we design public open spaces has a significant impact on how different individu-
als and population groups use them. This study explores the influence of public open
space features on the propensity of various individuals or groups to engage in activities,
utilizing a varied selection of spaces and participants spanning a wide range of ages and
genders. By employing a combination of crowdsourcing, street-level imagery, statistical
tests, and thematic analysis, this work compares the preferences of diverse individuals,
as well as various age and gender groups, regarding the activities they would engage in
across a variety of public open spaces, and the characteristics that matter to them. Our
findings reveal significant differences regarding the suitability of different types of public
open spaces for different activities. Greenspaces emerged as the most favored for nearly
all activities, while pocket parks were less preferred, and streets were considered the least
suitable for engaging in various activities. Additionally, our findings suggest that the suit-
ability of a space for one activity implies its suitability for other activities. Contrary to
expectations, most instances did not reveal significant differences among different age
and gender groups in their preferences for engaging in specific activities in public open
spaces. When variations were observed, they stemmed either from distinct preferences
for specific characteristics of public open spaces among various groups or from differ-
ing perceptions of shared, recognized characteristics. Our findings underscore the im-
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portance of ensuring diversity in public open spaces to accommodate the preferences of
different individuals, activities, and population groups.
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7.1. OVERVIEW

During the past years, there has been a notable shift, both in research and in urban plan-
ning practices, transitioning from designing cities with a primary focus on mobility to
cities with a primary focus on accessibility [9, 240, 241]. This can be observed by the
growing interest in urban models that revolve around accessibility by proximity, promote
walking and other modes of active transportation, and reduce the reliance on cars [65—
68].

Similarly, new policies and global mandates have been formulated aiming towards the
design of accessible and inclusive spaces for all. A prime example of such mandates
comes from target 11.7 of the United Nations’ Sustainable Development Goal 11 which
focuses on ensuring that, by 2030, everyone has access to safe, inclusive, and access-
ible green and public spaces, with special attention to accommodating women, children,
older persons, and persons with disabilities [40].

Despite the attention given to accessibility, existing place-based accessibility meas-
ures still fail to distinguish between destinations accessible to individuals from a single
demographic group and those accessible to individuals from diverse demographic groups.
Given that access to shared spaces is pivotal for physical encounters and interactions
among individuals [242, 243], these constraints impede our ability to unveil the potential
of the new urban models and accessibility-oriented interventions for facilitating place-
based encounters among different (groups of) people.

This dissertation addresses these limitations by introducing the concept of co-accessi-
bility and proposing a measure to assess how accessible a given destination is to different
individuals and demographic groups.

7.2. ANSWERS TO RESEARCH QUESTIONS

In this section, we summarize our answers to each research question addressed in this
work.

RQ1: WHAT ARE THE FORMULATION AND COMPONENTS OF
CO-ACCESSIBILITY?

In Chapter 2, we introduced the concept of co-accessibility and proposed a measure
designed to capture the accessibility of a given destination to different individuals and
demographic groups. The components of co-accessibility are detailed through its math-
ematical formulation which can be broken into two main measures. The first is group-
specific and is used to measure the co-accessibility of a destination d by n individuals
who belong to the same demographic group g. This measure enables us to address the
isolation accessibility bias (Chapter 1, Fig. 1.1) in which disparate destinations being ac-
cessible by distinct individuals is incorrectly equated with the same destination being
accessible by different individuals and is expressed as:

d _ d da d .
cd=h(Ag, AL, A8 ) vpjeg (7.1)
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where cg is the co-accessibility of destination d by individuals from group g. Azj is the

accessibility of destination d to a person p; from group g (equation 2.2). Azj is determ-
ined by factors that impact how attractive a destination is considered and are shared
among the people from group g, the location of the person in relation to the destination,
and factors that impact traveling and are shared among the people from group g. It can
adopt various types of accessibility measures depending on the underlying assumptions
made, as explained by [57]. & represents a function that is used to aggregate the access-
ibility of destination d to each p; € g and provides the co-accessibility of destination d
to all individuals.

The second measure, Cg, is focused on the co-accessibility of a destination d by indi-
viduals belonging to a set of » mutually exclusive demographic groups G (e.g., [children,
adults, older persons]). It allows us to address the homogeneity accessibility bias (Chapter
1, Fig. 1.2), in which a destination being accessible by individuals from a homogeneous
group is erroneously equated with a destination being accessible by individuals from
different demographic groups and is formulated as:

Cl=H(c} ety cly) Vi€ G (7.2)

where H is a function used to aggregate the co-accessibility values of destination d for
each of the groups in G and outputs the co-accessibility of the destination by people
from all groups in G.

As can be observed from equations 7.1 and 7.2, the co-accessibility of a destination is
directly determined by the travel cost to reach it and the destination’s attractiveness.
These two components play a pivotal role in the formulation of co-accessibility and are
explored further through questions RQ3 and RQ4, in Chapters 3 and 4, respectively.

RQ2: HOW CAN CO-ACCESSIBILITY FACILITATE THE EVALUATION OF
POTENTIAL ENCOUNTERS AMONG DIFFERENT INDIVIDUALS AND
POPULATION GROUPS?

In Chapter 3, we proposed a method for measuring the pedestrian co-accessibility of
urban destinations and empirically demonstrated how it can be applied to assess spa-
tial age segregation, meaning the degree to which different age groups occupy the same
space [98]. To measure co-accessibility we made three main assumptions regarding its
two main components, namely the destination attractiveness and the travel cost. First,
the destinations under study are equally attractive for different age groups. Second,
the travel cost is calculated considering solely the walking time to reach a destination.
Third, a destination is reachable by a pedestrian if the pedestrian can reach it within a
5, 10, or 15-minutes walk from their home. Based on these assumptions we calculated
the co-accessibility of different destinations across the five most populated cities in the
Netherlands, namely Amsterdam, Rotterdam, The Hague, Utrecht, and Eindhoven. Fur-
thermore, we evaluated our method by comparing our results with existing measures of
spatial age segregation. In particular, we compared the co-accessibility scores of each
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destination with the age structure of people who reside within the same neighborhood
where the various destinations are located, assuming equal distribution of age structure
over each neighborhood’s geographic space.

The results of this comparative analysis suggested that, in several cases, the co-accessi-
bility scores of urban destinations within a neighborhood often diverge from the scores
that would derive from the sole consideration of the aggregated age structure in that
neighborhood. These differences exemplify how the co-accessibility measure could lead
to an improved understanding of the level of age segregation and enrich existing studies
that focus on residential segregation on a city, neighborhood, urban block, or building
unit level [108, 121]. Moreover, they indicate that besides the concentration and level
of mixture of different age groups in residential spaces, the density and distribution of
urban destinations can play an important role in how people experience age segregation
in their daily encounters.

Another approach to assess segregation among individuals and population groups is
through the utilization of person-based accessibility measures. In this context, person-
based accessibility measures are used to capture individuals’ activity spaces [110, 244]
which could be defined as “the subset of all locations within which an individual has dir-
ect contact as a result of his or her day-to-day activities” [245]. Accordingly, segregation is
estimated based on the overlap of different (groups of) individuals’ activity spaces. Such
an approach while useful and informative, is hindered by the availability of mobility and
time allocation data on an individual level, the associated privacy and ethical concerns
[35], and often considers the potential for encounters equal across geographic space.
Co-accessibility has the potential to enhance these methods by offering a practical and
replicable approach to evaluate the likelihood of encounters in specific locations, while
also considering the varying capacity of different destinations to facilitate interactions
among diverse individuals or groups.

RQ3: TO WHAT EXTENT DO PHYSICAL CHARACTERISTICS OF URBAN
STREETS IMPACT THE TRAVEL COST IN CO-ACCESSIBILITY'S FORMULATION?

This question is addressed in Chapters 4 and 5. In examining how the physical charac-
teristics of streets affect the travel cost within the context of co-accessibility, our analysis
centered on pedestrians. Specifically, we investigated the influence of streetscape fea-
tures on pedestrians’ perceptions of safety and attractiveness. These perceptions are
widely acknowledged as key factors influencing pedestrians’ willingness to walk [41].

We pursued two distinct approaches. The first approach involved crowdsourcing per-
ceptions from individuals. To capture the perceived safety and attractiveness of city
streets we developed a crowdsourcing tool that enables people to virtually navigate streets
represented as a sequence of street-level images, rate locations based on perceived safety
and attractiveness, and explain their ratings. To study the extent to which different street
qualities impact these perceptions, and if these differ among age and gender groups,
we conducted an experiment with 403 participants, balanced among age and gender
groups.

The second approach draws from contemporary urban design guidelines that often
advocate urban forms that encourage natural surveillance or “eyes on the street" to pro-
mote community safety [46, 48, 49]. It proposed a method for measuring natural sur-
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veillance in an automated manner, to be used as an estimator of perceived safety. Our
method employed street-level imagery and computer vision techniques to detect win-
dows on building facades and calculate sightlines from the street level and surrounding
buildings. To empirically evaluate our method we applied it across forty neighborhoods
in Amsterdam, the Netherlands. By correlating our measurements with the city’s Safety
Index, we examined the degree to which the existence of windows with a view toward
the street can be used as an estimator of neighborhood safety.

The results of these studies contributed new insights regarding the street qualities that
influence perceived safety and attractiveness along city streets. We showed that the pres-
ence of human activity is strongly related to perceived safety, whereas attractiveness is
influenced primarily by aesthetic qualities, as well as the number and type of amenit-
ies along a street. The significance of human presence was evident in perceptions of
safety, even when it was indirectly suggested: a heightened score of natural surveillance,
determined by analyzing sightlines from windows on building facades to the street, cor-
respondingly indicated streets that are perceived as safer. In these cases, the window
level and distance of buildings from the street appeared to have varying influences on
the feeling of safety. Additionally, we uncovered an interesting observation: there is a
threshold point of natural surveillance beyond which higher scores do not further en-
hance the feeling of safety.

Furthermore, we demonstrated that the presence of certain elements, such as con-
struction sites and underpasses, has a disproportionately negative impact on perceived
safety and attractiveness, outweighing the influence of any other features. When looking
at the different demographic groups in terms of gender and age, we found that while all
groups identified nearly the same percentage of locations as attractive, male and older
participants tend to consider more locations as unattractive than female and younger
participants, respectively. Female and younger participants also appeared to consider
fewer locations as (very) unsafe or (very) safe than male and older participants, respect-
ively. Furthermore, these analyses illustrated the utility of crowdsourcing, street-level
imagery, and computer vision techniques for capturing the influence of streetscape fea-
tures on the perceived qualities of the urban environment, both at the street and citywide
scales.

Overall, our findings indicate the important influence of streetscape features on pro-
moting or discouraging pedestrians from walking to a destination. These influences can
vary according to the pedestrians’ age or gender. This is also supported by the literature
[171, 212, 237] and extends to other population groups such as ethnicity [246] or people
from different cultural backgrounds [148]. In the context of co-accessibility, these dif-
ferences can inform the weighting of the factors that impact the travel cost to reach a
destination and are shared among the people of each demographic group (Chapter 2).
In that way, the travel cost function can be parameterized for each demographic group
to more realistically reflect the travel cost of individuals from a specific group to reach a
destination.
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RQ4: TO WHAT EXTENT DO PHYSICAL CHARACTERISTICS OF URBAN
DESTINATIONS IMPACT THE DESTINATION ATTRACTIVENESS IN
CO-ACCESSIBILITY’S FORMULATION?

In Chapter 6, we address this question by studying how the physical characteristics of
outdoor spaces influence the likelihood of use across individuals and different age and
gender groups combining crowdsourcing, street-level images, statistical comparisons,
and reflexive thematic analysis.

Our results are aligned with prior research and, in addition to previously documented
findings in the literature, uncover statistically significant variations in the suitability of
different types of outdoor spaces for distinct activities, such as socializing or exercising.
Greenspaces emerged as the preferred choice for almost all activities. In contrast, pocket
parks were deemed less suitable than larger parks, receiving lower ratings across all activ-
ities suggesting that while natural features like vegetation or water bodies are generally
well-received by individuals, their presence alone may not suffice to encourage human
activity in outdoor spaces when there is a deficiency in seating or size.

Unlike greenspaces, streets exhibited the lowest likelihood of being utilized for any
activity while well-designed streets have been found to support a wide range of activit-
ies [146, 207, 235]. Additionally, we identified various characteristics that influence the
activities people are likely to engage in. These include the size of the space, the pres-
ence of seating, natural elements such as vegetation or water bodies, and the proximity
to transport infrastructure.

Furthermore, and contrary to our hypotheses, in most cases, we did not identify statist-
ically significant differences in how people from different age and gender groups intend
to use outdoor spaces. In other studies, however, distinctions among age and gender
groups have been observed [154, 171]. Such differences might be a result of context-
specific factors (e.g., related to the city or neighborhood) that do not pertain to the phys-
ical characteristics of an outdoor space, as those are represented in an image. When
variations were observed, those arose either due to distinct preferences among various
groups for specific characteristics of outdoor spaces or because, despite shared recogni-
tion of certain characteristics as important, these were perceived differently among the
groups. Moreover, we showed the practical value of combining crowdsourcing and re-
flexive thematic analysis to identify how the physical characteristics of outdoor spaces
influence their use among different individuals and groups.

Within the context of co-accessibility, these findings can inform the prioritization and
importance of the factors that impact how attractive a destination is considered by people
belonging to a certain demographic group (Chapter 2). Consequently, the destination at-
tractiveness function can be parameterized for each demographic group to better reflect
the likelihood of different groups to use the same destination.

SYNOPSIS

Co-accessibility measures enable the assessment of the capacity of distinct destinations
to bring together different individuals and individuals from different demographic groups
by being accessible to them. An important question prior to applying a co-accessibility
measure is: how to measure the travel cost and destination attractiveness for different
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(groups of) individuals? Our results indicate that even simplified measures of co-accessibility,
which do not distinguish between individuals or groups in terms of travel cost or destin-
ation attractiveness, can complement existing measures designed to capture potential
encounters among individuals, often expressed as indicators of spatial segregation [108,
121] (Chapter 2 and 3). Nevertheless, through Chapters 4-6 we also highlight the po-
tential of enhancing the co-accessibility measures by capturing and incorporating the
influence of urban environment’s physical characteristics on the travel cost and destina-
tion attractiveness components. This incorporation involves considering the distinctive
needs and preferences of the different groups of individuals. Capturing those at different
scales, ranging from street-level to citywide, presents a formidable challenge, but em-
ploying crowdsourcing, street-level imagery, reflexive thematic analysis, and computer
vision techniques can offer valuable assistance in this endeavor.

7.3. CONTRIBUTIONS

ADVANCEMENT OF KNOWLEDGE

This research introduces co-accessibility, thereby contributing a new concept and offer-
ing a fresh perspective to fields that study the urban environment and aim to improve
urban life. Co-accessibility addresses two biases often found in existing accessibility
measures, namely the isolation and homogeneity biases as illustrated in Figs. 1.1 and
1.2 (Chapter 1). It provides an interesting avenue of future research that can contribute
to a deeper exploration of the social encounter potential among different individuals
and demographic groups across various urban settings.

METHODOLOGICAL CONTRIBUTIONS

Throughout this dissertation, we contribute several methods that enable the measure-
ment of co-accessibility and its components. In Chapter 3, we propose a method to
measure the age-related co-accessibility of urban areas, meaning the extent to which dif-
ferent individuals and age groups have access to the same destinations. Our method is
computational, leverages open data sources, and provides citywide measurements at a
spatial resolution of 100x100m. The code that implements this method is open-access,
allowing for both replication and further development of the method.

In Chapter 4, we propose a method and contribute a tool for capturing perceived qual-
ities along city streets and investigating the relation between these perceptions and the
streetscape characteristics. The main novelty of this method and tool is that it allows re-
searchers to explore, monitor, and prioritize how perceptions of safety and attractiveness
develop as people (digitally) encounter different streetscape characteristics. Within the
scope of this research, we used our method and tool to capture and study the perceived
safety and attractiveness of city streets. However, with minor modifications, this tool can
be adapted to capture other perceived qualities and further studies can be conducted to
assess its appropriateness for these purposes. The developed tool is publicly available,
allowing for both replication of the method and further development.

In Chapter 5, we present a time and labor-efficient computational approach to meas-
ure natural surveillance along city streets and show how these measurements can be
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used as a proxy of (perceived) safety. This method leverages street-level imagery and
street network data and can be applied in a variety of different countries and cities. Con-
sidering the challenges in measuring perceived safety using existing data sources [247],
this approach offers a promising direction for future studies in environmental crimino-
logy and the next-generation Crime Prevention Through Environmental Design (CPTED)
[199]. It has the potential to enhance our knowledge about the specific characteristics of
urban environments that contribute to heightened feelings of safety. The code represent-
ing this method is openly available, permitting its replication and further development.

EMPIRICAL FINDINGS

Through the study of co-accessibility, we have contributed a variety of empirical findings
that could inform the design of urban environments. First, we studied the phenomenon
of spatial age segregation across the five most populated cities in the Netherlands and
demonstrated how the spatial distribution of urban destinations influences the degree to
which the same destinations are accessible to different age groups. We highlighted areas
within the cities under study that promote or discourage potential encounters among dif-
ferent age groups and showcased how the sole consideration of a neighborhood’s overall
age structure could often result in an overestimation of the degree to which different
age groups are exposed to each other. These findings could be used to inform urban
planners and policy makers to gain an improved understanding of the extent to which
the spatial age segregation phenomenon occurs within different areas of the cities under
study.

Furthermore, in Chapters 4 and 5, we show how the physical characteristics of the
urban environment impact how safe or attractive a street feels. In each Chapter, we use
the results to make evidence-informed recommendations for designing safer or more
attractive streets that encourage walking and promote pedestrian accessibility. These
recommendations can be taken into account by built-environment professionals when
planning and designing for improved streetscapes.

Lastly, in Chapter 6, we studied how the physical characteristics of outdoor spaces in-
fluence the likelihood of use across individuals and different age and gender groups. Our
findings highlight the potential and challenges to design outdoor spaces for all, ensuring
they accommodate a broad set of individuals and a diverse set of activities. These find-
ings can inform practitioners on how to design outdoor space with care, so that outdoor
space, often scarce in growing and densifying cities, suits diverse activities for all.

TOOLS & DATASETS
This dissertation contributes the following open-access tools and datasets:

CTwalk Map' [52]: An interactive open-access web tool that unveils the potential of
social encounters and access inequities in urban neighborhoods by leveraging open-
access data. Drawing on information from various open sources, including population,
location, and pedestrian network data, the tool estimates the number of individuals
across different age groups who can reach city destinations within a 5 or 15-minute walk,

Ihttps://bit.1ly/ctwalkmap


https://bit.ly/ctwalkmap

7.3. CONTRIBUTIONS 125

highlighting opportunities for social cohesion and disparities in access. CTwalk Map
serves as a demonstrator of a co-accessibility measure and enables users to compare
the accessibility and co-accessibility of various destinations for the five most populated
cities in The Netherlands: Amsterdam, Rotterdam, The Hague, Utrecht, and Eindhoven
(Fig. 7.1). It was showcased at the Dutch Design Week in 2023 [248] and received the first
prize demo award at the NWO ICT.OPEN conference in 2024 [53].

AgeDiversity — Children  Elderly

-

Figure 7.1.: Screenshots from CTwalk Map web tool.

CTstreets Map ° [249]: An open-access web-based tool that maps walkability for the
streets in Amsterdam, revealing neighborhoods that encourage walking and exposing
disparities in walkability neighborhood and street level [249]. CTstreets was developed
through a participatory approach in three main steps: (1) studied the literature and
made a list of all the factors that are most commonly found to impact walkability; (2)
asked urban experts who work in Amsterdam to prioritize the identified walkability factors
while considering the characteristics and citizens of Amsterdam; (3) based on our discus-
sions with the experts we created overall walkability scores, and scores per theme (e.g.,
related to landscape or proximity) and visualized them.

Dataset on streetscape perceptions [250]. A dataset that contains perceived safety and
attractiveness ratings of city streets in Frankfurt, Germany. The data contain ratings of
perceived safety and attractiveness (using a 5-point Likert scale) coming from 403 parti-
cipants who were asked to virtually navigate city streets in Frankfurt, Germany, through
a sequence of street-level images. Moreover, it contains their explanations of the ratings
(in their own words). In total, we have collected data for 753 locations. In particular: (1)
7989 rating pairs of perceived safety and attractiveness, (2) 19114 keywords used to ex-
plain the safety ratings, and (3) 18232 keywords used to explain the attractiveness ratings.

2https://bit.ly/ctstreets
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Figure 7.2.: Screenshots from CTstreets Map web tool.

Dataset on co-accessibility [251]. A dataset related to the co-accessibility scores of urban
destinations across the five most populated Dutch cities: Amsterdam, Rotterdam, The
Hague, Utrecht, and Eindhoven (Chapter 2 and 3).

Dataset on natural surveillance scores [252]. In Chapter 5, we proposed a methodology
to detecte windows on building facades, calculate sightlines from the street level and
surrounding buildings, and use them to estimate natural surveillance scores across forty
neighborhoods in Amsterdam, The Netherlands. The dataset consisting of the estimated
natural surveillance scores along Amsterdam’s streets is openly shared .

7.4. LIMITATIONS & FUTURE WORK

This section outlines the limitations of this work and proposes future lines of research
that could address these limitations.

THE AGGREGATION FUNCTIONS OF CO-ACCESSIBILITY

The proposed mathematical formulation of co-accessibility is purposefully quite broad,
encompassing more of a conceptual formulation, aiming to guide and inspire the devel-
opment of new context-specific co-accessibility measures, rather than a ready-to-follow
recipe one can use to measure co-accessibility. Given the duration of this doctoral re-
search, not equal focus could be given to all the components of co-accessibility.

More specifically, less focus was given to the functions & and H, also depicted in equa-
tions 7.1 and 7.2, that determine how the numbers of different individuals and groups
who have access to each destination are aggregated. While in Chapter 3 we demon-
strated how these functions could be operationalized to assess the spatial age segrega-
tion phenomenon, their adaptation to various problems and contexts wasn't explored
in depth. In most cases, scientific fields such as ecology, that offer methods to estim-
ate different aspects of diversity like richness, evenness, and their relation, can support
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this research. For instance, when the aggregation function aims to reflect diversity, re-
viewing the variety of studies that have already uncovered the potential and limitations
of various diversity indices can be beneficial. By researching and outlining the different
societal or research problems co-accessibility could be used to assess, one could also
create a guiding protocol to inform about what aggregation functions to use when.

THE TRAVEL COST & DESTINATION ATTRACTIVENESS COMPONENTS

To understand how the physical characteristics of the urban environment impact the
travel cost and destination attractiveness in co-accessibility’s formulation we employed
crowdsourcing campaigns and 360° street-level imagery data (Chapters 4 and 6). Our
approaches introduce four main limitations that could be addressed in future work.

First, in our experiments, participants formed their opinions about urban locations
based on street-level images, which only allowed us to capture visually observable char-
acteristics. Consequently, our study did not consider other factors that influence people’s
perceptions of urban locations, such as noise, past experiences, or their familiarity with
certain locations [54, 142, 171]. Our research could be broadened to include these ad-
ditional factors. For instance, to evaluate noise, sound recordings could be integrated
with the street-level images in crowdsourcing tasks. However, integrating factors such as
familiarity is more challenging using our current method, and it might necessitate the
combination of different approaches.

Second, our approaches primarily concentrate on capturing the static characteristics
of the urban environment. However, dynamic factors like weather, season, day of the
week, and varying times of a day could also impact how individuals perceive urban loc-
ations. Incorporating a wider set of images showing the same locations under different
conditions could enhance our comprehension of the dynamic factors that affect people’s
perceptions of urban spaces.

Third, research indicates that tasks involving the crowdsourcing of spatial information
tend to suffer from selection bias since they draw in participants who have a specific
interest in nature and landscapes [160]. Employing diverse recruitment strategies and
offering a variety of activities for participants to engage in could enhance the project’s
appeal to a wider audience, thereby potentially reducing the participant selection bias.

Lastly, all the cities under study are from European countries. Further studies of cities
with varying morphological characteristics, sizes, and densities that also represent non-
European contexts should be carried out in order to develop more robust and universally
applicable guidelines for the design of safer, more attractive, and more likely to be used
by diverse individuals and population groups spaces.

MEASURING CO-ACCESSIBILITY

In Chapter 3, we proposed a methodology to measure co-accessibility and applied a co-
accessibility measure for the assessment of spatial age segregation. While our findings
demonstrated how co-accessibility can be used to unveil the potential of encounters
among different age groups across urban destinations, our approach to measuring co-
accessibility introduces certain limitations.

First, our calculations of co-accessibility are based on the assumption that individu-




128 7. DISCUSSION & CONCLUSION

als are likely to engage in activities at locations near their homes. Therefore, these es-
timations reflect the potential of accessing various destinations within different walking
distances (i.e., 5, 10, or 15-minutes walking trips) from home. Data on actual walking
trips and visitation patterns (i.e., indicating when and for how long people visit given
places), if available, can be easily integrated into our methodology yielding more precise
calculations of the likelihood of potential encounters.

Second, pedestrian mobility behavior may further vary across cities, countries, cul-
tures, or by the type of destination (e.g., people generally tend to visit the closest retail
or grocery store to their home, as opposed to more specialized activities for which they
might travel longer distances). Accounting for these context-based behaviors can further
enhance the co-accessibility estimations.

Third, our calculations reflect static qualities of the urban environment and conseque-
ntly do not account for dynamic factors such as the time, season, or weather. These
dynamic factors undoubtedly impact the co-accessibility of a destination. For instance,
whether it’'s daytime or nighttime has been found to influence the (co)accessibility of
public spaces [148]. Integrating data sources that encompass these dynamic factors
could enhance the effectiveness of the implemented co-accessibility metrics.

Fourth, as discussed in 2, and drawing on insights from Chapters 4-6, the charac-
teristics and quality of the streets and urban destinations may influence the degree to
which a destination is accessible to different individuals and groups of people. While we
provided methods to study the components of co-accessibility that are related to these
characteristics, namely the travel cost and destination attractiveness, and generated in-
sights on how the characteristics of the urban environment impact them, we did not
integrate our findings into a resulting co-accessibility measure. For this integration, the
findings of our study need to be quantified, clustered by demographic group, and trans-
formed into input parameters of the functions that estimate the travel cost to reach a
destination and the attractiveness of the destination. Additional research aimed at quan-
tifying our findings and incorporating them into the functions of travel cost and destina-
tion attractiveness could lead to their integration into co-accessibility metrics and to an
enhanced approach for measuring and understanding co-accessibility.

7.5. IMPLICATIONS
7.5.1. IMPLICATIONS FOR URBAN PLANNING

A growing body of literature underscores the societal and health benefits of facilitat-
ing interactions among people and different demographic groups [99-102] such as the
strengthening of the social ties among different groups, the cultivation of a sense of com-
munity or the reduction of loneliness. An important factor contributing to individuals
physically encountering and interacting with one another is their capability to access
common spaces [242, 243].

The concept of co-accessibility can be used in assessing this capability, aiding in the
comparison and prioritization of different regions and neighborhoods according to their
capacity to nurture social encounters. For example, co-accessibility measures could be
employed to gauge the extent to which a city provides destinations conducive to encoun-
ters among individuals from diverse ethnic, income, or educational backgrounds.
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Furthermore, co-accessibility offers a new tool through which urban planners and
policy-makers can make evidence-informed interventions to address spatial segrega-
tion by designing urban destinations that are accessible to people from different demo-
graphic groups. Typically, mitigating segregation involves influencing where people resi-
de, which may not always align with the inhabitants’ preferences. This approach, while
aimed at fostering more integrated communities, can sometimes clash with personal or
group preferences for residency. When considering co-accessibility, the focus is not only
on where people reside but also on the extent to which different demographic groups
are enabled and promoted to access common urban destinations.

Moreover, a thorough examination of co-accessibility enables a nuanced understand-
ing not only of the potential of various areas and destinations to facilitate interactions
among diverse individuals but also of the characteristics inherent to areas that cultivate
this potential. Thus, co-accessibility can offer a new perspective for understanding how
urban planning and design can contribute to fostering more integrated and interconnec-
ted communities.

Lastly, co-accessibility can be leveraged to inform the design of destinations such that
they accommodate the needs and desires of the individuals who have access to them.
For instance, the results of our analyses in Chapters 2 and 3 reveal the degree to which
destinations are co-accessible to adults, children, or older individuals. In the cases for
which the results of co-accessibility indicate that a destination is accessible to a substan-
tial number of children and older persons, particular attention can be directed towards
designing the destination to accommodate both children and older persons. However,
this undertaking must be approached with care, as it carries a risk of developing urban
destinations designed for the predominant population groups that have access to them,
inadvertently marginalizing minority groups.

7.5.2. IMPLICATIONS FOR REVISITING RECENTLY POPULAR URBAN
MODELS

In recent years, there has been a growing academic and professional interest in urban
models that revolve around accessibility by proximity, promote walking and other modes
of active transportation, and reduce reliance on cars. A prominent example of such mod-
els is founded upon the 15-minute city, sometimes also referred to more generically as
the X-minute city concept [67]. Based on the 15-minute city concept, essential amenities,
goods, healthcare, and leisure activities can be easily reached within a 15-minute walk or
bike ride (sometimes also considering the public transit). The concept gained significant
attention in 2020 when Anne Hidalgo, the mayor of Paris, integrated the 15-minute city
principle into her re-election campaign strategy and began its implementation [66]. Fol-
lowing Paris’s lead, various other cities have since incorporated this approach into their
urban development strategies [65, 68].

An implementation of the 15-minute city concept can have a substantial change in
individuals’ daily mobility patterns encouraging them to spend more time within the 15-
minute walkable or bikeable area around their home. This shift can influence the social
encounter potential of different places within a city and may restrict interaction between
demographic groups, especially those from marginalized communities. For instance, in-
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dividuals predominantly performing activities and utilizing amenities within their 15-
minute areas, are more likely to encounter people living within the same proximity. Cur-
rently, there is a lack of measures that capture how these 15-minute areas, the distribu-
tion of urban places, the population structure, and the potential of social encounters are
interrelated. Co-accessibility could fill this gap, and serve as a valuable place-based ac-
cessibility measure offering insights into the potential implications of such urban mod-
els on spatial segregation and the potential encounters among different people and pop-
ulation groups.

7.5.3. IMPLICATIONS FOR THE DEVELOPMENT OF METHODS FOR
CAPTURING URBAN ENVIRONMENT’S CHARACTERISTICS

Throughout this dissertation, we developed computational methods that assess, meas-
ure, or capture characteristics of the urban environment. The development of these
methods involved navigating a critical balance between accuracy and simplicity, a de-
cision heavily influenced by the specific problem being addressed. By discussing with
both researchers and practitioners, we observed a tendency of researchers to focus on
accuracy and practitioners on simplicity. As a result, researchers often develop soph-
isticated and complicated methods that practitioners can either not understand, and
therefore do not trust, or cannot replicate and use [7, 9, 253].

To bridge the long-recognized gap between academic research and practical applica-
tion, future research should consider adapting the proposed methods and tools to the
needs of practitioners. Opting for methods that are simpler while possibly less accurate
— provided that this lesser accuracy does not detrimentally affect the ability of profes-
sionals to make informed decisions — may serve as a viable approach to better align the
objectives and approaches of academia and practice. Yet, this endeavor requires careful
consideration, since the objective of research also involves striving for “perfection" and
offering novel insights that can guide the practitioners.

7.5.4. IMPLICATIONS FOR THE DEVELOPMENT OF TOOLS USED TO ASSESS
URBAN ACCESSIBILITY AND CO-ACCESSIBILITY

Interactive web tools emerged as a valuable medium for disseminating our research find-
ings to a broader audience, involving both citizens and practitioners. By providing open
access to our tools, displaying them at exhibitions, featuring them in invited presenta-
tions, and noticing how people use them, we gathered three preliminary observations
that could be beneficial for future developers or researchers working on relevant tools.
First, despite the common inclination for "all-in-one" tools, a toolkit consisting of a
set of specialized tools, each aimed at a unique purpose, facilitates a smoother process
for the users to understand the information provided by these tools and then utilize or
enhance them further. Second, an in-depth understanding of the limitations of relev-
ant tools is beneficial for the users. The degree to which users grasp these limitations
and avoid uncritically accepting a tool’s outcomes is essential for its proper application.
Third, having a comprehensive understanding of the completeness and quality of the dis-
aggregated data used by a specific tool is important for the right use of the tool. Potential
implications of missing or bad-quality data should not lead to misinterpretations.
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7.5.5. IMPLICATIONS FOR FUTURE RESEARCH - BEYOND THE SCOPE OF
THIS WORK

This work introduces co-accessibility as a broad concept but subsequently narrows its
focus to measure, apply, and study it further. In practice, within the context of this work,
co-accessibility is measured while focusing on one mode of travel, namely walking, a
certain type of demographic group, namely age, and how the physical characteristics of
the urban environment and the distribution of population impact these measurements.
However, the study of co-accessibility could be realized under different lenses and co-
accessibility measures can be extended to account for other modes of travel, and other
demographic groups, or consider other aspects that might affect it. Over the next para-
graphs, we present three potential future lines of research in the realm of co-accessibility.

OTHER MODES OF TRAVEL

Co-accessibility can be studied and measured while considering different modes of travel.
In this context, measures of co-accessibility can serve a valuable function. They can

be utilized, for instance, to evaluate and contrast how effectively the public transporta-
tion systems in different cities promote social encounters among diverse individuals and

groups. This analysis can extend to understanding how the potential of such encounters

varies when comparing different travel modes such as public transport, private modes

of transportation, or bikes. By doing so, it can provide insights into the social dynamics

fostered by various transportation modes in urban settings.

OTHER DEMOGRAPHIC GROUPS

The concept of co-accessibility is strongly tied to people’s demographic characteristics.
Throughout this dissertation, we focused on the age-related co-accessibility of urban

destinations, assessing the potential of cities to foster intergenerational encounters. How-
ever, the definition and mathematical formulation of co-accessibility can support the

study of other demographic characteristics as well. For instance, by adopting the pro-
posed co-accessibility measures, the vast and expanding body of research that examines

segregation phenomena, typically centered around ethnicity [81] or income [82], can be-

nefit. Co-accessibility can offer a fresh lens through which to investigate segregation, ex-

tending beyond the commonly studied domains of residential [84], workplace [85], and

educational environments [86].

VISITATION PATTERNS

In this work, co-accessibility is used to assess the potential of various individuals and
groups to encounter each other across diverse urban locations. Our research is centered
on assessing if there are opportunities offered within a city for such encounters to oc-
cur, rather than on whether these encounters actually take place. Studying the relation
between the co-accessibility of urban destinations and actual visitation patterns can
lead to an enhanced understanding of how offering spaces that are simultaneously ac-
cessible to different people and groups facilitates social encounters among them. This
relationship might also reveal differences influenced by aspects outside the urban en-
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vironment, such as the culture or social norms prevailing in an area. Understanding
these nuances could unveil other underlying mechanisms that facilitate social encoun-
ters, shedding more light on the interplay between physical space, cultural context, and
social behavior.
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Crowdsourcing perceived qualities of city streets
using street-level images

Vasileios Milias*, Shahin Sharifi Norian, Achilleas Psyliidis, Alessandro Bozzon. *Contact: v.milias@tudeift.

City-streets that feel safe and attractive
motivate active travel behaviour
‘and promote people’s wellbeing

But what makes a street feel safe or attractive?

Let's compare:

How safe or attractive do the following locations look from 1 (very fo 5 (very ive) 7

We developed a crowdsourcing tool that enables participants to:

« Virtually navigate streets through a sequence of street-level images

+ Rate locations based on the p safety and

+ Explain their ratings in their own words

Key Features
+Street exploration without the need to be there physically
* Representative sample of participants in terms of demographics
+ Collecting what participants say (not what a model says)

Case Study
+403 participants
+753 distinct locations in Frankfurt, Germany
+7989 rating pairs of safety and attractiveness

st e st T

%

(%) KouenbauJ piogm

——" Key Takeaways

. . — + Practical value of our crowdsourcing tool for capturing
perceived qualities of city-streets

* Perceived Qualities
+Safety F— Presence of human activity
+Attractiveness — Aesthetic qualities and amenities

+ Some street features outweigh any other set of features

sites an
@
Bloww .. fopems. SHlEE

Figure B.1.: Poster presentation at ICT Open 2023, Utrecht, the Netherlands, April 2023.
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Co-accessibility:
A new lens towards age-inclusive and accessible public spaces

Vasileios Milias*, Achilleas Psyllidis, Alessandro Bozzon. *Contact: v.milias@tudelft.nl

A growing body of literature underscores the societal and mental health
benefits of being exposed to different age groups

Easy access to places encourages their use

Public spaces (e.g. parks) that are easily accessible to different age
groups could promote intergenerational encounters

Question: How could we measure how accessible a given destination is
to individuals from different population groups (i.e. co-accessibility)?

Objective: design a framework to measure the degree of age-adjusted
co-accessibility to different locations

i i

G T -0

- -
S= Age-adjusted
Origin Lz Co-accessibility Demographics
locations Accessibility

Step I: measure how accessible public spaces are to various
age groups within different walking distances

Step II: estimate the age diversity of the people who potenfially
access each public space

Exampie: The public spaces within the white circie are accessitle wiihin a 5 (yellow), 10
{purpie). or 15 (Dlue} minutss wak to people located in both origin iocations (white hauses)

New framework for capturing the possibility of different age groups
occupying the same space

Percentage of children among the peopls who have
accass to sach activity bocation

0-5% 5-10% 1W0-15% 15-20% 20-100%

New insight into the potential effect that access to public spaces has
on the exposure to other age groups in places outside of the home

1= Evropean Human Exposome NETWORK . Equai-Life 'FU Delft - This peciect s revahond fusding e the Exsuaass Uslor's Horlses
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Figure B.2.: Poster exhibited at the EHEN 2022 Conference, Barcelona, Spain, May 2022.



Accessibility is a widely employed concept across a variety of
disciplines to evaluate the degree to which individuals can reach

a desired destination. Conventionally, accessibility is determined by
the attractiveness of a destination and the associated travel cost
to reach it. However, existing place-based accessibility measures
do not differentiate between destinations accessible to individuals
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from a single demographic group and those accessible to individuals Tl

from diverse demographic groups. This hinders our ability to discern e
the encounter potential of different destinations. This dissertation «***"" Tl e
introduces co-accessibility as a measure of a destination’s potential \\\\\\\uullmuuuu,,,”

to bring together different individuals and individuals from diverse A ”””'luuum
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demographic groups.
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