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Abstract

Creating inclusive cities, a goal established in the United Nations’ Sustainable Development Goals
(SDGs), seeks to ensure that everyone can fully participate in and contribute to community life, ir-
respective of their physical abilities. Mobility plays a crucial role in enabling such participation, as
it determines access to essential services, social interactions, and economic opportunities. Mobility-
impaired individuals encounter significant challenges when navigating urban environments due to phys-
ical barriers, inaccessible infrastructure, and inadequate routing services. A lack of readily available
accessibility data further contributes to the gap in serving these individuals, as existing routing services
often fail to reflect real-world conditions, such as the location of stairs and steps, footpath inclines, or
surface conditions. This thesis examined the performance of three existing routing services, namely
Google Maps, Open Source Routing Machine (OSRM), and OpenRouteService (ORS), in terms of their
ability to assist mobility-impaired individuals in District 1 of Zurich. While Google Maps and Open
Source Routing Machine provide pedestrian routing solely for individuals without mobility restrictions,
OpenRouteService also offers routes tailored to the needs of wheelchair users. Additionally, the study
enhanced the footpath network of District 1 with accessibility-relevant data and applied Dijkstra’s
Shortest Path algorithm to generate routes for both walking and wheelchair profiles. Routes were gen-
erated for 30 origin-destination pairs and evaluated based on route length, complexity (measured by
the number of turns), and travel time. The analysis revealed significant disparities between pedestrian
and wheelchair routing. Routes designed for wheelchair users were significantly longer, both in terms
of distance and travel time, and exhibited greater complexity, with an increased number of turns.
While temporary obstacles did not significantly impact the suggested routes’ length, travel time, and
complexity, they still affected individual routes, leading to considerable detours for mobility-impaired
individuals. This study underscores the potential of accessibility-enriched data to address the gap in
existing services. By integrating spatial accessibility data into routing algorithms, inclusive and equi-
table urban mobility can be realised, addressing the growing challenges posed by urbanisation and an
increasing global population. Such advancements are crucial for promoting equitable urban mobility
and fostering inclusive cities, where all residents can participate in urban communities.

Keywords: spatial accessibility, routing services, accessibility-sensitive routing, wheelchair-accessible
routing, geographic information systems
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1 Introduction

1.1 Motivation

The global population is undergoing significant changes, driven by population growth, ageing, urbani-
sation, and migration (United Nations, 2019). The global population surpassed 8 billion in 2022, with
projections suggesting a peak of 10.4 billion by the 2080s (United Nations, 2022, 2024c). Urbanisation
is accelerating, with nearly 68% of people expected to live in cities by 2050 (United Nations, 2019).
Meanwhile, population ageing is reshaping demographics as life expectancy rises and the share of peo-
ple aged 65 and older doubles by 2050 (United Nations, 2022, 2024c). This shift is accompanied by an
increase in age-related challenges, including mobility restrictions and disabilities (Iburg et al., 2023).

These global population changes have been accompanied by a significant increase in the number
of people living with disabilities. According to a 2022 report by the World Health Organization, ap-
proximately 1.3 billion people, 16% of the world population, were living with disabilities in 2021. This
number increased by over 270 million people in the past decade. These projections and numbers high-
light the need for policies and services to address the challenges faced by individuals with disabilities
and persons with age-related mobility restrictions (Iburg et al., 2023; United Nations, 2019; World
Health Organization, 2022).

To meet future population growth and urbanisation challenges, cities must create inclusive envi-
ronments that foster accessibility, fair opportunities, and social equality, ensuring that no one is left
behind (United Nations, 2018). Numerous definitions of an inclusive city exist, as they are socially
constructed and bound to cultural context and languages (Hambleton, 2015). For this thesis, a defini-
tion provided by Hambleton (2015, p. 25) and previously also applied by United Nations (2018) will
be used:

”The inclusive city is governed by powerful, place-based democratic institutions. All residents are
able to participate fully in the society and the economy, and civic leaders strive for just results while
caring for the natural environment on which we all depend.”

The key to this definition is enabling all city dwellers to participate in social, political and economic
life, regardless of their ethnicity, gender, sexual orientation, religion, age or disability (Hambleton, 2015;
United Nations, 2018). To create such an inclusive urban environment, the United Nations (2018) in-
troduced six essential elements that should work together. Firstly, an accessible built environment
ensures that buildings, public spaces, and urban infrastructure are designed to enable people with
disabilities to participate actively in society. Secondly, a positive social environment is crucial for
addressing attitudes, perceptions, and awareness of individuals from different backgrounds, countering
stereotypes and promoting inclusion within the community. Affordability is the third critical factor
in ensuring that the costs of accessibility initiatives do not burden marginalised groups. These costs
must be shared between governments and the private sector. Additionally, geographical availability
ensures that inclusive policies and programmes are evenly distributed across urban areas, allowing as
many citizens as possible to benefit from them, regardless of their location. The quality of political
programmes addressing inclusion is critical. They must be consistent, respectful, and comprehensive,
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as insincere efforts undermine their purpose and effectiveness. Finally, meaningful participation is
vital. Empowering target groups to engage in civic, political, and community activities ensures that
inclusion efforts are genuine and effective. These elements form the foundation of a truly inclusive city
(United Nations, 2018).

The significance of striving for inclusive cities aligns with the Sustainable Development Goals
(SDGs) (United Nations, 2024a). The 17 SDGs, comprising 169 targets, form the core of the 2030
Agenda for Sustainable Development, established by the United Nations and adopted by all member
states in 2015. They represent an urgent call to action, bringing together all nations in a global
partnership. The defined goals encompass societal objectives, such as improving health and education
and reducing inequality, as well as environmental protection efforts, including mitigating climate change
and preserving oceans and forests (United Nations, 2024b). In aiming to create sustainable cities
and communities, the United Nations established Goal 11 to "make cities and human settlements
inclusive, safe, resilient and sustainable” (United Nations, 2024a). Moreover, Target 11.7 of the
SDGs specifically targets inclusive and accessible public spaces: "By 2030, provide access to safe,
inclusive and accessible, green and public spaces, in particular for women and children, older persons
and persons with disabilities” (United Nations, 2024a). The latest progress assessment of Target 11.7,
covering 1’365 cities across 187 countries, highlights disparities in access to open public space. In
least-developed countries, fewer than 3 in 10 residents have access to such spaces, compared to 6 to
7 out of 10 people in regions such as North America, Australia, New Zealand, and Europe (United
Nations, 2024a). To ensure that the benefits of urbanisation serve all population groups, including
older adults with age-related mobility restrictions and people with disabilities, policies need to address
accessible public infrastructure such as footpaths, as walking plays a vital role in promoting vibrant
and cohesive communities and local trade (Rhoads et al., 2023). In addition to providing essential
social functions for cities, walking also positively impacts the environment of a city, reducing air
and noise pollution (Rhoads et al., 2023; United Nations, 2019). Furthermore, a lack of walking, as
part of a person’s physical activity, is associated with lower physical health and higher mental health
impairments (Mueller et al., 2015). Accessible infrastructure is necessary to ensure that everyone can
benefit from the social, environmental, physical, and mental health advantages, enabling all individuals
to actively contribute to the communities within a city (Achuthan et al., 2010; Saha et al., 2019).

Today, numerous obstacles restrict the mobility of older adults dealing with age-related mobility
limitations and individuals with special mobility needs, such as wheelchair users, leading to reduced
accessibility for these groups (Rahaman et al., 2017). As Cass et al. (2005) observed, travel is essential
for constructing and sustaining human networks in social life, professional life, and organisations. The
aspect of mobility concerning exclusion was previously highlighted by Kenyon et al. (2002, p. 10), who
defined it as follows:

”The process by which people are prevented from participating in the economic, political and social
life of the community because of reduced accessibility to opportunities, services and social networks, due
in whole or in part to insufficient mobility in a society and environment built around the assumption
of high mobility.”

Therefore, ensuring that certain population groups are not excluded from society despite their
mobility restrictions requires meeting everyone’s accessibility needs (Lattman et al., 2016). Allowing
all individuals to actively engage in communities fosters inclusivity in cities, positively influencing
society beyond population groups with reduced mobility (Kenyon, 2011; Lattman et al., 2016).

1.2 Research Objective

Aiming towards inclusive cities that positively affect society and improve the quality of life, appropriate
inclusivity measurements and a robust database on footpath infrastructure (e.g., footpath surface
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material type, footpath width, etc.) are required but often lacking (Allahbakhshi, 2023; Lattman
et al., 2016; Tannert & Schoning, 2018). This deficiency results in incomplete routing suggestions or
routes that do not accurately represent real-world conditions in routing services such as Google Maps
and those based on OpenStreetMap (OSM) (Allahbakhshi, 2023). However, as motivated above, it
is crucial to consider various features that impact accessibility in order to provide digital maps and
personalised routing services that cater to the mobility needs of diverse population groups (Beale et al.,
2006).

The objective of this Master’s thesis is to assess the implementation of accessibility-sensitive pedes-
trian routing, using Zurich’s District 1 as the study area. Historic District 1 is located in the centre of
the City of Zurich. With the main train station situated in this district and the presence of numerous
public transport lines, such as buses and trams, the area experiences a high volume of commuters
(Allahbakhshi, 2023; Ziirich Tourismus, 2025). Additionally, various tourist attractions, shopping op-
portunities, and pedestrian zones are present in the area (Ziirich Tourismus, 2025). District 1 is further
characterised by its topography (Allahbakhshi, 2023).

A suitable methodology for integrating accessibility information into the footpath network will be
applied. I will further evaluate the effectiveness of accessibility-sensitive routing by applying Dijkstra’s
Shortest Path algorithm to the footpath network containing accessibility information. Additionally,
the limitations of existing routing services in accommodating accessibility needs will be identified and
highlighted by comparing them against the Dijkstra routing results based on the footpath network en-
riched with accessibility data. Additionally, I aim to assess the effect of objects temporarily obstructing
movement on footpaths on routing results.

The analysis will be limited to District 1 as it will be based on highly detailed accessibility data
provided by a data collection campaign conducted in Zurich’s District 1. To the best of my knowledge,
such detailed databases exist for very few cities worldwide, contributing to the novelty of this study.

With this thesis, I want to contribute to empowering individuals affected by mobility restrictions
to use digital navigation services, increasing their autonomy and fostering independence in their daily
lives.

1.3 Research Questions

To address the research objective defined in the previous chapter, the following research questions
result:

Research Question 1: How is the footpath network in Zurich’s District 1 enhanced with spatial
accessibility features?

Here, several steps are required to ultimately integrate accessibility information into the footpath
network of District 1. The steps include clustering and aggregating data points representing mobil-
ity obstacles and facilitators, respectively, into meaningful groups, following an approach inspired by
Saha et al. (2019). Prior to allocating the accessibility information to the footpaths, the footpaths
will be divided into smaller segments, similar to Rahaman et al. (2017). Following this segmentation
step, the spatial accessibility features will be assigned to the footpath segments, similar to approaches
introduced by Volkel and Weber (2008) or Kasemsuppakorn and Karimi (2009). The allocated spatial
accessibility features will facilitate the calculation of a single value per segment, representing the ac-
cessibility of the respective segment. Therefore, the accessibility calculations introduced by Li et al.
(2022) will be followed, ultimately resulting in a footpath network enhanced with spatial accessibility
information.
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Research Question 2: How well do existing routing services respond to the needs of mobility-
restricted population groups?

To answer this question, an approach inspired by the work of Tannert and Schoning (2018) will
be adopted: First, 30 meaningful origin-destination pairs will be used to generate routes by Google
Maps, Open Source Routing Machine (OSRM), and OpenRouteService (ORS). The resulting routes
will then be compared to the routes suggested by Dijkstra’s Shortest Path algorithm, applied to the
accessibility-enriched footpath network of District 1. Statistical analyses will be performed to compare
the route length, travel time, and complexity of the resulting routes.

Research Question 3: Do temporary obstacles significantly impact routing outcomes for mobility-

impaired individuals?

Certain, non-permanent obstacles will affect the movement of mobility-restricted and disabled per-
sons on footpaths only for a limited amount of time (Georgescu et al., 2024). To assess the impact of
such obstacles on routing, two networks will be constructed as a basis for routing. One network will
include only permanent accessibility features, such as elements of the built environment (e.g., surface
material). The second network will take into account all accessibility features, including those that
exist only for a limited duration, such as parked vehicles or construction sites. Dijkstra’s Shortest
Path algorithm will be applied to both networks to generate routes for 30 origin-destination pairs.
The proposed routes will be compared and assessed based on route lengths, travel times, and route
complexities.

1.4 Structure of This Thesis

This Master’s thesis is organised as follows: after Chapter 1, which introduces the topic, motivation,
and research questions, along with the thesis objectives, Chapter 2 situates the thesis within a broader
scientific context, highlighting relevant prior work and existing research gaps. Chapter 3 provides
a detailed description of the datasets that form the foundation of this study, including accessibility
information, federal population data, and geometrical data from municipal and cantonal sources, as
well as openly available data on various Points of Interest (POIs). The sources and structures of
the various datasets are explained. Chapter 4 outlines the methods employed to explore the research
questions, such as allocating accessibility information to the footpaths of District 1 and creating a
spatial network containing accessibility data. Following this, the routing approaches are discussed.
Finally, the chapter concludes by describing the statistical analyses conducted. Chapter 5 presents
the findings, including the method of allocating accessibility information to footpaths, the routing
results, and the final statistical analysis outcomes. Chapter 6 reviews the findings, places them within
a broader scientific context, and answers the research questions. Finally, Chapter 7 summarises the
key findings and their implications.



2 Background

2.1 Accessibility

Aiming towards the introduced inclusive cities, appropriate inclusivity measurements are needed
(Lanza et al., 2023). One potential measure is Spatial Accessibility, defined as "the potential of oppor-
tunities for interaction” (Hansen, 1959), since accessibility has been recognised as a factor of individual
participation in social networks (Pot et al., 2024). Insufficient access to essential services, social net-
works, goods, and other opportunities improving quality of life is closely linked to social exclusion,
as it can restrict individuals from fully participating in the economic, political, and social aspects of
their community (Pot et al., 2024). Thus, accessibility can measure inclusivity, namely the ability
to participate in communities’ economic, political, and social life considering different transportation
systems, spatial opportunities and the individual’s abilities to move (Lanza et al., 2023). Spatial acces-
sibility, therefore, describes how easily different locations and services can be reached from a geospatial
location through movement in physical space (Allahbakhshi & Ardiiser, 2024). It considers the spatial
distribution of activities, individuals’ physical and mobility capabilities, and their preferences or needs
for accessing these destinations (Hansen, 1959). In alignment with the definition of spatial accessibility
provided by Hansen (1959), Lanza et al. (2023) stated that accessibility ”is as much about people as
it is about place”, meaning that an accessibility assessment needs to consider both a person’s char-
acteristics, including habits, needs, possibilities, and preferences, as well as the spatial-physical context.

Building on this general understanding of accessibility, this thesis distinguishes between two key con-
cepts: spatial accessibility and (barrier-free) accessibility.

e Spatial Accessibility: This refers to the ability to reach desired destinations, such as places,
services, and social networks (Pot et al., 2024). It is quantified using various measures that
evaluate how well people can access these opportunities, as described in Section 2.1.2. This con-
cept focuses on geographic and infrastructural dimensions, such as proximity, connectivity, and
travel times, influencing how easily individuals can interact with their surrounding environment
(Guagliardo, 2004).

o (Barrier-free) Accessibility: This term is used to denote the barrier-free requirements of
footpaths, focusing on how inclusive and navigable these paths are for individuals with differ-
ent mobility needs. This concept emphasises identifying and addressing physical barriers (e.g.,
uneven surfaces, steep inclines, or obstacles) that hinder movement, particularly for mobility-
restricted population groups, such as individuals with disabilities, older adults, or parents with
pushchairs (Arora & Deshpande, 2021; Georgescu et al., 2024). This sense of accessibility high-
lights the importance of designing inclusive infrastructure that minimises barriers and ensures
equitable access for all population groups (Saha et al., 2019).

While these two aspects of accessibility address different scales and concerns, they are closely linked.
Spatial accessibility depends not only on the availability of destinations but also on the quality and



Chapter 2. Background

inclusivity of the paths connecting them. For example, a high level of spatial accessibility is meaningless
if the physical paths to these destinations are not inclusive or present barriers (Lopes et al., 2019) for
certain groups, such as individuals with disabilities, older adults, or those with pushchairs.

By examining both concepts together, this thesis emphasises the need to address barriers within
footpath networks as a critical component of enhancing spatial accessibility. An inclusive design that
prioritises barrier-free movement ensures that all individuals can participate fully in social, economic,
and cultural life (Arora & Deshpande, 2021), reinforcing the importance of accessibility in both senses.

While spatial accessibility focuses on reaching destinations, the inclusivity of travelling itself heavily
depends on footpath accessibility. The following section further explores this vital aspect of barrier-free
footpath accessibility.

2.1.1 Footpath Accessibility

Considering the positive impact of walking on cities, as introduced in the previous section, which
ranges from the provision of essential social functions (Rhoads et al., 2023) to improved physical health
and reduced mental health impairments (Achuthan et al., 2010), accessible pedestrian infrastructure
is crucial (Saha et al., 2019). Pedestrian infrastructure encompasses footpaths, crosswalks, as well as
other legal pedestrian crossings and areas designated for pedestrians, such as trails or pedestrian streets
(Rhoads et al., 2023). Several factors can influence the spatial accessibility of footpath infrastructure,
including both internal and external elements. Internal factors include, for instance, an individual’s
physical mobility capability. External factors comprise the built environment, such as the footpath
infrastructure, weather conditions on a specific day, or the attractiveness and comfort of urban design
(Georgescu et al., 2024). Georgescu et al. (2024) noted that an obstacle for one person on a particular
day might not impede the same individual on another day. Furthermore, another person may not be
affected by the obstacle at all (Georgescu et al., 2024). Consequently, current street elements within
the footpath infrastructure, such as obstacles or the surface condition of footpaths, can either hinder
or facilitate the movement of individuals through physical space, depending on an individual’s physical
capacity (Lid & Solvang, 2016; Ortega et al., 2021).

Street elements that impede the mobility of individuals with mobility restrictions result in inac-
cessibility, being perceived as barriers or obstacles (Hammel et al., 2015). Examples of said barriers
include stairs, narrow and steep footpaths, or poor footpath surface conditions (Georgescu et al., 2024).
However, the impact level of such barriers on an individual’s mobility is highly dependent on the phys-
ical capabilities of said individual. Furthermore, some street elements are perceived as a barrier by
some individuals, whereas the same street element facilitates the movement of other groups (Georgescu
et al., 2024). This effect can be illustrated by the street element curb. While a high curb hinders the
mobility of a wheelchair user as it is challenging to overcome the height difference, it facilitates the
movement of visually impaired individuals by indicating the end of the footpath (Han et al., 2020;
Harris et al., 2015; Rosenberg et al., 2013). Street elements hindering individuals’ movements on
footpaths, i.e., barriers, can be distinguished by their permanence. Temporary obstacles only restrict
movement on footpaths for a limited amount of time, whereas permanent obstacles persist over an un-
limited time. Temporary obstacles include parked vehicles or construction sites. Permanent obstacles
such as poor footpath surface conditions or specific footpath material, like cobblestone, would require
an intervention to be removed (Cushley et al., 2022).

Street elements viewed as facilitators aid various individuals in navigating physical space. Examples
include benches along the footpath that assist older adults in completing longer journeys (Ottoni et al.,
2016). Moreover, curb ramps or ramps, in general, serve as facilitators, as they enable persons with
mobility impairments to overcome height differences, such as stairs. However, their proper design is
essential; otherwise, such street elements may be seen as barriers despite being constructed to promote
footpath movement (Harris et al., 2015; Rosenberg et al., 2013).
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Given the accessibility aspect of the previously described street elements, I will hereafter refer to
them as spatial accessibility features. This term includes footpath features that hinder movement
(barriers or obstacles) and those that facilitate it (facilitators). By addressing barriers and facilitators
in pedestrian infrastructure, footpath accessibility directly influences the broader concept of spatial

accessibility, ensuring fair access to various locations for all.

2.1.2 Spatial Accessibility Measures

While the previous section addressed the physical and inclusive aspects of footpath accessibility, this
section focuses on commonly used methods to measure spatial accessibility. These measures assess
accessibility based on the spatial distribution of services, transportation networks, and population
demand. They provide insights into the general accessibility of opportunities within a given area
(Guagliardo, 2004).

Numerous studies have assessed the spatial accessibility of different places, activities, and services.
For instance, studies range from measuring spatial access to primary healthcare services in Bhutan
(Jamtsho et al., 2015) over research analysing the inequality of urban facilities in Tehran using spatial
accessibility (Hosseini et al., 2022) to a study applying spatial accessibility measures on schools in
Tiruchirappalli (Rekha et al., 2020). Different accessibility measurements are introduced to evaluate
how accessible such services, places, or activities are. The following sections provide an overview of
some commonly applied approaches to assess spatial accessibility based on the classification provided
by Guagliardo (2004).

Spatial accessibility measures are often based on distance to providers or travel time to provider
measurements, aligning with their everyday use in routing, as introduced in Section 2.2.1 (Rahaman
et al., 2017; Volkel & Weber, 2008).

While spatial accessibility measures offer significant potential to assess access to services, goods,
and activities (Lanza et al., 2023), their limitations must be recognised. As Wolff et al. (2022) high-
lighted, traditional spatial accessibility measures often fail to account for barriers at finer spatial levels,
such as physical obstacles or environmental challenges. This oversight can lead to an incomplete un-
derstanding of accessibility, particularly for individuals with mobility restrictions. Addressing these
gaps is essential to ensure that accessibility measures reflect the needs of diverse populations and align
with the principles of inclusive urban planning.

Provider-to-Population Ratios

Provider-to-population ratios, also known as supply ratios, are a widely used measure of spatial acces-
sibility as they are intuitive. Ratios are calculated based on predefined geographical units, such as
counties, states, statistical areas, or health service areas, depending on the focus of spatial accessibility
analysis (Drake et al., 2021; Guagliardo, 2004). To calculate ratios, the numbers of providers in the
area of interest are determined and divided by the population in the same area (Guagliardo, 2004;
Schonfeld et al., 1972). Schonfeld et al. (1972) illustrated this by assessing the number of physicians
required to provide good primary medical care by considering the number of primary physicians and
the population, potentially considering only certain age groups or only the individuals affected by
specific diseases (Schonfeld et al., 1972).

The advantage of provider-to-population ratios lies in their simplicity. They are easy to compute,
allow for comparison over different geographical areas, and can help establish minimal supply stan-
dards, which in turn aids in identifying underserved areas. However, the ratios are highly sensitive to
the area chosen, e.g., the area’s size or configuration (Guagliardo, 2004). This well-known phenomenon
is referred to as the Modifiable Areal Unit Problem (MAUP) and addresses the issue that geographical
areal units can be delineated arbitrarily as there are no standard sets of spatial units (Guagliardo, 2004;
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Openshaw, 1984). In addition, the ratios based on areas do not account for variations within the areas
and are not able to consider border crossing, meaning that an individual from one area may access
service providers in another area as it is closer. In addition, provider-to-population ratios are unable to
consider distance or travel time from individuals to the service provider locations (Guagliardo, 2004).

Travel Impedance to Nearest Provider

Travel impedance to nearest provider, sometimes called travel cost, is determined by measuring the
travel distance or travel time from an individual’s residence to the nearest provider. Depending on
data availability, population points, such as a centroid of a county of residence or census tract, can be
used instead of an individual home location (Drake et al., 2021; Guagliardo, 2004). The distance can be
calculated using different metrics, such as Euclidean distance or travel distance along a transportation
network, like roads or rail systems, which makes travel impedance to nearest provider an intuitive
measurement of spatial accessibility (Guagliardo, 2004).

While travel impedance to nearest provider is an accurate spatial accessibility measurement in rural
settings, it has considerable limitations in urban areas. In cities, multiple providers are often located at
similar distances, complicating the assessment of accessibility based solely on proximity. Additionally,
travel impedance measures do not account for the availability or capacity constraints of providers,
which can further limit their effectiveness in urban contexts (Drake et al., 2021).

Average Travel Impedance to Provider

To determine average travel impedance to provider, distances are measured from one point, i.e., an
individual or a population point, to all providers within a defined area, such as a city or a county.
These distances are then summed and averaged. This measure accounts for different service providers
reachable within an area from the population point (Guagliardo, 2004). However, the approach is
insensitive to border crossing, similar to provider-to-population ratios. Restricting the measurements
to providers within a specific area overlooks providers just outside the boundaries that might be closer
to the population point. Furthermore, the measure overemphasises the impact of providers located
close to the edges of the area, as it calculates distances from one point to all providers. Someone
located close to one edge of the area might not travel across the entire area to access the service
located on the opposite side of the area (Guagliardo, 2004).

Gravity Models

Similar to average travel impedance to provider, gravity models consider all service providers within
a "reasonable distance” (Guagliardo, 2004). They aim to take into account the potential interaction
between any population point and all providers, reducing the possibility of interaction with increasing
distance or travel impedance, resulting in a spatial accessibility measurement for each point (Delamater,
2013; Guagliardo, 2004). As Guagliardo (2004) stated, gravity models are sometimes also known as
cumulative opportunity measures due to the nature of gravity models of taking all alternative providers
into account. The most basic gravity model for spatial accessibility can be found in Equation 2.1
(Guagliardo, 2004; Wang & Luo, 2005).

=y (2.1)

A; is the spatial accessibility at population point i. S; is the service capacity of a service provider
at the provider location j. The travel impedance d describes the distance or travel time between
the population point ¢ and the provider location j. The gravity decay coefficient 3, or travel friction
coefficient 3, accounts for the travel weight change as travel time or distance changes. With an increase
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of summed provider capacity (numerator) or a decrease of summed travel impedance (denominator),
spatial accessibility increases (Guagliardo, 2004).

The output of gravity models varies. When the spatial accessibility for each population point
is calculated, i.e., the distance of each population point to each service provider is determined, the
gravity model results in a continuous surface containing the accessibility value for each population point
(Guagliardo, 2004; McGrail & Humphreys, 2009). A; can also be estimated at multiple representative
locations in different cities, allowing for a comparison of the average accessibility variation across the
cities (Guagliardo, 2004).

Besides their simplicity in application, such simple gravity models cannot model demand. Spatial
accessibility at a given distance from two different service providers would be the same when applying
such simple gravity models, even though the first service provider might serve 1’000 individuals more
than the second one (Guagliardo, 2004). This was addressed by adding V; to the denominator, a
population demand adjustment factor (Equation 2.2) (Guagliardo, 2004).

A= % (2.2)

B
J di; * Vj

Further challenging is the determination of the distance decay coeflicient [, as it is often unknown and
varies in its mathematical form, requiring to estimate § empirically (Delamater, 2013; Guagliardo,
2004).

Floating Catchment Area Analysis

To address challenges in spatial accessibility estimations, e.g., service provider data lacking spatial
resolution, Luo and Wang (2003) developed the two-step floating catchment area method. The floating
catchment area (FCA) analysis was first developed to assess urban job accessibility (Guagliardo, 2004).
The adaptation from Luo and Wang (2003) consists of two steps: First, a provider-to-population ratio is
calculated for each area centroid. Providers associated with the centroid are divided by the population
that can reach the provider location within a specific travel time. The area where individuals can
get to the provider location at a given time is called a catchment. The provider-to-population ratio
is then assigned to the entire catchment, not just the centroid from which it originated. Repeating
this process for all area centroids causes irregularly shaped and overlapping catchments (Guagliardo,
2004). In the second step, the focus lies on population points, consisting of residences or census tract
centroids. For each population point, a spatial accessibility value is determined by calculating the
sum of provider-to-population ratios from all overlapping catchments. These summed values are then
assigned to the population point, producing spatial accessibility scores for the entire area (Guagliardo,
2004; Luo & Wang, 2003).

Luo and Wang (2003) showed that this method is an improved gravity model and effectively ad-
dresses challenges like border crossings (Guagliardo, 2004). However, several limitations still exist.
The travel time threshold catchment boundaries are discrete, resulting in consistent spatial accessi-
bility scores near boundaries and a sudden drop beyond these boundaries. Additionally, the chosen
travel time threshold impacts spatial accessibility variations, with longer times reducing disparities
(Guagliardo, 2004).

Several adaptions of FCA analyses have been developed (Jorg et al., 2019). Beyond the commonly
used two-step FCA (25FCA), other variations include the enhanced two-step FCA (E2SFCA), three-
step FCA (3SFCA), and modified-Huff-model-3SFCA (MH3SFCA). These represent only a subset of
the many adaptations developed to address specific requirements in spatial accessibility assessments
(Jorg et al., 2019). A study evaluating the spatial accessibility of homecare workers to the older
population in Zurich employed various forms of FCA methods (Allahbakhshi et al., 2023).
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Kernel Density Method

Based on earlier approaches by Guptill (1975), Guagliardo (2004) created density layers of service
providers by using the Gaussian Kernel method. The density layer consisted of regular grids, where
the spatial accessibility of one grid cell is derived from the provider density at the centre point of the
grid cell. Each service provider is represented by a cone (kernel) on the continuous density surface,
where the kernel volume illustrates the service provider’s total capacity. The kernel radius reflects the
assumed extent of the provider’s practical service area. The spatial accessibility is then determined by a
cell’s proximity to a service provider’s location, i.e., cells close to a provider receive higher accessibility
values (Guagliardo, 2004). Cells with overlapping areas, i.e., multiple service providers lie within
a reasonable distance, combine the impact of multiple kernels into a cumulative spatial accessibility
value. The method further allows for the weighting of different factors (Guagliardo, 2004). For instance,
providers with better online reviews or longer opening hours could receive a higher weight.

Guagliardo (2004) combined the provider density layer with the population density layer in a
second step. This approach allowed for the calculation of provider-to-population ratio values per grid
cell, giving valuable insights into the spatial variation of accessibility. Furthermore, the accessibility
layer can be overlaid with census area data, aiming for the calculation of average accessibility per
census area (Guagliardo, 2004).

2.2 Routing

This chapter focuses on routing systems and their role in addressing accessibility challenges. By linking
accessibility principles to routing, it explores how inclusive navigation can enhance participation in
urban life.

Accessibility is a concept that encompasses physical, social, and institutional factors shaping in-
dividuals’ ability to participate in societal activities (Wolff et al., 2022). In the context of routing,
this description highlights the need to consider both spatial accessibility and barrier-free physical
accessibility, which ensures equitable access for individuals with diverse mobility needs.

By integrating spatial and physical accessibility principles, routing systems contribute to inclu-
sive cities by enabling equitable access to essential services, employment opportunities, and social
participation (Kasemsuppakorn & Karimi, 2009). As Wolff et al. (2022) emphasised, addressing phys-
ical barriers in the built environment is critical for fostering equitable participation in all aspects of
life. Through accessibility-sensitive routing services, individuals with reduced mobility could benefit
greatly, leading to the advancement of inclusivity by responding to diverse mobility needs (Volkel &
Weber, 2008). The following section describes routing services and their potential to support inclusive
navigation.

2.2.1 Routing Services

In the past two decades, digital navigation systems have emerged and were first widely used for car
navigation (Volkel & Weber, 2008). Nowadays, mobile phones with Global Positioning System (GPS)
sensors also facilitate navigation for cyclists and pedestrians. Navigation services hold great potential
as navigation support for mobility-impaired population groups, e.g., older adults with age-related
mobility restrictions, mobility-disabled individuals and visually impaired persons (Rahaman et al.,
2017; Volkel & Weber, 2008). However, many current routing services fail to suggest routes applicable
to mobility-impaired individuals, as routing services used today mostly base route optimisation on
shortest-path algorithms, aiming to minimise route length or travel time (Rahaman et al., 2017; Volkel
& Weber, 2008). Furthermore, route length or travel time are commonly used metrics in spatial
accessibility measures, such as travel impedance, gravity models, and floating catchment area analysis,
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introduced in Section 2.1.2. However, additional characteristics of a route might be equally important
for different population groups, e.g., the accessibility of a particular route. For instance, visually
impaired individuals generally seek to avoid large, crowded and therefore noisy intersections, accepting
a longer but safer route (Volkel & Weber, 2008). Similarly, older adults with age-related mobility
restrictions and mobility-disabled individuals might prefer a more gentle and safer route instead of
the shortest one, with individual perceptions of gentle and safe. Consequently, the requirements
of accessible routes vary between persons and are different regarding physical abilities and personal
preferences (Rahaman et al., 2017; Volkel & Weber, 2008). The following sections introduce two
routing services as examples of services that are not sensitive to users with mobility impairments and
describe them in more detail.

Google Maps

Google Maps (https://www.google.com/maps) is Google’s routing engine, and, according to a recent
publication from Mehta et al. (2019), one of the world’s most influential applications, with roughly 64
million users worldwide. In its early years, the application was restricted to navigation. However, today,
it contains various features like street view, estimated time of arrival (ETA) and many more (Mehta et
al., 2019). Google Maps uses proprietary data and algorithms, limiting the available information about
their implementation (Tannert & Schoning, 2018). However, as stated by Mehta et al. (2019), Google
Maps employs graph structures in its routing service to determine the shortest path between origin
and destination. Moreover, the A* algorithm, flexible and efficient, is assumed to be implemented by
Google Maps (Mehta et al., 2019). The location of origins and destinations, which can be people or
places, for suggesting routes is based on Global Positioning System (GPS) data. GPS is a technique
used to track an object using a satellite system currently in space. Three satellites are required to
determine the exact location of an object or a person in the world, i.e., the coordinates of said location
on a map (Mehta et al., 2019). Google Maps suggests available routes between origin and destination
locations for cars, public transport, walking and cycling (Google, 2024c). Real-time traffic and public
transport updates enable accurate estimation of ETAs, making it a powerful routing tool (Google,
2024a).

Open Source Routing Machine

The Open Source Routing Machine (OSRM), available via https://map.project-osrm.org, is a rout-
ing engine running on OpenStreetMap (OSM) data (Open Source Routing Machine, 2024a; Open-
StreetMap contributors, 2025). In contrast to other routing services, OSRM is a non-commercial
routing engine without a limit on the number of requests or restrictions on derived data sets. By
providing the OSRM software as an open source, running on open-source data, transparent and repro-
ducible research is possible (Giraud, 2022). OSRM supports three travel modes: walking, cycling and
driving (Open Source Routing Machine, 2024b). Routes are calculated using Contraction Hierarchies
(Geisberger et al., 2008; Luxen & Vetter, 2011). Contraction Hierarchies is an algorithm for shortest
path calculations in large networks. The algorithm is ideal for applications requiring fast and accurate
routing and, therefore, suitable for its implementation into OSRM (Luxen & Vetter, 2011).

2.2.2 Accessibility-Sensitive Routing Services

In recent years, several routing services have been developed with algorithms considering footpath ac-
cessibility in navigation suggestions (Rahaman et al., 2017; Volkel & Weber, 2008). An early example
is RouteCheckr, a routing algorithm developed by Volkel and Weber (2008), which proposes routes
based on personalised accessibility criteria, such as safety or inclines. RouteCheckr is based on crowd-
sourced data and relies on user accessibility ratings of footpath segments, with more recent ratings
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being more relevant for route calculation. The routing algorithm then aims to reduce the route’s total
weight, i.e., the cost assigned to the route (Volkel & Weber, 2008). As proposed by Voélkel and Weber
(2008), other approaches also rely on the subdivision of footpath network segments for their enrichment
with accessibility data. An exciting example is the Contour-based Accessible Path Routing Algorithm
(CAPRA) developed by Rahaman et al. (2017), which bases its route calculation on the incline of
the suggested routes, what they consider to be the most influential factor affecting the accessibility
of a route. Here, contour lines are used to split the segments of the footpath network into smaller
segments, and the incline of each segment is derived from the height difference between the network
nodes and the length of the respective network edge. The resulting route suggestions between origin
and destination are then compared to each other and Google Maps regarding their distance, height
difference, and slope to find the most appropriate route by a cost-benefit analysis.

Contrary to the approaches based on further segmentation, Beale et al. (2006) implemented Dy-
namic Segmentation techniques to propose routes to individuals using different wheelchair types. Dy-
namic segmentation allows footpath accessibility data to be linked indirectly to the network, not
affecting the network structure. The network is stored with its geometry, while point or linear features
(events) are stored in separate thematic tables with a unique identifier and a position along the geome-
try, allowing the locating of the features on the geometry (Cadkin, 2002). This enables the assignment
of multiple footpath accessibility features to one segment in the network without the need to adjust
the network geometry (Beale et al., 2006). By assigning different weights to spatial accessibility fea-
tures on footpaths, such as ramps, steps, crossings, or narrow pavements, routes are calculated based
on the assumption that spatial accessibility features that are not a barrier for a wheelchair user are
implicit in the network, whereas barriers impeding the movement on footpaths are explicitly defined
as cost. If a spatial accessibility feature prevents a wheelchair user from moving on the footpath at a
specific location, routing at this point is not possible (Beale et al., 2006). The implemented routing
approach results in several route suggestions, e.g., shortest distance, route with the minimum urban
barriers, avoiding slopes with a gradient higher than a certain threshold, and routes with only crossings
controlled by pedestrian signals (Beale et al., 2006).

Several studies regarding routing algorithms for wheelchair users published in the past two decades
rely on the implementation of the Dijkstra algorithm (Neis, 2015). Edsger W. Dijkstra introduced
the Dijkstra algorithm, which detects the shortest path between two nodes in a graph. The algorithm
operates by iteratively selecting the unvisited node with the smallest known distance from the source
node, updating the distances to its neighbouring nodes, and marking it as visited. This process repeats
until the destination node is reached, ensuring that the shortest path is found efficiently without the
need to evaluate all possible paths (Dijkstra, 1959).

OpenRouteService

A routing service capable of considering accessibility-relevant information, such as various spatial ac-
cessibility features, is OpenRouteService (ORS) (https://maps.openrouteservice.org/). As its name al-
ready indicates, it is an open-source routing engine based on open-source data, such as OSM data (Neis
& Zipf, 2008; OpenRouteService, 2024c). Elevation data is derived from the SRTM! and GMTED?
datasets (OpenRouteService, 2024c). Different profile categories are supported in ORS, including cy-
cling, walking, driving with a car, driving with a heavy vehicle, and travelling by using a wheelchair.
For cycling, walking, and driving with a heavy vehicle, different subcategories are available to further
specify the profile (OpenRouteService, 2024b). ORS allows for the adjustment of some profile param-
eters, resulting in different route options. These parameters enable the restriction of certain features,

IConsortium for Spatial Information (CGIAR-CSI). (2025). SRTM 90m Digital Elevation Database v4.1.
https://srtm.csi.cgiar.org

2U.S. Geological Survey (USGS). (2010). GMTED2010 Global Multi-resolution Terrain Elevation Data.
https://www.usgs.gov/coastal-changes-and-impacts/gmted2010

12


https://maps.openrouteservice.org/
https://srtm.csi.cgiar.org
https://www.usgs.gov/coastal-changes-and-impacts/gmted2010

Chapter 2. Background

such as the maximum incline or the minimum surface type. Table 2.1 summarises the parameters

available for footpath routing, for walking pedestrians and those using a wheelchair, as well as the

default value per parameter.

Table 2.1: Pedestrian walking profiles and their parameters in ORS (OpenRouteService, 2024b,

2024c)

Profile Parameter Available Values Default Value
Foot walking Route preference Shortest, recommended Recommended
Avoid features Ferries, fords, steps

Avoid borders All, controlled
Avoid countries List of countries
Wheelchair Route preference Shortest, recommended Recommended
Maximum inclination 3,6,10, 15 % 6%
Maximum curb height 0.03, 0.06, 0.1 m 0.06 m
Footway minimum width  1-30 m 1m
Route smoothness Impassable, very Good
horrible, horrible, very
bad, bad, intermediate,
good, excellent
Minimum surface type Grass, ground, Cobblestone
pebblestone, gravel, fine
gravel, compacted,
unpaved, wood, metal,
cobblestone, unhewn
cobblestone, sett, paving
stones, concrete lanes,
concrete, asphalt, paved
Minimum route grade Grade 1, Grade 2, Grade Grade 1
(based on OSM 3, Grade 4, Grade 5
categorisation)
Only surfaces with TRUE/FALSE FALSE
known quality
Allow unsuitable TRUE/FALSE FALSE

Avoid features

Ferries, fords, steps

Avoid borders

All, controlled

Avoid countries

List of countries

ORS generally implements the Contraction Hierarchies algorithm or the C-ALT algorithm to suggest

the shortest path between origin and destination. C-ALT is an algorithm with scaling and perfor-
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mance similar to Contraction Hierarchies. Additionally, it enables custom filters to query the routes
(OpenRouteService, 2023). As stated in a forum contribution, the applied routing algorithm depends
on the profile and the parameters set, such as avoid_features (OpenRouteService, 2023).

2.2.3 Route Choice

When given several alternative routes, pedestrians choose a route depending on different factors. The
most fundamental impacts on route choice are often assumed to be travel time and route length.
However, further influencing factors have been found, such as the safety of routes or how interesting
a route is (Sevtsuk & Basu, 2022). Additionally, it has also been shown that the route’s complexity
impacts the route choices of pedestrians, representing the ease of navigating a route (Sevtsuk & Basu,
2022).

Routing algorithms typically aim to reduce some sort of cost, generally introduced by travel time
or route length (Volkel & Weber, 2008), also are also commonly used variables in spatial accessibility
assessments, as introduced in Section 2.1.2. However, these measures do not directly serve mobility-
impaired individuals, as other criteria might be equally important to this population group (Tannert &
Schoning, 2018). In recent years, routing services that are able to consider such criteria have emerged.
These routing services most commonly avoid obstacles, such as stairs or objects on the footpath,
consider different surface properties, calculate the incline of footpath segments, and determine the
height of the curbs to optimise routes suited for wheelchair users (Tannert & Schéning, 2018). Due
to the fact that many different footpath features impact the accessibility of routes, measurements to
compare different footpath segments are required (Rahaman et al., 2017; Volkel & Weber, 2008). A
common approach to route optimisation is the use of cost functions, which are capable of considering
different criteria and allowing for compensation from one criterion by another (Volkel & Weber, 2008).

Beale et al. (2006) applied cost functions for different wheelchair types. The assumption underlying
their approach was based primarily on considering objects impeding the accessibility of a route, while
facilitators were presumed to be part of the network. Thus, only obstacles were modelled in the
network. Besides the presence of obstacles, they considered different weights per obstacle category,
the weight of an individual, the rolling resistance, the slope, and the segment length. These criteria
were combined in an impedance factor, calculated for every network segment between the origin and
destination. Based on these impedance factors, the shortest route and the optimal route with the
minimum overall impedance were calculated. Users of their routing algorithm were then given a choice
between routes (Beale et al., 2006).

Similar to the approach introduced by Beale et al. (2006), the RouteCheckr system developed
by Vélkel and Weber (2008) determined the optimal path based on a set of criteria. Each criterion
was assigned a weight based on predefined values or user ratings. The weighted criteria were then
considered in a cost function when the corresponding objects were present on the route. The final
cost per route was computed by combining the weighted criteria with the normalised segment length
(Volkel & Weber, 2008).

Route Length

Routing services often aim to reduce the overall route length between an origin and a destination
location (Volkel & Weber, 2008). Therefore, shortest path routing algorithms are implemented, such
as Dijkstra’s shortest path algorithm, A*, or the Contraction Hierarchies algorithm. Routing services
introduced earlier also rely on the application of such routing algorithms for the suggestion of shortest
routes (Luxen & Vetter, 2011; Mehta et al., 2019; OpenRouteService, 2023). The length of a route is
determined simply by summing up the lengths of all route segments (Volkel & Weber, 2008).
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Travel Time

Travel time is defined as the time needed to get from the route’s origin location to the destination
location. While most studies on routing focus on constant travel time, this assumption usually does
not hold in reality (Gendreau et al., 2015). Given the length of a route from the origin location to the
destination location, travel time depends on external and internal factors. While external factors, such
as traffic congestion or weather conditions, are not under the travelling individual’s control, internal
factors can be adjusted by the individual. Thus, the travel time depends internally on whether the
travelling person can set the travel speed independently (Gendreau et al., 2015).

Therefore, travel speed is a crucial factor in determining travel times for specific routes, alongside
external factors beyond the control of the travelling individual. The factors impacting pedestrian travel
speed are introduced in the following section.

Pedestrian Travel Speed

Travel speed is essential in determining the time necessary to complete one route, i.e., the travel time
per route. However, travel speed greatly depends on the travel mode of pedestrians, for instance,
walking or using a wheelchair, and is affected by different aspects (OpenRouteService, 2024d). A
recently published review of pedestrian walking speed analysis by Giannoulaki and Christoforou (2024)
organised the aspects influencing walking speed into the five categories summarised in Table 2.2.

Table 2.2: A sample of factors impacting pedestrian walking speed (Giannoulaki & Christoforou,
2024)

Category Category Characteristics

Pedestrian flow characteristics Pedestrian traffic state, flow, density, and speed

Pedestrian attributes Age, gender, and physical attributes that affect pedestrian
walking speed

Layout configuration Characteristics of the walking environment: bottlenecks,
corridors, incline, surface, land use, temporary or permanent
obstacles

Ambient conditions Noises, season/weather conditions

Pedestrian behavioural patterns Walking in a group, carrying baggage, or using a mobile
phone

Factors impacting pedestrian walking speed can be distinguished in external and internal factors (Gi-
annoulaki & Christoforou, 2024).

Pedestrian flow characteristics, characterised as an external factor, describe the fundamental traf-
fic flow theory. The inverse relationship between travel speed and density has been well-known for
some time. Therefore, with increasing pedestrian density, travel speed is reduced (Giannoulaki &
Christoforou, 2024).

Pedestrian attributes, i.e., internal factors, include the above-listed characteristics such as age and
gender. For instance, most of the research conducted on pedestrian walking speed concluded that
females generally walk slower than males under all circumstances and street conditions, including
on footpaths (Boles & Hayward, 1978; Giannoulaki & Christoforou, 2024; Mohammed Alhassan &
Mashros, 2015). In their review, Giannoulaki and Christoforou (2024) listed 34 studies analysing
pedestrian walking speed, with average walking speeds of 1.20 m/s for females and 1.27 m/s for males
overall. In addition to gender, age is often reported to have an influence on pedestrian walking speed
(Giannoulaki & Christoforou, 2024). Walking speed typically follows an inverted U-shaped curve with
age: it increases to a certain peak in early adulthood and then declines (Figure 2.1). This decline
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observed primarily in older adults is often attributed to health conditions, reduced stamina, and age-
related structural changes (Giannoulaki & Christoforou, 2024; Mohamad Ali et al., 2019).
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Figure 2.1: Walking speed and age (Giannoulaki & Christoforou, 2024)

The physical condition of individuals is another pedestrian attribute. This also includes personal
mobility capacities, such as limited capacities due to mobility restrictions (Georgescu et al., 2024).
Such physical conditions were assessed in a study conducted about 25 years ago, where the authors
aimed to create data on the travel speeds of disabled people to provide a basis for fire safety engineering.
Hence, they experimentally measured the travel speed of individuals from various mobility-impaired
population groups (Boyce et al., 1999). A total of 155 disabled participants were involved in different
parts of the experiment, such as moving horizontally or on a ramp (Boyce et al., 1999). The found
travel speeds are depicted in Figure 2.2. The figure shows that mobility-impaired individuals always
travelled at lower speeds than persons without restriction. The travel speed decreases with the growing
incline, i.e., from level surfaces to ramps to stairs. Manual wheelchair users posed an exception, as
their travel speed increased when moving on a ramp and was highest when moving downward on a

ramp.
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Figure 2.2: Travel speed and mobility restriction (Boyce et al., 1999)
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Boyce et al. (1999) included walking speed measurements for individuals without mobility restrictions
or disabilities, aiming for comparable travel speed values (Figure 2.2). As wheelchair users are not
able to ascend or descend stairs, their travel speed values were not included for these two slope
types. Furthermore, Boyce et al. (1999) state in their work that the number of participants decreased
considerably for their travel speed assessment in the stairs settings.

An external factor influencing pedestrian walking speeds is the layout configuration of the walking
area, including features like surface material, incline, and the presence of both temporary and per-
manent obstacles (Giannoulaki & Christoforou, 2024). Aghabayk et al. (2021) analysed the impact
of footpath slope and pedestrian physical characteristics on walking and jogging speed in their study.
They assessed the walking speed of 220 individuals from three different age groups: young (18-34),
middle (34-55), and elderly (554+). The measured walking speeds depending on five different foot-
path slope categories can be found in Figure 2.3: level (0°), gentle uphill/downhill (6%), and steep
uphill/downhill (12%). The previously discussed decline in walking speed with increasing age is also
visible in the study conducted by Aghabayk et al. (2021).
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Figure 2.3: Walking speed by age and incline (Aghabayk et al., 2021)

The effect of ambient conditions, such as weather or seasons, on travelling speed is not conclusive.
While some studies found lower speeds when pedestrians are faced with ice or snow, leading to a
negative effect on pavement conditions, other findings suggested that pedestrians seemed to walk
faster to protect themselves from such conditions (Giannoulaki & Christoforou, 2024).

Giannoulaki and Christoforou (2024) reviewed several studies on the impact of pedestrian be-
havioural patterns. While travelling in a group and using a mobile device reduced travel speed, results
for carrying luggage were not conclusive (Caputcu et al., 2016; Giannoulaki & Christoforou, 2024).
Giannoulaki and Christoforou (2024) explained the first two behavioural patterns as distractions from
travelling, thus resulting in lower walking speeds. For carrying luggage, however, the authors assumed
that the type of luggage as well as the person carrying it might impacted the results. For instance, a
commuter carrying a briefcase may have travelled faster than a tourist carrying a suitcase (Giannoulaki
& Christoforou, 2024).

Route Complexity

Besides travel time and route length, the complexity of a route is assumed to play a crucial role in
route choices (Sevtsuk & Basu, 2022). The route complexity is often assessed based on the number
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of turns necessary to travel from the origin to the destination along a suggested route. If a turn is
missed, reaching a destination can be difficult. By minimising the number of turns, the risk of taking
a wrong turn is also reduced (Tannert & Schoéning, 2018). This approach is handled differently by
various routing services. Tannert and Schéning (2018), for instance, found that Google Maps aims for
a reduction in the number of turns, although this sometimes involves detours.

The work conducted by Sevtsuk and Basu (2022) showed that the effect of route complexity on
route choice was highly dependent on the network geometry. In complex networks, the number of turns
was considerably high when travelling from an origin location to a destination location, independent
of the route chosen. However, pedestrians tended to choose a simpler route where the network already
enabled turn minimisation (Sevtsuk & Basu, 2022).

2.3 Data Availability

To apply routing services with algorithms capable of considering spatial accessibility features, such
as the previously mentioned CAPRA or RouteCheckr, data on these features is required (Froehlich
et al., 2019). In particular, assessing the spatial accessibility of pedestrian networks depends on
data on footpath infrastructure (e.g., footpath surface material type, footpath width, etc.), which is
often unavailable (Stefanidis & Bartzokas-Tsiompras, 2024). This lack of readily available footpath
accessibility data is, moreover, leading to incomplete routing suggestions or routes not reflecting real-
world conditions in routing services such as Google Maps and services based on OSM (Allahbakhshi,
2023). However, taking into account different types of spatial accessibility features for providing digital
maps and individualised routing services that can meet the mobility needs of various population groups
is essential (Beale et al., 2006). Especially mobility-impaired pedestrians could profit greatly from the
use of such routing services, as increased mobility would enable greater autonomy and independence in
everyday tasks and activities, raising the possibility of actively participating in communities (Volkel &
Weber, 2008). Over the past years, several routing services emerged capable of taking data on spatial
accessibility features into account when proposing routes, such as RouteCheckr or OpenRouteService
(ORS) (Neis & Zipf, 2008; Volkel & Weber, 2008). However, the lack of data on spatial accessibility
features leads to incomplete routing results of such routing services (Rahaman et al., 2017).

Several data collection approaches can be implemented to address the gap regarding the availability
of footpath accessibility information. Traditional in-situ data collection methods include the use of
sensors, conducting field surveys, or gathering data via mobile apps (Allahbakhshi, 2023). In recent
years, the widespread use of the Internet has enabled remote data collection through Street View
Imagery (SVI), offering a cost-effective and less time-consuming alternative to conventional field visits
(Steinmetz-Wood et al., 2019). Among various platforms providing SVI, Google Street View (GSV)
is widely used and serves as the foundation for most remote data collection platforms. This data
collection method enables users to remotely and manually assess and document accessibility features
by virtually navigating through city streets using SVI (Seekins et al., 2022).

Nevertheless, creating and maintaining an up-to-date geographical database remains an expensive,
labour-intensive and time-consuming task, posing considerable challenges for municipalities (Prandi
et al., 2014).

Drawing on the technological advances in recent decades and the widespread use of the internet,
it has become easier to generate information, share it with others, and edit it from anywhere in the
world (Goodchild, 2007). Goodchild (2007) defined the term Volunteered Geographic Information
(VGI) for this phenomenon specifically regarding spatial knowledge. The author stated that ”anyone
with an Internet connection can select an area on the Earth’s surface and provide it with a description,
including links to other sources” (Goodchild, 2007, p. 212). A great example of the potential of VGI
is OSM, further introduced in Section 3.4. Neis (2015) showed that spatial accessibility data could
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be derived from OSM and used input for accessibility-sensitive routing. However, a study in progress
shows that OSM data may be lacking accessibility-relevant information for routing in the City of
Zurich. For instance, only 2.3% of the OSM footpath data include information on steepness or incline
(Allahbakhshi, n.d.).

2.4 ZuriACT Project

The introduced data gap has recently been addressed by implementing VGI methods in District 1 of
the City of Zurich through the citizen science pilot project ”ZuriACT: Zurich Accessible City”. The
ZuriACT project was a collaboration between the University of Zurich and the City of Zurich that
ran from 2023 to 2024, aiming to provide a database on spatial accessibility features of footpaths, i.e.,
features of the built environment (Allahbakhshi & Ardiiser, 2024; University of Zurich, 2024c).

The database can serve as a basis for accurate accessibility assessments, aiding policymakers and
urban planners in designing more inclusive and sustainable environments. Furthermore, analysing
supplementary accessibility data is critical for bridging scientific gaps in accessibility research, which
have persisted due to the scarcity of adequate, comprehensive, and openly available geographic datasets
(Allahbakhshi, 2023).

Following the ZuriACT study’s scope to include perspectives of mobility-restricted and mobility-
disabled persons on spatial accessibility on the footpaths of Zurich, adults (aged 18 and above) with
mobility restrictions or mobility disabilities were targeted. The target groups included older adults
aged 65 and above, with and without age-related mobility impairments, individuals with situational
mobility restrictions, such as parents with pushchairs or caregivers, and mobility-disabled persons,
e.g., wheelchair users (Allahbakhshi, 2023). 17 individuals actively participated in the data collection
(Allahbakhshi & Ardiiser, 2024).

To collect data on spatial accessibility features on the footpaths in District 1 in Zurich, participants
used the Project Sidewalk tool (Allahbakhshi & Ardiiser, 2024). The digital web tool facilitates remote
data collection, enabling individuals with mobility restrictions to evaluate footpath accessibility safely
and without exposing themselves to potential risks introduced by inaccessible footpath infrastructure.
These are considerable advantages over in-situ measurements, where data collection is labour and
time-intensive (Allahbakhshi, 2023; Froehlich et al., 2019).

Within the ZuriACT project, participants built a database containing raw data points on footpath
accessibility features in District 1 of Zurich. Further processing and validation of the collected data were
necessary to ensure a consistent and comprehensive database (Section 4.1) (Allahbakhshi & Ardiiser,
2024).
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3.1 Spatial Accessibility Features

The spatial accessibility features were collected within the citizen science project ZuriACT. After
data collection, the spatial accessibility features were analysed and validated to create a database
containing spatial accessibility information reflecting real-world conditions (Allahbakhshi & Ardiiser,
2024). Following the data collection period of the ZuriACT project using the Project Sidewalk tool
(https://sidewalk-zurich.cs.washington.edu), the infra3D tool (www.infra3d.ch) was used to validate
the raw spatial accessibility features and, where necessary, collected further data (Allahbakhshi, 2023;
Allahbakhshi & Ardiiser, 2024). Project Sidewalk is based on Google Street View (GSV) imagery,
whose shortcomings are addressed by infra3D’s regularly updated Street View Imagery (SVI) (every
two years) with higher resolution and better coverage (Allahbakhshi, 2023; Saha et al., 2019).

Both tools are based on virtually exploring the surroundings along the route, and features are
marked by placing a data point on the objects, representing spatial accessibility features, in the SVI
(iNovitas AG, 2024; Saha et al., 2019). The geometry of the spatial accessibility features placed on
a 3D image is converted into two-dimensional coordinates, i.e., latitude and longitude (Saha et al.,
2019).

3.1.1 Point Accessibility Features

The spatial accessibility feature categories available in Project Sidewalk and infra3D are curb ramp,
missing curb ramp, obstacle in path, surface problem, crosswalk, pedestrian signal, occlusion, and other,
represented as points in ZuriACT dataset.

The different data points were enriched with different attributes, referred to as tags. Additionally,
the data points were attributed with a severity rating of the spatial accessibility feature from 1 (fully
passable) to 5 (not passable) (Table 3.1), as well as the possibility to mark a problem as temporary, if
it only exists for a limited amount of time (Saha et al., 2019).

Table 3.1: Severity rating used to describe the impact of an object on footpath accessibility
(University of Zurich, 2024a)

Severity Rating Meaning

1 Fully passable

2 Almost fully passable
3 Passable

4 Almost not passable
5 Not passable
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Project Sidewalk provides spatially clustered data, where raw data points are already preprocessed
and clustered into groups. This clustering process aggregates spatial accessibility features into a single
data point, represented by the centroid location of all accessibility features assigned to one cluster.
Based on their spatial proximity, the features are grouped by spatial accessibility feature category,
e.g., curb ramp or pedestrian signal (Saha et al., 2019). While using preprocessed data may facilitate
the direct implementation of Project Sidewalk data, the data did not fit the purpose of my thesis. At
the time of this study, the Project Sidewalk API' did not only simplify the spatial accessibility data
in terms of its geometry but also aggregated attributes, resulting in the loss of detailed information
about single spatial accessibility features. Furthermore, data was validated using infra3D, additionally
making the clustered data from the Project Sidewalk API not serviceable for this work. This thesis’s
clustering and aggregation approaches and their differences from the clustering method implemented
by the Project Sidewalk API are described in more detail in Section 4.2.

The following sections describe the point spatial accessibility feature types collected within the
ZuriACT project. Figure 3.2 depicts the spatial accessibility feature data points collected in District
1. Besides the characteristics described below, spatial accessibility features can contain further in-
formation, namely severity ratings, the information if an object is temporarily influencing footpath
accessibility, and manually entered descriptions. All spatial accessibility feature categories contain
the above-mentioned information (severity, duration of impact, description), except for the category
occlusion. Figure 3.1 provides examples for each point accessibility feature category collected within
the ZuriACT project. Spatial accessibility features are marked by the label point in the GSV image,
where colours are chosen according to the colours used by the Project Sidewalk tool.

Curb Ramp

Short ramps that build up to a curb or cut through a curb are called curb ramp features (Figure 3.1a)
in the spatial accessibility features dataset (University of Zurich, 2024b). Accessible curb ramps enable
individuals with mobility restrictions to cross safely from footpaths to roads and vice versa (University
of Washington, Makeability Lab, 2024b). Curb ramps are often present at both ends of crosswalks and
pedestrian crossings without crosswalk markings (University of Zurich, 2024a). To enrich the collected
curb ramps further, the following tags were available in the dataset (University of Zurich, 2024b):
narrow, missing tactile warning, steep, not enough landing space, not level with street, surface problem,
debris/pooled water, and points into traffic.

Missing Curb Ramp

At locations on curbs where ramps would be necessary to cross the street, missing curb ramp points
(Figure 3.1b) were collected for the spatial accessibility features dataset (University of Zurich, 2024b).
Missing curb ramp data points were only included if the curb is not lowered and pedestrians are allowed
to cross a street. Tags available for the missing curb ramp feature were alternate route present, no
alternate route present, and unclear if needed (University of Washington, Makeability Lab, 2024c).

Obstacle

Objects on footpaths, crosswalks, and pedestrian areas were collected as obstacle in path points (Fig-
ure 3.1¢), obstacle here-on, and stored in the dataset on spatial accessibility features (University of
Zurich, 2024b). However, objects on footpaths were only classified as obstacle when the remain-
ing usable footpath width is less than 1.80 m (Schmidt & Manser, 2024; Schweizerischer Verband

LAn application programming interface (API) builds on a standardised set of rules that enables different software
systems to interact and share data or functionalities seamlessly (Goodwin, 2024). Project Sidewalk provides public
access to footpath accessibility data via their API (Saha et al., 2019).
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(g) Pedestrian signal feature (h) Occlusion feature (i) Other feature

Figure 3.1: Collected point spatial accessibility features (University of Washington, Makeability Lab,
2024c)

der Strassen- und Verkehrsfachleute VSS, 2014; University of Washington, Makeability Lab, 2024b).
As obstacles can vary greatly, different tags were provided to further distinguish between obstacles:
trash/recycling can, litter/garbage, fire hydrant, pole, bollard, tree, vegetation, parked car, parked bike,
parked scooter/motorcycle, construction, sign, garage entrance, stairs, height difference, narrow, and
outdoor dining area (University of Washington, Makeability Lab, 2024b).

Surface Problem

Features describing surface problems on footpaths are stored as surface problem features (Figure 3.1d)
in the spatial accessibility features dataset (University of Zurich, 2024b). These surface problems
cause an uncomfortable experience for a mobility-impaired person, up to the point that that person
cannot cross the area. Tags available for surface problems are bumpy, uneven/slanted, cracks, grass,
narrow, brick/cobblestone, construction, very broken, height difference, rail/tram track, sand/gravel,
utility panel, and debris (University of Washington, Makeability Lab, 2024c).

No Sidewalk

To indicate missing footpaths along streets, no sidewalk points (Figure 3.1e) are contained in the spatial
accessibility features dataset (University of Zurich, 2024b). These points can also indicate areas shared
by pedestrians and cars, as well as footpaths that end abruptly (University of Washington, Makeability
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Figure 3.2: Spatial accessibility features

Lab, 2024b; University of Zurich, 2024a). Further description is provided by the tags ends abruptly,
gravel/dirt road, shared pedestrian/car space, pedestrian lane marking, street has a sidewalk, and street
has no sidewalks (University of Washington, Makeability Lab, 2024c).

Crosswalk

The spatial accessibility features dataset contains the locations of crosswalks as crosswalk points (Fig-
ure 3.1f) (University of Zurich, 2024b). Crosswalks are legally defined areas to cross streets (University
of Zurich, 2024a). Pedestrian crossings without crosswalk marks are not contained in the dataset. Ad-
ditional information on the crosswalk points in the dataset is provided by the tags paint fading, broken
surface, uneven surface, brick/cobblestone, bumpy, rail /tram track, no pedestrian priority, covered walk-
way and very long crossing (University of Washington, Makeability Lab, 2024b).

Pedestrian Signal

Signals at intersections for pedestrians are also contained in the spatial accessibility features dataset
and named pedestrian signal (Figure 3.1g) (University of Zurich, 2024b). Pedestrian signals provide a
safer way for pedestrians to cross the street. The following tags are included to describe the signal types:
has button and button waist height (University of Washington, Makeability Lab, 2024c; University of
Zurich, 2024b).

Occlusion

The dataset contains points marking locations where footpaths cannot be seen, called occlusion (Figure
3.1h). Reasons for footpaths not being seen can be various, including objects like cars or vegetation
blocking the view and pixelated or blurry images (University of Zurich, 2024a).
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Other

As the provided categories might not cover all footpath-relevant accessibility features, other points
(Figure 3.1i) are available. Two tags, missing crosswalk and no bus stop access, are provided for other
features.

3.1.2 Linear Accessibility Features

In addition to the point accessibility feature categories, the three linear features vertical slope (Figure
3.3a), cross slope (Figure 3.3b), and width (Figure 3.3c) are available for linear footpath measurements
in infra3D (Figure 3.3) (iNovitas AG, 2024). However, linear features are not employed in this thesis.
The decision to exclude the available linear spatial accessibility features is based on the considerable
amount of work and time required to preprocess and analyse the dataset, which exceeds the limited
time frame of this thesis. Utilising this data would necessitate extensive preprocessing, including
interpolation and other adjustments, to ensure its suitability for the intended purpose. Nonetheless,
it is assumed that the dataset possesses significant value and potential for future research on footpath
accessibility in the City of Zurich.

(a) Vertical slope feature (b) Cross slope feature (c) Width feature

Figure 3.3: Collected point spatial accessibility features (iNovitas AG, 2024)

3.2 Surveying Data

3.2.1 Footpath Network

The footpath network used for network enrichment and routing was constructed from the City of
Zurich’s footpath and cycling network dataset (Stadt Ziirich, 2024b). It contains all footpaths and
cycling paths in the City of Zurich. The dataset consists of vector LineString data and is provided in
the CH1903+/LV95 reference system. The data is regularly updated, with the last update being on
19 October 2022. The dataset includes information such as the road name, whether a cycling path or
footpath is present, if there is an extra line for cyclists, or if the cycling path is a one-way street (Stadt
Zirich, 2024Db).
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3.2.2 Districts

District boundaries were used to extract data by location, specifically to remove data not situated in
District 1. Consequently, the City of Zurich’s district boundaries were employed (Stadt Ziirich, 2024c).
For the analysis, the most recent version of the district dataset was utilised, which was last updated
on 2 October 2023. The dataset consists of polygons representing the city districts and is reported
in the CH19034/LV95 reference system. Additional attributes include the district name and district
number (Stadt Ziirich, 2024c).

3.2.3 Crosswalk Data

The City of Zurich owns a dataset regarding the location of crosswalks that is not publicly available
(Stadt Ziirich, 2021a). However, the City provided this data for use within the ZuriACT project.
The dataset was last updated in 2021. The dataset is reported as points in the reference system
CH19034/LV95 and contains an identifier used within the administration along with the name of the
street being crossed (Stadt Ziirich, 2021a).

This dataset was used to supplement the crosswalk data from the ZuriACT project. While the
crosswalk data provided by the City of Zurich includes locations not covered by SVI in the Project
Sidewalk or the infra3D tool, the ZuriACT dataset offers more comprehensive information. For in-
stance, it contains details about accessibility issues, such as paint fading or lengthy crossings, along
with severity ratings that are absent in the City of Zurich’s dataset. Furthermore, the ZuriACT cross-
walks were gathered using SVI from 2022, rendering them more current than the data supplied by the
City of Zurich (Stadt Ziirich, 2021a; University of Zurich, 2024b).

3.2.4 Stairs and Height Differences

Data on stairs is based on official surveying data from the City of Zurich and extracted from that dataset
(Stadt Ziirich, 2024a). However, this led to a dataset that not only contained stairs on footpaths but
also stairs leading up to churches and other buildings, as those stairs were all marked as important
(Stadt Ziirich, 2024a). Further preprocessing was necessary to extract only stairs relevant to footpath
accessibility, further described in Section 4.1.2.

The stairs data was reported as polygons in the CH19034/LV95 reference system (Stadt Ziirich,
2024a). Similar to the City of Zurich’s crosswalk dataset, the stairs dataset retrieved from the official
surveying data complements the information on stairs and height differences gathered by the ZuriACT
project. Including this data source is particularly important since car-mounted SVI cannot capture
data on stairs, which are inherently inaccessible to cars.

3.2.5 Public Transport Tracks

To address surface unevenness caused by rail and tram tracks, the dataset from Kanton Ziirich (2024a)
on public transport lines in the Canton of Zurich is used. The dataset collected within the ZuriACT
project provides spatial accessibility features, namely crosswalk and surface problem, which indicate
the locations of rail and tram tracks. To complete the ZuriACT data, the Canton’s public transport
lines dataset is used. This dataset contains different data, such as the rail, bus, and tram lines reported
in the CH1903+/LV95 reference system. For the purpose of this thesis, only tram lines were of interest
as bus lines do not require tracks and rail lines in District 1 run underground, making it impossible for
pedestrians to cross them legally (Kanton Ziirich, 2024a). In addition to the geometry, the combined
dataset of bus and tram lines includes details about the line itself, such as its name and number, a
line key, and the direction of the vehicles on the line. To differentiate between bus and tram lines, the
field detailing the means of transport is included (Kanton Ziirich, 2024a).
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3.3 Federal Data

3.3.1 Digital Elevation Model

For reasons explained in Section 3.1.2, no data from ZuriACT was used on vertical slopes, i.e., in-
clines, in this Master’s thesis. Nonetheless, the influence of incline on spatial accessibility has been
documented previously (Beale et al., 2006; Rahaman et al., 2017). For instance, Rahaman et al.
(2017) identified the gradient of a route as the most influential factor affecting route accessibility in
their routing approach. Consequently, I chose to take into account the incline of footpath segments by
employing a digital elevation model (DEM) provided by the Federal Office of Topography swisstopo
(Bundesamt fiir Landestopographie swisstopo, 2024), following the method introduced by Pude (2022).
The dataset used offered a high spatial resolution of 0.5 m and was reported in the reference system
CH19034/LV95.

3.3.2 Population Raster

To create meaningful routes, it was necessary to establish appropriate origin and destination loca-
tions. Origin points were sourced from the Federal Statistical Office’s population dataset to reflect the
population’s home residences Bundesamt fiir Statistik BFS (2023). Destinations were determined by
extracting Points of Interest (POIs) from OSM, as outlined in Section 3.4.2.

To ensure privacy protection, the population dataset provided aggregated population information
from the year 2022, represented on a 100 m x 100 m raster and recorded in the CH1903+/LV95
reference system. The dataset included comprehensive demographic details per raster cell, such as
total population figures, the number of individuals across various age groups, the number of persons
residing in households, as well as information on citizenship and birthplace (Bundesamt fiir Statistik
BFS, 2023). For the purposes of this thesis, the total population per raster cell was the primary
variable of interest.

3.4 OpenStreetMap Data

3.4.1 Characteristics of OpenStreetMap

OpenStreetMap (OSM) (www.openstreetmap.org) is a platform established in 2004 that relies solely on
contributions of volunteers, a concept known as Volunteered Geographic Information (VGI) (Mooney
& Minghini, 2017; OpenStreetMap contributors, 2025). The foundation of VGI lies in the evolution
of internet technology. Early internet technologies, often referred to as the static web, were char-
acterised by a one-way content consumption, where users could only view information. In contrast,
past advancements introduced interactive platforms that enable individuals to create, share, and edit
content through blogs and wikis, commonly known as Web 2.0. This shift to user-generated content
is fundamental to VGI and, therefore, OSM, facilitating collaborative contributions, exchanges, and
edits of spatial data (Goodchild, 2007; Mooney & Minghini, 2017; Roche et al., 2013). Such voluntary
or involuntary contributions from citizens have become a viable source of data (Jokar Arsanjani et al.,
2015).

With its crowdsourced spatial database, OSM is a prime example of VGI on the internet. Anyone
can register as a contributor and supply data to the spatial database (Mooney & Minghini, 2017).
This database has become an essential basis for various software systems, applications, tools, and
web-based information stores such as wikis (Foody et al., 2017). Correspondingly, the previously
introduced routing services OSRM (Section 2.2.1) and ORS (Section 2.2.2) use OSM data as input
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for their routing algorithms. Furthermore, OSM data has become a valuable data source in research
(Foody et al., 2017).

Under the OpenStreetMap licence, access to the database and maps is (almost) free, making it a
practical data source (OpenStreetMap Wiki, 2024a). The focus of OSM does not lie on outputs like
cartographic outputs or maps but on creating a spatial database containing global cartographic data
and information (Mooney & Minghini, 2017). The OSM data model consists of three different types:
nodes, ways and relations. Spatial points are represented by nodes with coordinates, usually as latitude
and longitude. For polylines, at least two nodes are necessary to create a way. Similarly, a minimum
of three nodes are required for a polygon. Relations are logical collections of nodes and ways. OSM
requires at least one attribute or tag, named a key/value pair, for each object to characterise the object
(Foody et al., 2017). Data contributors can create their own tags, which sometimes leads to confusion
and disagreement about the proper use of specific tags. To avoid this, the OSM Map Features pages
on the OSM Wiki describe the officially adopted OSM tags (Foody et al., 2017; OpenStreetMap Wiki,
2024c). Wiki pages describe agreed-upon standards and typical application of the tags, promoting
consistency within the platform (Foody et al., 2017; Mooney & Minghini, 2017).

Drawing upon the value of the spatial database provided by OSM contributors, this Master’s thesis
used OSM data to create meaningful routes.

3.4.2 Points of Interest

In conjunction with the origin locations derived from population data, OSM data points served as des-
tination locations. As routes started at population points, reflecting the residences of the population,
destinations comprised various points of interest (POIs) from multiple categories (OpenStreetMap con-
tributors, 2024). Table 3.2 displays the tags employed to extract different POIs across several categories
within the City of Zurich as spatial points. Categories were created for the purpose of this Master’s
thesis. Descriptions are based on the explanations provided in the OSM Wiki (OpenStreetMap Wiki,
2024c).

Table 3.2: Extracted POIs from OSM (OpenStreetMap contributors, 2024; OpenStreetMap Wiki,
2024c)

Category OSM Tag Description

Healthcare services  amenity: clinic Medical centre with more staff than a
doctor’s office

amenity: dentist Place with professional dental surgeon

amenity: doctors Place to get medical attention or check up on
a physician

amenity: hospital Health care institution providing treatment
by specialists

amenity: pharmacy Shop where pharmacists sell medications

Groceries amenity: marketplace Public marketplace where goods and services
are traded daily/weekly

shop: supermarket Shop for groceries and other goods

Continued on the next page
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Category OSM Tag Description
Financial and amenity: bank Financial institution where customers can
administrative deposit and withdraw money, take loans,
services invest, and transfer funds
amenity: post office Institution that offers services such as
sending/collecting letters/parcels or sale of
stamps
amenity: townhall Often the seat of mayor or a community
meeting place
Education amenity: college Post-secondary education institution
amenity: language school Educational institution to study foreign
languages
amenity: library Collection of information and services,
housed and maintained by a public body,
institution, or individual
amenity: music school Educational institution specialised in the
study, training, and research of music
amenity: university Institution for of higher education
Leisure, sports, and  amenity: bbq Permanently built place for having a
entertainment barbecue (BBQ) or grill
amenity: cinema Place showing movies, open to the public for
a fee
amenity: community Public locations where members of a
centre community gather for group activities,

informal/formal meetings, public

information, or events

leisure: park

Area of open space for recreational use in
semi-natural state

amenity: place of Place of worship, independent of religions or
worship denominations
amenity: public bath Location where public bathe together and

structures of human-made structures are

present

leisure: sports centre

Facility where sports take place within a
enclosed area

leisure: stadium

Major sports facility with substantial tiered
seating
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Category OSM Tag Description

Leisure, sports, and  amenity: theatre Location where live performances occur, such

entertainment as plays, musicals or formal concerts
tourism: zoo Place with confined animals on display for

public viewing

Food and drinks amenity: bar Commercial establishment that sells alcoholic
drinks to be consumed on the premises

amenity: biergarten Open-air area with benches where beer and
other beverages are served

amenity: cafe Informal place with sit-down facilities selling
beverages and light meals and/or snacks

amenity: fast food Place concentrating on very fast counter-only
service and take-away food

amenity: pub Establishment that sells alcoholic drinks to
be consumed on the premises, characterised
by traditional appearance

amenity: restaurant Formal eating places with sit-down facilities
selling full meals served by
waiters/waitresses, often licensed to sell
alcoholic drinks

Using the tags to download POIs from OSM resulted in a dataset containing 3’205 POIs on 24 October
2024 (Figure 3.4).
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Figure 3.4: POIs extracted from OSM (OpenStreetMap contributors, 2024)
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Using official data as well as crowd-sourced spatial features to add accessibility information to the
footpaths of Zurich’s District 1 required several preprocessing steps. The steps ultimately served
the goal of applying a routing algorithm to the footpath network, namely, Dijkstra’s Shortest Path
algorithm to the network. The single steps conducted throughout the analysis are displayed in the
graph in Figure 4.1. The analysis was conducted using the Software R, version 4.4.0.

Footpath Footpath
enrichment & network Routing
segmentation generation

Statistical
analysis

Data Data Data
preprocessing clustering aggregation

Figure 4.1: Methodology and procedural steps of the analysis

4.1 Data Validation and Preprocessing

Crowd-sourced data hold great potential to enhance the collection of detailed spatial accessibility
features, such as relevant information on footpaths (Allahbakhshi, 2023). However, data gathered by
citizens necessitates rigorous validation to ensure that the information provided on accessibility mirrors

real-world conditions (Wiggins et al., 2011).

4.1.1 Spatial Accessibility Features Validation

As non-experts gathered spatial accessibility data, validating this data was crucial to ensure consistency
throughout and confirm that the collected features indeed affected footpath accessibility (Allahbakhshi
& Ardiiser, 2024). Data validation was conducted as part of the ZuriACT project and this Master’s
thesis. Five research assistants, including myself, were trained to validate the spatial accessibility
features, with each feature reviewed by at least two assistants (Allahbakhshi & Ardiiser, 2024).

The validation of the spatial accessibility features in infra3D was conducted by rating the agreement
of a collected feature as agree for features that were accurately collected, disagree for incorrect features,
and not sure for inconclusive features (Allahbakhshi & Ardiiser, 2024; iNovitas AG, 2024; Saha et al.,
2019).

For this Master’s thesis, spatial accessibility features were filtered by the second validation, which
was deemed the agreed-upon validation. This means that the only features included in the further
analysis were those where the second validation was agree. As the focus of this thesis lies in enriching
footpath networks and applying routing services, no additional investigation into the agreement levels
of research assistants during validation or similar analyses was performed.
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Through data validation, I commonly corrected the following three issues, which could potentially lead
to erroneous effects on the routing outcomes:

e Object on footpaths were marked as obstacles even though they were not obstructing footpaths,
meaning that they did not impact footpath accessibility. Including such objects in the footpath
network would lead to erroneous routing results.

e Temporary objects were sometimes not marked as such, meaning that they did not provide
the information that the object was only temporarily obstructing the footpath. Examples are
construction sites and parked vehicles. Correcting this attribute was required in order to clearly
distinguish between temporary and permanent obstacles, which were later used for different
routing scenarios.

e In some cases, data points were placed on features not located on footpaths, such as entrance
stairs to private buildings. Despite the significance of such accessibility-relevant information,
these data points can be incorrectly assigned to the footpath network, leading to inaccurate
accessibility assessments and adversely affecting routing results

During the data validation process, missing spatial accessibility features were identified that had either
been overlooked or could not be collected due to limited GSV coverage. This led to a final count of
8’909 spatial accessibility features exported from infra3D. After excluding incorrectly collected data
points based on the validation process, 8498 features remained, which were ultimately used in the
analysis.

4.1.2 Spatial Accessibility Features Preprocessing

To create a clean dataset, the label data underwent extensive preprocessing in the R. Since the point
data downloaded from infra3D consists of individual datasets, one for each spatial accessibility feature
type, these datasets are merged into a single dataset containing all data points.

Due to inconsistencies in the data structure between the features previously collected using Project
Sidewalk and the data acquired through infra3D, some preprocessing steps were necessary. For in-
stance, obstacles in Project Sidewalk were referred to as obstacle, whereas those in infra3D were
termed obstacles. These inconsistent terms generated two distinct spatial accessibility feature datasets
that described the same accessibility category. To resolve this, all obstacles created in infra3D were
renamed to obstacle. Moreover, all datasets were reprojected into the CH1903+/LV95 reference system
to ensure consistency. Next, I filtered spatial accessibility features based on the second validation in
infra3D, which meant that only data points with a second validation value of agree were considered.

Following these steps, the dataset was divided into two subsets to provide a clearer overview. The
first subset included all attributes relevant to accessibility, such as the spatial accessibility feature type,
the severity of the feature, and the tags assigned to each feature. The second subset comprised the
attributes related to the data validation process, including details on who validated a data point and
how the label was validated (e.g., agree, disagree, not sure).

Revision of Spatial Accessibility Feature Types

Following data preprocessing, the spatial accessibility feature categories were revised, leading to the
generation of additional categories derived from the original dataset: curb ramp, missing curb ramp,
obstacle, surface problem, no sidewalk, crosswalk, pedestrian signal, occlusion, and other, which are
introduced in Section 3.1.1. Table 4.1 summarises the modifications made to these features. The cate-
gories curb ramp, missing curb ramp, and pedestrian signal remained unchanged, as their tags primarily
served to provide further descriptions of these categories, not allowing for meaningful subdivision.
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In contrast, the obstacle category was subdivided into new, more specific categories: construction,
parked motorcycle/bike, parked car, and height difference. This subdivision was made since the various
obstacle types have distinct implications for accessibility. For instance, obstacles such as vegetation or
poles might be passable for wheelchair users, while height differences, such as steps or stairs, present
significant barriers (Georgescu et al., 2024). Construction sites and parked vehicles were further
identified as specific types of obstacles. I decided to differentiate between parked cars and parked
motorcycles and bikes due to their differing sizes, which results in varying impacts based on the space
they occupy. Some features, however, were not reassigned and remained within the broader obstacle
category.

The original surface problem category was divided into two distinct categories. Features with tags
describing the surface material were reassigned to the newly created surface material type category.
Surface problem features with tags indicating issues on footpath surfaces, such as cracks or very
broken surfaces, remained in the surface problem category. Some tags were used across various spatial
accessibility feature categories, requiring the consolidation of overlapping features into single categories.
For instance, the construction tag appeared in both the obstacle and surface problem categories,
leading to redundancy. All features with the construction tag were consolidated into the construction
category to rectify this. The same applies to the height difference tag from the obstacle category,
the rail/tram track tag from the crosswalk category, and the narrow tag also present in the obstacle
category. Additionally, features initially categorised as surface problems and tagged with wutility panel
were reassigned to the obstacle category. A manual inspection revealed that these features were not
issues on surfaces but rather large obstacles obstructing the footpath.

Features from the no sidewalk category, tagged for shared use by both pedestrians and vehicles,
were reassigned to the newly established shared space category. Meanwhile, no sidewalk features with
alternative tags remained classified under no sidewalk.

The crosswalk features were reassigned to different categories, except for those tagged with no
pedestrian priority, paint fading, and very long crossing. Crosswalk features marked with the tag
brick/cobblestone were recategorised into the surface material type category, which was created from
various surface material types derived from the original surface problem tags. As a result, crosswalk
features with tags denoting broken surface, uneven surface, and bumpy, all indicating surface issues,
were placed into the surface problem category.

Since the occlusion category allowed marking areas where the view of the footpath was obstructed,
the locations of these labels indicate areas of uncertainty, meaning that spatial accessibility feature
collection was not possible there. While this information is vital for potential supplementary in-situ
data collection, it did not provide direct information on footpath accessibility. Instead, it introduced a
sort of ”accessibility uncertainty”, which is, without a doubt, a relevant component but not considered
in this Master’s thesis. Therefore, the occlusion category and its data were discarded.

As the manual inspection of the remaining other features did not provide any additional accessibility-
relevant information, I removed these features and, therefore, the other category.

The revision of the spatial accessibility feature categories increased the number of features from
8’498 to 8’935.

Table 4.1: Spatial accessibility features: original and revised categories

Original Spatial Accessi- Tag New Spatial Accessibility
bility Feature Category Feature Category
Curb ramp Missing tactile warning Curb ramp

Continued on the next page
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Original Spatial Accessi- Tag New Spatial Accessibility
bility Feature Category Feature Category
Curb ramp Narrow Curb ramp

Not enough landing space Curb ramp

Not level with street Curb ramp

Points into traffic Curb ramp

Debris/pooled water Curb ramp

Steep Curb ramp

Surface problem Curb ramp

Missing curb ramp

Alternate route present

Missing curb ramp

No alternate route

Missing curb ramp

Unclear if needed

Missing curb ramp

Obstacle

Construction Construction™®
Fire hydrant Obstacle
Litter/garbage Obstacle
Trash/recycling can Obstacle
Narrow Obstacle
Outdoor dining area Obstacle

Parked bike

Parked motorcycle/bike*

Parked car

Parked car*

Parked scooter /motorcycle

Parked motorcycle/bike*

Pole Obstacle
Bollard Obstacle
Sign Obstacle
Stairs Height difference*

Height difference

Height difference*

Garage entrance Obstacle
Tree Obstacle
Vegetation Obstacle
Surface problem Brick/cobblestone Surface material type*
Bumpy Surface problem

Very broken

Surface problem

33

Continued on the next page



Chapter 4. Methodology

Original Spatial Accessi- Tag New Spatial Accessibility
bility Feature Category Feature Category
Surface problem Uneven/slanted Surface problem
Cracks Surface problem
Grass Surface material type*
Debris Surface material type*
Sand/gravel Surface material type*

Height difference

Height difference*

Construction

Construction™®

Narrow

Obstacle**

Rail/tram track

Rail/tram track™*

Utility panel

Obstacle**

No sidewalk

Ends abruptly

No sidewalk

Gravel/dirt road

Shared space*

Covered walkway

No sidewalk

Pedestrian lane marking

Shared space*

Shared pedestrian/car space

Shared space*

Street has a sidewalk

No sidewalk

Street has no sidewalks

No sidewalk

Crosswalk

Brick/cobblestone

Surface material type*

Broken surface

Surface problem™**

Uneven surface

Surface problem™**

Bumpy Surface problem™**
No pedestrian priority Crosswalk
Paint fading Crosswalk

Rail/tram track

Rail/tram track™®

Very long crossing

Crosswalk

Pedestrian signal

Button waist height

Pedestrian signal

Has button

Pedestrian signal

Hard to reach button

Pedestrian signal

Tactile-audible buttons

Pedestrian signal

One button

Pedestrian signal
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Original Spatial Accessi- Tag New Spatial Accessibility
bility Feature Category Feature Category
Pedestrian signal Two buttons Pedestrian signal
Occlusion Manual inspection
Other Missing crosswalk Manual inspection

No bus stop access Manual inspection

* Newly created spatial accessibility feature category
** Reassigned to another spatial accessibility feature category

Attribute Revision

Temporary Spatial Accessibility Features
Despite extensive data validation, inconsistent data might still persist in the spatial accessibility fea-
tures dataset. To address a potential source of such inconsistencies, temporary features were explicitly
marked. Since the spatial accessibility features already contained the information on whether a feature
was temporarily or permanently affecting footpath accessibility (field temporary with possible values
TRUE for temporary and FALSE for permanent features), the value of this field could be modified. By
ensuring that the temporary field was set to TRUE, features that were inherently temporary in nature
were indicated as such. The spatial accessibility features from the categories construction, parked car,
and parked motorcycle/bike were affected by these actions.

This approach was not applied to all feature categories that might temporarily impact footpath
accessibility, as some features were not inherently temporary, such as signs from the obstacle category.
In these instances, I relied on data collection and validation.

Pedestrian Signal Severity

Since the spatial accessibility feature pedestrian signal is not rated for severity in either Project Side-
walk or infra3D (iNovitas AG, 2024; University of Washington, Makeability Lab, 2024c), a manual
severity assignment process was necessary. The severity rating was determined based on the tags as-
sociated with each pedestrian signal. Signals that had both the has button and button waist height
tags were assigned a severity rating of 1. In instances where no tags were assigned to a pedestrian
signal, a default severity rating of 2 was applied. Given that the dataset consistently included either
both tags, has button and button waist height, or neither for each pedestrian signal, no further severity
estimation was required.

Spatial Accessibility Feature Enrichment with Alternative Data Sources

Alternative data sources were integrated to address gaps in the spatial accessibility features dataset
collected within the ZuriACT project. These included the City of Zurich’s stairs and unofficial cross-
walk data, as well as the Canton of Zurich’s public transport line data. These datasets aimed to
enrich the ZuriACT dataset, particularly in areas where SVI coverage is limited and, therefore, data
is lacking. Furthermore, such official and validated information served as an excellent data source for
this thesis. Nevertheless, utilising ZuriACT data offered unique advantages, such as severity ratings
for spatial accessibility features and information on whether their impact on accessibility is temporary
or permanent. Preprocessing steps were necessary to merge the Canton and City datasets with the
ZuriACT dataset. In particular, the geometries of the alternative datasets were converted to points to
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ensure compatibility with the ZuriACT dataset. The following sections detail the preprocessing steps
undertaken for each dataset. The enrichment with alternative data sources led to a total of 13’850
individual spatial accessibility features.

Crosswalks

As introduced in Section 3.2.3, the crosswalk features were enriched with an official crosswalk dataset
that is not publicly available, provided by the City of Zurich (Stadt Ziirich, 2021a). Using this
dataset enabled me to address gaps resulting from the limited SVI coverage. Given that the ZuriACT
dataset is more extensive, the City’s crosswalk dataset underwent several preprocessing steps. To
adapt the City’s crosswalks to the ZuriACT crosswalk features, all attributes from the City’s dataset
were removed, except for the point locations of the crosswalks. These simplified crosswalks were
subsequently merged with the ZuriACT dataset. Since the City of Zurich’s dataset was not attributed
with tags or information regarding whether they are permanent or temporary features, those values
were manually adjusted to align with the ZuriACT dataset. The crosswalks’ temporary attribute was
set to FALSE, thereby assuming that they existed indefinitely. As there were no additional tags or
severity ratings available, these attributes remained unadjusted and were, therefore, left blank.

Height Difference

Next, the City of Zurich’s stairs dataset was merged with the height difference features. As the official
stairs dataset consists of polygons representing ”important stairs”, meaning that stairs not located
on footpaths were present in the dataset, only relevant stairs were extracted. I used the st_intersects
function from the sf package to identify which stairs polygons overlapped with footpath segments
(Pebesma, 2016). After extracting the identified stairs polygons, the centroid (using the function
st_centroid from the sf package) of each polygon was calculated to create point geometries, aligning
with the geometry of the ZuriACT data. Following these steps, the stairs dataset was merged with
the ZuriACT height difference features. The severity rating for stairs was set to the highest possible
severity level, 5, as stairs represent a significant barrier for mobility-impaired individuals (Georgescu
et al., 2024). Furthermore, stairs were assumed to be a permanent barrier, meaning that the temporary
attribute was set to FALSE.

Rail and Tram Tracks

A public transport line dataset from the Canton of Zurich was utilised to account for uneven surfaces
caused by rail and tram tracks. Since the dataset included line geometries for various modes of
transport, I extracted the tram lines in District 1. These lines were then split into smaller segments
of 10 m using the function line_segment from the stplanr package (Lovelace & Ellison, 2019). From
these segments, centroids were generated with the st_centroid function to convert the line geometries
into point geometry, compatible with the ZuriACT data geometry. These processes produced points
along the tram tracks at regular 10 m intervals. The point data was subsequently merged with the
ZuriACT rail/tram track features. In line with the assumptions made for the additional stairs and
crosswalk datasets, the tram tracks were deemed permanent by setting the temporary attribute to
FALSE. Moreover, an increased severity of 2 was assumed, as the presence of these features adds

unevenness to surfaces.

4.2 Clustering and Aggregation

Following the described data preprocessing, the spatial accessibility features were clustered into groups
and subsequently aggregated. These two steps were essential in creating meaningful clusters of spatial
accessibility features representing real-world footpath features. Due to the remote data collection, the
possibility existed that one feature could be marked from different perspectives (various panoramas)
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by either the same individual or different individuals. This resulted in multiple data points potentially
describing the same spatial accessibility feature (Saha et al., 2019). Therefore, spatial accessibility
features were organised into clusters and then aggregated to yield a singular data point for each
spatial accessibility feature (Saha et al., 2019).

Figure 4.2 illustrates the essential steps involved in the clustering and aggregation process. The
clustering phase included the formulation of distance matrices for each spatial accessibility category,
followed by the implementation of a clustering algorithm on these matrices. By employing category-
dependent distance thresholds, spatial accessibility features were organised into clusters. New ge-
ometries were generated for each cluster, representing the midpoint of each grouping. All spatial
accessibility features allocated to a given cluster were then consolidated into this newly created mid-
point. The methods and tools utilised during these processes are explained in greater detail in the
following sections.

Clustering Aggregation

Generation of Application of Application of Generating Aggregation to
distance » hierarchical m»f distance b cluster mid- p»{ one point per
matrices clustering thresholds points cluster

Figure 4.2: Schematic representation of the clustering and aggregation steps

4.2.1 Clustering

To group spatial accessibility features by category, a hierarchical clustering approach was employed,
similar to the method used by Saha et al. (2019). The ZuriACT dataset was first divided into subsets
based on categories of spatial accessibility features. A pairwise distance matrix for each subset was
calculated using the distm function from the geosphere package (Hijmans et al., 2024), determining the
distance between each spatial accessibility feature. The resulting distance matrices were then input
into the hclust function from the stats package (Murtagh, 2024) to perform hierarchical clustering.
Initially, each object, i.e., a spatial accessibility feature, was treated as its own cluster. The algorithm
then iteratively merged the two most similar clusters at each step, continuing until all objects were
combined into a single cluster (Murtagh, 2024). The clustering method complete was applied, which
uses the maximum distance between points in different clusters to determine similarity. This method is
particularly effective for identifying well-separated clusters (Geetha, 2022; Murtagh, 2024). In contrast
to the two-step hierarchical clustering algorithm implemented by Saha et al. (2019), which clustered the
spatial accessibility feature points first per user and then generally, I did not consider user information
to create clusters.

The clustering algorithm was executed for each spatial accessibility feature dataset, resulting in
a dendrogram. By applying specific distance thresholds, as described in the following section, these
dendrograms were segmented to produce distinct clusters. Figure 4.3 displays the dendrogram for the
no sidewalk feature, generated by the hclust function. The x-axis represents individual spatial accessi-
bility feature points, specifically each no sidewalk point collected. The logarithmic y-axis indicates the
distance between the individual features. The figure illustrates the application of the hclust algorithm,
starting with each individual point as a cluster and ending at all points belonging to one cluster. The
dashed line displays the distance threshold at which the dendrogram is cut, meaning that all feature
points located within a distance lower than the threshold belong to a cluster, whereas features located
further away are not assigned to a cluster but instead form a separate cluster.
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Figure 4.3: Resulting dendrogram of the spatial accessibility feature no sidewalk, after the
application of the hclust function

Distance Thresholds

Distance thresholds were determined to define at which distances spatial accessibility feature points
would be considered part of the same cluster or remain as individual clusters. Thus, defining thresh-
olds for each spatial accessibility feature category was crucial. The initial values were based on the
clustering approach introduced by Saha et al. (2019), who empirically determined thresholds by iter-
atively computing clusters at varying distance thresholds ranging from 0 to 50 m. Ultimately, they
applied 2 m for curb ramp features and 7.5 m for the other feature categories. I selected my threshold
values based on the intended length of my segments, beginning with 10 m. The thresholds were then
reduced by 1 m per iteration. For feature categories that are naturally located close together, such as
two pedestrian signals for different directions at an intersection, lower distance thresholds were chosen.
The results were evaluated visually, and adjustments were made throughout the network enrichment
process. I found that the values ultimately applied, summarised in Table 4.2, represent a good balance
between preserving data granularity and minimising information loss.

Table 4.2: Distance thresholds per spatial accessibility feature category, applied for clustering

Spatial Accessibility Feature Category Distance Threshold
Curb ramp 6 m
Missing curb ramp 6 m

Continued on the next page
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Spatial Accessibility Feature Category Distance Threshold
Surface problem 9m
Surface material type 9 m
No sidewalk 9 m
Obstacle 9m
Construction 9m
Height difference 9m
Parked car 9 m
Parked motorcycle/bike 9m
Rail/tram track 8 m
Shared space 9 m
Crosswalk 9m
Pedestrian signal 2 m

4.2.2 Aggregation

Following the clustering process, features assigned to the same cluster were aggregated into a single data
point. The approach applied here was built on the methodology introduced by Saha et al. (2019), which
was designed for clustering and aggregating Project Sidewalk data available via the API (University
of Washington, Makeability Lab, 2024a). However, their aggregation strategy resulted in the loss of
accessibility-relevant information, such as tags assigned to the features. Moreover, their aggregation
method did not account for the individual who collected the data. Since this information may hold great
potential for various applications using spatial accessibility information, such as personalised routing,
it is crucial to consider personal perceptions. While this work generalised accessibility-relevant data
for a broader group of mobility-impaired individuals, user information, namely anonymised ZuriACT
participant information, was retained throughout the data aggregation, which is beneficial for potential
future applications.

Data aggregation per cluster was performed using the summarise function from the dplyr package
(Wickham et al., 2024). This function generates one entry for each value of a grouping variable,
making it suitable for aggregating clustered data. For each category of spatial accessibility feature, I
combined every cluster into a single data point. The description below provides information regarding
the calculations for the new attributes found in the clustered and aggregated data:

e Location: The new single point location for all feature points assigned to a cluster is determined
by averaging the latitude and longitude of each feature point within that cluster.

e Severity Rating: The new severity rating was determined as the median severity rating of
the spatial accessibility features within a cluster. Unlike the Project Sidewalk approach, which
employed the mean, the median was selected to minimise sensitivity to outliers. In instances
where the cluster contained an even number of features, the higher severity rating was chosen.

e Temporary: The temporary field, a binary variable with values of TRUE or FALSE, was deter-
mined based on the most frequently mentioned variable within the cluster, indicating whether a
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spatial accessibility feature was temporary or permanent.

e Tags: Contrary to the aggregation approach from Project Sidewalk, all tags associated with
individual features were retained as a list for each aggregated point.

e Description: All descriptions provided by ZuriACT participants were preserved to ensure de-
tailed information about spatial accessibility features was maintained.

e Group: The information about the participant groups was summarised in a list maintained for
the newly developed spatial accessibility feature point.

e IDs: To ensure reproducibility and confirm that the aggregation process worked properly, both
the original ID of a spatial accessibility feature and the ID identifying individual clusters were
retained in the newly aggregated data point.

Figure 4.4 illustrates how spatial accessibility features were clustered (clusters are indicated by colour)
and aggregated into a single feature point (stars) containing all relevant information regarding accessi-
bility. The process is represented for the spatial accessibility feature category curb ramp. This example
effectively demonstrates how multiple data points describe the same curb ramps. Data clustering and
aggregation eliminate this redundancy, ultimately consolidating all data points into one single point
per curb ramp.

Figure 4.4: Resulting spatial accessibility features curb ramp clusters, created by hierarchical
clustering, and aggregated curb ramp points (Areal image: Kanton Ziirich (2020))

4.3 Footpath Network

To apply a routing algorithm, a network was required, as the algorithm generates routes between
origins and destinations based on this network (Neis, 2015). Traditionally, a network is represented
as a graph G = (V, E), where V denotes a set of vertices or nodes, and E signifies a set of edges
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that define relationships between these nodes (Rhoads et al., 2023). The adaptation of a real-world
transport system network can be straightforward in some instances. For instance, a subway system
can be modelled as a spatial network, with stations as nodes and the connections between them
depicted as edges (Rhoads et al., 2023). However, road networks tend to be more complex. In a graph
representation, nodes correspond to intersections, and edges represent the streets connecting these
intersections. Each node effectively serves as a decision point where drivers choose their next direction.
This structure, however, implies that only intersections, and not roads, can serve as the starting or
ending points of journeys. To overcome this limitation, the network can be inverted, whereby roads
are mapped as nodes and intersections as edges. Although this approach addresses the limitation, it
is less intuitive (Rhoads et al., 2023). Consequently, Rhoads et al. (2023) state that the translation
from a real-world system to a spatial network is a complex process and requires careful adaptation to
fit the needs of the application of the spatial network. Figure 4.5 illustrates how footpaths and roads
can be mapped as a footpath network and a road network. .
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Figure 4.5: Footpath and roads mapped as two networks (Rhoads et al., 2023)

Traditionally, routing algorithms focus on creating the shortest path between origin and destination
by minimising the cost of travel time or route length (Sevtsuk & Basu, 2022). However, recent
developments emphasise that this parameter alone fails to capture the usability of a route for mobility-
impaired individuals. Therefore, additional parameters reflecting route accessibility are necessary.
Each of these parameters introduces a specific cost to a route segment (Neis, 2015). Minimising the
overall cost of a route involves reducing the number or the negative impact of spatial accessibility
features, such as obstacles, ultimately producing the most accessible route option (Neis, 2015).

In this thesis, the network was composed of footpath data for District 1 of the City of Zurich,
as further elaborated in 4.3.3. To assess the accessibility of footpath segments, the footpath data
was first enriched using the preprocessed spatial accessibility features (Section 4.3.1), followed by the
computation of the accessibility-relevant costs introduced by the features (Section 4.3.2). Only after
enriching the footpath data and calculating the accessibility costs of individual footpath segments, was
the footpath dataset transformed into a footpath network (Section 4.3.3).
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4.3.1 Footpath Enrichment with Spatial Accessibility Features

Before transforming the City’s footpath dataset into a network, spatial accessibility information was
incorporated into the dataset through spatial accessibility features. The following sections outline the
steps required to accomplish this task.

Footpath Segmentation

Due to the differing geometries of the data, namely, spatial accessibility features represented as points
and the footpath dataset consisting of LineStrings, the footpath dataset required preprocessing prior
to data enrichment. Consequently, the footpath lines were split into smaller line segments. A segment
length of 10 m was selected, following the methodology of Rahaman et al. (2017). In their study, the
authors employed a shortest path algorithm that integrated both length and incline to identify the
shortest accessible path, taking elevation changes into account. They overlaid the footpath network
with contour lines and divided it at the intersections of the footpath network with the contour lines,
thus enabling slope calculations (Rahaman et al., 2017). Rahaman et al. (2017) utilised a fine contour
interval of 5 m to capture subtle changes in elevation. To validate their methodology, they applied
their shortest path algorithm to a network consisting of 10 m segments, where the slope was computed
for each segment. When tested in San Francisco, Lisbon, and Singapore, their study showed that the
use of contour lines yielded results comparable to those derived from the 10 m segment network. For
District 1 of Zurich, a segment size of 10 m was chosen to detect minor elevation changes. Alternative
segment lengths, such as 20 m, were qualitatively evaluated. However, these did not accurately reflect
real-world conditions as effectively as the 10 m segments. Given the relatively small study area of
District 1, utilising shorter segments proved computationally feasible and provided greater precision
in capturing elevation changes.

To divide the footpath lines into smaller segments, the function line_segment from the R package
stplanr was used as it permits the subdivision of sf objects with a LineString geometry into regular
segments (Lovelace & Ellison, 2019). The benefit of this function is that the attributes remain intact
throughout the segmentation process.

Footpath segmentation was conducted only after the dataset was enriched with the spatial accessi-
bility features crosswalk, as explained in the following section, to ensure that the crosswalk information
was assigned to the entire crosswalk segment. After enhancing the footpath with crosswalk features,
the segmentation was carried out before proceeding with further enrichment of spatial accessibility
features. The next sections describe the process of enriching the footpath dataset with the spatial
accessibility features described in Section 3.1.1.

Crosswalk Features

As previously introduced, crosswalk features (Figure 4.6a) were added to the footpath dataset before
it was split into smaller segments. This step was taken prior to segmentation to ensure that the
crosswalk feature was attributed to the entire crossing segment (Figure 4.6b), which could exceed 10
m in length and might otherwise be divided during the segmentation process. In such cases, crosswak
features would be assigned only to the nearest segment, potentially failing to cover the entire street
width (Figure 4.6¢).

To attribute the footpath data with the crosswalk features, the crosswalk points were assigned to
the nearest footpath segment using the function st_nearest_feature from the R package sf (Pebesma,
2016). Additionally, a maximum threshold distance of 3 m was chosen to prevent crosswalk features
from being incorrectly assigned to a footpath segment that might be nearer than the actual crosswalk
but not part of a crosswalk in reality. This threshold of 3 m was established by iteratively enriching
the footpath segments with the crosswalk information, starting with 10 m and reducing the threshold
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(a) Footpath prior to the (b) Footpath after the allocation (c) Segmented footpath after the
allocation with a crosswalk with a crosswalk feature (prior allocation with a crosswalk
feature to segmentation) feature

Figure 4.6: Footpath enrichment with spatial accessibility feature crosswalk (Aerial images: Kanton
Ziirich (2020))

distance by 1 m per iteration. It has proven to be a suitable compromise between accurately identifying
crosswalk segments and incorrectly assigning crosswalk features to footpath segments representing
sidewalks. Each footpath segment was ultimately enriched with information on whether it was a
crosswalk segment or not, i.e., whether a crosswalk point was assigned to this footpath segment. In
addition to this information, the severity rating and whether a feature was temporary or not were
preserved for the subsequent steps.

In addition to the spatial accessibility features crosswalk (Figure 4.7a), segments were identified
where crossing is possible, though not secured and lacking pedestrian priority. Since the footpath
dataset included names for each line, all lines containing the string Uberquerung (eng. crossing)
were recognised (Figure 4.7b), for instance, Limmatquai (jberquemng. The severity of these segments
was assigned a value of 2, given that there was, as previously mentioned, no pedestrian priority.
Furthermore, I presumed them to be permanent; thus, temporary was marked as FALSE. However,
this only applied to Uberquerung segments not previously identified as crosswalks by the crosswalk
features.

Although spatial accessibility features previously underwent clustering and aggregation steps, there
remained a possibility of multiple clustered and aggregated features from the same category being
assigned to the same footpath segment. This issue arose from the spatial configuration of clusters
and the distance thresholds employed during clustering. These factors could lead to the formation
of multiple clusters in a specific area, all of which might share the same nearest footpath segment.
Consequently, the aggregated features would be allocated to the same footpath segment. While this
issue was more pronounced for other spatial feature categories, it also occurred for crosswalk features.
To address this, I chose to remove all crosswalk features except the one with the highest severity rating,
thereby ensuring that the accessibility of a segment was not underestimated. By considering the highest
severity, namely the most severe and hence the most inaccessible crosswalk rating, I eliminated the
possibility of overlooking potentially less accessible features within the same footpath segment.

Alternative Crossing Option
In addition to enhancing crosswalks using the spatial accessibility features (Figure 4.7a) and the names
of the footpath lines (Figure 4.7b), a third option for street crossings was examined. This was based
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on the premise that street crossings are feasible where curbs are lowered and present on both sides of
the streets, as indicated by the locations of the spatial accessibility features curb ramp (Figure 4.7c).

SSibility features curb ramp
ments based on curb zanlp %}atures 3

(a) Spatial accessibility feature (b) Crossing as indicated by the (c) Generation of crossing

crosswalk allocated to the name of the footpath segment segments based on lowered
footpath segment, resulting in a containing ” Uberquerung” curbs, indicated by curb ramp
crosswalk segment (crossing) features

Figure 4.7: Different crossing options (Aerial images: Kanton Ziirich (2020))

After identifying footpath segments where the spatial accessibility feature curb ramp was present
(Figure 4.8) (more on this step in the following section), additional footpath segments were incorporated
into the footpath dataset. To generate new segments with lowered curbs, footpath segments with curb
ramp features were extracted (Figure 4.8¢), and segments with crosswalk features were temporarily
removed from the extracted segments to maintain their geometry and attributes. Only the footpath
segments with curb ramps were used for the following steps. Crosswalk segments were reintroduced
into the footpath dataset after the generation of additional crossing segments.

G CUTD m——p

<—lowered curb=—> . e
spatial accessibility curb ramp feature

features curb ramp allocated to
footpath segments

Footpath segments
without curb ramp
features

street

(a) Schematic overview of (b) Spatial accessibility features (¢) Curb ramp features
footpath segments where curb ramp indicating the allocation to footpath segments
crossing is possible due to location of lowered curbs

lowered curbs

Figure 4.8: Steps to create additional footpath segments representing crossing options enabled by
lowered curbs on both sides of a street (I)

I created a buffer around the footpath segments allocated with curb ramp features using the st_buffer
function from the sf package (Pebesma, 2016), simulating slightly more than 50% of the width of a
street between the footpaths (Figure 4.9a). The buffer distance of 13 m was determined iteratively,
beginning at 20 m and decreasing by 1 m per iteration. The aim was to establish a threshold distance

44



Chapter 4. Methodology

at which the buffers of opposing footpath segments overlapped. This allowed for the identification of
non-opposing footpath segments whereby the buffer would not overlap with that of a footpath segment
on the opposite side of the street. To support this method, the parameter end cap style of the st_buffer
function was set to flat, preventing adjacent footpath segments from lying partially within each other’s
buffers and thereby creating ”false crossings”.

While non-overlapping buffers were excluded from the dataset, overlapping buffers were merged
using the function st_union from the sf package (Pebesma, 2016) (Figure 4.9b). The footpath segments
with opposing footpath segments were identified by selecting those that intersected with the merged
buffers. At that point, I was able to extract footpath segments with lowered curbs on both sides of a
street. The subsequent step involved creating lines that connected these segments. To achieve this, I
used the City of Zurich’s streets (Stadt Ziirich, 2023) as an axis upon which perpendicular lines could
be constructed, simulating locations where crossings are feasible (Figure 4.9¢).

overlapping
buffers

street network

(a) Generation of 13 m-buffers (b) Extraction and of (c) Addition of street network as
around footpath segments with overlapping buffers 1 and 2 a basis to generate new footpath
allocated curb ramp feature on segment representing crossings

both sides of the street (buffer 1
and buffer 2)

Figure 4.9: Steps to create additional footpath segments representing crossing options enabled by
lowered curbs on both sides of a street (II)

The street network was assessed carefully since it formed the basis for the creation of new lines. By
examining it, streets were manually removed where crossings should not be possible, despite the curbs
being lowered on both sides of the street. These situations arose, for instance, where curb ramp

|

1) —

street
segment
centroids

centroid
midpoints

./

e

street network segments

(a) Division of street network (b) Generation of street (c) Midpoints between two
into 10 m-segments segments centroids consecutive centroids are created

Figure 4.10: Steps to create additional footpath segments representing crossing options enabled by
lowered curbs on both sides of a street (III)
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features were allocated to sidewalks rather than crossings due to the threshold selection, leading to the
erroneous extraction of these sidewalk segments in the initial step. In such instances, crossings were
already present, and no additional crossing segment was necessary.

Following these steps, the street lines were further divided into 10 m long segments (Figure 4.10a)
using the stplanr package’s line_segment function (Lovelace & Ellison, 2019). A centroid for each
segment was then created (Figure 4.10b) through the application of st_centroid (Pebesma, 2016). These
centroid points acted as origin points for the creation of additional segments, as they were positioned
on streets between two footpath segments with lowered curbs. The distances between consecutive
centroids were calculated, and midpoints were established at the centre of these consecutive centroids
(Figure 4.10c).

Virtual lines connecting consecutive centroids were drawn, and the slope of these virtual lines
was determined (Figure 4.11a). Using this slope, two points were created that are perpendicular
to the previously generated midpoints, with one on each side of the virtual line connecting the two
centroids (Figure 4.11b). An empirical distance of 14 m was selected between the midpoints and the
perpendicular points to ensure that the crossings ultimately intersected the footpath lines on either
side of the street, allowing the connecting line to span the entire width of the street. The perpendicular
points were then connected, simulating the crossing segments (Figure 4.11c).

slope ®

between lines connecting
perpendicular
points

"1~ centroids

perpendicular
to midpoints

points

(a) Slope calculation of virtual (b) Generation of two points (c) Generation of lines
line connecting two consecutive perpendicular to the line (based connecting the points
centroids on prior slope calculation) on perpendicular to the midpoints

both sides of the midpoints

Figure 4.11: Steps to create additional footpath segments representing crossing options enabled by
lowered curbs on both sides of a street (IV)

However, as the length of these lines may exceed the street’s width, they were intersected with the
merged buffers representing areas between two footpath segments with lowered curbs (Figure 4.12a).
This allowed me to cut them at the precise location to ensure proper integration with the footpath
network. Since the perpendicular lines were based on midpoints between two centroids, they were
sometimes created outside of the buffered areas. These lines were removed, as they did not represent
potential crossings. Furthermore, lines not connecting footpath segments with designated curb ramp
features at both ends were eliminated (Figure 4.12b). Finally, the newly created footpath segments
were incorporated into the footpath dataset (Figure 4.12c).

Some overlapping buffer areas were rather small, and no connecting line segment was created there.
To address this, I manually added crossing lines at six locations to ensure that my footpath network
represented real-world pedestrian crossings.

Following the creation of the crossing’s geometry, these newly created lines were assigned accessibility-
relevant information. As these crossings are neither part of the official crosswalk dataset nor the official
footpath network, I assumed that pedestrians do not have any priority when crossing the streets, sim-
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Figure 4.12: Steps to create additional footpath segments representing crossing options enabled by
lowered curbs on both sides of a street (V)

ilar to the tag no pedestrian priority. In contrast to the crossing segments identified by the name
Uberquerung (Figure 4.7b), the newly generated crossings were not included in the original footpath
dataset of the City of Zurich (Stadt Ziirich, 2024b). Therefore, a severity of 3 was selected, which
is higher than that of the U'berquerung segments. Furthermore, upon completing the enrichment of
the footpath data with crosswalk information, the attribute temporary was set to FALSE as these
crossings did not depend on temporary infrastructure but were solely established at the locations of
permanent curb ramp objects.

Curb Ramp and Missing Curb Ramp Features

Following the crosswalk features enrichment and crossing segment generation, the previously allocated
curb ramp features, which were used to identify segments with lowered curbs, were removed from the
footpath dataset. Subsequently, the spatial accessibility features curb ramp and missing curb ramp
were reallocated to the footpath segments to ensure that the spatial accessibility features curb ramp
were enriched primarily on crosswalks and other crossing segments, as curb ramps typically appear
where street crossings are possible (University of Washington, Makeability Lab, 2024b). Therefore, the
curb ramp and missing curb ramp features were initially allocated to footpath segments that formed
part of a crossing, i.e., the segments enriched with crosswalk features or identified as crossing in the
previous steps.

If such a segment (or multiple segments) was found within a 5 m distance threshold, the curb ramp
and missing curb ramp features were assigned to the nearest crossing and crosswalk segment using the
function st_nearest_feature (Pebesma, 2016).

If no crossing segment was found, the curb ramps and missing curb ramps were assigned to the
nearest segment within a 7 m distance threshold.

The distance thresholds of 5 and 7 m were selected empirically, beginning with thresholds of 10 m
and decreasing them by 1 m in each iteration.

If a street segment was identified as one where curb ramps or missing curb ramps were present,
the features were attributed to this segment. If no footpath segment was located within the maximum
distance threshold of 7 m for a curb ramp and missing curb ramp, the feature was not linked to a
footpath segment. This approach was adopted to ensure that only features situated on footpaths were
considered for their accessibility assessment.

Similar to the spatial accessibility feature crosswalk, it is possible that multiple cluster points of
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curb ramp and missing curb ramp features were assigned to a single segment. Consequently, the same
approach outlined in Section 4.3.1 was adopted: Only the features with the highest severity of the
assigned curb ramp and missing curb ramp features, respectively, were taken into account.

Pedestrian Signal Features

Similar to the strategy employed for curb ramp and missing curb ramp features, crossing and crosswalk
sections were identified as priority segments for the assignment of pedestrian signal features.

If such crossing or crosswalk segments were situated within 5 m, the pedestrian signal feature was
assigned to the nearest one.

However, if no such segment existed, the pedestrian signal feature was allocated to the nearest
segment within a distance of 7 m.

In case no footpath segment was located within this threshold distance of 7 m, the corresponding
pedestrian signal features were not assigned to the footpath dataset.

In line with the crosswalk, curb ramp, and missing curb ramp features, only the pedestrian signal
feature with the highest severity rating was retained in cases where multiple pedestrian signal features
were assigned to a single footpath segment.

Non-Crossing Spatial Accessibility Features

After enriching the footpath dataset with crossing features, i.e., crosswalk, curb ramp, missing curb
ramp, and pedestrian signal features, the remaining spatial accessibility features were allocated to the
footpaths. These included surface problem, surface material type, no sidewalk, obstacle, construction,
height difference, parked car, parked motorcycle/bike, and rail/tram track features.

As these features did not require to be allocated to crosswalk and crossing segments primarily, only
one enrichment step was necessary.

If a footpath segment was situated within a distance threshold of 5 m from the location of a spatial
accessibility feature, the feature was assigned to the nearest segment. The allocation of a feature to
a segment was independent of whether the nearest segment was a standard footpath segment or a
previously identified crosswalk or crossing segment. If no segment within the distance threshold was
identified, the spatial accessibility feature was not allocated to the footpath dataset.

If multiple spatial accessibility features per category were allocated to the same footpath segment,
only the one with the highest severity rating was considered.

The spatial accessibility feature shared space was excluded from footpath enrichment due to in-
conclusive effects on accessibility. This feature was introduced to mark areas where pedestrians and
vehicles share the same space, as well as to indicate pedestrian zones. In pedestrian zones in District
1, vehicles are generally prohibited, except for goods handling from 5:00 am to 12:00 pm and certain
exemptions such as hotel guests, taxis, and permit holders (Stadt Ziirich, 2021b). Shared spaces may
adversely affect accessibility for individuals with mobility impairments, as they are not solely reserved
for pedestrians, unlike sidewalks. Conversely, pedestrian-only zones may enhance accessibility for these
groups by eliminating vehicle presence. Therefore, I argue that pedestrian-only areas, where vehicles
are entirely prohibited, should be clearly distinguished from shared areas like pedestrian zones in Dis-
trict 1, where vehicles may be present, and further examination of the actual impact on accessibility
is necessary.

Incline

As introduced earlier, footpath incline was determined with the help of a DEM (Pude, 2022) instead
of using the spatial accessibility feature vertical slope collected within the ZuriACT project (Sections
3.1.2 and 3.3.1).
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Therefore, the DEM for District 1 was extracted from the DEM of the City of Zurich. A buffer distance
of 100 m was added to the extent of District 1 to ensure that the entire District 1 was covered with
raster cells, guaranteeing that there was elevation information everywhere.

The incline calculation using a DEM was based on a trigonometric function, schematically depicted
in Figure 4.13 (Warren et al., 2004).

end point po
elevation at ps

Aelevation

incline

elevation at p;

start point p;

Figure 4.13: Slope calculation using a DEM

First, the locations of the start point p; and end point psy of each footpath segment were determined.
Using the function st_distance from the package sf, the distance between p; and ps was calculated
(Adistance) (Pebesma, 2016). To extract the elevation of p; and ps from the DEM, the extract
function from the terra package (Hijmans, 2020) was applied. The elevation difference (Aelevation)
between p; and py was determined as an absolute value due to the fact that, at that point, the direction
in which pedestrians travel on a footpath segment was unknown, i.e., uphill from p; to ps or downhill
from ps to p1. Subsequently, when creating the routes from origin to destination, the direction of
travel was specified. As incline impacts travel speed, as introduced in Section 2.2.3, incline values were
calculated per route to derive travel speed for both uphill and downhill inclines (Section 4.4.3).

Ultimately, the incline was calculated by dividing the elevation difference by the distance difference
between p; and py (Equation 4.1).

Aelevation
Adistance

Following the incline calculation, its impact on spatial accessibility was assessed by applying severity

slope = (4.1)

ratings based on its value, similar to the severity ratings incorporated for spatial accessibility features.
As multiple sources indicate, an incline exceeding 6% is generally deemed inaccessible to wheelchair
users (Neis, 2015; Schmidt & Manser, 2024; Schweizerischer Verband der Strassen- und Verkehrsfach-
leute VSS, 2014). However, Swiss regulations permit inclines of up to 10% for outdoor areas or 12%
for covered paths due to spatial and structural constraints (Schweizerischer Verband der Strassen- und
Verkehrsfachleute VSS, 2014). Consequently, severity ratings from 1 to 3 were distributed proportion-
ally to slopes from 0 to 6% and 4 was assigned to the incline range from 6 to 12% to consider Swiss
regulations. An incline greater than 12% was considered inaccessible, thus, a severity rating of 5 was
assigned to these footpath segments (Table 4.3).

Manual post-processing of the severity assignment was required as footpath segments on bridges or
along the rivers Limmat, Sihl, or Schanzengraben were assigned an unrealistically high severity rating.
Presumably, this was necessary due to incline calculations based on a DEM with a spatial resolution
of 0.5 m, which caused inaccuracies when footpath segments were located near a significant height
difference within a small horizontal distance, such as bridges over rivers. Footpath segment inclines
were identified and confirmed using Google Street View, and severity ratings were assigned based on
the ratings of neighbouring footpath segments.
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Table 4.3: Severity rating assignment based on footpath segments’ absolute incline values

Incline Severity Rating
0% to < 2% 1
2% to < 4% 2
4% to < 6% 3
6% to < 12% 4
> 12% 5

4.3.2 Footpath Cost

Current routing services often aim to reduce travel time or route length, seeking the fastest or short-
est route (Rahaman et al., 2017). However, solely considering travel time or route length does not
adequately address the needs of mobility-restricted population groups; the suggested routes fail to
take accessibility along the route into account, which can be a crucial factor in route choice. Further-
more, route accessibility is complex because many factors influence a route’s accessibility (Rahaman
et al., 2017), including various barriers and facilitators identified by Georgescu et al. (2024). The work
conducted by Beale et al. (2006) and Volkel and Weber (2008) introduced methods to incorporate
alternative measurements and parameters beyond travel time and route length, as detailed in Section
2.2.3. Consequently, diverse strategies are needed to identify a route that optimises a set of criteria,
allowing one criterion to be compensated by another. To create routes that are optimised for multiple
criteria, cost functions can be employed to find the best balance between different parameters (Volkel
& Weber, 2008).

The cost of travelling on a specific footpath segment is detailed in the following section. The cost
for each segment was computed, facilitating comparisons of individual segments as well as different
paths made up of multiple footpath segments (Volkel & Weber, 2008).

Access Score

Concluding the footpath enrichment, a score was calculated to represent the accessibility of a single
footpath segment, i.e., the weight or cost of travelling through that segment. Therefore, the approach
introduced by Hara (2016) was adopted. In his work, Hara (2016) developed an Access Score to
quantitatively measure the accessibility of a specific street segment or neighbourhood. This method
was further applied to crowd-sourced data collected using the Project Sidewalk tool by Li et al. (2022),
aiming to assess footpath equity in Seattle, thus proving its suitability for the study at hand. The
approach is based on the assumption that the number of footpath accessibility features influences the
overall accessibility. In other words, footpath segments with a greater number of spatial accessibility
features that negatively affect movement result in lower accessibility, and vice versa (Li et al., 2022).
The introduced Access Score ranges from [0,1], where 1 signifies high accessibility (accessible) and 0
signifies low accessibility (inaccessible) for a footpath segment (Hara, 2016; Li et al., 2022). Similar
to Hara (2016), Li et al. (2022) counted the number of spatial accessibility features on each footpath
segment, constructing the accessibility feature vector ().

In addition to the method proposed by Hara (2016), Li et al. (2022) also considered the severity
rating of each spatial accessibility feature, called significance vector (ws), where severity ratings from
1-5 were scaled to values between 0.2-1. Hereby, spatial accessibility features positively affecting spatial
accessibility were treated differently than those negatively affecting it. To further preserve the positive
and negative impacts of the spatial accessibility features, the values of the significance vector (ws) were
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assigned a polarity (+/—) (Hara, 2016; Li et al., 2022). Table 4.4 summarises the scaled severity and
polarity of the object.

Table 4.4: Scaled severity ratings for features with positive and negative impacts

Original Severity Rating Negative Features Positive Features
1 -0.2 1

2 -04 0.8

3 -0.6 0.6

4 -0.8 04

5 -1 0.2

The Access Score of a footpath segment is derived from the dot product of the significance vector (ws),
which includes the polarity of the spatial accessibility feature (positive impact versus negative impact
on accessibility), and the accessibility feature vector (x,) is calculated. Theoretically, this could yield
a value between (—oo,00). To mitigate this issue, Hara (2016) suggested applying a sigmoid function
to map it to the range of (0,1). Therefore, the Access Score for each footpath segment was calculated
as follows:

1
1+ e—(ws-wq)

In this thesis, the Access Score, introduced by Hara (2016) and extended by Li et al. (2022) (Equation
4.2), was utilised to determine the accessibility of a footpath segment, i.e., the routing cost of trav-

(4.2)

Access Scorefootpath segment —

elling through a specific segment. However, the approach was further adjusted to facilitate routing
navigation for population groups with mobility impairments. Aiming to avoid footpath segments where
spatial accessibility features hindered mobility to the extent that a segment became impassable, spatial
accessibility features with a severity rating of 5 (not passable) directly corresponded to an impassable
footpath segment, meaning that the Access Score for such footpath segments was set to 0.0.

The Access Score was computed twice: the first Access Score calculation considered all spatial
accessibility features, resulting in Access Scoreyy;. The second Access Score considered only permanent
features, denoted as Access Scorepermanent, With temporary spatial accessibility features being excluded.
The computation of these two access scores enabled the analysis of the impact of temporary features
on route suggestions for the mobility-impaired population group.

In addition to the Access Score calculated for each footpath segment, a Neighbourhood Access Score
was also determined to identify neighbourhoods with poor accessibility. This approach was based on
the score introduced by Li et al. (2022) and facilitates the calculation of the Neighbourhood Access
Score as follows:

Access Scoregegment * Footpath lengthgegment

Access Scorepeighbourhood = g (4.3)

Footpath lengthyeighbourhood

The Neighbourhood Access Score was calculated twice: first, by considering the Access Scoreyy based
on all spatial accessibility features (both temporary and permanent), and second, using the Access
Scorepermanent,; Which relies solely on permanent spatial accessibility features.
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4.3.3 Footpath Network Building

Following the footpath enrichment, the footpath dataset was ultimately converted into a network to
apply Dijkstra’s Shortest Path algorithm. As introduced in Section 4.3, the footpath dataset consisting
of LineStrings, required translation into a graph G consisting of vertices/nodes V' and edges E (Rhoads
et al., 2023).

To translate the footpath data into a spatial network, I applied the as_sfnetwork function from
the sfnetworks package in R (van der Meer et al., 2024). The sfnetworks package is a powerful tool,
connecting the sf package for spatial data science with the functionalities of the tidygraph package for
network analysis (van der Meer et al., 2024). As the spatial network is embedded in a geographical
space, its nodes and edges can be represented as geographic features. Most commonly, nodes are
represented as points and edges as LineStrings. Furthermore, the sfnetworks package offers various
functions, also enabling routing, which is of special interest for this thesis.

The network was created as an undirected network using the as_sfnetwork function, meaning that
travelling in both directions is possible. The LineStrings of the footpath dataset were converted into
edges, and nodes were created between these LineStrings, connecting the single edges. The calculated
Access Score was preserved as an attribute assigned to the edges of the network, representing the cost
induced by travelling through the specific edge in a route.

Following the network creation, I analysed the network structure to ensure the correct translation
from the footpath dataset to the footpath network. As the Access Score was attributed to the edges,
I did not assign an additional weight to the network, such as the length of the edges, thus resulting
in an unweighted network. Furthermore, the created network was not planar, as overlying edges
were present. This is reasonable, given that overlaying edges represented tunnels and underpasses on
footpaths in my network. When checking the connectivity of the network, several parts were identified
that were not part of the main network, as shown in Figure 4.14.
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Figure 4.14: Footpath network with disconnected segments
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To prevent an unconnected network made up of several parts, these components were reintegrated
into the main network, as they could result in incomplete routes, that is, routes ending abruptly at
unconnected nodes. Therefore, all edges linked to an unconnected node were extracted (Figure 4.15a).
After some minor manual cleaning, such as removing duplicate nodes, the unconnected edges were
utilised to split the edges at intersection points, where the unconnected nodes are located on edges
(Figure 4.15b). To ensure that the unconnected nodes were precisely positioned at the newly created
start or end points of an edge, they were snapped to these points (Figure 4.15b). After the slight
relocation of nodes, they were reintegrated into the network (Figure 4.15¢).

@g; unconnected
S node snapped to
network node
unconnected
node node
unconnected network connected network
(a) Unconnected network (b) Intersection of unconnected (c) Relocated, unconnected

segments nodes and network edges, network nodes are reintegrated

creating new network nodes; into the footpath network
unconnected nodes were then
snapped to newly created
network node

Figure 4.15: Reintegration of unconnected network segments into main network

As two distinct Access Scores were calculated at the footpath level, three separate networks emerged
from the footpath dataset instead of attributing a single network to the Access Score outcomes. Two
networks incorporated the results of the Access Score calculations, Access Scorepermanent and Access
Scoregy;. The third network excluded the spatial accessibility features, as it served as the basis for
routing individuals without mobility restrictions and, consequently, without specific accessibility re-
quirements. The methodology for creating all three networks was consistent.

4.4 Routing

The following sections detail the creation of routes based on 30 predefined origin-destination pairs
(Section 4.4.1). Three routing services were utilised to generate routes between these pairs, namely
Google Maps, Open Source Routing Machine (OSRM), and OpenRouteService (ORS) (Section 4.4.2).
Following these procedures, Dijkstra’s Shortest Path algorithm was implemented on the footpath
networks enriched with accessibility information (Section 4.4.2). In aiming for route comparison,
three distinct metrics for each route were established: route length, travel time, and route complexity
(Section 4.4.3).

4.4.1 Origin-Destination Pairs

The routes suggested by the routing services were based on origin and destination points paired to
create meaningful origin-destination pairs.

Origin points were derived from the federal population dataset (Bundesamt fiir Statistik BF'S,
2023), indicating starting locations for routes where people reside. The point dataset arranges these
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points in a regular grid format of 100 m grid cells. Of these population points, 106 were identified in
District 1. The dataset containing the points located in District 1 was utilised to randomly select 30
population points using the sample_n function, which is part of the dplyr package in R (Wickham et
al., 2024). Before the random selection, I manually excluded population points situated at unrealistic
origin locations, such as those on the rivers Limmat and Schanzengraben. These population points
can be found on such surfaces due to the regular grid layout of the population data, ensuring data
protection.

Destination points were extracted from the Points of Interest (POIs) dataset created using Open-
StreetMap (OSM) data (OpenStreetMap contributors, 2024). The process of creating the POI dataset
is detailed in Section 3.4.2. The POIs were grouped into the categories outlined in Table 3.2. Follow-
ing the categorisation of the POIs, 30 were randomly selected using the sample_n function. To ensure
equal representation of all POI categories, 5 POIs from each of the 6 groups were selected, resulting
in a total of 30 POIs. As some POIs were significantly more common in certain categories, such as
amenity: bank, I manually removed a few prior to the random selection.

After the random selection of origins (population points) and destinations (POIs), the origin points
were randomly paired with destination points. This was accomplished by assigning each point in both
datasets a number between 1 and 30. The paired origin and destination points were then joined and
saved as a single dataset, which served as input for the routing step, where 30 routes per routing

service were created, one for each pair.

4.4.2 Routing Services

Google Maps

Google’s Directions API was employed to create routes between the specified origin-destination pairs.
The routes were proposed based on each origin-destination pair submitted to the Directions API
(Google, 2024b). Walking was selected as the mode of transportation. Unfortunately, the Directions
API does not currently provide wheelchair-accessible routing at the time of this analysis. The Direc-
tions API returned the route in a JSON format, including travel time, route length, and the number
of turns (Google, 2024b).

Utilising the Directions API from R was straightforward. Firstly, a for-loop was implemented to
iterate through each origin-destination pair and store every route in the same list. To request the route
via the Directions API, a URL was constructed:

url <- paste0(
’https://maps.googleapis.com/maps/api/directions/json?’,
’origin=’, origin_point,
’&destination=’, destination_point,
’&mode=walking’,
‘&key=’, api_key

While the variables origin_point and destination_point were adjusted by iterating through all 30 origin-
destination pairs, the api_key remained the same for each request.

As the coordinates of the routes were encoded by the Directions API, a function to decode these
routes was necessary. The R googlePolylines package provides the decode function to convert the
encoded route coordinates into latitude and longitude (Cooley et al., 2024).

Finally, the 30 routes stored in a list were transformed into a DataFrame for further analysis.
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Open Source Routing Machine

The Open Source Routing Machine (OSRM) is a real-time routing service based on openly available
OSM data (Luxen & Vetter, 2011). The OSRM was applied to the previously created origin-destination
pair using the R package osrm. The osrm package calculates routes based on the OSM road network and
enables the computation of routes, isochrones, trips, and travel distance matrices (Giraud, 2022). The
function osrmRoute was employed to compute the routes by iterating through the origin-destination
pairs. The variable osrm.profile was set to foot to return pedestrian routes (Giraud, 2022). In addition
to the routes’ geometry, routes were attributed with travel times and route lengths.

Similar to the routes created with the Google Directions API, the OSRM routes were ultimately
stored as a DataFrame to facilitate the subsequent analysis.

OpenRouteService

Although OpenRouteService (ORS) also provides an API to calculate directions between origin and
destination locations (OpenRouteService, 2024a), I decided to manually input the 30 routes into the
ORS online routing tool (https://maps.openrouteservice.org/) to control the parameter settings for
wheelchair-accessible routes (Table 2.1). As some parameter combinations for wheelchair-accessible
routes pertaining to specific origin-destination pairs yielded no route suggestions, the parameters
were adjusted manually to generate routes suitable for the wheelchair profile. For the initial route
calculations, the default parameters were employed, except for the curb height. ORS uses a default
value of 0.06 m, whereas Swiss guidelines recommend a maximum curb height of 0.03 m (Schmidt
& Manser, 2024). Table 4.5 summarises the adjusted parameters for wheelchair-accessible routing
and indicates which routes had the adjusted parameter values applied instead of the default values.
Parameters not mentioned here were not altered, meaning their default values were used as specified in
Table 2.1. Furthermore, steps were activated for the avoid features restriction for wheelchair routing.
In contrast to the wheelchair profile, no restrictive parameters were established for the walking profile.

Table 4.5: Applied parameters for wheelchair-accessible routing in ORS, deviating from default values

Route Number Parameter Default Value Applied Value

All routes, if not Maximum curb height 0.06 m 0.03 m

indicated otherwise

All routes Avoid features Steps

Route 3 Route smoothness Good Intermediate

Route 4 Route smoothness Good Intermediate
Maximum inclination 6% 15%

Route 8 Maximum curb height 0.06 m 0.03 m

Route 9 Maximum curb height 0.06 m 0.03 m

Route 15 Maximum curb height 0.06 m 0.03 m

Route 18 Maximum curb height 0.06 m 0.03 m

Route 24 Maximum curb height 0.06 m 0.03 m

Continued on the next page
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Route Number Parameter Default Value Applied Value
Route 25 Maximum inclination 6% No restriction
Route 29 Route smoothness Good Intermediate

After creating the routes for all 30 origin-destination pairs for walking and wheelchair users using the
ORS online tool, the routes were exported in JSON format and imported into R for further processing.
Like the OSRM routes, these routes were already attributed with travel times and route lengths.

Dijkstra’s Shortest Path Algorithm

The final routing step involved applying a shortest path routing algorithm to the footpath networks
from District 1 in the City of Zurich, which had been enhanced with spatial accessibility features
beforehand. Consequently, Dijkstra’s Shortest Path algorithm was applied to the footpath networks
(Dijkstra, 1959).

Since the algorithm operated on a footpath network sensitive to spatial accessibility, the approach
presented in this thesis was named Dijkstra’s Shortest Path Algorithm for Accessible Routing SPAAR.

The shortest_path function from the igraph package was employed, which functions on sfnetworks
networks (Csérdi et al., 2024). To generate 30 routes, one for each origin-destination pair, I iterated
through the pairs. To ultimately account for accessibility in routing, the Access Score (at the foot-
path level) was used as a weight, representing the costs associated with footpath features affecting
accessibility. However, as the Access Score yielded high values for accessible segments and low values
for inaccessible segments (Li et al., 2022), it could not be directly employed as a weight for routing.
Therefore, the Access Score was rescaled to generate high weights, i.e., high Access Score values, for
inaccessible segments and vice versa. To alter the direction of the scale, a rescaling calculation, as
demonstrated in Equation 4.4, was performed:

Access Scorepescaled = 1 — Access Scoregriginal (4.4)

Prior to applying the rescaling calculation, segments with an Access Score of 0.0 were removed from
the network as they indicate inaccessible, and therefore unpassable, footpath segments. This action
resulted from the method employed for the Access Score calculation (Section 4.3.2). In that section,
inaccessible segments, namely those featuring spatial accessibility characteristics that completely ob-
struct the path, leading to a segment deemed unpassable (severity rating of 5), were allocated an Access
Score value of 0.0. An alternative approach that introduces a value prompting the routing algorithm
to disregard footpath segments with an Access Score of 0.0 may be more elegant. For instance, Beale
et al. (2006) assigned negative weights to objects leading to inaccessible footpath segments, which
caused the routing algorithm to reroute and overlook those segments. However, to employ Dijkstra’s
Shortest Path algorithm in the shortest_ path function, positive weights were required (Csdrdi, 2024).
Consequently, I decided to remove inaccessible segments from the footpath network. All resulting
routes from SPAAR were manually analysed to ensure that the elimination of inaccessible edges did
not result in incorrect routing outcomes or unconnected routes. This method was feasible due to the
small study area of District 1 in Zurich.

As the raw output of the shortest_path function consisted of lists of visited vertices and edges for
each route, the results required some post-processing steps to create continuous routes. These routes
were subsequently stored as a DataFrame for further analysis.

SPAAR was executed on three distinct footpath networks: the network based on all obstacles,
considered in Access Scoreq;, the network based on permanent obstacles only, Access Scorepermanents
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and the network that did not consider any obstacles. For all networks, routes were established for each
of the 30 origin-destination pairs, resulting in 90 routes based on SPAAR.

4.4.3 Route Metrics

To compare the resulting routes, route lengths, travel times, and route complexities were assessed.
The calculation of these three metrics is explained in the following sections.

Route Length

When applying Google Maps, OSRM, and ORS to the origin-destination pairs, routes were generated
that were already attributed with the route lengths (Giraud, 2022; Google, 2024b; OpenRouteService,
2024b). To calculate the route length proposed by SPAAR, the lengths of all footpath segments of a
route were summed, resulting in a length value for each of the 30 routes.

Travel Time

Similar to the route lengths, the routes created by Google Maps, OSRM, and ORS were already
attributed with travel time information.

As Google Maps uses proprietary input data and algorithms, no further details about the underlying
assumptions or the implementation of the routing algorithm are publicly available. Tannert and
Schoning (2018) mentioned in their work that Google Maps assumes a general walking speed of 5
km/h to calculate travel time, a speed that seems reasonable when compared to studies investigating
walking speeds (Montufar et al., 2007; Willis et al., 2004). However, Google Maps may also adjust
travel speed based on a set of parameters, some of which potentially consider real-time data, such
as pedestrian density, which can be a key influencing factor on pedestrian speed (Giannoulaki &
Christoforou, 2024).

OSRM employs a base walking speed of 5 kin/h. Depending on the surface type, the walking speed
is reduced, which consequently increases the travel time on specific routes generated by OSRM. For
example, on gravel surfaces and pebblestone, the walking speed decreases to 3.75 km/h, while mud
and sand-covered surfaces can further reduce the walking speed to 2.5 km/h (Open Source Routing
Machine, 2024a).

In ORS, the travel speed for walking is automatically set to 5 km/h on all permitted street types.
If the trail difficulty greater than hiking on the sac_scale, a scale employed to classify the difficulty
of hiking trails in mountainous areas, the travel speed is diminished to 2 km/h (OpenRouteService,
2024d; OpenStreetMap Wiki, 2024b). Since there are no segments classified with a trail difficulty
greater than hiking within District 1 (OpenStreetMap contributors, 2024), a travel speed of 5 km/h
is assumed. The base speed for wheelchair users in ORS is set at 4 km/h. This base speed is then
modified based on a number of parameters. The actual speed on a route ranges from 3 to 10 km/h,
depending on the type of path and the presence of sidewalks (OpenRouteService, 2024d).

In contrast to Google Maps, OSRM, and ORS, the travel times for the SPAAR routes were calcu-
lated manually. To determine the travel time for each route, Equation 4.5 was applied:

Distance s;oute

travel time ¢ = -
travel travel speed viravel ( )

The walking travel speed used as input for Equation 4.5 was essential in determining the travel time
for the routes created by SPAAR. As introduced in Section 2.2.3, travel speed varies greatly depending
on numerous factors, such as pedestrian capacity and the characteristics of the walking environment
(Giannoulaki & Christoforou, 2024). OSRM, ORS, and potentially Google Maps can adjust the travel
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speed based on a set of parameters defined by the walking environment (Open Source Routing Ma-
chine, 2024a; OpenRouteService, 2024d). For ORS, some parameters, such as maximum inclination or
minimum surface type, are manually adjustable to a certain extent (Table 2.1). However, it is not pos-
sible to modify travel speed based on individual characteristics, such as unique pedestrian attributes,
including individual travel speed for inclined surfaces influenced by mobility capabilities. The travel
speed for SPAAR’s travel time calculations, which consider the impacts on travel speed mentioned in
Section 2.2.3, was determined based on the speed measurements provided by Aghabayk et al. (2021)
for walking pedestrians.

As travel speed varies according to the parameters introduced in Section 2.2.3, the travel speeds
from Aghabayk et al. (2021) for age groups ranging from 18 to 34 and 34 to 55 per inclination categories
were averaged (Table 4.6). The group of older adults aged 55+ was not included in the average travel
speed calculation. While not all older adults experience mobility impairments, they often encounter
similar accessibility challenges, justifying the exclusion of this age group’s travel speed values.

Table 4.6: Applied walking speeds for SPAAR, depending on inclines (Aghabayk et al., 2021)

Incline Incline Description Travel Speed
<-6% Steep downhill 1.525 m/s
6--2% Gentle downhill 1.455 m/s
2-2% Level 1.435 m/s
2-6% Gentle uphill 14m/s

> 6% Steep uphill 1.33 m/s

For the mobility-impaired population, travel speeds based on the values provided by Boyce et al. (1999)
were utilised, particularly the speeds for manual wheelchair users (Table 4.7). Since ORS returns routes
for wheelchair users, only the speeds of manual wheelchair users were considered, rather than averaging
the travel speeds of all mobility-impaired individuals mentioned in Boyce et al. (1999).

Table 4.7: Applied travel speeds for SPAAR for mobility-impaired individuals, depending on inclines
(Boyce et al., 1999)

Incline Incline Description Travel Speed
<-7% Steep downhill inaccessible
-7--2% Gentle downhill 1.05 m/s
2-2% Level 0.69 m/s
2-7% Gentle uphill 0.7 m/s

> 7% Steep uphill inaccessible

Following the definitions of travel speed, the incline of each footpath segment was calculated. With
the travel direction now known, unlike the incline calculation presented in Section 4.3.1, inclines were
assessed in relation to the direction, where positive inclines indicated travelling uphill and negative
values signified travelling downhill. The incline per route segment was computed in accordance with the
methodology introduced in Section 4.3.1, although the elevation difference was determined relative to
the direction of travel. After calculating the incline, the travel speed for each segment was established
using Equation 4.5. Ultimately, the travel speeds for each segment were summarised for the entire
route, resulting in the final travel time per route.
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Route Complexity

The overall number of turns on a route was examined to assess its complexity. This approach was
used in the study conducted by Tannert and Schéning (2018), where the number of turns served to
compare the complexity of various routes generated by different routing services, namely Google Maps,
ORS, and Routino. Sevtsuk and Basu (2022) supported the assumption that a route’s complexity can
be estimated using the number of turns. Unlike route length and travel time, OSRM and ORS were
not associated with the number of turns. The routes computed by Google Maps were attributed with
different steps (Google, 2024b). Google (2024b) defined a step as follows:

”A step is the most atomic unit of a direction’s route, containing a single step describing a specific,
single instruction on the journey.”

Based on this attribute, the number of turns in the routes computed by Google Maps could be
determined by counting the number of steps (Johnson, 2017).

Despite the possibility of deriving the turn counts from the number of steps, this method was not
utilised to evaluate the complexity of Google Maps routes. Instead, the same method applied to the
OSRM, ORS, and SPAAR routes was used to analyse Google Maps routes, facilitating a meaningful
comparison between routing services.

A definition of what constituted a turn was required to calculate the number of turns. Hereby, I
assumed that a turn is defined as a 45-degree or greater change in direction, following the approach
introduced by Sevtsuk and Basu (2022). The number of turns was determined by extracting the
coordinates of the routes and computing the vectors representing each segment between consecutive
points. Following the calculation of angles between these segments, the angles exceeding 45 degrees,
indicative of significant turns in the path, were identified and counted. This count is then returned,
providing insight into the complexity and navigational difficulty of the path.

This calculation was conducted for the routes resulting from Google Maps, OSRM, ORS, and
SPAAR.

4.5 Statistical Analysis

To complete the analysis of this Master’s thesis, the resulting metrics of route length, travel time,
and route complexity were analysed for their statistical significance to identify differences between the
routing algorithms of Google Maps, OSRM, ORS, and SPAAR. This section is divided into two parts:
Firstly, the metrics were examined to determine whether any statistical significance regarding route
length, travel time, and route complexity was evident in general. Following the first analysis, a pairwise
comparison of routing services for route length, travel time, and route complexity was conducted.

4.5.1 Analysis of Variance ANOVA

The analysis of various metrics was conducted using an Analysis of Variance (ANOVA) (Kaufmann
& Schering, 2014). Before performing the ANOVA, the Shapiro-Wilk Test (Shapiro & Wilk, 1965)
was applied to ensure that the data was normally distributed. The Shapiro- Wilk Test, executed with
the function shapiro.test from the stats package in R, evaluates whether a dataset originates from a
normally distributed population (RDocumentation, 2024c). This is accomplished by examining the
correlation between the data and the corresponding normal scores. A significant result indicates a
departure from a normal distribution (Ghasemi & Zahediasl, 2012). This was followed by Levene’s
Test (Levene, 1960), carried out using the function leveneTest from the R package car (Fox & Ogle,
2024). Tt assesses whether multiple groups have equal variances, a crucial assumption of an ANOVA.
The null hypothesis posits that all group variances are equal; a significant result suggests variance
disparities among groups (STHDA, 2024a).
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After analysing the variances of groups using the Levene’s Test, an ANOVA was performed with the
function aov from the package stats (RDocumentation, 2024a). This test assesses whether there are
statistically significant differences between the means of independent groups. ANOVA assumes that
the groups have equal variances (homogeneity of variance) and that the data is normally distributed.
When these assumptions were met, the aov function was suitable for determining if at least one group
mean differs from the others (STHDA, 2024b). However, when the assumption of equal variances was
violated, as indicated by the Levene’s Test, a Welch’s ANOVA (Welch, 1951) was utilised via the
oneway.test function from the stats package (RDocumentation, 2024b). Welch’s ANOVA does not
require equal variances and is therefore more robust in scenarios where this assumption is not fulfilled
(Bobbitt, 2021). To conduct the analysis of variances, aov was applied to assess the number of turns,
as the Levene’s Test indicated that the variances between groups were homogeneous. In contrast,
the Levene’s Test suggested that the variances between groups for route length and travel time were
heterogeneous, resulting in the application of the Welch’s ANOVA for further analysis.

To analyse the significance of the conducted ANOVAs, either a Tukey Honest Significance Difference
Test (Tukey, 1949) or a Games-Howell post hoc Test (Games & Howell, 1976) was conducted. The
test for Tukey Honest Significance Difference (TukeyHSD) is a procedure for comparing pairs of means
from different groups while controlling the family-wise error rate, i.e., the probability of making one or
more Type I errors across all comparisons. The critical value is determined based on the studentised
range distribution (Montgomery, 2017; Schlegel, 2016b). It assumes equal variances between groups
(homogeneity of variances) (Schlegel, 2016a).

The Games-Howell post hoc Test is a non-parametric approach that facilitates the comparison
of different groups. In contrast to the TukeyHSD Test, the Games-Howell post hoc Test does not
assume equal variances between groups, meaning it can be employed when the assumption of homo-
geneity of variances is violated. It is structured based on Welch’s degrees of freedom correction and
utilises Tukey’s studentised range distribution to compute p-values. The post hoc test provides confi-
dence intervals for differences between group means and examines them for each pair. Consequently,
it assesses whether differences between group means are statistically significant (Kassambara, 2023;
Schlegel, 2016a).

These steps were applied to all analyses conducted. First, I evaluated whether there were significant
differences in route length, travel time, and route complexity between routes suggested for wheelchair
users and those recommended for individuals without mobility impairments. Additionally, an anal-
ysis was undertaken to determine whether the routes suggested by various routing services differed
significantly in terms of route lengths, travel times, and route complexities.

4.5.2 Pairwise Comparison

A pairwise comparison of routing services was conducted to evaluate the length, travel time, and
complexity, i.e., number of turns, of the generated routes.

Following the ANOVA, which indicated significant differences in the means of travel time, route
length, and the number of turns per routing service, post hoc tests were employed to compare these
metrics by routing service pair (Montgomery, 2017). Such post hoc tests are essential for gaining deeper
insights into the patterns of specific groups, in this case, the various routing services applied and allow
for a comparison of their means (Schlegel, 2016b). Depending on the outcome of the Levene’s Test for
homogeneity of variance across groups, a post hoc test with Tukey Honest Significance Difference or a
Games-Howell post hoc Test were applied to determine whether the means of route length, travel time,
and route complexity significantly differ between routing algorithms (Montgomery, 2017; Schlegel,
2016a).

If the Levene’s Test indicated that the variances of route length, travel time, or the number of turns
were homogeneous, the TukeyHSD test was conducted. In contrast, if the Levene’s Test indicated
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that the variances across these variables were heterogeneous, the Games-Howell post hoc Test was
performed. The applied Levene’s Test demonstrated that the variances for route length and the
number of turns across routing services were homogeneous, while for travel time, it indicated that
the variances were heterogeneous. To compute the TukeyHSD for route length and the number of
turns, the function tukey_hsd from the R rstatiz package was used (Kassambara, 2023). Due to the
heterogeneity of variances for the travel time values, the Games-Howell post hoc Test was applied. To
compare the resulting travel times in R, the function games_howell_test from the package rstatiz was
employed (Kassambara, 2023).

A heatmap was created to visualise the results of the pairwise comparison, i.e. the outputs of
the test for TukeyHSD and the Games-Howell post hoc Test. For a straightforward overview, the
resulting p-values were classified. This classification is performed automatically for both the Games-
Howell post hoc Test and the TukeyHSD Test. Even though Kassambara (2023) did not explicitly
mention the thresholds for p-value significance classification in the games_howell_test function, the p-
value thresholds for other functions within the same R package are known and consistent throughout
the entire package (Table 4.8). Therefore, I assumed that the same p-value thresholds were used to
classify the significance level. This assumption was confirmed when comparing the classifications to
the p-values themselves.

Table 4.8: p-value and significance level classification (Kassambara, 2023)

p-value Significance Level
0.06<p<1 ns (not significant)
0.01 <p<0.05 *

0.001 < p <0.01 ok

0.0001 <p < 0.001 ok

0 <p < 0.0001 kK
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5 Results

The results of the analysis are presented and detailed in the following sections. To localise spatial
patterns, Figure 5.1 provides an overview of District 1, including neighbourhoods based on statistical
zones (Stadt Ziirich, 2024d), the rivers Schanzengraben and Limmat, and Lake Zurich (Kanton Ziirich,

2024b).
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Figure 5.1: Overview of District 1

5.1 Clustering and Aggregation

Several preprocessing steps increased the number of spatial accessibility features from 8’909 raw data
points to 13’850 data points. Subsequent data clustering and aggregation reduced this number to 4’841
spatial accessibility features (Section 4.2). These resulting features were ultimately used to enrich the
footpath network of District 1 by allocating the features to the network (Section 4.3.1).

Figure 5.2 highlights substantial variability in the number of spatial accessibility features across
categories, as also indicated in Table 5.1. Prior to clustering and aggregation, categories such as curb
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ramp, surface problem, and rail/tram track exhibited the highest feature counts, whereas categories like
missing curb ramp, no sidewalk, and shared space (excluded from the final analysis) had comparatively
fewer features.

Table 5.1 and Figure 5.2 illustrate the changes in feature count through clustering and aggregating
spatial accessibility features representing the same object. The reduction was particularly pronounced
in the categories curb ramp, surface problem, surface material type, rail/tram track, crosswalk, and
pedestrian signal, where feature counts decreased by more than 50%. The most significant reduction
occurred in the category rail/tram track, with a feature count declining from 4’824 to 999.

While the reduction for obstacle and height difference features was less dramatic, a clear decrease

was still evident.
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Figure 5.2: Spatial accessibility features before(*) and after(**) cluster generation and aggregation

Number of Features

In contrast, the categories missing curb ramp, no sidewalk, construction, shared space, parked car, and
parked motorcycle/bike were less influenced by the clustering and aggregation process. Nevertheless,
a modest reduction in feature counts was still evident for these categories.

The significant reduction in the feature categories curb ramp, surface material type, crosswalk, and
pedestrian signal can be attributed to the initially high number of collected features within each cat-
egory. This suggests that clustering and aggregation were most impactful for categories characterised
by high spatial density or redundancy. Therefore, the marked feature reduction for these spatial ac-
cessibility categories through clustering and aggregation supports the conclusion that multiple data
points existed and were used to identify the same object, particularly for the previously mentioned
categories. In contrast, for categories with fewer initial features (e.g., missing curb ramp and shared
space), the reduction is relatively modest, indicating less redundancy in these features.
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Table 5.1: Reduction of spatial accessibility features through clustering and aggregation

Spatial Accessibility Number of Raw Spatial Ac- Number of Aggregated Spa-

Feature Category cessibility Features* tial Accessibility Features**
Curb ramp 2’534 911
Missing curb ramp 57 36
Surface problem 247 98
Surface material type 2’434 1’032
No sidewalk 126 105
Obstacle 544 320
Construction 89 71
Height difference 391 224
Parked car 43 32
Parked motorcycle/bike 115 72
Rail/tram track 4’824 999
Shared space 298 222
Crosswalk 1’220 415
Pedestrian signal 928 304

* before clustering and aggregation
** after clustering and aggregation

The spatial distribution of spatial accessibility feature points before and after the clustering and
aggregation steps is presented in Figure 5.4 (before) and Figure 5.5 (after), respectively.

As the results illustrate, the number of surface material type features is among the highest counts
per category, alongside rail/tram track and curb ramp. The significant number of surface material
type points in District 1 (Figure 5.5) suggests that distinct footpath surfaces are present in the neigh-
bourhoods of Schipfe and Grossmiinster (Figure 5.1), with cobblestones being the most frequently
recorded for surface material type features. In addition to cobblestones, the surface material type also
includes gravel, sand, or grass surfaces. Nonetheless, the 939 surface material type points representing
cobblestone surfaces considerably outnumber those of other materials. Only 93 points do not reflect
cobblestone surfaces, which solely indicate sand/gravel surfaces, potentially combined with other sur-
faces (3 points). The 90 sand/gravel data points are primarily situated on Lindenhof, a square in the
Schipfe neighbourhood, and Stadelhoferplatz in the Bellevue neighbourhood (Figure 5.3). Additional
sand/gravel surface data points are found on the Sigi-Feigel-Terrasse, Platzspitz, and on the footpath
located south of the Landesmuseum, all indicating unpaved surfaces (Figure 5.3).

Therefore, the clear pattern of the spatial accessibility feature category surface material type illus-
trated in Figure 5.5 almost exclusively indicates the presence of cobblestones in District 1, with the
exception of squares such as Lindenhof and Stadelhoferplatz.

Furthermore, Figure 5.5 reveals that crosswalk points are situated at intersections, often accompanied
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Figure 5.3: Locations of surface material type features indicating sand and gravel surfaces

by pedestrian signal features. Notably, the spatial distribution of rail/tram track features strikingly

indicates where trams operate in District 1 (Figure 5.5).
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Figure 5.4: Results after revision of spatial accessibility feature categories
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Figure 5.5: Results after cluster creation and aggregation of spatial accessibility features
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5.2 Enriched Network

The Access Scores, based on the enriched footpaths, provided the foundation for routing by treating
inaccessibility as a cost. This approach enables the identification of spatial (in)accessibility patterns
within District 1 of the City of Zurich. The Access Scores for each footpath segment were calculated
based on permanent spatial accessibility features (Access Scorepermanent) and all spatial accessibility
features (Access Scoreq;). The results are fully visualised in Figures 5.9 and 5.10.

Both figures highlight that accessibility in District 1 is generally high, with some notable exceptions
in specific areas (locations indicated in Figure 5.6a). Reduced accessibility is observed in parts of
the historic old town, such as the area between Central and Grossmiinster on the east side of the
river Limmat and the area around Lindenhof on the west side of the river Limmat. Additionally,
regions around the Stadelhofen train station, Hohe Promenade, and the area west of Polyterrasse show
increased inaccessibility. While most of District 1 on the west side of the Limmat demonstrates high
accessibility, the Alter Botanischer Garten area stands out with a higher level of inaccessibility.

Footpath segments representing crosswalks and crossings display consistently high accessibility,
attributed to the presence of spatial accessibility features such as crosswalks, curb ramps, and pedestrian
signals. At intersections where all three features are present, their positive impact on accessibility is
particularly pronounced (locations indicated in Figure 5.6b), exemplified by locations like the Sihlporte
intersection and Pelikanplatz. Likewise, segments with lowered curbs, such as those on Bahnhofstrasse
or Limmatquai, exhibit enhanced accessibility.
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Figure 5.6: Locations with particularly high and low accessibility

A comparison of Access Scorepermanent and Access Scoreqy highlights the impact of temporary spa-
tial accessibility features (locations indicated in Figure 5.7). For instance, the southern section of
Talstrasse, situated in the neighbourhood of Paradeplatz, displays segments obstructed by tempo-
rary obstacles. Furthermore, footpaths on Bérengasse and Poststrasse experience reduced accessibility
due to temporary spatial accessibility features. In the neighbourhoods of Bellevue and Bahnhofplatz,
temporary features are distributed sporadically. Notably, none of the temporary spatial accessibility
features were found to enhance the Access Score.
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Figure 5.7: Locations with temporary obstacles

The distributions of Access Scorepermanent and Access Scoreqy are illustrated in Figure 5.8. The average
value for Access Scorepermanent 15 0.672, which is slightly higher than the 0.667 average for Access
Scoregy. Both distributions show that most footpath segments achieve an Access Score greater than
0.5. Segments with an Access Score of 0.0, indicating complete inaccessibility, were automatically
designated this value due to the existence of spatial accessibility features, such as steps or stairs, that
completely obstruct movement for individuals with mobility impairments. Differences between the
distributions are evident in the range from 0.6 to 0.75, with Access Scorepermanent €xhibiting more
segments in the upper part of this range, while Access Score,;; shows a greater concentration in the
lower part.
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Figure 5.8: Distribution of footpath-level Access Scores
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Figure 5.9: Footpath-level Access Score considering permanent spatial accessibility features only
(Access Scorepermanent); high values represent high accessibility

47.380°N

Access Score
1.00

0.75
0.50
0.25
0.00

47.375°N

Latitude

47.370°N

Basemap
— Footpaths

Surface Water

47.365°N O District 1

L 1 1 1 ] 800 m

8.530°E  8.535°E  8.540°E  8.545°E  8.550°E
Longitude

Figure 5.10: Footpath-level access score considering all spatial accessibility features (Access Scoreq);
high values represent high accessibility
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From the footpath-level Access Scores, Access Scores at the neighbourhood level were computed and
visualised in Figure 5.12 for Neighbourhood Access Scorepermanent and in Figure 5.13 for Neighbourhood
Access Scoreqy;. To better capture the differences between neighbourhoods and the two Access Scores,
the colour gradient encompasses only the range in which Access Score values exist.

Generally, accessibility is higher on the west side of the river Limmat. The most significant Access
Scoregy; value at the neighbourhood level is 0.74, found in the Stadthaus neighbourhood. The neigh-
bourhood of Schipfe is an exception on the Limmat’s west side, with a relatively low Access Scorey;
of 0.64. Similar values are observed for Access Scorepermanent- On the east side of the Limmat, the
lowest Access Scoreg); value of 0.59 across all neighbourhoods can be found in Grossmiinster. Aside
from the neighbourhoods of Oberdorf (Access Scorepermanent 0f 0.61) and Zahringerstrasse (Access
Scorepermanent Of 0.68), the Access Scorepermanent ranges from 0.64 to 0.65 on the east side of the
Limmat.

As depicted in Figures 5.12 and 5.13, the difference between Neighbourhood Access Scorepermanent
and Neighbourhood Access Scoreq); is minor. Only in the neighbourhood of Paradeplatz does a visual
difference exist between the Access Score calculated based on permanent features and the Access Score
that considers all features. Consequently, this difference arises from temporary spatial accessibility
features. This area was previously identified in the footpath-level Access Score as being influenced
by temporary spatial accessibility features. The most significant difference of 0.024 between Neigh-
bourhood Access Scorepermanent a1d Neighbourhood Access Scoreqy is found in Paradeplatz, while the
differences in other neighbourhoods are minor. For Sihlporte, Selnaustrasse, Stadthaus, Bellevue,
ETH/Universitiat, and Central, the differences between the two Neighbourhood Access Scores range
from 0.005 to 0.010. These differences are even smaller for the neighbourhoods of Bahnhofplatz,
Schipfe, Miinsterhof, Oberdorf, Grossmiinster, Prediger, and Zahringerstrasse, ranging from 0.000 to
0.005.

The distribution of Neighbourhood Access Scorepermanent and Neighbourhood Access Scoreqy is illus-
trated in Figure 5.11. As Neighbourhood Access Scores typically range between 0.5 and 0.8, the
figures are limited to this range for better visualisation. The average value for Neighbourhood Ac-
cess Scorepermanent 15 0.669, decreasing slightly to 0.664 for Neighbourhood Access Scoreqy. Figure
5.11 indicates that for Neighbourhood Access Scoreqy, the values are marginally lower than those of
Neighbourhood Access Scorepermanent. Particularly around the Access Score values of 0.65 and 0.70,
neighbourhoods exhibit a shift to lower values from Neighbourhood Access Scorepermanent to Neighbour-
hood Access Scorey;; when considering all spatial accessibility features.
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Figure 5.11: Distribution of neighbourhood-level Access Scores
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Figure 5.12: Neighbourhood-level Access Score considering permanent spatial accessibility features
only (Neighbourhood Access Scorepermanent); high values represent high accessibility
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Figure 5.13: Neighbourhood-level Access Score considering all spatial accessibility features
(Neighbourhood Access Scoreqy); high values represent high accessibility
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5.3 Navigation and Routing

Based on 30 origin-destination pairs, routes for pedestrians were proposed by Google Maps, the Open
Source Routing Machine (OSRM), OpenRouteService (ORS), and Dijkstra’s Shortest Path Algo-
rithm for Accessible Routing (SPAAR). Google Maps, i.e. Google’s Directions API, and OSRM only
suggested routes suitable for walking profiles, whereas ORS and SPAAR also provided wheelchair-
accessible routes. Furthermore, SPAAR allowed temporary obstacles to be considered. Appendix A
visualises all routes grouped by origin-destination pair. The number of resulting routes for each routing
service across the 30 origin-destination pairs is summarised in Table 5.2, which includes the names
used to distinguish the routing services and their suggested routes.

Table 5.2: Routing services and routes per service

Routing Services Name Number of Routes

Google Maps Google Maps 30

Open Source Routing Open Source Routing Machine 30

Machine (OSRM) (OSRM)

OpenRouteService (ORS) OpenRouteService (ORS), walking 30
OpenRouteService (ORS), rolling 30

Dijkstra Shortest Path SPAAR, walking 30

Algorithm for Accessible
Routing (SPAAR)

SPAAR, rolling, all obstacles 30
SPAAR, rolling, permanent 30
obstacles

A total of 210 routes were generated from the 30 origin-destination pairs. The suggested routes can
be grouped into two profiles: walking and using a wheelchair (rolling). Since only ORS and SPAAR
provide wheelchair-accessible routes, 90 of the 210 routes (30 each for ORS, rolling; SPAAR, rolling, all
obstacles; and SPAAR, rolling, permanent obstacles) consider accessibility. The remaining 120 routes
(30 each for Google Maps; OSRM; ORS, walking; and SPAAR, walking) were proposed for walking
profiles. Before analysing the impact of individual routing services, the influence of travel profiles,
namely walking or using a wheelchair (rolling), was evaluated. Statistical analyses included a Welch’s
ANOVA for travel time and route length, as well as a standard ANOVA for the number of turns.
The results indicate that the travel profile significantly affects route length, travel time, and route
complexity, i.e., the number of turns. Post hoc tests revealed that wheelchair-accessible routes are, on
average, 335.1 metres (m) longer and take 741.4 seconds (s) more. Additionally, walking between the
origin and destinations involves, on average, 4.6 turns less than when using a wheelchair between the
two locations.

The following sections summarise the resulting effects of routing services across three metrics: route
length, travel time, and route complexity, commonly represented by the number of turns.
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5.3.1 Routing Services Comparison

To compare the routes suggested by Google Maps, OSRM, ORS, and SPAAR, the routes were grouped
according to length following the approach introduced by Tannert and Schéning (2018). For this
purpose, the length of the shortest path, based on SPAAR walking, was determined for each origin-
destination pair, in contrast to Tannert and Schoéning (2018), who grouped routes based on straight-line
distances between origin and destination locations. Depending on the resulting length, the origin-
destination pairs were categorised into one of three groups: 0-600 m length, >600-1200 m length, and
>1200-1800 m length. The routes were assigned as follows:

e 0-600 m: Routes 10, 19, 25, 28

e >600-1200 m: Routes 1, 2, 3, 5, 7, 9, 12, 14, 16, 17, 18, 20, 21, 23, 24, 26, 27, 30

e >1200-1800 m: Routes 4, 6, 8, 11, 13, 15, 22, 29
The following sections compare routing services based on length, travel time, and complexity, i.e.,
number of turns, of the suggested routes.
Route Length

The lengths of the total 210 routes were grouped into the three previously introduced intervals. Figure
5.14 illustrates the distribution of route lengths proposed by various routing services, categorised into
these three intervals.
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Figure 5.14: Route lengths resulting from all routing services
The results indicate distinct patterns in route lengths across the routing services and footpath distance

categories. Most services generate relatively similar route lengths for shorter distances (0-600 m), al-
though ORS rolling and SPAAR rolling routes occasionally suggest longer paths. As footpath distances
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increase, the variability in route lengths becomes more pronounced, particularly for the rolling profiles
(ORS and SPAAR). This is particularly evident in the upper two length intervals >600-1200 m and
>1200-1800 m categories, where rolling routes from ORS and SPAAR exhibit longer median lengths
and greater variability compared to walking profiles.

Notably, ORS and SPAAR routes generated for wheelchair users (rolling) tend to be longer than
walking routes, reflecting the additional constraints imposed for routing suggestions. This aligns with
the findings of the statistical analysis assessing the impact of travel profiles on route length. In contrast,
walking routes generated by Google Maps, OSRM, ORS, and SPAAR demonstrate similar outcomes
in route length, even with increasing distance between origin and destination.

In summary, walking routes are generally shorter and less variable, while wheelchair-accessible
routes are longer, exhibiting greater variability, particularly for SPAAR rolling profiles. These dif-
ferences underscore the influence of accessibility considerations and routing algorithms on suggested
route lengths.

Table 5.3: ANOVA results for route lengths and routing services

Source Df Sum Sq Mean Sq F value Pr(>F)
Routing Services 6 6'110’176 1°018’363 4.333 0.000388
Residuals 203 47714°734 235’048

The results of the ANOVA examining the effect of routing services on the route length variable indicate
a statistically significant relationship (Table 5.3). The factor routing service has 6 degrees of freedom,
with a sum of squares of 6°110°176 and a mean square of 1’018’363. The F-value for this factor is
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Figure 5.15: Pairwise comparison between routing services of resulting route lengths
(ns: not significant)
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4.333, and the associated p-value is 0.000388, which is much smaller than the commonly used 0.05
significance threshold. This strongly suggests that route length varies significantly across different
routing services. The residuals, representing the unexplained variation, have 203 degrees of freedom
with a sum of squares of 47°714’734 and a mean square of 235°048. This analysis provides strong
evidence that the routing service employed significantly affects the length of the suggested routes.
Following the standard ANOVA, a TukeyHSD post hoc Test was applied to conduct a pairwise
comparison between routing services and their impact on route length. The results are visualised
in Figure 5.15. While most routing services generate routes of similar lengths, ORS rolling suggests
significantly longer routes than nearly all routing services. Only the SPAAR rolling routes are not
significantly different from ORS rolling. This aligns with previous findings that wheelchair-accessible
routes are significantly different from walking routes suggested by all routing services. Notably, both
SPAAR rolling routes, i.e., those with all obstacles and those with only permanent obstacles, do not
differ statistically from other walking routes, despite considerable differences depicted in Figure 5.14.

Travel Time

Following the analysis of route lengths, the travel times of routes and the impact of routing services were
assessed and visualised in Figure 5.16. The same route length intervals as mentioned earlier, based on
the shortest paths in the footpath network and suggested by SPAAR, were applied for categorisation:
0-600 m, >600-1200 m, and >1200-1800 m.
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Figure 5.16: Travel times resulting from all routing services

The data reveal noticeable differences in travel times across routing services and distance categories.
Travel times for short distances (0-600 m) are similar for most services, except for SPAAR rolling, which
exhibits significantly longer travel times. As the distance of the shortest path increases, the variability
in travel times becomes more pronounced, particularly for ORS and SPAAR rolling profiles.
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In all three distance categories, wheelchair-accessible (rolling) routes tend to have the highest travel
times, displaying higher medians than walking profiles. A comparison of suggested rolling routes from
ORS and SPAAR indicates that SPAAR consistently shows higher travel times across all distance
categories.

In contrast, walking profiles, including Google Maps, OSRM, ORS walking and SPAAR walk-
ing, generally suggest shorter and less variable travel times compared to their rolling counterparts.
This trend remains consistent across all footpath distance categories, though variability in travel time
increases with the length of the route intervals.

In summary, walking routes tend to be associated with shorter travel times and less variability,
while wheelchair-accessible routes are linked to longer and more variable travel times, particularly
for SPAAR rolling profiles. Statistical analysis of travel time per mode of transport supports these
findings.

The results of the Welch’s ANOVA, conducted to examine the effect of routing services on travel
time, demonstrate a statistically significant difference in travel times across these services (Table
5.4). The Welch’s ANOVA was selected as the Levene’s test indicated that the assumption of equal
variances across groups was violated. The F-statistic for the analysis is 21.596, with 6 numerator
degrees of freedom (representing the different routing services) and approximately 89.209 denominator
degrees of freedom (accounting for the residual variation). The associated p-value is exceedingly small
at 1.607e-15, significantly less than the 0.05 significance level. This highlights that travel time varies
significantly among the routing services.

Table 5.4: ANOVA results for travel times and routing services

Source Df Sum Sq Mean Sq F value Pr(>F)
Routing Services 6 6'110’176 1’°018’363 4.333 1.607e-15
Residuals 89.209

The statistical analysis of the different impacts of the routing service on travel time was completed
by conducting a Games-Howell post hoc Test for the pairwise comparison of routing services. The
results of the Games-Howell post hoc Test are displayed in Figure 5.17. It prominently shows that
the rolling routes suggested by SPAAR take significantly longer travel times than those suggested by
any other routing services. This was already indicated in Figure 5.16 and is now supported by the
statistical analysis. The statistical relationship between SPAAR rolling routes and the routes of other
routing services is strongly significant, with p-values lower than 0.0001. The ORS rolling routes are
an exception, as their significance level is slightly lower, with p-values between 0.001 and 0.0001.
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Figure 5.17: Pairwise comparison between routing services of resulting travel times
(ns: not significant)

Route Complexity

Similarly to route length and travel time, route complexity, as indicated by the number of turns,
is categorised into three shortest path distances between origin and destination locations: 0-600 m,
>600-1200 m, and >1200-1800 m. The grouped number of turns per routing service is illustrated in
Figure 5.18.

Across all distance categories, the number of turns generally increases with the shortest footpath
distance, as expected due to the greater complexity associated with longer routes. For routes in the
0-600 m interval, the number of turns remains relatively low and consistent across services. However,
some variation is evident, particularly for SPAAR rolling profiles, which exhibit wider variability in
turn counts even for short distances.

For intermediate distances (>600-1200 m), Figure 5.18 reveals notable differences between routing
services. Walking profiles from Google Maps, OSRM, and SPAAR walking tend to create routes with
fewer turns and narrower interquartile ranges than rolling profiles. In contrast, wheelchair-accessible
routes consistently show higher median turn counts and greater variability. Interestingly, ORS walking
demonstrates a similar route complexity to ORS rolling for intermediate distances.

The distinction between walking and rolling profiles becomes more pronounced in the longest
distance category (>1200-1800 m). While walking profiles maintain relatively lower turn counts,
wheelchair-accessible profiles (ORS and SPAAR rolling) indicate more turns as well as increased vari-
ability across routes. ORS walking shows similar route complexity to other walking routes in this
distance category, in contrast to the intermediate distance category.

As distance increases, it becomes increasingly clear that OSRM and SPAAR walking routes involve
fewer turns than walking routes generated by other routing services.

Overall, ORS and SPAAR rolling routes require more turns than walking routes, with the differences
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becoming more pronounced as the shortest footpath distance increases. This is backed by the statistical
analysis, which revealed significantly more turns for rolling than walking profiles.
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Figure 5.18: Number of turns resulting from all routing services

The results of the applied standard ANOVA, summarised in Table 5.5, indicate that the number of
turns is significantly influenced by the routing service used. The analysis reveals that the routing
services factor has 6 degrees of freedom, with a sum of squares of 1735 and a mean square of 289.15.
The corresponding F-value is 4.873, associated with a very small p-value of 0.000113. This p-value is
well below the commonly used significance level of 0.05, suggesting that the number of turns varies
significantly across the different routing services. The residuals, which represent the variation unex-
plained by the model, have 203 degrees of freedom and a sum of squares of 12’046, with a mean square
of 59.34. These results confirm that the routing service used is a crucial factor in determining the
number of turns, with significant differences between the services.

Table 5.5: ANOVA results for the number of turns and routing services

Source Df Sum Sq Mean Sq F value Pr(>F)
Routing Service 6 1’735 289.15 4.873 0.000113
Residuals 203 12’046 59.34

Ultimately, a TukeyHSD post hoc Test for route complexity concluded the pairwise comparison of
routing services. Route complexity exhibits fewer distinct patterns than the pairwise comparison for
route length and travel time (Figure 5.19). Notably, ORS rolling routes demonstrate significantly more
turns compared to OSRM, with p-values ranging from 0.001 to 0.0001, and significantly more turns
than SPAAR walking routes, with p-values between 0.001 and 0.01. Similarly, SPAAR rolling routes,
which account for all obstacles, are found to have significantly more turns than OSRM routes, with
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p-values ranging from 0.01 to 0.05. Additionally, SPAAR walking routes reveal significantly fewer
turns than SPAAR rolling routes that account for all obstacles, highlighting the increased complexity
of wheelchair-accessible routing.

o 5
(O oD G X%
o N \Q_,b\\rx S W . °
A 5) oW W o
@ (O et A @
o 23 R PR o
¢ e (& o
R\ C’O\\,\ S o X X ¥
o SN > P » g 9 >
< ov ov ov R R

o> !
Google Maps . ns ns ns ns ns ns
Open Source Routing Machine (OSRM) ns . ns . ns & ns
p-value
OpenRouteService (ORS), walking ns ns ns ns ns ns s 0.05 <=p<1
< 0.0l <=p < 0.05

OpenRoutingService (ORS), rolling ns . ns . ot ns ns i 888(1)1<: p= 000301
. <=p < 0.

B o000
SPAAR, walking ~ ns ns ns o * ns . Same Routing Service

SPAAR, rolling, all obstacles ns & ns ns & . ns
SPAAR, rolling, permanent obstacles ns ns ns ns ns ns .

Figure 5.19: Pairwise comparison between routing services of resulting number of turns
(ns: not significant)

5.3.2 Temporary Obstacles’ Influence

To assess the impact of temporary obstacles on the generated routes, the two SPAAR rolling options
were compared: one considering only permanent obstacles and the other including all obstacles. Stan-
dard ANOVAs were employed to test whether the route lengths, travel times, and route complexity of
SPAAR rolling differed based on the obstacles considered.

The ANOVA results, summarised in Table 5.6, suggest that the presence of obstacles, all obstacles
(temporary and permanent) or only temporary obstacles, does not have a statistically significant
impact on SPAAR rolling route length, travel time, or route complexity, defined as the number of
turns. In each of the three analyses, the p-values exceed the typical threshold of 0.05, indicating that
the differences observed between the two groups are likely attributable to random variation rather
than a systematic effect of the obstacles.

For route length, the F-value is 0.622 with a p-value of 0.433, indicating that the mean route lengths
between the two obstacle groups do not differ significantly. Similarly, for travel time, the F-value is
0.546 with a p-value of 0.463, which again suggests no significant effect of obstacles on travel duration.
Lastly, for the number of turns, the F-value is 0.554 with a p-value of 0.460, further corroborating the
conclusion that the presence of obstacles does not meaningfully influence route complexity.

Overall, these results suggest that whether all obstacles or only temporary obstacles are considered,
there is no significant impact on the analysed route characteristics.
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Table 5.6: ANOVA results for route lengths, travel times, and number of turns across SPAAR rolling

route options

Metric Source Df Sum Sq Mean Sq F value Pr(>F)

Route length Obstacles 1 168’256 168’256 0.622 0.433
Residuals 58 15’682’159 270’382

Travel time Obstacles 1 241207 241207 0.546 0.463
Residuals 58 25’621°132 441°744

Number of turns Obstacles 1 43 43.35 0.554 0.46
Residuals 58 4’542 78.30
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6 Discussion

6.1 Research Questions

The subsequent sections address the research questions presented in Section 1.3, situating this thesis
within its spatial and scientific context. Furthermore, the limitations of this research are examined.

6.1.1 Research Question 1

How is the footpath network in Zurich’s District 1 enhanced with spatial accessibility features?

The footpath network of District 1 in the City of Zurich was enhanced by allocating spatial acces-
sibility features to the nearest footpath segment. Prior to the allocation of these features, the footpath
segments were divided into smaller segments, similar to an approach presented by Rahaman et al.
(2017). This allowed for a more precise allocation of spatial accessibility features, as the smaller foot-
path segments better represented the actual locations of the spatial accessibility features. The raw
spatial accessibility features were preprocessed by clustering those describing the same object and
aggregating them into a single data point.

As illustrated in Figure 5.2 and discussed in Section 5.1, the number of spatial accessibility features
was considerably reduced due to the clustering and aggregation processes.

The most notable reduction of features occurred in the category rail/tram track, resulting from
the methodology employed to enhance the spatial accessibility features with the Canton’s dataset. By
consistently segmenting the tram tracks in District 1 into 10 m segments, 4’453 points were created
for District 1 alone. This number slightly increased to 4’824 by merging the Canton’s dataset with the
spatial accessibility features. The pattern in Figure 5.5 effectively illustrates where tram tracks are
located in District 1 and the points at which footpaths cross them.

Likewise, the number of collected crosswalk points increased by augmenting the dataset with the
City’s crosswalk dataset. This dataset included 235 crosswalks for District 1, thus raising the total
count of crosswalks to 1’455 (before removing crosswalk points through validation). Through clustering
and aggregation, spatial accessibility features describing the same crosswalk were simplified into a single
data point. Given that both ZuriACT participants and the City’s dataset generally cover the same
area, spatial overlaps existed. By applying data aggregation, the crosswalk data from both datasets,
which potentially described the same objects, were merged into single crosswalk points per object,
eliminating spatial overlaps and resulting in 415 crosswalks.

As a recently published study based on preliminary results analysed (Allahbakhshi & Ardiiser,
2024), the high number of surface material type points in District 1 (1’032 after aggregation) results
from the historic cobblestone pavements in the area, particularly in the neighbourhoods of Schipfe and
Grossmiinster. This is supported by the resulting spatial distribution of the category surface material
type, depicted in Figure 5.5.

81



Chapter 6. Discussion

The number of curb ramp features (911 after aggregation) is slightly more than double that of the
crosswalk features (415 after aggregation), suggesting that a curb ramp generally accompanies cross-
walks at each end in District 1. Additional curb ramps can be found where crossing is possible, but
no zebra crossing is present, such as along Bahnhofstrasse. Furthermore, the number of pedestrian
signal features (304 after aggregation) is lower than that of the crosswalk features, clearly indicating a
significant number of unsignalled crosswalks, considering that each crosswalk feature would typically
be accompanied by two pedestrian signal features (one signal on each side of the street).

The aggregated spatial accessibility features were assigned to the footpath network of District 1
to assess spatial accessibility. Well-maintained, accessible, and safe footpaths enhance public health,
promote social interaction, and support the mobility and independence of older adults and individuals
with mobility impairments (Li et al., 2022). To measure whether District 1 of Zurich provides accessible
footpaths, an Access Score was calculated. The average Access Scorepermanent of 0.672 and Access
Scoregy of 0.667 at footpath level indicate that accessibility is generally high. However, areas with
reduced accessibility are concentrated where footpath inclines exceed accessibility thresholds, leading to
inaccessible segments. This supports the assertion of Rahaman et al. (2017) that inclines significantly
affect accessibility. The impact of incline on accessibility is particularly pronounced in Zurich’s historic
old town on both sides of the river Limmat, with the east side being steeper overall, further diminishing
accessibility. These conclusions are reinforced by Access Scores at both footpath and neighbourhood
levels.

A comparison of the Access Scores presented in Figures 5.9 and 5.10 with the aggregated spatial
accessibility features in Figure 5.5 underscores the influence of surface material type features. In
the neighbourhoods of Schipfe, Miinsterhof, Zahringerstrasse, Prediger, and Grossmiinster, the Access
Scores indicate reduced footpath accessibility, aligning with the spatial distribution of surface material
type features. In contrast to the fully inaccessible segments in these neighbourhoods, caused by height
difference features and steep footpath inclines, the moderate reduction in accessibility is attributed to
cobblestone surfaces, included in the spatial accessibility feature surface material type.

Moreover, footpath-level Access Scores identify specific locations of inaccessible segments. This
is particularly evident on footpaths along the river Schanzengraben. While these footpaths facilitate
access to Schanzengraben, they are interspersed with stairs and steps, preventing mobility-impaired
individuals from using them safely. Additionally, many of these footpaths are only accessible via
stairs, resulting in low Access Scores. Such segments highlight significant barriers, leading to very
low accessibility values. The Access Scores further pinpoint locations of height differences that cause
completely inaccessible footpath segments. Striking examples include the stairs located on Sempersteig
in the ETH/Universitat neighbourhood. Furthermore, the stairs between the train platforms in the
main station and the entrance stairs cause the footpath segments to be marked as inaccessible. While
these stairs may not represent the most pertinent example regarding footpath accessibility due to the
presence of accessible platforms and station entrances, they effectively illustrate the potential of the
Access Score method in mapping spatial accessibility challenges.

The comparison of Access Scorepermanent and Access Scoreq revealed that differences exist in
various areas of District 1. These differences arise from the inclusion of temporary spatial accessibility
features considered in the computation of Access Scoreyy, such as construction, parked car, and parked
bike/motorcycle features. The affected neighbourhoods include Paradeplatz, Sihlporte, Bahnhofplatz,
and Bellevue. It is striking that spatial accessibility on footpaths in the old town was not affected
by temporary obstacles. Furthermore, in the neighbourhoods of Schipfe, Miinsterhof, Prediger, and
Grossmiinster, there are nearly no temporary spatial accessibility features impacting accessibility. In
conclusion, while objects may still be present in these areas, they do not influence spatial accessibility,
neither obstructing nor facilitating movement on the footpath. These conclusions are backed by the
comparison of footpath-level Access Scores as well as by the neighbourhood-level Access Scores.
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Analysing the relationship between Access Scoreyy; and temporary spatial accessibility features shows
that construction features are responsible for the majority of entirely inaccessible segments. While
parked vehicles, including parked car and parked bike/motorcycle features, may partially hinder move-
ment, they typically do not result in entirely inaccessible segments.

The Access Scores at the footpath level effectively convey accessibility information in a score that
can be utilised for accessibility-sensitive routing. Therefore, the allocation of spatial accessibility fea-
tures to the footpath data in District 1 and the subsequent calculation of Access Scores has proven to
be a suitable approach for enriching footpath information with spatial accessibility data.

6.1.2 Research Question 2

How well do existing routing services respond to the needs of mobility-restricted population groups?

As highlighted in various studies (Beale et al., 2006; Kasemsuppakorn & Karimi, 2009; Tannert &
Schoning, 2018; Volkel & Weber, 2008), existing and commonly used routing services lack accessibility
information to provide suitable routes for mobility-impaired population groups. This gap was further
analysed for District 1 in the City of Zurich, and the potential of remotely collected spatial accessibility
features in addressing this issue was assessed.

First, the route length results show that wheelchair-accessible routes generated by ORS rolling
and both SPAAR rolling options, whether considering all obstacles or only temporary ones, are longer
than walking routes from any other routing service. This underscores the inaccessibility of footpaths in
District 1 of Zurich. Individual routes illustrate such inaccessibilities, as indicated by various datasets.
For example, the routes between origin-destination pair 5, as shown in Figure A.2a, clearly visualise
the differences among the underlying datasets. While the SPAAR rolling routes closely resemble the
walking routes of all routing services, the ORS rolling route takes a markedly different path, likely due
to an inaccessible feature within the ORS dataset, resulting in this detour. Moreover, differences in
travel profiles increase as the distance between origin and destination locations grows. This suggests
that the impact of less accessible footpaths accumulates with increasing distance, indicating that such
inaccessibility persists throughout the entire route and is not merely the result of isolated objects
obstructing the footpath.

Furthermore, routes generated for wheelchair profiles tend to avoid steep footpaths, which are
associated with a high cost due to the Access Scores. This is evident in several routes generated for
ORS rolling and both SPAAR rolling options. For instance, the routes between origin-destination pairs
3 (Figure A.lc), 4 (Figure A.1d), and 30 (Figure A.6b) illustrate how such steep segments result in
detours for wheelchair profiles.

The route lengths suggested by Google Maps, OSRM, ORS walking, and SPAAR walking show no
significant difference, with comparable route lengths across various distance categories between origin
and destination locations. This indicates that, regardless of the origin and destination, routing ser-
vices recommend similar routes or routes of similar length using alternative footpaths, such as route
10 (Figure A.2f), route 11 (Figure A.3a), route 21 (Figure A.4e), or route 26 (Figure A.5d).

Second, travel times of routing services concerning wheelchair profiles are significantly higher, par-
ticularly for SPAAR rolling routes. Although ORS rolling also exhibits increased travel times, the
distinction between SPAAR rolling and ORS rolling remains notable. The reasons for these outcomes
may differ from route to route. Generally, SPAAR rolling routes may take into account more spatial
accessibility features (as discussed below), consequently causing detours and alternative routes. How-
ever, since Figure 5.15 does not reveal any significant differences in route length between ORS rolling
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and SPAAR rolling, the reason for the increased travel times for SPAAR rolling may lie in the travel
speed assumptions outlined in Section 4.4.3. In comparison to the base travel speed of 4 km/h for
the wheelchair profile, the travel speeds for wheelchair users on SPAAR routes are generally lower and
range between 2.48 km/h and 3.78 km/h (Table 4.7). This implies that the travel speeds derived from
the experiments conducted by Boyce et al. (1999) may represent rather conservative assumptions for
wheelchair users, resulting in increased travel times for SPAAR rolling routes. Enhancing the travel
speed to a more appropriate value could mitigate these differences between SPAAR rolling and ORS
rolling. However, further assessments of wheelchair travel speeds are necessary to establish suitable
travel speeds before merely adjusting them, as this could lead to unrealistic values.

The travel times of Google Maps, OSRM, ORS walking, and SPAAR walking are relatively similar;
however, the differences increase with the growing distance between the origin and destination. ORS
walking and SPAAR walking show similar travel times, generally lower than those of Google Maps
and OSRM routes. As the route lengths between these routing services do not differ significantly,
their varying travel times might stem from underlying assumptions about travel speed, as indicated in
Section 4.4.3. As Google Maps (presumably), OSRM, and ORS walking apply a base travel speed of 5
km/h (Open Source Routing Machine, 2024a; OpenRouteService, 2024d; Tannert & Schoning, 2018),
the differing travel times suggest that various parameters, such as incline or footpath surface, influence
travel speeds and, consequently, travel times. Given that the travel times of SPAAR walking are com-
parable to those of ORS walking, a similar parameter, namely incline, could be considered, as SPAAR
walking solely takes incline into account as a factor affecting travel speed. However, similar results
between SPAAR and ORS walking might also arise from several parameters that affect the travel speed
of ORS walking, not exclusively incline. This is more likely due to ORS’s advanced routing algorithms.

Third, differences in route complexity indicate that routes generated for wheelchair profiles in-
volve more turns, leading to more complex routes compared to walking routes. Furthermore, routes
produced by OSRM and SPAAR walking exhibit fewer turns, a trend that becomes more apparent
as the distance between the origin and destination increases. Unsurprisingly, route complexity grows
with the increasing distance between origin and destination, concluding that longer routes are gener-
ally more complex. However, while this conclusion is corroborated by results found by Tannert and
Schoning (2018), it significantly relies on the footpath design of a city. For instance, grid-like footpath
layouts might provide alternative routes of similar length with more options to reduce the number of
turns. In other cities, reducing the number of turns could result in a substantial increase in route length
(Sevtsuk & Basu, 2022). Even in this small-scale study for District 1, the influence of footpath design
on the number of turns in the generated routes could be analysed, given that the footpaths in the
old town around Lindenhof (Schipfe neighbourhood) and Niederdorf (Z&hringerstrasse and Prediger
neighbourhoods) are more intricate than those in the Paradeplatz neighbourhood. This would require
creating additional routes in these areas, strictly categorised by the underlying footpath design.

In contrast to Tannert and Schoning (2018), who observed that Google Maps diminishes the com-
plexity of the generated routes by minimising turns, there is no significant difference in route complexity
between Google Maps routes and those created by other routing services. This thesis does not confirm
the higher number of turns associated with ORS walking compared to Google Maps routes, as noted
in Tannert and Schoning (2018). Furthermore, ORS walking routes even show a lower median for the
number of turns with increasing distance, contrary to findings by Tannert and Schéning (2018). This
discrepancy may stem from the footpath design of the city, which could diverge from those examined
by Tannert and Schoning (2018).

The differences in route length, travel time, and complexity among routing services underscore the
significance of their underlying assumptions. While little is known about Google Maps’ algorithms,

84



Chapter 6. Discussion

both ORS and OSRM openly provide information about their routing methods. These services can ad-
just routes based on various parameters, such as travel speed, which is influenced by footpath surface,
incline, or type as specified in OSM data (Open Source Routing Machine, 2024a; OpenRouteService,
2024d). ORS, in particular, offers an extensive range of adjustable parameters for wheelchair routing
(Table 2.1), including considerations for surface type and route smoothness, enabling users to customise
routes according to their needs.

In contrast, SPAAR routing incorporates a broader set of spatial accessibility features. While some
ORS parameters align with SPAAR features (maximum curb height <+ curb ramp/missing curb ramp;
route smoothness > surface problem; minimum surface type <> surface material type), others are not
directly comparable. SPAAR’s spatial accessibility feature categories, such as no sidewalk, obstacle,
construction, parked car, parked motorcycle/bike, rail/tram track, crosswalk, and pedestrian signal,
provide further insights into footpath accessibility. While ORS’ parameters focus on the built envi-
ronment of the footpaths, the spatial accessibility features included in SPAAR also take into account
objects located on the footpaths, such as parked vehicles, obstacles, and construction sites. Moreover,
SPAAR rolling routes consider temporary features that can significantly influence individual route
results. Therefore, the spatial accessibility features included in the SPAAR route generation offer a
considerable advantage over ORS parameters, as they provide more information for footpath accessi-
bility assessments, enhancing the basis for accurate route generation that reflects real-world conditions.

As Tannert and Schoning (2018) concluded, the differences between routes suggested for wheelchair
and walking profiles illustrate the failure to implement accessibility standards, resulting in longer and
more complex wheelchair-accessible routes. While the city’s underlying topography may contribute to
inaccessibility, the footpath infrastructure further creates inaccessible segments, such as stairs or steps
on footpaths.

The findings further indicate that existing routing services lack the potential to accommodate
mobility-impaired individuals, as evidenced by the significant differences between accessibility-sensitive
routing services and those that do not consider accessibility. This gap often stems from the unavail-
ability of accessibility-relevant information necessary for such services (Froehlich et al., 2019). The
disparities between walking and rolling routes also suggest that several barriers exist in District 1,
primarily due to objects obstructing the footpath, the surface of the footpath itself, as well as steep
footpaths, sometimes even incorporating steps and stairs, arising from Zurich’s underlying topography.

Moreover, the results lead to the conclusion that SPAAR, based on the enhanced footpath net-
work for District 1, performs well compared to the other routing services analysed. While differences
between routing services are generally discernible, both SPAAR rolling options yield similar results
concerning route length, travel time, and route complexity. In addition to the noted difference in
travel times, SPAAR rolling routes resemble ORS rolling routes, demonstrating the efficacy of the
accessibility-enhanced footpath network in routing for District 1. Furthermore, SPAAR routes gen-
erated for walking profiles rank among those with the shortest route lengths, travel times, and the
fewest number of turns. Dijkstra’s shortest path algorithm has performed admirably on the enhanced
footpath network, underscoring the value of the spatial accessibility features dataset and the resulting
advantage of SPAAR over other routing services by utilising such a practical dataset.

The 30 origin-destination pairs were generated without specific conditions, except that both origin and
destination points were not located on water surfaces. These points were matched randomly. When
comparing routes within the same shortest path distance categories, two distinct groups emerge: one
comprising routes that cross the river Limmat, and the other consisting of routes that do not (i.e., both
origin and destination points are on the same side of the river). These comparisons reveal significant
differences between the groups.
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Of the 30 pairs, 19 comprised origins and destinations situated on opposite sides of the river Limmat,
necessitating pedestrians to cross the river during their journey. Among these 19 pairs, only 1 shortest
path was shorter than 600 m. 10 shortest paths fell into the >600-1200 m category, while 8 were
classified as >1200-1800 m.

For the remaining 11 origin-destination pairs, where origin and destination points were on the same
side of the Limmat, only 3 shortest paths were shorter than 600 m. The other 8 shortest paths ranged
from 600 to 1200 m in length. Notably, no shortest paths connecting origin-destination pairs without
crossing the Limmat exceeded 1200 m.

The informative value for the category containing origin-destination pairs located less than 600 m
apart is limited, as only four origin-destination pairs have shortest paths less than 600 m. Of these,
3 pairs do not cross the Limmat, highlighting the rarity of very short routes crossing the river. All
origin-destination pairs in the category >1200-1800 m involve crossing the Limmat, underscoring the
connection between longer routes and the necessity of crossing the river. The category encompassing
routes of intermediate length (>600-1200 m) offers the most insight into Zurich’s District 1. The
majority of routes within this range are approximately 1000 m long, irrespective of whether they cross
the Limmat. However, routes crossing the Limmat tend to show more variability, with some longer
outliers (e.g., Route 3, Figure A.lc; Route 29, Figure A.6a). This trend is particularly pronounced for
wheelchair-accessible routes (SPAAR and ORS rolling routes). While previous results have demon-
strated that rolling routes are significantly longer than walking routes, these findings suggest that this
issue is particularly acute when origin and destination locations are positioned on opposite sides of the
Limmat.

No clear patterns were observed between the travel times of routes crossing the Limmat and those
that do not.

A distinct difference in complexity emerges between crossing and non-crossing routes. Routes that
cross the river tend to incorporate more turns, whereas routes on the same side of the Limmat involve
fewer turns. Unlike route length, route complexity does not show a significant difference between
rolling and walking routes of both crossing and non-crossing varieties.

An additional analysis comparing routes on the east and west sides of the Limmat did not yield
further insights. Both sides are characterised by diverse topography, and no discernible topographical
effect on route characteristics was observed. Future research should focus on incorporating additional
origin-destination pairs that are more clearly distinguishable by their specific locations.

6.1.3 Research Question 3

Do temporary obstacles significantly impact routing outcomes for mobility-impaired individuals?

According to the results summarised in Section 5.3.2, the impact of temporary obstacles is negligible
when analysing all routes.

Temporary features present in District 1 mainly consisted of parked vehicles, including 32 parked car
and 72 parked motorcycle/bike features, and construction sites indicated by 71 construction features.
Considering only the features completely blocking the footpath, i.e., features with a severity rating of
5, and thereby preventing movement on them for mobility-impaired individuals, these numbers were
further reduced. 35 construction features, 8 parked motorcycle/bike features and 5 parked car features
were considered to completely blocking footpaths.

Temporary obstacles can influence individual routes, such as those created between the origin-
destination pairs 24 (Figure A.5b) and 25 (Figure A.5c), prompting mobility-impaired individuals, such
as wheelchair users, to opt for alternative routes. Furthermore, as shown in Section 6.1.1, the temporary
obstacles that completely obstruct footpaths are predominantly construction sites, as indicated by the

aforementioned numbers. By providing current information on these construction sites in commonly
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used routing services, the development of routes passing through such inaccessible construction areas
could be minimised.

In addition to up-to-date information on relevant temporary obstacles, particularly construction
sites, the significance of data regarding spatial accessibility on footpaths is once again highlighted.
By incorporating such information into commonly used routing services, routes for mobility-impaired

individuals can be recommended that reflect real-world conditions.

6.2 Limitations

As this analysis greatly depended on the spatial accessibility features collected remotely from Street
View Imagery (SVI), certain limitations must be considered. Firstly, data is only provided in areas with
SVI coverage, leading to unassessed regions lacking such coverage. Although footpath segments without
SVI coverage are very limited in District 1 of Zurich, they do still exist. For instance, SVI in the infra3D
tool does not cover Ankengasse and Schoffelgasse, located in the Grossmiinster neighbourhood. This
introduces uncertainty in the Access Scores and consequently in the routing results from SPAAR. Such
uncertainty is also present in cases where the view of footpaths is obstructed by objects, as indicated by
the data point occlusion in the spatial accessibility feature dataset. In-situ data collection is required
to complete these obstructed footpath segments as well as the footpath segments lacking SVI coverage,
thereby ensuring complete and valid data for spatial accessibility assessments (Allahbakhshi, 2023).

Further limitations arise in connection with these introduced uncertainties. While remote data
collection using SVT offers several advantages, such as cost and time efficiency (Steinmetz-Wood et al.,
2019), it is always based on images taken at a single moment in time, providing merely a snapshot of the
footpath condition. For ongoing spatial accessibility assessments and real-world routing applications,
maintaining an up-to-date database of spatial accessibility features is crucial (Allahbakhshi, 2023).

As demonstrated in Section 6.1.3, the temporary spatial accessibility feature construction renders
footpath segments completely inaccessible. While these features were collected for individuals with
reduced mobility capabilities within ZuriACT, various features are also relevant for those without
mobility restrictions. For instance, certain objects that completely block a footpath and, therefore,
prevent movement along this segment act as barriers for all individuals regardless of whether these
individuals suffer mobility restrictions. However, the spatial accessibility features do not provide this
information, meaning that this cannot be derived from a spatial accessibility feature, whether it affects
the movement of all individuals or the movement of mobility-restricted individuals.

The Dijkstra’s Shortest Path algorithm has limitations when applied to large graphs due to the
considerable computational effort required. In contrast, other shortest path algorithms, such as Con-
traction Hierarchies and A* (Luxen & Vetter, 2011; Mehta et al., 2019), can effectively handle larger
graphs. However, as noted by Neis (2015), wheelchair route lengths are typically shorter than 10 km,
which justifies the use of Dijkstra’s Shortest Path algorithm in this thesis.

Although Google introduced wheelchair-accessible routing on Google Maps (https://maps.google.
com/) several years ago (Akasaka, 2018), the Google Directions API is currently limited to routing
for the travel profiles walking, cycling, driving, and transit (using public transportation) (Google,
2024b). However, I opted for Google’s Directions API, although Google Maps could provide wheelchair-
accessible routing. This decision was made with regard to the statistical analysis. The exact routes,
lengths, and travel times were obtained through the Directions API. These values would have only
been approximated through Google Maps. Therefore, I preferred the Directions API as it delivered
precise values for later comparison with other routing services.

Lastly, this work is based on spatial accessibility features gathered for a broad group of mobility-
impaired individuals, including older adults, those with situational mobility restrictions, and people
with disabilities affecting mobility. Without further differentiation of the varying mobility requirements
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for spatial accessibility features, as summarised in the work of Georgescu et al. (2024), these features
were employed to enhance the accessibility of footpaths. This step was succeeded by the application
of a shortest path routing algorithm, whose resulting route metrics were determined using the speed
of manual wheelchair users. Various studies (e.g., Beale et al. (2006), Vélkel and Weber (2008), and
Kasemsuppakorn and Karimi (2009)) have highlighted that route preferences and requirements in
terms of accessibility vary greatly among different population groups and individuals with mobility
restrictions. Hence, future work on routing, using the spatial accessibility features as a foundation,
should incorporate these perspectives and provide a rating of these features based on their (relative)
importance. This would facilitate the generation of more realistic routing results tailored to individuals’
needs.

Since the study is confined to District 1, edge effects may influence the results. Even though
District 1 is relatively compact, there may be shorter and more accessible routes between the used
origin-destination pairs that could exist using footpaths outside District 1. However, such routes were
not evaluated due to the spatial limitations of this study.
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7 Conclusion

7.1 Contributions

By applying Dijkstra’s Shortest Path algorithm to the footpath network of District 1, which was
enhanced with spatial accessibility features primarily gathered through the citizen science project
ZuriACT, this thesis generated routes catering to both walking and wheelchair profiles. The spatial
accessibility features were clustered and consolidated into points representing the same real-world
object. These clustering and aggregation processes were subsequently linked to the footpath network,
demonstrating a suitable approach for enriching the network with accessibility-relevant information.
This provides a robust foundation for routing tailored to the broad spectrum of mobility-impaired
individuals.

A total of 210 routes were analysed: 30 routes each were generated by Google Maps and the Open
Source Routing Machine (OSRM) for walking profiles, while OpenRouteService (ORS) produced 30
routes for both walking and wheelchair profiles. Dijkstra’s shortest path algorithm for accessible
routing (SPAAR) yielded 90 routes: 30 for walking profiles and 60 for wheelchair profiles (with 30
routes considering all obstacles and 30 considering only permanent obstacles). Pairwise comparisons
revealed significant differences in the routing results.

7.2 Insights

The results demonstrated that routes generated for wheelchair profiles are significantly longer, require
more time, and are more complex, incorporating a higher number of turns. Furthermore, obstacles
along the way significantly impact the shortest paths between origin and destination pairs, forcing
individuals with mobility impairments to take substantial detours. These deviations, particularly
evident in ORS wheelchair and SPAAR wheelchair routes, indicate accessibility limitations within
District 1 of Zurich. While some barriers arise from the city’s topography, others are caused by
physical obstructions such as construction sites or cobblestones, which restrict or prevent movement
on footpaths. In conclusion, routing services that solely suggest routes for walking profiles, such as
Google Maps, through the Directions API, and OSRM, do not adequately serve mobility-impaired
individuals, as they fail to provide appropriate routes.

While temporary obstacles do not significantly affect the results of summarised routes, they may
still influence individual routes, such as the routes from the origin-destination pairs 24 (Figure A.5Db)
and 25 (Figure A.5¢). Temporary obstacles that entirely block footpaths and thus prevent movement
on them are most commonly construction sites. By incorporating the location of construction sites
on footpaths into common routing services, the impact of temporary obstacles on routing could be
mitigated, allowing for better planning security for mobility-impaired individuals and fostering greater
inclusivity in urban mobility.

Addressing accessibility challenges is crucial to creating inclusive urban environments in light of
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projected urbanisation and a growing population. As cities expand, the integration of spatial accessi-
bility data into routing systems becomes increasingly important. This would enable routing services to
reflect real-world conditions and cater to the diverse range of individual mobility needs. The findings of
this thesis emphasise the necessity of accessible infrastructure and routing services to ensure equitable
participation in urban life for all population groups.

7.3 Outlook

Based on the analysis conducted in this thesis, several further studies can be undertaken. For ex-
ample, personalised routing for individuals with varying mobility impairments and restrictions could
be developed, offering reliable routing services tailored to the diverse mobility needs of individuals, as
indicated by Beale et al. (2006). The spatial accessibility features provide an excellent data foundation,
as data collection was carried out by individuals with different mobility restrictions and impairments,
including their perspectives on accessibility (Allahbakhshi, 2023).

Moreover, an approach that introduces uncertainty in accessibility-sensitive routing would be par-
ticularly interesting, similar to the stochastic model for travel time presented by Gendreau et al. (2015).
The work conducted by Gendreau et al. (2015) distinguished between two models for determining travel
time: deterministic and stochastic models. While deterministic models resulted in fixed travel times
based on historical data, stochastic models considered the variability and uncertainty in travel times
due to the dynamic nature of real-world conditions (Gendreau et al., 2015). Employing a stochastic
model would result in a range of travel times, each associated with a particular probability and uncer-
tainty regarding travel conditions. This methodology could be applied to accessibility assessments that
take uncertainty into account by incorporating an additional value alongside the introduced metrics of
route length, travel time, route complexity, and an accessibility rating, indicating the reliability of the
accessibility assessments for the route (segments). A stochastic model could suggest multiple routes,
each with a probability value reflecting the certainty of the route’s accessibility assessment. Conse-
quently, mobility-impaired individuals would be able to determine whether they wish to risk taking
a particular route, such as a shorter route, but with higher uncertainty regarding the accessibility
assessments.

As vehicles are only permitted in pedestrian areas in District 1 at specific times (Stadt Ziirich,
2021b), with some exceptions, spatio-temporal components could be taken into account. For instance,
accessibility in pedestrian areas could be rated more favourably during times when vehicles are barred
from entering these areas. This would lead to improved accessibility ratings and, therefore, a reduction
in the costs associated with travelling through such footpath segments. In conclusion, routes traversing
pedestrian areas would be preferred at certain times of the day.

Additional data sources could be explored, such as information provided by OpenStreetMap (OSM).
Incorporating such information may offer significant potential for accessibility-sensitive routing (Neis,
2015). Furthermore, combining existing datasets with OSM data would enhance the results, better
reflecting real-world conditions. Similarly, line features collected within the ZuriACT project could be
utilised to enrich the footpath data for the City of Zurich.

Overall, accessibility-sensitive routing presents considerable potential for future research, aiming
for applicable routing services for mobility-impaired populations. This would contribute to a more
inclusive city, enabling all individuals to engage in the communities of cities.
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Figure A.1: Resulting routes for the origin-destination pairs 1 to 4
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Figure A.2: Resulting routes for the origin-destination pairs 5 to 10
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Figure A.3: Resulting routes for the origin-destination pairs 11 to 16
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Figure A.4: Resulting routes for the origin-destination pairs 17 to 22
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Figure A.5: Resulting routes for the origin-destination pairs 23 to 28
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Figure A.6: Resulting routes for the origin-destination pairs 29 and 30
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