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Abstract

Our transport system is both an enabler and a threat to sustainable development in
cities. While providing opportunities and prosperity, urban transportation is accom-
panied by severe consequences such as land seizure, global warming, and pollution.
There is increasing awareness that travel demand is a derived phenomenon, and land-
use patterns strongly influence our daily mobility choice. The concept of accessibility
is promising by providing a holistic framework to interrelate transport with land-use.
More than any other form of transport, active mobility (e.g., walking and cycling) de-
pends on high local accessibility to destinations. Therefore, emerging ideas, such as
the 15-Minute City propagate high proximity to destinations and the provision of ap-
propriate infrastructure. Accessibility instruments function as a specialized Planning
Support System (PSS) and can create high value for planning practice when shap-
ing sustainable cities. However, research has shown that accessibility instruments are
rarely adopted in practice. In addition to institutional barriers, it was found that acces-
sibility instruments still do not meet expectations in practice, and the availability of data
and resources remains an open concern.

Therefore, this dissertation presents a novel accessibility instrument called Geo Open
Accessibility Tool (GOAT) that focuses on active mobility and local accessibility. It is
a web-based tool combining different web and Geographic Information Systems (GIS)
technologies and was developed in a co-creative and iterative process. The instrument
is developed open source and was applied in numerous German and international case
studies.

The tool requirements were derived by exploring the existing tool landscape through
testing and literature review of 26 accessibility instruments. Accessibility instruments
have undergone significant developments in the last few years. Improvements in GIS,
new web technologies, and the rising availability of (open) data have facilitated the fast
development of these new tools. Nevertheless, the review still identified a lack of open
source and transferable instruments that allow on-the-fly scenario building while focus-
ing on active mobility. Furthermore, a clear gap was identified between fully-featured
proprietary desktop and (open) web tools. Therefore, by focusing on an open, interac-
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tive, and transferable web tool, the typical shortcomings of existing accessibility instru-
ments were addressed during the development of GOAT.

One focus was developing data strategies to enable powerful and affordable acces-
sibility instruments. A novel population disaggregation procedure was developed that
produces population data on the building access level with low data requirements. Fur-
thermore, Point of Interest (POI) data originating from OpenStreetMap (OSM) was re-
fined and fused with additional data sets. In addition, data was contributed to OSM
through different means, such as mapping events with volunteers and a mapping mode
in GOAT. The different data strategies made it possible to apply the tool in practice.
Finally, the usefulness of GOAT in practice was studied. In particular, the tool was used
for real-world planning questions and assessed by 42 planning professionals in work-
shops. Four core use cases were identified and users appreciated the tool’s interactivity
and easy-to-use interface. However, further improvements to the tool are necessary,
including enhancing the implemented indicators, increasing its usability and integrating
it with existing GIS software.

The developed tool offers a valuable contribution to the landscape of accessibility instru-
ments. It is recommended that future research focus on the open technical challenges
that GOAT and other accessibility instruments still face. Furthermore, tool developers
should strive for continuous exchange with the planning practice to meet real-world re-
quirements, support teaching accessibility, and aim to use accessibility for sustainable
development.



Zusammenfassung

Unser Verkehrssystem ist sowohl ein Motor als auch eine Gefahr fur die nachhaltige
Entwicklung in Stadten. Wahrend es Entwicklungschancen und Wohlstand erméglicht,
geht stadtischer Verkehr mit schwerwiegenden Folgen wie Flachenverbrauch, Erder-
warmung und Umweltverschmutzung einher. Es gibt ein wachsendes Bewusstsein
dafur, dass die Verkehrsnachfrage eine abgeleitete GroR3e ist, und die Raumstruktur
unsere taglichen Mobilitatsentscheidungen stark beeinflusst. Das Konzept der Erreich-
barkeit ist vielversprechend, da es einen ganzheitlichen Blick auf die Verknipfung von
Verkehr und Raumstruktur bietet.

Die aktive Mobilitat (z. B. FuRBverkehr und Radverkehr) ist mehr als jede andere
Art von Fortbewegung auf eine gute lokale Erreichbarkeit zu Zielen angewiesen. Da-
her propagieren neue Ideen, wie die 15-Minuten-Stadt kurze Wege zu Zielen und die
Bereitstellung von geeigneter Infrastruktur. Erreichbarkeitsinstrumente fungieren als
spezialisierte Planning Support System (PSS) und kdnnen einen groRen Mehrwert fur
die Planungspraxis in der Gestaltung nachhaltiger Stadte schaffen. Die Forschung hat
jedoch gezeigt, dass Erreichbarkeitsinstrumente selten in der Praxis eingesetzt wer-
den. Neben institutionellen Barrieren wurde auch festgestellt, dass Erreichbarkeitsin-
strumente in der Praxis noch immer nicht den Erwartungen entsprechen, und die Ver-
fugbarkeit von Daten und Ressourcen bleibt ein offenes Problem.

Daher wird in dieser Dissertation ein neuartiges Erreichbarkeitsinstrument namens
Geo Open Accessibility Tool (GOAT) entwickelt, das sich auf die aktive Mobilitat und
lokale Erreichbarkeit konzentriert. Es ist ein webbasiertes Tool, das unter Nutzung
von verschiedene Web- und Geoinformationssysteme (GIS) in einem ko-kreativen und
iterativen Prozess entwickelt wurde. Das Instrument wird Open Source entwickelt und
wurde in zahlreichen deutschen und internationalen Fallstudien eingesetzt.

Die Anforderungen an das Instrument wurden abgeleitet, indem 26 bestehende In-
strumente in Tests und durch Literaturrecherche untersucht wurden. Erreichbarkeitsin-
strumente wurden in den letzten Jahren stark weiterentwickelt. Verbesserungen in GIS,
neue Webtechnologien und die zunehmende Verfligbarkeit von (offenen) Daten haben
die rasche Entwicklung neuer Instrumente beginstigt. Dennoch wurde in der Unter-
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suchung ein Mangel an quelloffenen und Ubertragbaren Instrumenten, mit dynamischer
Szenarienentwicklung und einem Fokus auf der aktiven Mobilitat festgestellt.

Daruber hinaus wurde eine deutliche Liicke zwischen voll funktionsféhigen propri-
etaren Desktopsoftware und (offenen) Web-Tools identifiziert. Durch die Fokussierung
auf ein offenes, interaktives und Ubertragbares Webtool wurden daher wahrend der En-
twicklung von GOAT die Herausforderungen bestehender Erreichbarkeitsinstrumente
adressiert. Ein Schwerpunkt war die Entwicklung von Datenstrategien, um leistungs-
fahige und erschwingliche Erreichbarkeitsinstrumente zu erméglichen.

Es wurde eine neue Methode zur Disaggregierung von Bevolkerung entwickelt,
die mit geringem Datenaufwand Bevdélkerungsdaten auf der Ebene des Gebaudeein-
gangs bereitstellt. Darliber hinaus wurden Point of Interest (POI) aus OpenStreetMap
(OSM) verfeinert und mit zusatzlichen Datensatzen fusioniert. Dartber hinaus wurde
die OSM-Datenbank auf verschiedene Weisen erganzt, z. B. durch Mapping Partys mit
Freiwilligen und einem Mapping Mode in GOAT. Die verschiedenen Datenstrategien
ermdglichten die Anwendung des Tools in der Praxis.

Schlief3lich wurde der Mehrwert von GOAT in der Praxis untersucht. Insbeson-
dere wurde das Tool fur reale Planungsfragen eingesetzt und von 42 Planungsex-
perten:innen in Workshops bewertet. Es wurden vier Hauptanwendungsfalle identi-
fiziert, Benutzer:innen schatzten die Interaktivitdt und die einfache Nutzeroberflache
des Tools. Es sind jedoch weitere Verbesserungen des Tools erforderlich, darunter die
Verbesserung der implementierten Indikatoren, die Erhohung der Benutzerfreundlichkeit
und die Integration in bestehende GIS-Software.

Das entwickelte Tool stellt einen wertvollen Beitrag zur bestehenden Landschaft von
Erreichbarkeitsinstrumenten dar. Es wird empfohlen, dass sich zukinftige Forschung
auf die offenen technischen Herausforderungen konzentriert, denen GOAT und andere
Erreichbarkeitsinstrumente noch gegenlberstehen. Darlber hinaus sollten sich die
Entwickler:innen von Instrumenten um einen kontinuierlichen Austausch mit der Pla-
nungspraxis bemiihen, um den Anforderungen der Praxis gerecht zu werden. Zudem
sollten Erreichbarkeitsinstrumente das Erreichbarkeitskonzept lehren und fur die nach-
haltige Entwicklung eingesetzt werden.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Background

A critical debate about the role of transportation in urban contexts is taking place in
cities worldwide. It is undeniable that transportation networks and technology are key
enablers of economic prosperity. However, they are accompanied by an array of exter-
nalities. Transportation can place local communities at severe risk and threaten local
and global sustainability. Globally, it is estimated that 3.7 million people die prematurely
because of outdoor air pollution, largely because of transport emissions (WHO, 2019).
Meanwhile, it is estimated that 1.35 million people die annually due to crashes in road
traf ¢ (World Health Organization et al., 2019). In the European Union (EU), 26% of
the carbon dioxide emissions were related to road transportation in 2018 (Statistisches
Bundesamt, 2021). At 62% passenger cars and motorcycles are the main contributors.
Across multiple sectors, carbon dioxide emissions fell by 23% in the EU between 1990
and 2018. However, in the same period, carbon dioxide emissions caused by road
transportation rose by 24% (Statistisches Bundesamt, 2021). The adoption of electric
cars in Europe will accelerate fast until 2030 (IEA, 2021). In 2030, 7% of the global
vehicle eetin the stated policy scenario, and 12% of the global vehicle eet in the sus-

tainable development scenario will have an electric engine (IEA, 2021). At the same
time, large portions of the vehicle eet will still be powered by a combustion engine,
and even if electric, energy will often come from fossil fuels. Meanwhile, a change in
vehicle technology does not answer the scarcity of space in cities. In cities like Munich,
17% of the area is dedicated to transportation (Geisser & Lenk, 2017). Additionally,
traf c congestion severely affects the quality of life in cities.

There is increasing awareness that simply expanding transport infrastructure or pro-
viding additional mobility options cannot solve the described problems. Instead, it is
suggested that mobility and therefore the need for transport is understood as a derived
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phenomenon. Since people strive for accessibility to destinations, increasing people's
accessibility should be the primary concern (Handy, 2020; Levine, 2019; Silva et al.,
2019; Venter, 2016). Meanwhile, Silva and Larsson (2019) have highlighted the risks
of accessibility planning that addresses accessibility problems solely by transport or
mobility measures. Instead, a stronger focus is suggested on increasing proximity to
destinations (Silva & Larsson, 2019). Strengthening proximity might be particularly rel-
evant since, during the last decades, a general decline in local accessibility could be
observed in many western countries due to the concentration of activities (Silva, 2020).
The fast trending concept of the 15-Minute City and variations such as the 10-Minute
or 20-Minute City are part of a counter-movement. The 15-Minute City concepts pro-
vides a clear message that is widely understood and can be de ned as an "urban setup
where locals are able to access all of their basic essentials at distances that would not
take them more than 15 min by foot or by bicycle" (C. Moreno et al., 2021).

1.2 Motivation

Overall, the concept of accessibility has great potential to provide an integrated frame-
work for sustainable transportation and land-use planning (Bertolini et al., 2005). Car-
fully increasing accessibility can be understood as the pre-condition for sustainable
mobility (Couclelis, 2000). By creating proximity to opportunities and providing access
to sustainable forms of transportation, alternatives to the personal car can facilitate
more sustainable transport and land-use patterns. Applying accessibility, therefore,
has the high potential to make transportation and urban development more sustainable
(Bertolini et al., 2005; Bertolini & Silva, 2019; Levine, 2019). While there is hope that
accessibility is increasingly adopted (Handy, 2020), Planning Support System (PSS)
in general (Geertman et al., 2017b; Russo et al., 2017; te Brommelstroet, 2017) and,
more speci cally, accessibility instruments to operationalize the theoretical concept are
not yet widely used in practice (Bertolini & Silva, 2019; Boisjoly & El-Geneidy, 2017b;
Hull et al., 2012; Papa et al., 2015; te Brommelstroet et al., 2016; te Brémmelstroet et
al., 2014; Wulfhorst et al., 2017). This phenomenon is commonly described as an im-
plementation gap, and past research has identi ed different explanatons for it. Levine
(2019) underlined that classical mobility measures persist because transport engineers
and spatial planners are asked to use them. Furthermore, there is evidence that ac-
cessibility is often conceptually misinterpreted (Levine, 2019).

te Brommelstroet et al. (2016) highlighted that tool development is often discon-
nected from the users, running the risk that the actual problems in the planning practice
are not addressed. Furthermore, a lack of data makes the application of accessibility
instruments challenging and expensive (Boisjoly & El-Geneidy, 2017a; Papa et al.,
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2015; te Brommelstroet et al., 2014). Others have claimed that there is a lack of knowl-
edge (Boisjoly & EI-Geneidy, 2017b) and resources (te Brommelstroet et al., 2014) to
use accessibility analyses in practice. Users asked for more interactive instruments
providing real-time scenario calculations (Silva et al., 2017; te Brémmelstroet, 2017;
te Brommelstroet et al., 2014; Wulfhorst et al., 2017). Another concern is that acces-
sibility instruments are often perceived as "complex, in exible, incomprehensible, and
rigid black boxes" (Papa et al., 2015).

1.3 Research objectives

This research aims to develop a novel accessibility instrument. This work is an ap-
plied research project that makes use of ongoing technological development. Previous
research identi ed the close involvement of potential users as a core requirement for
developing a usable and useful accessibility instrument (Bertolini & Silva, 2019; Silva
et al., 2017; te Brommelstroet et al., 2016; te Brommelstroet et al., 2014). Meanwhile,
numerous cities worldwide are willing to foster active mobility and adopt concepts such
as the 15-Minute City (C40 Cities, 2020). The concept of the 15-Minute City aims to
increase local accessibility. Local accessibility, in contrast to regional accessibility fo-
cuses on short and frequent trips to different destinations (Handy, 1993). Silva and
Altieri (2022) described local accessibility as proximity-based and regional accessibility
as mobility-based.

As active mobility relies on the ability to travel short distances to destinations, high
local accessibility is the basis for a high share of active mobility. Active mobility typically
groups the transport modes of walking and cycling (Koszowski et al., 2019a). However,
also other typically non-motorized modes (e.g., skateboards) fall under this category.
From the own perspective all forms of mobility that require substantial physical activity
can be classi ed as active mobility. However, this research focuses on walking and
cycling.

The willingness to gear mobility toward a higher share of active mobility from prac-
tice, paired with the low availability of planning support when shaping active mobility,
provides a unique opportunity to bridge the implementation gap, particularly for active
mobility and local accessibility. Consequently, this dissertation proposes a tool de-
velopment that focuses on creating an interactive, transferable, web-based, and open
solution called Geo Open Accessibility Tool (GOAT), which focuses on planning active
mobility and local accessibility. It aimed to make accessibility analyses for active mo-
bility applicable to a much wider group of users. Accordingly, the GOAT aims to serve
as a valuable contribution to the landscape of accessibility instruments and help shape
sustainable mobility.
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Figure 1.1: Research aim

In sum, the contributions of this research is the development of a useful (combining
utility and usability) accessibility instrument, which can be applied with a reasonable
amount of resources. Consequently, a widely applicable accessibility instrument should
be developed. A more straightforward application of accessibility in practice ultimately
can contribute to a more sustainable reality in transport and land-use development (see
Figure 1.1). While, an assessment of how the development in uences transport and
land-use development is beyond the scope of the thesis, it serves as the vision and
underlying motivation of the thesis. More speci cally, the research objectives of this
dissertation are as follows:

« |denti cation of areas in which accessibility instruments should be developed fur-
ther to meet the shortcomings of existing accessibility instruments.

» Development and application of an interactive, transferable, web-based, and open
accessibility instrument for active mobility and local accessibility.

» Development and application of novel and open data strategies to collect, pre-
pare and fuse spatial data to facilitate more powerful and affordable accessibility
instruments.

» Assessment and discussion of the usefulness of the developed instrument for the
planning practice.

» Collection and sharing of the expertise of the co-creative development of an ac-
cessibility instrument with practice and other tool developers.
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1.4 Thesis structure

This dissertation is comprised of nine chapters. It starts with an introduction to the
research topic in Chapter 1, followed by a short literature review in Chapter 2 on the
essentials of accessibility research. Afterward, the three research questions and main
goals are presented in Chapter 3. While the primary goal is the development of the
novel accessibility instrument GOAT, the three research questions address tool require-
ments, data management, and tool assessment. In Chapter 4 the research design is
presented, characterized by the tool development, tool application, and the co-creative
involvement process of practitioners, researchers, and students. As a paper-based
dissertation, the following three chapters present each one scienti ¢ paper:

» Paper 1: Accessibility by proximity: Addressing the lack of interactive accessibility
instruments for active mobility. Pajares, E., Bittner, B., Jehle, U., Nichols, A.,
Wulfhorst, G.

» Paper 2: Population Disaggregation on the Building Level Based on Outdated
Census Data. Pajares, E., Mufioz Nieto, R., Meng, L., Wulfhorst, G.

» Paper 3: Assessment of the usefulness of the interactive accessibility instrument
GOAT for the planning practice. Pajares, E., Jehle, U., Hall, J., Miramontes, M.,
Wulfhorst, G.

The synthesis and discussion of the main research ndings are presented in Chap-
ter 8. The results are split into sections per research question and one for the main
goal. Finally, in Chapter 9 the conclusion is presented, consisting of the study limi-
tations, the discussion of future development paths, and nal re ections. Figure 1.2
visualizes the structure of the thesis.
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Figure 1.2: Thesis structure
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Chapter 2

Literature review

2.1 Accessibility theory

Accessibility has faced the challenge that it was hardly tangible for a long time. Gould
(1969) described the dilemma as "Accessibility (...) It is a slippery notion, however;
one of those common terms that everyone uses until faced with the problem of de ning
and measuring it!". The rst de nition in literature dates back to Hansen (1959), who
de ned accessibility as "the potential of opportunities for interaction".

It is essential to differentiate mobility and transportation from accessibility in this
context. Mobility can be de ned as the "potential for movement" (Handy, 2002), while
transportation is the "movement of goods and persons from place to place" (Britannica,
The Editors of Encyclopaedia, 2019). Scholars agree that transportation is a derived
phenomenon, that arises from the need of a person to realize activities that are not at
the person's origin (Levine et al., 2012; Meyer & Miller, 1984). This need can be met by
increasing mobility, such as expanding the highway network or increasing proximity to
destinations (Levine, 2019; Levine et al., 2012). There are places (e.g., the city center)
where mobility is low due to slow travel speeds, but accessibility is high thanks to the
high density of opportunities. Meanwhile, in suburban or rural contexts, accessibility
is lower despite the commonly higher travel speeds (by car) due to the low density of
opportunities (Handy & Niemeier, 1997; Levine et al., 2012). Therefore, accessibility is
related to the performance of transportation and land-use (Bertolini et al., 2005).

Overall, optimizing accessibility can be more appropriate than widespread mobility-
focused transportation planning. As it serves the actual needs of people, which is
realizing activities instead of traveling fast nowhere. Since Hansen's early de nition,
researchers have focused on developing appropriate ways to measure accessibility
(Handy & Niemeier, 1997; Ingram, 1971; Koenig, 1980). Geurs and van Wee (2004)
systematized and categorized different accessibility measures and proposed four com-
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ponents: transport, land-use, temporal and individual.

Figure 2.1: Four accessibility components
(Geurs & van Wee, 2004)

2.2 Accessibility measures

Ideally, an accessibility measure should include all four accessibility components (Geurs
& van Wee, 2004). Accessibility measures can be classi ed as infrastructure-based,
location-based, person-based, and utility-based (Geurs & van Wee, 2004). Infrastructure-
based measures do not have a land-use dimension and instead solely capture the per-
formance indicators of the transport system (e.g., travel speed). Person-based mea-
sures show accessibility from an individual standpoint. Therefore, personal constraints
such as the daytime availability or the person's physical capabilities are considered
(Geurs & van Wee, 2004). Person-based accessibility measures are based on the
space-time geography de ned by Hagerstrand (1970). Utility-based accessibility mea-
sures aim to picture the benets (e.g., social and economic) associated with acces-
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sibility (Ben-Akiva & Stevan R., 1979; Geurs & van Wee, 2004; Handy & Niemeier,
1997).

The most widely used set of accessibility measures is location-based. These in-
clude contour and gravity-based measures (Geurs & van Wee, 2004; Handy & Niemeier,
1997; lacono et al., 2010). A typical contour measure is the travel time isochrone,
showing how far one can travel in a certain length of time. The rst examples of
isochrones were published in studies of the 19th century such as Isochronic Passage-
Charts by Galton (1881) and Isochronenkarte der dsterreichisch-ungarischen Monar-
chie by Penck (1889). Nowadays, isochrones are often intersected with spatial data
(e.g., points of interest or population) to compute the sum of reached opportunities in
a given travel time, called cumulative opportunities (Geurs & van Eck, 2001; Geurs &
van Wee, 2004). The isochrone as an accessibility measure has clear bene ts as they
are relatively easy to calculate and understandable by a wider audience (Bertolini et al.,
2005; Geurs & van Eck, 2001). At the same time, one limitation of using cumulative
opportunities is that there is no differentiation between different travel times within the
cutoff range (Bertolini et al., 2005; Bhat et al., 2002; EI-Geneidy & Levinson, 2006).

Gravity-based accessibility measures were rst introduced by Hansen (1959). Un-
like contour-based measures, accessibility to opportunities is evaluated by the gener-
alized travel cost using an impedance function (Bhat et al., 2002; Geurs & van Eck,
2001; Handy & Niemeier, 1997). In this method, opportunities located further away are
weighted lower than closer opportunities. This approach is in line with the rst law of
geography, which states that: éverything is related to everything else, but near things
are more related than distant things" (Tobler, 1970). Accordingly, gravity-based acces-
sibility measures can be expressed using the following formula:

=]
A = i O f(tj)

In which A; is the accessibility at location i, O; are the opportunities at location |
and tj is the travel cost between i and j. While the most common type of travel cost
is travel time, different types of cost can be utilized to compute impedances such as
monetary (Bittner, 2016) or emissions (Kinigadner, 2020). Furthermore, it is decisive
which function is used for computing the impedance. The impedance function generally
involves the traveltime and a sensitivity parameter that is commonly represented with
the letter b. The following frequently used impedance functions were summarized by
Kwan (1998):

¢ Inverse Power
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As shown in Figure 2.2 different functions signi cantly in uence the computed impedance.
The shown impedance functions using the indicated sensitivity parameters and travel
times in minutes. The negative exponential functions is frequently used (lacono et al.,
2010; Vale & Pereira, 2017). Vale and Pereira (2017) stated that "the literature sup-
ports the concept of a certain indifference toward marginal distances." This occurrence
favors functions that are less sensitive to changes in the travel time in the beginning
and fall off more quickly with increasing travel time. The presented functions, espe-
cially the Gaussian one, fall under this category. Already in early accessibility research,
the Gaussian function was already considered superior to other functions (Bhat et al.,
2002; Ingram, 1971).
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Figure 2.2: Comparison of the most common impedance functions
(Own visualization based on (Higgins, 2019))

Meanwhile, still little application of the Gaussian function is observed (Vale & Pereira,
2017). The literature agrees that selecting a suitable impedance function should be in-
uenced by the studied transport mode and trip purpose (lacono et al., 2010; Vale &
Pereira, 2017). Besides nding a suitable impedance function, appropriate sensitivity
parameters strongly in uences the inverse power, negative exponential, and modi ed
Gaussian function. It has also been suggested that the sensitivity parameter should
be calibrated with data from real-world travel behavior (Geurs & van Eck, 2001; Handy
& Niemeier, 1997; lacono et al., 2008). Meanwhile, suitable data for calibration is of-
ten unavailable. Classical household surveys are often not granular enough. Ideally,
calibration would differentiate between POIls and population groups, as the impedance
might vary signi cantly for different demographic attributes (e.g., age, gender, and so-
cial status) (Handy & Niemeier, 1997). Chapter 5.5.5 presents the gravity-based mea-
sure in GOAT; due to the lack of suitable data for calibrating the impedance functions,
the sensitivity parameter can be adjusted. It was decided to use the modi ed Gaussian
function, which was calculated with travel times in seconds.
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2.3 Accessibility instruments

Accessibility instruments are usually GIS-based tools that aim to translate the accessi-
bility concept into operational planning support. Papa et al. (2015) state that:

"Accessibility instruments (...) are a type of planning support system (PSS) de-
signed to support integrated land-use transport analysis and planning through
providing explicit knowledge on the accessibility of land uses by different modes
of transport at various geographical scales."

Generally, accessibility instruments simplify the complex and often subjective na-
ture of accessibility. The term accessibility instrument is comparatively new; it was
mainly consolidated in the COST Action project on "Accessibility Instruments for Plan-
ning Practice in Europe" (Hull et al., 2012; te Brommelstroet et al., 2014). Accordingly,
there might be cases in which another term is used. Accessibility instruments are often
referred to as accessibility tools. However, the literature does not clearly distinguish
between occasional accessibility analyses, commonly created using GIS software, and
an accessibility instrument. An accessibility instrument is understood as a specialized
tool mainly designed to perform accessibility analyses in this dissertation. Accordingly,
other tools capable of conducting speci ¢ accessibility analyses, such as macroscopic
transport models, trip planners, or multi-purpose GIS software do not fall under this
category. In Chapter 8.1.1, a classi cation of the different technical components is pro-
posed. A wide range of accessibility instruments exist for different purposes (Silva et
al., 2019; TUM - Chair of Urban Structure and Transport Planning, 2021) and analyses
are conducted for different transport modes and spatial scales (Papa et al., 2015; TUM
- Chair of Urban Structure and Transport Planning, 2021). The concrete planning ques-
tions and data availability might in uence the tool's design and application in practice.
Furthermore, tools are developed as desktop applications, software extensions, or web
tools (TUM - Chair of Urban Structure and Transport Planning, 2021). So far, most of
the tools have been developed in academic projects and have shown dynamic devel-
opment but, to some extent, also immaturity. Furthermore, academic developments
always risk being discontinued when project funding ends. A richer insight into the tool
landscape and potential for new developments is provided in Chapter 5.
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Chapter 3

Research questions and goals

This chapter presents the research questions and the main goal. Previous research
has underlined the great potential of accessibility-based planning. Moreover, it has
been emphasized that accessibility instruments are not frequently used in the planning
practice. Therefore, a collaborative development process through the involvement of
planning practitioners has the potential to develop useful instruments. Furthermore,
the rapid growth of web technologies and GIS and the increasing availability of (open)
data facilitate faster and more affordable development. Accordingly, there is a high
potential for developing a new generation of interactive accessibility instruments based
on open technology and transparent indicators.

3.1 Main goal

The main goal is the development and application of the accessibility instrument GOAT.
As discussed in Chapter 1.3 the development and application of the development tools
should ultimately contribute to more sustainable development. The particular focus of
the development can be summarized as follows:

Development of an open source, interactive, and transferable accessibility instru-
ment for planning local accessibility by active mobility.

Due to its deterministic nature, the development is de ned as a goal rather than
a research question. The main goal is addressed throughout the research process
and can be understood as an important deliverable of the presented work. It reacts
to the identi ed gaps in accessibility research and instruments. Moreover, it is closely
interrelated with the three research questions, and it is the basis for answering the
three research questions. RQ1 is starting ground for tool development. In comparison,
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the tool development provides the basis for RQ2 and RQ3. Overall, this dissertation
understands the development as an enabler to answering the research questions and,
more importantly, to help answer real-world planning questions. The tool development
should be understood as a vehicle to support sustainable urban and transport planning
by using accessibility as a holistic framework.

3.2 RQL1 Tool requirements

In which areas do accessibility instruments have to be developed further to better sup-
port planning practice when planning for active mobility?

There is a rising awareness of the need to promote active mobility and local accessi-
bility. At the same time, PSS are rarely applied in practice (see Chapter 2.3 and 7.6).
While the implementation gap is a general trend across all transport modes, the lack
of other planning tools (e.g., macroscopic transport models) for active mobility and the
rising importance of providing favorable conditions for active mobility show a particular
need. Consequently, this dissertation concentrates on the implementation gap in active
mobility planning. This research question focuses on studying and classifying existing
accessibility instruments. In particular, it assesses if highly desired features by the plan-
ning practice in the past, such as interactive scenario building, are implemented and if
the tools support walking and cycling. Furthermore, the tool access, transferability, and
type are examined to understand the ease of applying the tool in practice.

3.3 RQ2 Data management

How can data re nement and fusion strategies enable powerful and affordable acces-
sibility instruments?

Accessibility instruments are data-driven tools; therefore, the availability of data paired
with the need to harness its full potential is essential. The ever-increasing availability
of suitable data offers increased opportunities for a new generation of accessibility in-
struments, facilitating analyses on the local scale. Overall, the data is the basis for the
development of powerful accessibility instruments. At the same time, high data collec-
tion or acquisition costs often make accessibility instruments unaffordable. The data
needed for an accessibility instrument is diverse and strongly in uenced by the study
area and concrete planning questions. In the context of the dissertation, the availability
of population data on the building level and high-quality POls data are particular chal-
lenges. Therefore, this research question focuses on developing a novel population
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disaggregation method based on widely available data. Moreover, data fusion strate-
gies are designed to combine diverse sets of POIs. This is accompanied by exploring
how collecting of Volunteered Geographic Information (VGI) in OpenStreetMap (OSM)
can increase the data quality and availability.

3.4 RQ3 Tool assessment

Is the accessibility instrument GOAT of useful support in the planning practice?

This research question critically examines whether the developed accessibility instru-
ment GOAT is useful when planning active mobility and local accessibility. Usefulness
is differentiated into two components utility and usability. In this context, utility describes
whether the developed tool provides relevant analyses for concrete planning questions
and usability focuses on the ease and intuitiveness of GOAT for the planning questions.
If possible, the results are broken down into individual use cases (e.g., infrastructure
planning walking) and discussed on a more aggregated level. Areas where the instru-
ment already meets the requirements in practice and where it does not are highlighted.
Accordingly, the tool assessment serves as the basis for the re ection on the quality of
the instrument and future development paths.
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Chapter 4

Research design

Figure 4.1: Connections between main goal, research questions, and methods

The dissertation follows the research design visualized in Figure 4.1. The starting point
was the identi ed need for a new accessibility instrument, and concrete development
needs were further expanded in RQ1. Additionally, the requirements identi ed in the
literature and the research process were translated into the presented main goal (see
Chapter 3.1). Three research questions were also developed that summarize the sci-
enti ¢ contribution of the thesis. An iterative software development cycle characterizes
the research design. The tool was rst developed with basic functionality; it was then
applied and intensively tested through the co-creative involvement of practitioners. Ac-
cordingly, the tool development was accompanied by an early application of the tool.
First, the tool was applied in one study context and, later, in several case studies. The
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open access provision of the application facilitated early involvement of the developer
community and especially of the planning practice, which was the target user group of
the development.

4.1 Tool development

The development of the tool GOAT (see Figure 4.2) was rst initialized in the author's
master's thesis (Pajares, 2017). During the master's thesis, a prototype was developed,
serving as a minimum viable product that facilitated online testing of its functionality. In
early 2018, the tool development was continued at the Chair of Urban Structure and
Transport Planning at TUM. Accordingly the development in the scope of this disserta-
tion started in early 2018. Until October 2019, the development was realized without
external funding, and therefore progress was relatively slow. Nevertheless, by the end
of 2019, GOAT 0.1 was released, with many features that GOAT still contains today.

Figure 4.2: Development timeline

From November 2019 until February 2021, the GOAT development was supported
by the mFUND initiative (BMDV, 2022). This project funding facilitated the develop-
ment and implementation of new features such as accessibility analysis for cycling and
provided the project context for the co-creative involvement of practitioners (see Chap-
ter 4.3). The project ended with the release of GOAT version 1.0 (GOAT-Community,
2021c). Since early 2021, the development of GOAT has been continued by the startup
Plan4Better and in joint research and application projects with TUM, as well as other
practice and research partners. However, this dissertation focuses on the tool's de-
velopment from early 2018 to the release of GOAT 1.0 in March 2021. The develop-
ment was realized as an open source project (GOAT-Community, 2021c) that involved
other researchers and developers. The author led the development team, translating
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the needs identi ed through co-creative involvement into concrete technical require-
ments. Furthermore, the author conceptualized and implemented the tool architecture
and the backend development, which contained most of the tool logic and indicators.
The frontend software development and DevOps were supported by additional devel-
opers most notably Majk Shkurti (Majk Shkurti, 2022). The contributions of different
collaborators to GOAT's codebase can be explored in the project's Github repository
(GOAT-Community, 2021d).
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4.2 Tool application

Table 4.1: Applied GOAT versions

Study context Project Year Live
deployment

Municipality of Munich First version and mFUND 2018 Yes

Municipality of Firstenfeldbruck mFUND 2020 Yes

Municipality of Freising mFUND 2020 Yes

County of Freising and Mobility concept for 2019 No

Erding Mittlere Isarregion
and Ampertal

Municipality of Freiburg Plan4Better project 2021 Yes

Municipality of Boca Raton Plan4Better project 2021 no

Municipality of Istanbul Plan4Better project 2021 No

Municipality of Bogota Master's thesis 2020 Yes
(Munoz Nieto, 2020)

Municipality of San Pedro Garza Garcia Master's thesis 2021 Yes
(lvanov, 2021)

Municipality of Matosinhos Study project 2020 Yes
(Viertler, 2020)

District of Hasenbergl (Munich) Master's thesis 2020 Yes
(Jehle, 2020)

District of Neuperlach and Bachelor's thesis 2019 No

Maxvorstadt (Munich) (Ben Hassine, 2019)

County of Starnberg Study project 2020 No
(Schott, 2020)

Municipality of Augsburg, Wolfratshausen Bachelor's thesis 2020 No

and Munsing (Diepolder, 2020)

Municipality of Magdeburg Bachelor's thesis 2021 No
(Zuckriegl, 2021)

Municipality of Berlin, Heidelberg, Cottbus, Master's thesis 2020 No

Flensburg, Neustadt a.d. Donau, Eppel- (Viertler, 2020)

born, Oschersleben, Nordkirchen, Zorned-

ing, Ronneburg, Seeshaupt and Rackwitz

Municipality of Magdeburg Bachelor's thesis 2021 No
(Zuckriegl, 2021)

Municipality of Atlanta Study project 2021 No

(Hanekamp, 2021)




Chapter 4. Research design

The different deployments varied in focus (see Chapter 4.1). Some experimented with
new features, others tested the transfer to a new study context, and others were used
in workshops or real-world consulting projects. While various versions of GOAT were
used for the application over the years, they can all be considered pre-releases of GOAT
version 1.0. Not all versions were deployed live on a server; many were only set up
locally for testing and application. The deployed version were provided open access
so everyone could test the tool. Furthermore, as the tool is open source, other parties
transferred it to the author's knowledge to additional study contexts.

Figure 4.3: Applied GOAT version worldwide

This dissertation primarily focuses on the application of GOAT in Munich, Freising,
and Furstenfeldbruck. Therefore, most of applications happened in the Munich region
(see Figure 4.3) due to the dedicated funding that facilitated the development of most
features within the mentioned municipalities as a study case. Furthermore, the funding
allowed the version to remain online for a longer time frame and to receive more exten-
sive feedback. The different versions were usually equipped with different data sets. In
addition, the data was enriched with data collected in OpenStreetMap and Mapillary. A
complete overview of the core data sets used can be found in Chapter 5.
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4.3 Co-creative involvement

Different groups have tested and used the tool since its rst release in early 2018 (see
Figure 4.4). Feedback and new ideas were considered whenever possible during the
development process. The open access provision of the tool on the project website
allowed individuals to test the tool independently and spontaneous and unstructured
feedback was obtained either via e-mail or orally. Furthermore, a website with a blog
and activities on social media (i.e. LinkedIn and Twitter) was used to communicate the
project's progress and engage with the community. The largely unstructured and spon-
taneous feedback is dif cult to quantify but approximately 15 e-mails with feedback
were received and posts on LinkedIn typically received around 30-40 reactions (i.e.,
likes or comments). More intensive exchange and testing were realized through inter-
actions with the tool developer and research community at TUM. Research exchange
was broadened with the national and international community at scienti ¢ conferences,
workshops, and meetings.

The TUM environment allowed using GOAT in different teaching formats from late
2018. Besides the involvement of the students in their theses' projects (see Chapter
4.2), the live version of the tool for the City of Munich was used by the students in
lectures, workshops, and projects to perform accessibility analyses. The students pro-
vided feedback on the tool's functionality and indicators, and use cases for the software
were discussed.

The most in uential exchange was realized through eight workshops with planning
professionals from Furstenfeldbruck, Freising, and Munich in 2020. Three of the work-
shops were early testing cycles held in Furstenfeldbruck, where the practitioners tested
new features. The feedback was then directly considered during the development pro-
cess. Later in 2020, ve application workshops were organized in all three cities. This
second round of workshops focused on using GOAT for concrete planning questions
and evaluating the tools' usefulness for solving real-world planning questions. The
workshops aimed to assess the tool and identify additional development needs. An-
other synthesis workshop was organized in late 2020 with experts from all three munic-
ipalities. All three case studies were discussed during this workshop, and conclusions
were drawn.

The series of workshops was the most structured exchange format and produced
the most valuable, well-documented results. The rich feedback from the numerous
other exchange formats also helped re ect on the realized development and identify
further development needs. Further documentation on the workshops is provided in
Chapter 5 and 7.6.
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Figure 4.4: Different involvement formats

4.4 Link between research questions and scienti ¢ papers

The three research papers presented in the following chapters are closely connected to
the three research questions and the main goal (see Table 4.2). The development car-
ried out to achieve the main goal provided the context to answer the research questions.
At the same time by answering the three research questions in the papers, achieving
the main goal was supported through rich knowledge and novel methods. Accordingly
each paper presents its literature, methodology, and results. The main goal serves as
the overall framework. RQ1 and RQ3 were identical in the research papers and the re-
search questions presented in the dissertation framework. RQ2 played a special role;
due to the wide nature of data fusion and re nement, it was decided to focus in Paper 2
on a speci ¢ problem in the domain. Paper 2 presents a novel population disaggrega-
tion procedure. Therefore, the presented procedure provides an example of answering
RQ2 in a domain. Accordingly, all three research papers are highly intertwined with the
presented framework and the dissertation project.
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Table 4.2: Link between scienti ¢ papers and research questions

Main goal and research questions Paper1 Paper2 Paper3

Main goal: Development of an open source, interactive, and X X X
transferable accessibility instrument for planning local accessi-
bility by active mobility.

RQ1: In which areas do accessibility instruments have to be de- X

veloped further to better support planning practice when plan-

ning for active mobility?

RQ2: How can data re nement and fusion strategies enable X
powerful and affordable accessibility instruments?

RQ3: Is the accessibility instrument GOAT of useful support in X
the planning practice?
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Chapter 5. Accessibility by proximity: Addressing the lack of interactive accessibility
instruments for active mobility

Chapter 5

Accessiblility by proximity:
Addressing the lack of interactive
accessibility instruments for active
mobility

This chapter has been published by Pajares, E., Bittner, B., Jehle, U., Nichols, A.,
Wulfhorst, G.: Accessibility by proximity: Addressing the lack of interactive accessibility
instruments for active mobility. Journal of Transport Geography (2021), 93, 103080.
https://doi.org/10.1016/j.jtrange0.2021.103080

Abstract

The rise of concepts such as the 15-minute-city represents the growing importance of
accessibility by active mobility. In order to promote accessibility, accessibility instru-
ments are developed that have substantial potential to assist practitioners in decision
making processes. Therefore, this research starts with an up-to-date overview on the
suitability of accessibility instruments when planning for active mobility. It was found that
accessibility instruments were signi cantly further developed in the last few years and
there is a rising number of tools that contain novel features. However, it was identi ed
that there is a clear lack of tools speci cally designed for modeling active mobility that
are open source, include interactive scenario building, and can easily be transferred to
new study areas.

Therefore, an interactive accessibility instrument named Geo Open Accessibility
Tool (GOAT) was developed, which is open source, transferable, and has an easy-to-
use web interface. This instrument has been developed following an iterative software
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development process in close cooperation with practitioners from three municipalities
in the region of Munich, Germany. The practitioners tested the tool independently in
numerous workshops in order to provide feedback, which was integrated into the de-
velopment. Furthermore, the tool was tested and transferred to more than 20 German
municipalities, the City of Bogota (Colombia) and Matosinhos (Portugal). First results
show that the collaborative and open development process produced a user-centric so-
lution, which bears the high potential to make planning for active mobility more effective
and ef cient.

5.1 Introduction

5.1.1 The role of active mobility and accessibility

Sustainable transportation is one of the key challenges in modern societies around the
world. There is an increasing awareness that the numerous and signi cant negative ef-
fects of transportation threaten all three pillars of sustainability (European Environment
Agency, 2020). There is currently a trend for increased urbanization and it is expected
that 68% of the world's population will live in cities by 2050, ranging from 82% in North
America and 43% in Africa (United Nations, 2019). In general terms, this trend will likely
further intensify the challenges already being faced (Giduthuri, 2015; Rode, 2013).

Urban areas are the main showcases of the aforementioned negative effects of
transportation, and at the same time are where most of the solutions are being de-
veloped or are already practiced. Among them, shifting transport from mainly carbon-
based and motorized individual transport towards non-motorized/active mobility is one
of the most promising solutions.

Unlike other forms of transport, active mobility combines unmatched bene ts, such
as carbon neutrality, space ef ciency, and positive health impacts (FGSV, 2014; Kos-
zowski et al., 2019b). Walking and cycling are gaining additional momentum in the
current COVID-19 crisis, in which walking and cycling are being favored by many citi-
zens over public transport, while cities worldwide are providing more space for active
travel at a previously unseen pace (Dunning & Nurse, 2020; Laverty et al., 2020). Like-
wise, public transport is suffering and the risk of increasing car use is a serious threat to
sustainable transportation (Aloi et al., 2020; Beck & Hensher, 2020). Increased atten-
tion to concepts such as the 15-minute-city — which is based on proximity of activities —
by the C40 Cities (C40 Cities, 2020) is more than just a spark of hope.

Cities with high walking and cycling modal shares (number of trips), such as Amster-
dam with 42% in 2008, Copenhagen with 47% in 2014 (European Platform on Mobility
Management, 2020), or Munich with 42% (Follmer & Belz, 2019) are demonstrating
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that active mobility can and is already playing a major role in urban mobility. Also,
active mobility is crucial for feeding public transport. At the same time, it is evident
that a precondition for high shares of active mobility is a relatively dense and diverse
urban structure. In cities such as Munich, the densest and most diverse urban areas
are also those with the highest share of walking and cycling. Accordingly, the shares
of active mobility signi cantly decrease when examining less dense and less diverse
areas (Follmer & Belz, 2019; Nobis & Kuhnimhof, 2018).

This clearly indicates that active mobility not only requires transport infrastructure
but also holistic solutions that consider both the spatial and transport perspective.
The concept of accessibility, therefore, appears as a particularly appealing theoretical
framework for addressing transport and urban planning challenges from an integrated
perspective. Accessibility was rst de ned in 1959 as “the potential of opportunities
for interaction” (Hansen, 1959). Accessibility focuses on the dynamics of land-use and
transport (Geurs & van Wee, 2004), through evaluating (1) the spatial distribution of
available activities and (2) the ease with which they can be reached from a given point
(Koenig, 1980).

Accessibility can be operationalized with the help of accessibility instruments, which
are Planning Support System (PSS) used to express and evaluate accessibility (Papa
etal., 2015). Research throughout the COST Action TU1002—-Accessibility Instruments
for Planning Practice revealed that accessibility instruments are generally welcomed by
practitioners, but are not yet widely used in practice. It was commonly pointed out
that the tools have high potential to provide valuable insights in decision making, but
are still not meeting the expectations of planners and decision makers, who are the
main user groups (Papa et al., 2015; Silva et al., 2019; te Brommelstroet et al., 2016).
Furthermore, Boisjoly and EI-Geneidy (2017b) identi ed that missing knowledge and
data availability are key barriers for working with accessibility in practice.

5.1.2 Objectives, research questions and structure

There are numerous reasons for the widely described implementation gap in the eld
of accessibility, which will be further expanded on in Chapter 5.2. This research is
speci cally focused on the availability and nature of accessibility instruments, and more
speci cally, is focused on their suitability for planning active mobility. Therefore, this re-
search is rooted in the hypothesis, that there is still a lack of accessibility instruments
that are speci cally suitable for the planning practice when planning for active mobility.
The aim is to identify areas in which existing accessibility instruments lack in function-
ality. Through an overview and classi cation of the existing accessibility instrument
landscape the following research question will be answered:
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In which areas do accessibility instruments have to be developed further to better
support planning practice when planning for active mobility?

This paper will have a speci ¢ focus on characteristics such as type of tool, sup-
ported transport modes, dynamic calculations, and access to the tool. A detailed review
of the used accessibility measures was not carried out because there was a specic
focus on characteristics, which were extracted from previous research in Chapter 5.2.2
and on identifying if tools are supporting active mobility.

The identi ed gap will be the focus of the second part of this research. The aimis to
Il the described gap with a practical and development-driven process in which an in-
teractive accessibility instrument for walking and cycling, called Geo Open Accessibility
Tool (GOAT) (GOAT-Community, 2021e) is developed. This open source accessibility
instrument is tailored to the needs of practitioners when planning for active mobility. As
an expert web-tool, it operationalizes accessibility and focuses on areas where current
tools lack in functionality. Although technically driven, a strong focus is on the applica-
tion in practice and real-world planning questions.

Chapter 5.2 will start with a literature review and will be followed by the research de-
sign in Chapter 5.3. An overview of the diverse methods consisting of literature review,
software development, and workshops will be provided. This section will be followed by
an overview of existing accessibility instruments and an assessment of the suitability
of the reviewed tools for active mobility planning in Chapter 5.4. Chapter 5.5, the most
extensive chapter, will summarize the concept and technical architecture of GOAT. Due
to the complexity and the number of included features, the focus will be on providing an
overview of the core technical components, the used accessibility measures, the used
data, and ndings from the collaborative development with practitioners. In Chapter 5.6
the potential and limitations of the developed application GOAT will be critically dis-
cussed. Finally, Chapter 5.7 will conclude the paper and highlight upcoming research
challenges.

5.2 Literature review

5.2.1 Quantitative planning support for active mobility

It is not uncommon for researchers to use some sort of quantitative analysis, to assess
active transport. This is especially true when looking at research that focuses on the
concept of “walkability” (Choi et al., 2016; J. Zhang et al., 2019). However, quantitative
methods are generally used as a means to an end. In other words, the emphasis is
often on the outcome of an analysis rather than the actual methods being used. This
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makes sense since most research wants to know how easy it is to walk or bike in a spe-
ci c area, such as near schools (Humberto et al., 2020) or a particular city (Choi et al.,
2016; Dhanani et al., 2017; J. Zhang et al., 2019), how speci ¢ user groups use active
mobility (D'Haese et al., 2016; Gorrini & Bandini, 2019), or how speci c variables, such
as built-environment characteristics (Appleyard, 2015; Charreire et al., 2012; Nourian
et al., 2018), affect the use of active mobility. Quantitative methods are used to answer
these questions, but little thought is put into the appropriateness or effectiveness of
these methods in actual planning practice. These tools and methods may be effective
at measuring and assessing active transport through a variety of lenses, but whether
or not planning practitioners can use them or nd them useful is a different story.

It is unclear if — and to what extent — these quantitative, evidence-based methods
are actually used by practitioners to plan for and assess active mobility. This is not a
new concern. Other researchers have already identi ed this issue and proposed their
own data-driven models (Hackl et al., 2019). While new tools and models for planning
and assessing active mobility are always welcome, they often have their downsides
and may be too complicated, dependent on inaccessible data, and not particularly in-
teractive or exible. In their data-driven model developed as a response to the lack of
evidence-based decision making in planning, (Hackl et al., 2019) use a variety of data
sources to simulate incremental effects of individual planning measures. However, the
current model is dependent on Austrian data sources and more work needs to be done
to transfer it to planning practice. While this is on the right track, the current version
of the tool is neither intuitive nor open source, thus limiting its versatility. Other tools
may be more applicable to different areas, but might be too narrowly focused on health
impacts of walking and cycling instead of a holistic view (Kahimeier et al., 2017). These
examples help to illustrate the need for tools that are accessible to users with different
skill-sets, transferable to different areas, and applications that are exible enough to
allow for the analysis of many different aspects of active transport and accessibility.
Furthermore, one should not to forget the importance of including both land-use and
transport in a model. Accessibility and accessibility instruments in particular promise
planning support systems to |l this gap. Further developing and promoting planning
support systems can close the gap between academics and practitioners and are mu-
tually bene cial to both.

5.2.2 Literature review accessibility instruments

The rst 40 years of accessibility instruments highlight the emphasis on mathemati-
cal precision, as well as debates around the payoff and appropriateness of different
types of accessibility measures (Geurs & van Eck, 2001). By the mid-2000s it became
evident that the development of accessibility instruments was disconnected from the
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implementation side, leading to a fractured relationship between practitioners and the
varied landscape of tools (te Brommelstroet et al., 2016). More speci cally, calls were
made for tools that better balance the schism between being scienti cally sound, and
being useful for practitioners (te Brommelstroet et al., 2016).

Much of the recent literature on accessibility instruments strives to understand their
potential for cross-disciplinary planning support, and why they have yet to be widely
implemented in planning practice. This sentiment can be traced back to Geurs and van
Eck (2001) which provided one of the rst discussions on the “usability” of accessibility
instruments. Although usability at this time was still closely tied to the precision of
the tool, this discussion marked the start of a desire to understand that usability (or
a lack thereof) might help explain the relatively slow implementation of accessibility
instruments in planning practice.

More recently, this question has been taken up by a major European COST Action
project on “Accessibility Instruments for Planning Practice in Europe” which provides a
comprehensive update on accessibility planning, while proposing usability as a catalyst
to increase and accelerate the adoption of accessibility instruments. The rst part/re-
port of the COST project provided an extensive overview of planning instruments in
Europe, further clarifying the somewhat contradictory research streams that continue
to co-exist. On the one hand, accessibility instruments have focused on “increasing
complexity and thoroughness”, while on the other, research emphasizes “the impor-
tance of simple, usable and understandable instruments for planning practice” (Hull et
al., 2012).

The usability of accessibility instruments became a focus of the second part/report
of the COST Action, which guided planning practitioners in a workshop implementa-
tion process before collecting feedback regarding usefulness and usability (te Brom-
melstroet et al., 2014). This work produced a range of important ndings. Firstly, it
reaf rmed that urban and transportation planners alike found widespread value in ac-
cessibility instruments, but that the barriers to their greater adoption were both technical
(ease-of-use of the tools) and political (regarding broader organizational shifts and insti-
tutional capacity). Importantly, this real-world feedback from planners also highlighted
visual outputs as the most in uential, and suggested that on-the- y capabilities would
improve the value of tools (te Brommelstroet et al., 2014).

The overlap between research versus practitioner oriented tools has been further
explored from the perspective of accessibility instrument developers themselves (Papa
et al., 2015). For example, nearly all of the accessibility instruments investigated by
the COST Action were reported by the developers as being suitable for spatial and
transportation planners, while half of these were also identi ed as suitable for research
(Papa et al., 2015). The prevalence of these “broad-band” tools highlights the lack of
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a functional distinction between rigorous, detail-oriented tools and simpli ed tools, at
least from the perspective of accessibility instrument developers.

Accessibility instrument developers also identi ed long calculation times and a lack
of on-the-y experimentation as the top barriers for the implementation of their tools
(Papa et al., 2015). Papa et al. (2015) furthermore are stating that “In planning prac-
tice the concept of accessibility is often misunderstood, and instruments developed to
support practitioners are seen as complex, in exible, incomprehensible, and rigid black
boxes.”

These technical aspects were expanded on by te Brommelstroet et al. (2016) who
developed technological rules for accessibility instruments aimed to support (1) usabil-
ity and (2) usefulness. This work identi ed that an effective way to balance complexity
and usability is to identify measures that serve a user's speci c needs.

To date little research has been done that speci cally studies the application gap
of accessibility instruments for active mobility. However, building models for active mo-
bility in general can be regarded as particularly challenging considering the dif culties
in procuring data at a high-resolution and the diversity of people's mobility behavior.
Furthermore, the fact that there is a lack of evidence-based planning for active mobility
(see Chapter 5.2.1) highlights the need for accelerating development in this eld.

Venter (2016) identi ed promising trends for accessibility instruments such as the
rise of open data and tools that facilitate engagement with the community. Fast devel-
opment in core technologies required for accessibility instruments, such as geo infor-
mation system (GIS) and data management, but also the rise of web technologies, are
triggers for the rise of improved or new accessibility instruments for all transport modes.
Furthermore, in various elds, the Open Source Software (OSS) approach has proven
to be fruitful (Chesbrough, 2003; Munir et al., 2018). A look at successful open source
projects from the transport and GIS elds, such as OpenTripPlanner or QGIS, shows
that the envisioned collaborative development approach is feasible and is producing
successful innovations. This goes hand in hand with the rising potential of open and
crowdsourced data, as the wide adoption of data from OpenStreetMap (OSM) shows.
Despite the challenges of OSM data accuracy and completeness, it allows tool devel-
opers worldwide to have detailed street network data to model active mobility.

5.3 Methodology

The work ow of this research is summarized in Figure 5.1. As indicated above, the
research started with the review of diverse literature on accessibility in the eld of trans-
port and spatial planning. Literature dealing with accessibility instruments and their use
in planning practice was focused on in particular.
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Figure 5.1: Research work- ow

5.3.1 Overview accessibility instrument landscape

The second step was a review of existing accessibility instruments that were designed
to support planners and decision-makers. For this process, 25 accessibility instruments
from seven different countries were reviewed and categorized.

The assessment considered accessibility instruments actively being developed and
designed as PSS. An accessibility instrument was technically de ned as a GIS appli-
cation which makes use of a routing algorithm, spatial operations, and diverse spatial
data sets. Furthermore, accessibility instruments are seen as applications that can be
differentiated from an accessibility analysis by a generally more ef cient use and a tool
name.

Different strategies were used to obtain as many tools as possible in this overview.
This process started by exploring the existing collection of instruments produced in
the COST Action project on “Accessibility Instruments for Planning Practice in Europe”
(Hull et al., 2012; te Brommelstroet et al., 2014) and it continued by reviewing tools that
were collected on the platform (TUM - Chair of Urban Structure and Transport Planning,
2021). This initial process was followed by applying a snowballing literature review of
papers and reports. Finally, search engines and literature databases were queried with
the keywords accessibility instruments and accessibility tool planning.

This review speci cally focused on instruments that incorporate at least the trans-
port and land-use component of accessibility (Geurs & van Wee, 2004). For the review,
research papers, websites, reports, technical documentation, and platforms such as
GitHub were used. Therefore, tools lacking documentation were not included in this
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review. In addition, only documents in English, German and, to some extent, Dutch
were analyzed. Appendix 1 lists all reviewed tools and related sources.

The reviewed tools serve different purposes and include different transport modes.
Furthermore, mostly contour-based and gravity-based accessibility measures are used.
It is important to mention that there are a high number of tools that could be used for
accessibility planning in one way or another, typically among them are routing libraries
that generate isochrone maps or transport models that are capable of computing travel
time matrices. These tools were not included in the review.

5.3.2 Tool development

Although the development of GOAT had already started in 2017 with a master thesis
and continued in a dissertation project (Pajares, 2017; 2019), development was inten-
sied in late 2019 and 2020 thanks to funding from the German Federal Ministry of
Transport and Digital Infrastructure. Accordingly, the core part of the development hap-
pened chronologically, in line with the sketched diagram (see Figure 5.1). The develop-
ment of GOAT makes use of diverse open source GIS software and web technologies.
A detailed list of the used programs, libraries, and programming languages is provided
in Appendix 2. As an open source project, the development is hosted, organized, and
documented on the platform GitHub (GOAT-Community, 2022b). Besides the source
code of the tool itself, is hosts used software packages, processing scripts, and the
project website.

The tool is continuously being developed and managed at the Technical University
of Munich (TUM). Additionally, external developers are partly involved in the project.
The project follows an iterative software development cycle, which incrementally incor-
porates enhancements and new features into the software product (Korsaa et al., 2002;
Larman & Basili, 2003). Although there is an initial direction of the tool development,
the process can adjust to changing requirements and therefore excels with its exibility.

Testing and deployment of the tool makes use of a continuous integration and con-
tinuous development (CI/CD) pipeline that allows simultaneous testing of different ver-
sions with varying data. After certain features are considered mature, they are released
on the website and made available to the public.

5.3.3 Involvement planning practice

Testing was then conducted in a co-creation environment (Prahalad & Ramaswamy,
2004) through an intensive series of workshops. First, three test cycles were organized
with the municipality of Firstenfeldbruck in Germany. Each cycle lasted two months
and consisted of a two-hour test workshop and a subsequent development process. In
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the testing workshops, the latest GOAT features were presented by the development
team and then tested in-depth by a steady group of eight practitioners. Among them
were three transport planners, three urban planners, one GIS expert, and one planner
for social facilities. Their feedback was documented in minutes, summarized, and in-
corporated in the software development process if feasible. Therefore, requested and
realizable features identi ed were documented on GitHub as issue and implemented.
The improved version was then presented in the next testing workshop.

Secondly, four application workshops were organized with a total of 22 practitioners
within the local context of the municipalities of Furstenfeldbruck, Freising, and Munich,
including both users already familiar with GOAT and new users. Therefore, a diverse
group with different backgrounds and professions, with a common interest in acces-
sibility planning, was selected Table 5.4. In addition, 15 researchers in the eld of
accessibility and spatial planning were involved in a separate workshop.

Table 5.1: Participants of the application workshops, clustered by profession and sector

Background / Profession ~ Sector Number

Urban planner Public 8
Private 4
Transport planner )
Public 3
Climate protection manager Public 2
Landscape architect Public 1
Civil Engineer Public 1
Cycling representative Public 1
Disability representative Public 1
Politician Public 1

The workshops were usually three hours long and were characterized by a short
introduction followed by intensive application of the tool and a feedback round. This
testing was done based on concrete local planning questions, that were relevant to the
attending individuals and suitable for the instrument.

After the test cycles and application workshops, a synthesis workshop was held
with practitioners from all three municipalities to recap the overall process and de ne
future strategies. Due to the COVID-19 pandemic, three of the nine workshops were
done with videoconferencing software instead of in person.

In addition, due to the open access nature of the application and advertisement
on social media, at conferences, and beyond, users had the chance to test the tool
independently with the help of tutorials and documentation. Feedback in this unstruc-
tured process was obtained occasionally via email, in personal discussions, or via an
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online survey. Two main objectives were pursued throughout the testing and applica-
tion with practitioners. First, the valuable feedback from users helped by proposing
improvements and testing the functionality of the instrument. Second, the aim was to
elaborate on the question of whether the developed accessibility instruments and ac-
cessibility analyses are generally useful for supporting real-world planning processes.
This research paper will focus on the rst aim.

5.4 Current scene accessibility instruments

5.4.1 Overview current landscape of accessibility instruments

Technology is evolving fast and the emergence of new accessibility instruments can be
observed in many parts of the world. Furthermore, there is ongoing development of
already existing tools. The reviewed tools originated from eight countries, while more
than half of them came from the USA (see Figure 5.2). This prominent role of the USA
could be partly explained by the size of the country and its strong role in technological
development in general, but also by the high availability of good open data, such as the
US Census and timetable data in the General Transit Feed Speci cation (GTFS) format
that are used by almost all reviewed instruments from the USA.

Figure 5.2: Countries of origin reviewed instruments
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In Figure 5.3, the supported transport modes of the tools are summarized. Many
tools perform analyses for several transport modes at once. Accordingly, some tools are
counted more than once. Nevertheless, a relatively balanced distribution of supported
modes can be observed. However, public transport is clearly dominant, as 22 out of
26 reviewed tools provide analysis for this mode. This trend is largely in line with the
aim of many cities worldwide to improve public transport and foster sustainable mobility
in general. It is striking that there are only nine accessibility instruments supporting
analysis for cycling and seven of them are developed in Europe.

Figure 5.3: Implemented transport modes

As shown in Figure 5.4, there is a clear trend towards web tools; 22 of the instru-
ments are either solely web instruments or provide an additional web interface. Four
tools were also identi ed that distribute their results as a database containing precal-
culated accessibility metrics, and four tools that can be classied as desktop tools.
The review also showed that the capability of scenario building to evaluate changes in
accessibility, which was identi ed as very important in previous research (see Chap-
ter 5.2.2), is already built into ten tools. However, it has to be stressed that not all tools
with a scenario building feature allow modi cation of both transport infrastructure and
land-use. Furthermore, the ease of performing a scenario greatly differs between the
tools.
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Figure 5.4: Tool type and scenario building capabilities

A look at the access to accessibility instruments (see Figure 5.5) reveals that most
of the assessed tools are available via open access. Accordingly, they can be used free
of charge but their source code is partly or completely closed-off. This is especially true
for the large majority of web tools. At the same time, there are only four tools that are
managed as open source projects and there are seven tools that are closed source.
It is especially evident that the highly professionalized tools, hamely Sugar Access,
Urban Footprint, and TRACC are distributed as proprietary software or services. An
interesting case is the software Conveyal which is open source and backed by a com-
mercial provider and can be considered as a forerunner in the eld of public transport
accessibility analysis.
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Figure 5.5: Access of accessibility instruments

An important aspect of every accessibility instrument is the data used. It is note-
worthy that all tools use data from public sources, such as municipalities, transport
agencies, or statistical of ces, for the network and opportunity data (e.g. population or
points of interest) (see Figure 5.6). Concerning the network data, there are also four-
teen tools using data from OSM, especially for street networks when modeling walking
and cycling as individual modes or in combination with public transport. Timetable data
is the most widely used public network dataset, which is mainly available in the GTFS
format. Seven tools also use proprietary data for the network, mostly services from
providers such as Here or TomTom for street networks for car routing. All in all, most of
the tools use a combination of different datasets for the network.

Opportunity data comes mainly from public sources. Only ve tools are using OSM
data and six tools use proprietary data in addition to public data. This can be explained
by the fact that most of the opportunity data such as population or number of jobs are
usually managed by public entities.
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Figure 5.6: Data sources accessibility instruments

5.4.2 Application gap active mobility

In summary, during the last few years, accessibility instruments were signi cantly fur-
ther developed. Former emerging trends, such as the use of open data like OSM (Ven-
ter, 2016), the development of web instruments, or freely available timetable data are
now the norm rather than the exception. Despite this progress, it has to be emphasized
that the availability of tools that are speci cally designed for walking and cycling is still
limited. Although there are 16 tools supporting walking and nine for cycling, among
them only Sugar Access and TRACC provide the functionality to perform scenarios for
both land-use and transport. At the same time, both are developed and distributed
as proprietary software. Furthermore, the full-featured use of Sugar Access requires
knowledge of the desktop GIS software suite ArcGIS.

Seeing that this research has not conducted tests with users applying the tools but
was based on literature review and own testing, it is hard to conclude on the ease of
using the different instruments and their usefulness in the planning practice. However,
from the authors experiences there is a strong divide between fully-featured tools that
require both procuring expensive software and expert knowledge and a wide range of
open access web tools that focus on an easy user interface and basic analysis.

Furthermore, to spread the use of accessibility instruments, the ability to transfer the
tools to diverse study areas would be essential. However, this review identi ed that not
all tools are designed or distributed in such a way that they can easily be transferred.
This can be explained with the challenge of data-structure uniformity and the simple
market logic that providers focus on certain regions.
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Although this is clearly impeding a wider dissemination of innovation in the eld
to different parts of the world, the fact that the majority of tools are not open source
further restricts the wider application. Overall, this review has found no tool that is open
source, includes easy scenario building for both transport networks and land-use, is
transferable, and designed for walking and cycling.

5.5 Development of Geo Open Accessibility Tool (GOAT)

5.5.1 Scope of the instrument

The development of GOAT aims to react to the challenges described in section 5.2
and 5.4. It is envisioned that the tool will provide assistance as a PSS when planning
for active mobility and local accessibility. With the help of contour and gravity-based
accessibility measures (see Chapter 5.5.4 and 5.5.5), accessibility is calculated and
visualized. Additional spatial data, such as modal split by district, data on pedestrian
and cycling accidents, or land-use data can be integrated into the tool to complement
the accessibility analyses.

Figure 5.7: Key strategic aims of GOAT

Figure 5.7 summarizes the key strategic aims of GOAT, which should leverage the
useful application of the tool in practice. GOAT comes with the highly requested fea-
ture of interactive scenario building for transport and land-use changes. Through the
web interface of GOAT, users can interactively add, modify, or delete streets, points
of interest, and buildings (population). Changes in accessibility are dynamically calcu-
lated and results are returned to the user. Accordingly, a fast and iterative evaluation
of transport and land-use measures is feasible. In addition, scenarios can be imported
and exported. Depending on the available data, accessibility can be analyzed from (and
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to) different types of opportunities in space. Besides disaggregated population data on
the building level, diverse points of interest such as supermarkets, gyms, restaurants,
schools, and public transport stations are integrated.

The main target groups are practitioners, who have knowledge in the eld of trans-
port and urban planning. GOAT focuses particularly on professionals who either do
not have the skills to perform accessibility analyses using other GIS software or fa-
vor a less time-consuming solution. Accordingly, GOAT can be regarded as a middle
ground between simple WebGIS-applications for every user and a fully-featured GIS
desktop software. Furthermore, the focus is rather on providing a user-centric solution
backed with robust accessibility measures which can be implemented in diverse study
areas, rather than the implementation of the novelest and sophisticated accessibility
measures.

GOAT is currently available online as a demo version for the German cities of Mu-
nich, Freising, Firstenfeldbruck, as well as Bogota in Colombia. Another version is
available for the Munich district Hasenbergl-Lerchenau, which was developed to test
additional walkability features. Furthermore, the application has been transferred in
different student and consulting projects to over 20 German municipalities and the mu-
nicipality Matosinhos in Portugal.

5.5.2 Technical architecture

GOAT is technically a WebGIS-application and is built, as most of the web applications
are, in line with the classical Server-Client-Architecture of the web (see Figure 5.8).
Accordingly, resource and/or data-intensive calculations are processed in the backend,
for which a spatial database is used. The results of any given calculation are provided
to the client of the application via the middleware, which traditionally acts as the “glue”
of a web application. The client part (or frontend) of the application is the part of the
tool that is visible to the user and allows interaction via the interactive web map.

Figure 5.8: Simpli ed technical architecture of GOAT

The described architecture is built with a diverse collection of open source software
and libraries (see Appendix 2). A spatial database using PostgreSQL with the PostGIS
extension could be described as the backbone of the application. Not only does the
database manage and structure the data, it also performs all spatial and non-spatial
gueries, routing, and other algorithms. Most of the actions are atomized, following the
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functional programming paradigm, into database functions.

For the setup, an automated procedure was developed that downloads the most
recent OSM data and imports additionally provided data les into the database. Fur-
thermore, a series of data re nement, data cleaning, and data fusion routines prepare
the data for its use. The advantage of having the core functionality bundled in the
database is the high performance of SQL for reading and retrieving structured data and
the possibility to use the database as the core of the tool, either with the GOAT client
or other third-party software, such as the desktop GIS software QGIS.

As middleware, an API written in Python serving vector data in the GeoJSON-format
and vector tiles in the MVT format are used. The client is written in Javascript using
the framework Vue.js and the library Openlayers, which is capable of handling spatial
data in diverse formats. Alongside Docker, Kubernetes orchestrates the containers and
deployments of GOAT for the different study areas.

5.5.3 Routing algorithm

The routing functionality is one of the core features of GOAT as it allows for the compu-
tation of travel times for the contour and gravity-based accessibility measures. There
are several key factors that in uenced the decision on a suitable routing approach. A
solution was sought that allows to dynamically change the routing network within sec-
onds in order to perform interactive scenarios via the web interface. It was decided
not to use existing highly performant algorithms using contraction hierarchies, which
pre-process the routing network by computing shortcuts (Kliemann & Sanders, 2016)
because the time-consuming pre-processing would have to be done after each net-
work change. These requirements were decisive for choosing the pgRouting (pgRout-
ing Community, 2022) approach for the routing, which excels with its exibility and its
integration into PostgreSQL/PostGIS. A custom implementation for the driving distance
algorithm using the classical Dijkstra shortest-path calculation (Dijkstra, 1959) was re-
alized in a pgRouting fork to improve performance and customize the algorithm to the
speci ¢ use case (Crnjak, 2020).

In general, a solution was needed that is highly exible and allows for the implemen-
tation of diverse routing modes such as walking, wheelchair-routing, cycling, or electric
bike. It was decided to nd a pragmatic solution to the different data qualities and tag-
ging schemes realized in OSM across the world by providing the option to customize
the chosen network links in a con guration le when setting up GOAT. Per default, the
street categories listed in Table 5.2 are excluded for all studied modes.
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Table 5.2: Default excluded OSM highway categories

Excluded OSM street categories
motorway

motorway_link
motorway_junction

trunk

trunk_link
primary
primary_link

In addition, for the mode walking and wheelchair all paths were excluded that were
labeled with the combination foot = "no' or foot = "use_sidepath'. For the cycling modes
street categories labeled with bicycle = "no' or bicycle = "use_sidepath' were excluded.
As the mode wheelchair-routing and electric bike is still experimental it will not be further
emphasized here.

As average travel speed for walking 5km/h and for cycling 15km/h are speci ed.
This average speed can be increased by the user to up to 25 km/h. Modelling realistic
cycling speeds is of special complexity as travel time can be in uenced by a multitude
of factors such as road surface type, number of intersections, width cycleway, street
gradient and many more. In order to simplify the underlying model, it was decided to
only consider the street gradient and road surface type to compute the speed for each
link. Accordingly, the travel time for each link was computed like the following:

L (1+1Ig+1s)
v

t=

t = traveltime[s] L = length[m] Is= Impedance surface

lg = Impedance gradient v = average speed

There is a well understood relationship between street gradient and cycling speed,
however the degree to which street gradients in uence cycling speed could only be
studied more intensively with the appearance of inexpensive GPS sensors. Among
others Schleinitz et al. (2017) recorded in a German case study around 17,000 km trav-
elled by 90 cyclists using different bicycle types. For a standard bicycle they detected
mean speeds of 12.9 km/h uphill, 18.8 km/h down-hill and 16.1 km/h free ow speed.
Flagel et al. (2019) conducted a study with 721 cyclists travelling around 50,000 trips
in the City of Oslo with both standard bicycle and electric bicycle. The study presents
cycling speeds for gradients between -9% and +9% for the different bicycle types.

The results of the study from Fllgel et al. (2019) were used to generate a relation-
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ship between the slope and a normalized impedance factor presented in Figure 5.9.
For street links longer than 10 meters, sloped pro les were calculated in intervals of 10
meters and the calculated impedance factors were aggregated by the weighted length
of the sub-segments per link. The elevation points for the street segments were com-
puted using the inverse distance weighting method commonly known in geography and
the European digital elevation model with the spatial resolution of 25 meters (Table 5.4).

Figure 5.9: Cycling impedance factor street gradient

For gradients larger +9% it was assumed, that cyclists have to dismount and an
impedance of 2 is assigned corresponding to a walking speed of 5km/h at an aver-
age velocity of 15km/h. For the relation between street surface and travel speed the
impedance factors listed in Table 5.3 are used.
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Table 5.3: Cycling impedance factor street surface

OSM Surface Impedance
factor
paving_stone 0.2
sett 0.3
unhewn_cobblestone 0.3
cobblestone 0.3
pebblestone 0.3
unpaved 0.2
compacted 0.05
ne_gravel 0.05
gravel 0.3
sand 0.4
grass 0.25
mud 0.4

5.5.4 Contour-based accessibility measures

As Contour-based or cumulative opportunity measures, travel time isochrones are com-
puted. This measure can be considered as widely used (Geurs & van Eck, 2001; Geurs
& van Wee, 2004) and is frequently favored because of its relatively easy computation
and its good understandability (Bertolini et al., 2005; Geurs & van Eck, 2001). At the
same time the biggest disadvantage of this set of indicators is its high sensitivity to-
wards travel time (Geurs & Wee, 2013), which basically means that there is a strict
cutoff value and there is done no differentiation between shorter and longer traveltimes
within the chosen cutoff (Bertolini et al., 2005; Bhat et al., 2002; EI-Geneidy & Levinson,
2006).

For GOAT contour-based accessibility measures were implemented in two ways.
First as single travel time isochrones which can be computed by clicking on the map
or de ning a start address. The generated isochrones will be intersected with the
opportunity data sets and the user can see points of interest as markers and cumulated
in a table Figure 5.10.
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Figure 5.10: Reached network and single isochrone

Furthermore, multi-isochrones which are interpreted as isochrones from several
starting points can be computed. By de ning an area of interest (e.g. city district or
bounding box) and one or several points of interest, the starting points are derived
and isochrones are computed. As result, the multi-isochrones are intersected with
population data disaggregated on the building level and the share of population having
access to a speci ¢ point of interest can be identi ed (see Figure 5.11).
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Figure 5.11: Multi-isochrone with served population by supermarkets

The described indicators can be computed for the different modes walking, cycling,
e-bike and wheelchair. Cutoff values can be freely chosen in the range of 1 to 20
minutes and with diverse intervals. According to the German national household travel
survey (Nobis & Kuhnimhof, 2018) the average travel distance for walking is 1.7 km
and for cycling 3.9 km, while the medians are 1.0 km and 2.0 km. The provided travel
time range can be regarded as trade-off, as it might not fully cover the observed travel
behaviors in every case, however due to rising computational effort it was decided to
limit travel times to 20 minutes.

For the calculation of the reached area, a concave hull algorithm is used, which
provides an approximation of the reached area based on the reached nodes in the
network. It was decided to use the most performant open source solution found on
the web (Mapbox, 2016), which is based on the concave hull algorithm described by
Park and Oh (2011). As parameters, a concavity of 2 and a length-threshold of 0.006
degrees (EPSG 4326) is used. The chosen settings do not allow for holes inside the
polygon, which can lead to inaccuracies, especially in sparse networks and should be
considered as further limitation of the presented measure.
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5.5.5 Gravity-based accessibility measures

The concept of gravity-based accessibility measures is used for the accessibility heatmaps,
which are currently only implemented for walking. Gravity-based accessibility mea-
sures are dating back to the research by Hansen (1959) unlike contours measures,
gravity-based accessibility measures are not treating all reached opportunities equal
but weights them by a cost, usually travel time using an impedance function (Bhat et
al., 2002; Geurs & van Eck, 2001; Handy & Niemeier, 1997). The same researchers
underlined the importance of choosing a suitable impedance function and it can be
observed that a large variety of functions are applied. Commonly used functions are
power, negative exponential, logistic and Gaussian functions (Geurs & van Eck, 2001;
Geurs & van Wee, 2004).

More recently Vale and Pereira (2017) conducted a study testing 20 pedestrian ac-
cessibility measures and identi ed the modi ed Gaussian and exponential function as
the most robust ones for modelling walking accessibility. Furthermore, the authors pre-
sented a new cumulative Gaussian function, which uses the cumulative opportunities
approach at near distance using speci cations of 200 or 400 meters and a second part
of a modi ed Gaussian curve for larger distances. For the implementation in GOAT it
was decided to use the modi ed Gaussian function, however further tests with other
functions such as cumulative Gaussian are planned in the future.

Accessibility is computed using different sensitivity values, using seconds as travel
time unit the following sensitivity values are implemented: =150000, =200000,

=250000, =300000, =350000 and =400000. Depending on the amenity type,
users have the possibility to pick suitable sensitivity values. However, by default, the
value =300000 is chosen. This can be translated into approximately 74.1% accessi-
bility after 5 minutes, 30.1% accessibility after 10 minutes and 6.7% accessibility after
15 minutes of travel time to the respective amenity. Although further calibration by op-
portunity type is needed, the chosen values can be regarded as being in line with the
aim that all basic needs should be available in 15 to 20 minutes of walking time.
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Figure 5.12: Computation of accessibility values using Modi ed Gaussian impedance
functions

Accessibility is visualized dynamically on a hexagonal grid (see Figure 5.13) for
the speci ed amenities, therefore travel times are computed for each point of interest.
The chosen grid size can be adjusted but as a default value a uniform edge length of
150 meters is used, which can be considered as compromise between accuracy and
performance.

Figure 5.13: Hexagonal grid as spatial unit for the heatmap

For the calculation the centroid of each hexagon is used as a reference point for
starting the routing operation with the maximum travel time of 20 minutes walking. For
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deriving the travel time per point of interest, the point of interest is snapped to the
closest edge and an interpolated travel time is derived from the link for each destination
(see Figure 5.14). In order to allow dynamic and performant computation, travel times
and accessibility values are pre-calculated for the base scenario.

Figure 5.14: Deriving travel times per point of interest

The values are stored in the database and classi cation is done using statistical
quintiles for comparing accessibility values between the different grid cells. In order to
facilitate dynamic recalculation of accessibility in case of scenarios, affected grids are
recomputed and the results are combined with the static pre-calculated grids.

5.5.6 Data

GOAT makes use of diverse spatial datasets. Due to the complexity and variety of data
re nement and fusion routines developed, this section will provide only a brief overview
of the data used. In principle, GOAT follows the strategy to use open and freely avail-
able data wherever possible and is built with strong integration with OSM. OSM data is
imported as XML-dump from Geofabrik (2020) and the service Overpass API (Open-
StreetMap Community, 2020). The data is imported into the database with different
import scripts and frequent data updates can be realized in a highly-automated fash-
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ion. At the same time, not all required data can be found on OSM, therefore data from
other sources such as statistical agencies or local municipalities is used. Ultimately, the
data is collected directly in OSM using different editors in case the needed data cannot
be found elsewhere. Table 5.4 provides an overview of data used for the GOAT ver-
sions deployed in the Munich Region. The data is imported completely automatically
into the database and is combined with different spatial layers. As shown in the table,
some datasets are essential for the accessibility analysis, such as the street network
or points of interest, while others are solely used for visualization.

Table 5.4: Datasets used in the Munich Region

Dataset Purpose Source
Opportunities dataset for
accessibility analysis

Points of Interest OSM, own collection in OSM

OSM, Landesamt fur Digitalisierung,
Breitband und Vermessung Bayern
OSM, Landesamt fiir Digitalisierung,
Breitband und Vermessung Bayern
Population grid Population ZENSUS 2011

Geodatenservice Munchen,
Bundesamt fiir Kartographie und
Geodasie, Landesverkehrsmodell
Bayern

Land-use Population disaggregation

Buildings Population disaggregation

Administrative areas with population Population

Visualization and Mapping

Street imagery Mapillary, own collection in Mapillary

Mode
Street network Routing OSM, own collection in OSM
Elevation Routing European Environment Agency (EEA)
. . . . N Statistische Amter des Bundes und der
Accidents pedestrians and cyclists Visualization -
Lander
Diverse data on environmental quality Visualization Bayerisches Landesamt fur Umwelt
Bike counting data Visualization Geodatenservice Minchen
Modal split Visualization Mobilitét in Deutschland (MiD)
Basemaps Visualization OpenStreetMap, Mapbox, Bing

5.5.7 Input practitioners

The design of GOAT was very much shaped by the feedback of the practitioners. In
particular, feedback on improving new and existing features was incorporated directly
into the development process. Furthermore, many additional features were requested
(see Table 5.5). Some of these have already been implemented, but some require ex-
tended development efforts. Despite the large number of suggestions for improvement,
the tool has been rated as highly useful and is already in use by some of the practition-
ers in their everyday work. Particularly positively evaluated was the simple handling,
the interactivity and the easily understandable visualization of the analyses.
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Table 5.5: Collection of requested features and their current development status

Requested Features Development status
Wheelchair routing Implemented
Scenarios on new buildings Implemented
Additional POls (e.g. playgrounds) Implemented
Display of street crossings and traf c lights Implemented
Visualization of external data (e.g. aircraft noise map, nature

) Implemented
conservation areas)
Import and export of scenarios Implemented
Development of several parallel scenarios Implemented
Accessibility to recreation areas Under development
Management developed scenarios online (with user login) Open
Provision of interactive tutorials Open
Maodi cation of path attributes (e.g. modeling bicycle S
highways)
Weight opportunities according their size and quality (e.g. Open
capacity of kindergartens, size of shop)
Incorporate workplace data Open
Visualization of subjective path qualities Open
Incorporate landscape quality Open
Spatial extension to whole Germany Open
Expansion to other modes Open

In general, the features requested by the practitioners were in line with the features
identi ed as important in the literature review. The users were mostly impressed by
the scenario capabilities and the ease with which they can do accessibility analyses.
They conceived the accessibility analyses as highly useful, although not all of them
were familiar with the concept of accessibility beforehand, but also asked for other
additional analysis options. On the other hand, it was observed that many practitioners
were thinking more about practical details, such as the attractiveness of the used colors
and the look of the output maps, than about game-changing additional features. From
a developer perspective it was important to balance the effort in implementing a new
feature and the expected bene ts for different planning questions, while keeping in mind
the need for an high usability.
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5.6 Re ection tool development

A new interactive accessibility instrument for walking and cycling was added to the tool
landscape by using the development processes described in the previous section. A
speci ¢ focus on (the implementation gap of) active mobility was placed on the chal-
lenges presented in section 5.4.2. It is important to note that the realized development
is one possible solution approach next to many others in the eld. Furthermore, the
existence of an additional tool does not necessarily lead to a closure of the widely de-
scribed implementation gap. However, the advantage of the open and collaborative
development approach was the involvement of diverse groups in the process, which
lead to an intensively tested and already applied technology. Though, the core charac-
teristics of the instrument, — focus on active mobility, transferability, interactive scenario
building, and the implemented accessibility measures — still requires further develop-
ment.

There is a principle methodological weakness in measuring travel times based on
street networks in a graph-like architecture using nodes and links for active mobility.
In particular, pedestrians can walk independently from street networks and cross open
spaces or streets at any place. This behavior is hard to model and is currently not
modelled in GOAT. Routing through open space was researched by (Graser, 2016;
Hahmann et al., 2018), who developed promising algorithms, which could be applied in
GOAT. Furthermore, the unavailability of street network data that contains separately
drawn sidewalks is still an open challenge. The frequently used OSM data usually only
models separate sidewalks and bike lanes on main streets, if at all. Although early trials
implemented routing for different user groups, this research is focused solely on travel
time and does not include additional factors, such as safety or comfort levels when
walking or cycling.

In literature normative and positive accessibility are differentiated when de ning
an appropriate accessibility measure (Paez et al., 2012). In this context, normative
accessibility can be described as desired travel behavior and positive accessibility as
the realized travel behavior (Vale & Pereira, 2017). Neither approach was thoroughly
followed in this research, as the user was provided with a range of travel times and
sensitivity factors. Accordingly, picking appropriate travel times for the contour-based
accessibility measures and sensitivity values for the gravity-based measure is to a large
degree in the hands of the users. While this simpli es the task from a development
perspective, it adds additional complexity for the user when asking for explicit results.
Using statistical quantiles based on the computed accessibility values for the gravity-
based heatmaps as a classi cation method can cause further challenges. There is the
risk of errors and inaccuracies, especially when the data set is small or accessibility is
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relatively evenly distributed.

It was claimed that GOAT is easily transferable, however it has so far primarily been
transferred to German municipalities and only to two international study contexts. Al-
though the technical architecture favors an easy transfer to different areas, it still has
to be veri ed in further applications. Despite the possibility that most features of GOAT
can be calibrated relatively easy through con guration les during the setup, a calibra-
tion for different study contexts is not provided and the default calibration is done for the
German context. Accordingly, additional responsibility is given to people setting up the
instrument in other areas.

Despite the fact that practitioners were intensively involved in the development pro-
cess and rst applications into real-world planning are realized, the users are mostly
planners from the Munich Region so far. Therefore, the involvement of a more diverse
group of practitioners would be crucial to better re ect varying requirements in the plan-
ning practice.

5.7 Conclusion

This work rst focused on assessing the suitability of existing accessibility instruments
for planning for active mobility. It was found that there is a vibrant community of de-
velopers that frequently develops new tools and improves existing ones. Accordingly,
signi cant development could be observed since the end of the European COST Action
project on “Accessibility Instruments for Planning Practice in Europe” in the year 2014.
There are new tools that allow interactive scenario building and they are signi cantly
easier to use. Furthermore, the rise of WebGIS-technology leverages the success of
web instruments for accessibility planning and therefore provides a rising number of
practitioners (and the public) with access to these types of analyses. Despite the fast
progress the review has identi ed no tool that combines the following attributes: open
source, easy scenario building for both transport network and land-use, and designed
for walking and cycling. Furthermore, easy transfer between study areas is still a chal-
lenge for many of the reviewed instruments, mostly because of the lack of uniform data
and the high adaptation of many tools to a speci ¢ purpose.

As a response to this still open eld, the authors developed an interactive acces-
sibility instrument named GOAT as an open source project. This application provides
practitioners with extended functionalities, such as interactive scenario building, just-
in-time calculations, and diverse accessibility measures via a web interface. The ar-
chitecture of the application is characterized by its scalability and component-based
design, which provides the high exibility needed for use in varying contexts. The it-
erative software development cycle, which is characterized by strong mutual exchange
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with practitioners, has proven to deliver a user-centric solution.

Furthermore, the open access and source provision of the tool allowed diverse
groups of people to test the tool and provide valuable feedback, which could be in-
corporated into the development process. Also, the open source distribution allowed
people outside of the development team to transfer the tool and enrich the knowledge-
base of the community.

While this process helped to answer some open questions, it raised signi cantly
more and the tool still needs to be substantially further developed. More development
is needed in a multitude of areas, such as the usability of the tool, better calibrated
gravity-based accessibility measures, more sophisticated data fusion strategies, and
more holistic walkability indicators that take into account individual accessibility analy-
ses for different user groups.

However, at the same time it is still necessary to explore the actual usefulness of
the application for real-world planning practice. Despite the extensive use of the tool
in planning workshops, further use is necessary to identify the actual bene ts of the
instrument for accessibility-based planning in general. Therefore, it is planned to orga-
nize further testing workshops and in addition distribute the application to customers
worldwide. At the same time, it is planned to develop the application further following
the successful co-creative approach with practitioners. Among other activities the tool
will be transferred to ten European cities and novel indicators on walkability will be de-
veloped. Furthermore, it is aimed to extend the tool GOAT to other transport modes
such as public transport, motorized transport and inter-modal transport in the future.

The rst results are promising seeing that the tool helped diverse groups of practi-
tioners experience accessibility analyses for the rst time for themselves. In principle
this could help boost the understanding of accessibility, break silos, and train practition-
ers methodologically. This would be very much in line with the fact that accessibility
planning, like any other skill, can best be learned by a combination of theory and prac-
tice.
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Abstract

A wide range of disciplines require population data with high spatial resolution. In
particular, accessibility instruments for active mobility need data on the building access
level. Data availability varies by context. Spatially detailed national census counts often
present the challenge that they are outdated. Therefore, this study proposes a novel
approach to hybrid population disaggregation. It updates outdated census tracts and
disaggregates population on the building access level. Open and widely available data
sets are used. A bottom-up population estimation for new development areas is com-
bined with a top-down dasymetric mapping process to update outdated census tracts.
A particular focus lies on the high exibility of the developed procedure. Accordingly,
users can utilize diverse data and adapt settings to a speci ¢ study context. Instead
of requiring ubiquitous 3D building data, often unavailable free of charge, the approach
suggests collecting building levels only in new development areas. The open-source
software development was done using PostgreSQL/PostGIS as part of the co-creative
development of the accessibility instrument GOAT in three German municipalities. A
comparison with reference data from the population registry of one district was real-
ized. On the building level, an R? of 0.82, and on the grid level (100 m 100 m), an R?
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of 0.89 is reached. The approach stands out when land-use information is outdated,;
however, a spatially detailed census grid exists, but no ubiquitous 3D building infor-
mation is available. Enhancements are proposed, such as improving the dasymetric
mapping with machine learning and remote sensing techniques. Moreover, more re-
liable detection of new building development in already built-up areas is suggested to
account better for urban densi cation.

6.1 Introduction

Up-to-date high-resolution population data are essential for understanding a dynamic
environment and thus conducting accurate urban and spatial planning studies (Wang &
Wu, 2010). High-resolution population data provide public authorities, non-governmental
organizations, companies, and academics the possibility to design solid development
metrics. This optimizes interventions in their respective communities (Qiu et al., 2019),
organizes an accurate response to natural disasters (Garb et al., 2007; Hofstee et al.,
2004; Nadim et al., 2006; Qiu et al., 2019), and is the foundation for many other stud-
ies. In contrast, aggregated data risks masking important hotspots and smoothing out
spatial variations inside the population (Monteiro et al., 2018).

In the eld of transport, studies related to hon-motorized modes (walking and cy-
cling) require high-resolution population data at the building scale. For instance, walk-
ing accessibility studies require detailed population data to calculate the bene ted pop-
ulation within a speci ed walking or cycling distance to a new public transport station
or a set of points of interest (Pajares, Blttner, et al., 2021; S.-s. Wu et al., 2008). More-
over, spatially disaggregated data are needed to de ne a more granular traf ¢ analysis
zone system, known as non-motorized traf ¢ analysis zones (NM-TAZ), as an approach
to analyzing walking and cycling inter-zonal trips (Jain & Tiwari, 2017).

Even though the demand for high-resolution population data is increasing, detailed
databases often remain scarce or unavailable, due to limitations on the collection of
individual micro-data (Moeckel et al., 2003; Simbera, 2020). For con dentiality reasons,
public data are aggregated (Huang et al., 2007; Monteiro et al., 2018), or could be
available but not digitized (Jain & Tiwari, 2017; Mennis, 2009). Therefore, the census
population data are usually grouped by census tracts (Mennis, 2003).

The use of raw census data has many implications to be considered before their
use. First, census tracts polygons are designed according to administrative criteria to
facilitate zone enumeration rather than speci ¢ demographic parameters (Bracken &
Martin, 1989; Forster, 1985), which can mislead results for demographic studies due to
the effect of the modi able area unit problem (Openshaw, 1981). Second, due to their
complexity and high cost, censuses are only conducted every 5, 10, or even 20 years,
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and therefore misrepresent the current population conditions; for instance, the latest
German census was conducted in 2011 (Statistische Amter des Bundes und der Lan-
der, 2011), while between 2011 and 2020, the populations of cities such as Munich
have experienced a growth rate of 9% (Bayerisches Landesamt fiir Statistik, 2015;
2021). New population distribution cannot be easily anticipated. However, new devel-
opment areas attract new inhabitants at higher rates than established neighborhoods.
While census tracts are not frequently updated, up-to-date population counts are of-
ten available on the city, district, or even sub-district levels. The lack of high-resolution
data is treated through the application of spatial disaggregation methods (Goodchild &
Lam, 1980). Spatial disaggregation is the process by which information on a coarse
spatial scale is transformed into ner scales (Qiu et al., 2019). There are a variety
of approaches, each based on different assumptions about the distributional informa-
tion (Bracken & Martin, 1989). Disaggregation methods can be grouped into two cat-
egories: areal interpolation methods and statistical modeling methods (S.-s. Wu et al.,
2005). Statistical methods consist of constructing stochastic models to generate sim-
ulated (or synthetic) distributions of population (Akiyama et al., 2013), for example,
the iterative proportional tting method (Beckman et al., 1996; Moeckel et al., 2003).

Areal interpolation methods consist of transforming data from a source zone to
many smaller and non-intersecting target zones (Huang et al., 2007; Mennis, 2003).
Areal interpolation methods can be further classi ed into two categories, based on
whether they use ancillary data or not (Huang et al., 2007). Areal interpolation with
ancillary information uses external data, usually land use or transportation networks,
to re ne population interpolation. Dasymetric mapping is one of the most popular meth-
ods in this category (Wright, 1936), which consists of re ning polygons by discarding
uninhabited areas obtained from ancillary data (Batista e Silva et al., 2013; Eicher &
Brewer, 2001; Jain & Tiwari, 2017). Areal interpolation without ancillary data can be
either point-based or areal-based (S.-s. Wu et al., 2005). Point-based methods rely on
census points to create a continuous representation of the population (Bracken & Mar-
tin, 1989; Bracken, 1991; Huang et al., 2007). The continuous surfaces then support a
wide range of spatial analytic processes (Langford et al., 1990). The areal-based meth-
ods, also known as volume-preserving methods, target the calculation of the propor-
tional distribution of the population with weighted factors (Hofstee et al., 2004; Huang
et al., 2007; Jain & Tiwari, 2017; Qiu et al., 2019; Wang & Wu, 2010; S.-s. Wu et al.,
2005). Their advantage is the use of control units, which preserve the total number of
the population.

Most recent studies propose to combine different methods to increase the accuracy,
often starting with a dasymetric process (Monteiro et al., 2018). The hybrid process
combines a dasymetric analysis with a t regression model, dasymetric techniques
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with machine-learning algorithms (Monteiro et al., 2019; Simbera, 2020). A two-step
disaggregation is proposed based on a dasymetric processing and a weighted distribu-
tion method using 3D building information (Qiu et al., 2019).

As the ner population at the building level has gained importance, different re-
search has studied population disaggregation at this level. LiDAR data were used to
detect building characteristics, such as footprint and volume to obtain detailed pop-
ulation data (Chen et al., 2021; Xie et al., 2015). Bast et al. (2015) disaggregated
population on the building level using OSM and population counts on the municipality
level (Bast et al., 2015). The population was recently also disaggregated to a 10 m
10 m grid for the whole of Germany. Using remote sensing techniques, building set-
tlement structures and buildings volumes were derived from Sentinel-1 and Sentinel-2
data. The disaggregation combines a bottom-up population estimation with a top-down
dasymetric mapping process (Schug et al., 2021).

The review of the presented studies is far from complete, but it can be concluded
that: First, a comprehensive spectrum of disaggregation approaches exists depending
on the available information type and the study purpose. Second, there is no systematic
framework for data disaggregation (Huang et al., 2007), and in the worst case, each
study has to develop their own models. This problem tends to occur due to the diversity
of input data and use cases that makes the standardization process more complex.
Furthermore, deriving accurate population data on the building level without ubiquitous
3D building information is particularly challenging. Besides the fact that 3D building
data does not exist in every context, it is often expensive to procure. For example,
standardized building data are available nationwide in Germany in the CityGML spec-
i cation LOD 1 and LOD 2, but the data are not openly accessible in many German
states (University of Rostock, 2021).

In this context, this paper proposes a standardized four-step hybrid approach to
calculate high-resolution population data at the building-access level, based on widely
available data sources. It uses a bottom-up population estimation for new development
areas and a top-down dasymetric mapping process. Outdated census tracts are up-
dated to a respective target year and then disaggregated to the building access level.
There is no intention to derive additional demographic characters. Particular attention
is paid to the balance between standardization and exibility of the data used for the
procedure. Accordingly, mostly open-source databases, like OpenStreetMap (OSM)
or National Open Data Portals, are utilized. A focus is placed on developing a re-
usable and highly exible script that can cope with varying data quality. This process
is realized with population data on the district level and land-use data from the target
year. While it is generally expected that 3D building data would improve the procedure
results, the presented approach aims to work without ubiquitous 3D building data. In-
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stead, it suggests the collection of building levels only for selected building footprints in
new development areas.

6.2 Materials and methods

6.2.1 Study Context

The approach is developed as part of the Geo Open Accessibility Tool (GOAT) project
(GOAT-Community, 2021c), an open-source planning instrument focused on modelling
active mobility and local accessibility. One of the main data sources for the application
is population numbers at the building access level. GOAT was developed in a co-
creative process in collaboration with practitioners from the City of Munich, Freising and
Furstenfeldbruck in southern Germany. Therefore, the development of the presented
procedure was applied to the mentioned municipalities visualized in Figure 6.1.

Figure 6.1: Studied municipalities.

In the last few years, all three municipalities have experienced signi cant population
growth. Munich is the Free State of Bavaria capital, with approximately 1.488 million
inhabitants, and Germany's third-largest city. It thus outnumbers the much smaller mu-
nicipalities of Freising (48,872 inhabitants) and Furstenfeldbruck (36,843 inhabitants)
(Bayerisches Landesamt fur Statistik, 2021). All three municipalities have a historical
center and contain areas with diverse spatial typologies. The City of Munich is the
most densely populated municipality in Germany, with a population density of 4777
inhabitants per km? (Statistische Amter des Bundes und der Lander, 2021). Accord-
ingly, urban spatial typologies dominate many districts. However, the outer districts also
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comprise suburbs with relatively low density and high-rise housing estates developed
in the 1960s and 1970s. Freising and Firstenfeldbruck are less densely populated and
contain rural settlement structures in their outer districts. In the City of Munich, new
housing development is almost exclusively realized in multi-family dwellings, either in
new development areas or through densi cation in the existing built environment. More-
over, in the municipalities of Freising and Furstendfeldbruck, a trend toward multi-family
dwellings can be observed.

6.2.2 Data

The Table 6.1 lists all data sources used in this study with their respective reference
year. The listed data can be considered a sample, as the developed procedure works
with data from other contexts representing the same objects. Furthermore, if not avail-
able, only parts of the data sets are required (see Section 6.3.1).

Table 6.1: Data used for population disaggregation.

. . Reference
Data Set Of cial Name Data Provider
Year
Urban Atlas LCLU 2018 (European Union, European
Land-use Copernicus Land Monitoring Service & Environment Agency 2018
European Environment Agency (EEA), 2018) (EEA)
OpenStreetMap raw les (Geofabrik GmbH OpenStreetMap
Land-use . 2021
Karlsruhe, 2021) contributors
. . Landesamt fir
ATKIS Basis-DLM (Landesamt fur o
S . Digitalisierung,
Land-use Digitalisierung Breitband und Vermessung, ) 2020
Breitband und
2020)
Vermessung Bayern
. OpenStreetMap raw les (Geofabrik GmbH OpenStreetMap
Points of Interest . 2021
Karlsruhe, 2021) contributors
o . OpenStreetMap raw les (Geofabrik GmbH OpenStreetMap
Building attributes ) 2021
Karlsruhe, 2021) contributors
. . Landesamt fir
ALKIS Hausumringe (Landesamt fur o
- . S . Digitalisierung,
Building footprints Digitalisierung Breitband und Vermessung, ) 2020
nd) Breitband und
h Vermessung Bayern
- , Statistische Amter
Census Germany (Statistische Amter des
Census Germany B des Bundes und der 2011
Bundes und der Lander, 2011) .
Lander
City of Munich,
City districts with . . y ]
Stadtbezirksteile Freising, 2021

population numbers

Furstenfeldbruck

All data are represented as spatial vector data in the XML format, as Shape le or
GeoPackage. The presented data sets are either openly accessible or provided free
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of charge by the local public authorities. The data were downloaded in the specic
raw formats for the study and converted into the spatial reference system EPSG 4326.
Later, the data were imported into the spatial database system (see Section 6.2.3) for
processing.

In Figure 6.2, most of the used data sets are visualized. Three different sources
were used for land-use data. While the land use data originating from the of cial ATKIS
Basis-DLM contain only formally de ned land-use categories, the data from OSM also
contain categories that contributors de ned. Furthermore, the land use data from OSM
can contain overlapping geometries, which is not the case for the other land use data.
The land use information from Urban Atlas is standardized by the European Environ-
ment Agency and again contains a different classi cation.

As reference data set for the comparison with the disaggregated population (see
Section 6.3.6), counts on the address level were provided by the City of Freising for
their largest district, Lerchenfeld. These data originate from their municipal population
register. In Germany, there is an existing obligation to register at a speci ¢ address.
Therefore, the data can be regarded as remarkably accurate.

Figure 6.2: Core spatial data used.

Building footprints were used from the of cial source ALKIS and OSM. The building
footprint of ALKIS usually consists of one building per address. A building in OSM may
correspond to several buildings in ALKIS, and vice versa. While building footprints are
not mapped everywhere in OSM, almost all buildings exist in OSM for the study context.
Furthermore, the OSM data on the building footprints were usually more up-to-date
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than the available data from ALKIS. Due to the active OSM community in the study area,
new buildings are usually mapped during construction. Although the building type is
collected in ALKIS, this information was not shared by the public authority. Accordingly,
the available building footprints in ALKIS do not contain information on the use of the
building. This information, however, exists for approximately 66.17% of the buildings in
OSM in the City of Munich.

Finally, the Census of Germany is a vector layer with the population for each census
tract. In this case, each census tract is represented by a 100 m 100 m square grid
and was last updated in 2011. In addition to the total population, census tracts contain
demographic information, such as age groups and citizenship. The German census is
repeated every ten years (the next one in 2022); the currently available data is out-of-
date.

6.2.3 Software

GOAT is a WebGIS application created with various open-source software (see Fig-
ure 6.3). For the development, the software was installed on a ThinkPad T470 with
16 GB of RAM and an i7 processor running the Linux distribution Ubuntu LTS 18.04.
The setup was running with a Docker container. To set up the application, a step-by-
step guide exists on the project website (GOAT-Community, 2021b).

Figure 6.3: GOAT Architecture
(Plan4Better GmbH, 2021d)

The core of the application is a spatial database system consisting of PostgreSQL
12 and PostGIS 3. A custom Debian-based database image was used as the database
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docker image (GOAT-Community, 2021c). Accordingly, the presented procedure is
written in SQL, making extensive use of the spatial functions provided in PostGIS.
Besides classical SQL, the SQL Procedural Language PL/pgSQL is used to develop
database functions and in anonymous code blocks. In addition, Python functions are
developed to execute the different SQL scripts automatically and to import the required
data. These functions are integrated into the GOAT setup routines. If running the
GOAT setup, the procedure is executed automatically, but can also be triggered man-
ually. Customization can be realized in the con guration le “goat_con g.yaml” and
when preparing the raw data. A detailed description of data preparation and the op-
tions for con guration are provided on the project website (GOAT-Community, 2021a).
For the data visualization and the creation of maps, QGIS is utilized. The developed
source code has been frequently published on Github and is available here (GOAT-
Community, 2021b). If data were collected, it was performed directly with the OSM
iD editor and JOSM. The most recent changes in the OSM database were frequently
fetched using the daily dumps and the Overpass API.

6.3 Results

The population disaggregation approach presented in this paper is composed of four
steps: 1. Fusion of Building data and Dasymetric mapping, 2. Detection of building
entrances and new development areas, 3. Updating of census tracts, and 4. Population
distribution. As part of the work ow, data veri cation and collection is suggested in
the respective areas. To ensure high exibility of the procedure, users can customize
important settings in a con guration le.

The overview of the procedure can be seen in Figure 6.4. The developed table
schema will be presented in the following section, and then the individual steps will be
elaborated further.
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Figure 6.4: Overview procedure.

6.3.1 Table schema

For the presented data (see Section 6.2.2), a suitable table schema was developed.
Two schemas are de ned for a high exibility on the data used: required (see Fig-
ure 6.5) and optional (see Figure 6.6).

Figure 6.5: Required input tables.

For required tables, there are only de ned minimum data requirements. Accord-
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ingly, only data from OSM, census tracts and administrative boundaries with up-to-date
population data are needed. While the required data is suf cient to make the procedure
work, especially when OSM Data lacks completeness, the optional data tables are sug-
gested to obtain better results. Furthermore, not all attributes, but only the attributes
labeled with “not null' in Figures 6.5 and 6.6, are required.

As output schema, the tables in the Figure 6.7 are produced as either intermediate
or nal results. While the presented table attributes and data types are identical to the
SQL implementation, the table names differ slightly to read the gures better. A trans-
lation of the table names into the names used in the SQL scripts is in the Appendix
C.

Figure 6.6: Optional input tables.

Figure 6.7. Data structure output tables.
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6.3.2 Fusion of building data and dasymetric mapping

As visualized in Figure 6.8, this rst step consolidates the different building data sets.
Therefore, the OSM data (if available, custom building data) are fused by spatial inter-
section. If available, a priority is given to the custom building data set, and fusion is
performed based on the largest share of spatial intersections, in case there are mul-
tiple intersections. If available, attributes such as building type and building levels are
combined from OSM and custom building footprints. If the height of buildings is known,
the number of oors is computed using average height per building level. If neither the
height nor the building levels are available, a default number of building levels is as-
signed per district of the study area. In the study, this average varied from one to ve,
depending on the district and municipality. This value was derived from the author's
knowledge of the study context, and was assigned to each district. Another option will
be assigning the observed average from a reference data set, such as OSM if building
levels are available for a statistically signi cant number of buildings.

Figure 6.8: Fusion building data and dasymetric mapping.

Next, dasymetric mapping is performed to identify buildings with residents. Sim-
pli ed binary classi cation is applied to categorize buildings into “with residents” and
“no residents”. Therefore, buildings are rst classi ed using the attributes building and
amenity, which specify the use of the building. For the classi cation, users can de ne
a list of residential and non-residential categories in the con guration le. However,
as is common in OSM, there is no speci cation on the building type. Therefore, other
auxiliary data are needed to classify the buildings further. Land use data from OSM
is used as the default data set, and (if available), two more custom land-use data sets
can be provided. For each of the land use data sets, a con guration of different cate-
gories contains information on whether the buildings are residential or not. Accordingly,
land use categories such as industrial or commercial can be labeled as non-residential,
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