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Abstract

Assessing public transport using the concept of accessibility is of rising importance
in the planning practice. Meanwhile, the ever-increasing technological progress in
GIS, web technologies, and the rising availability of data facilitate fast innovation.
Accordingly, analyses that previously were done using conventional desktop software
can be realized through comparatively easy web tools. The accessibility instrument
GOAT is positioned within this scope, though to date, mainly analyses for active
mobility are possible.

Therefore, this master thesis aims to study the integration of accessibility analyses
for public transport into the tool. Within this process, suitable accessibility measures
should be identified that can be integrated into a WebGIS. A suitable pre-selection
of indicators was assessed based on the criteria of institutionalization in practice,
data availability, technical complexity, and indicator complexity. In the second step,
the pre-selected indicators were discussed in an online workshop with experts from
planning practice. Finally, three indicators were selected as the most promising ones
and were implemented into the GOAT tool.

The technical development made us of the novel routing algorithm (R5) and grid-
based data structure that allow dynamic rendering of indicators such as isochrones.
Furthermore, the development made use of diverse frontend and backend technolo-
gies. Finally, it is concluded that the realized development is a first step to bringing
elaborated accessibility analyses for public transport into a WebGIS and finally into
practice. However, there is still the need to test further with practice and iteratively
optimize the solution.

iii



Kurzfassung

Die Bewertung des öffentlichen Verkehrs anhand des Konzepts der Erreichbarkeit
gewinnt in der Planungspraxis zunehmend an Bedeutung. Der stetige technologische
Fortschritt bei GIS und Web-Technologien sowie die zunehmende Verfügbarkeit
von Daten ermöglichen schnelle Innovationen. So können Analysen, die bisher mit
herkömmlicher Desktop-Software durchgeführt wurden, mit vergleichsweise einfa-
chen Web-Tools realisiert werden. Das Erreichbarkeitsinstrument GOAT ist in diesem
Umfeld zu verorten, wobei bisher hauptsächlich Analysen für die aktive Mobilität
möglich waren.

Ziel dieser Masterarbeit ist es daher, die Integration von Erreichbarkeitsanalysen
für den öffentlichen Verkehr in das Werkzeug zu untersuchen. Dabei sollen geeignete
Erreichbarkeitsmaßnahmen identifiziert werden, die in ein WebGIS integriert werden
können. Eine geeignete Vorauswahl von Indikatoren wurde anhand der Kriterien
Institutionalisierung in der Praxis, Datenverfügbarkeit, technischer Aufwand und
Komplexität der Indikatoren bewertet. Im zweiten Schritt wurden die vorausgewähl-
ten Indikatoren in einem Online-Workshop mit Experten aus der Planungspraxis
diskutiert. Schließlich wurden drei Indikatoren als die vielversprechendsten ausge-
wählt und in das Tool GOAT implementiert.

Bei der technischen Entwicklung wurden der neuartige Routing-Algorithmus (R5)
und die grid-basierte Datenstrukturen verwendet, die eine dynamische Darstellung
von Indikatoren wie Isochronen im Frontend ermöglichen. Außerdem wurden bei
der Entwicklung verschiedene Frontend- und Backend-Technologien eingesetzt. Ab-
schließend wird festgestellt, dass die realisierte Entwicklung ein erster Schritt ist, um
ausgefeilte Erreichbarkeitsanalysen für den öffentlichen Verkehr in ein WebGIS und
schließlich in die Praxis zu bringen. Es besteht jedoch noch die Notwendigkeit, die
Lösung weiter in der Praxis zu testen und iterativ zu optimieren.
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1. Introduction

1.1. Background and motivation

Attractive public transport is essential to transition towards sustainable and carbon-

neutral mobility in urban areas. A high public transport quality uni�es a wide range

of bene�ts. Public transport can be considered energy and space ef�cient compared

to private motorized transport [1]. Furthermore, attractive public transport can foster

economic growth [2]. Convinced by this wide range of bene�ts, many cities across the

globe want to expand their public transport network and foster intermodal integration

with other modes of transportation.

To measure the quality of existing and the effects of public transport expansions,

the concept of accessibility plays a major role. Hansen [3] de�ned accessibility as "the

potential of opportunities for interaction". Speci�cally for public transportation, a wide

range of indicators can be used to model and visualize accessibility. In accessibility

research, accessibility indicators are usually referred to as accessibility measures [4],

and a high diversity exists. Within this thesis, both accessibility measures and just

indicators will be used.

This study differentiates between indicators that measure accessibility to pub-

lic transport stops and accessibility by public transport. Accessibility is usually

modeled using GIS methods and different routing algorithms. The relevant acces-

sibility measures vary in complexity, computation time, and practical relevance [5].

While indicators like travel time isochrones are widely understood, others are more

complicated and might be black boxes to non-experts.

Tools to model accessibility are usually referred to as accessibility instruments.

Usually, they are based on different GIS technology [6]. With the progress of modern

web technology, there is an increasing number of accessibility instruments developed

as WebGIS applications [7]. Despite the fast technological development, implementing

accessibility analyses into a WebGIS remains dif�cult. Long computation times of

many indicators and the appropriate visualization of complex geospatial data are still
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1. Introduction

challenging. Furthermore, the spatio-temporal dynamics of public transport require

�exible visualization. In this scope there is seen particular need �rst to identify

relevant accessibility measures for the planning practice and integrate them into a

WebGIS environment.

1.2. Research objectives

This applied research aims to work on the described open challenges. Therefore,

the development will be carried out using the open-source accessibility instrument

Geo Open Accessibility Tool (GOAT) [8]. There are seen in particular the following

research objectives.

Identify suitable benchmarks

The high diversity of accessibility measures in the public transport �eld makes it a

challenge to identify the most relevant ones, while considering the technical feasibility

of integrating them in a web-based GIS environment. Therefore, the �rst aim is to

provide an overview of frequently used accessibility measures in Germany and other

European countries. In the next step the accessibility measures will be classi�ed using

the criteria: institutionalization, data availability, technical complexity, and indicator

complexity. As institutionalization, it is understood whether the indicator is already

used in formal planning processes. For data availability studies whether it is easy

to �nd needed data to apply the indicator in practice. With technical complexity, it

is understood whether it is feasible to integrate the indicator in a web environment

from a software development perspective. Within indicator complexity, it will be

studied whether the indicator is easy to understand by the foreseen user group.

Develop backend framework for interactive public transport benchmark analyses

After suitable indicators are identi�ed the backend logic for their computation of

them will be developed within an isolated backend environment. Accordingly, the

analyses can be used within the tool GOAT but also beyond in other applications

and purposes. Therefore, it is aimed to combine different backend technology and

use the novel routing algorithm R5. The different accessibility measures will be

summarized in a backend framework that will provide public transport benchmark

analyses. Furthermore, the proposed solution should be expandable for new features

2



1. Introduction

such as scenario building (e.g., new public transport line) and new indicators.

Integration of public transport benchmarks into the dynamic user interface

The current user interface of GOAT focuses on analyses on the local scale and the

transport modes of walking and cycling. The implementation of public transport

benchmarks should be �exible to allow different analysis types that integrate into

the existing tool architecture and user �ow. A particular challenge is the temporal

dynamics of public transport; therefore a solution is needed that does include the

computation of indicators at various times of day and weekdays. Furthermore, it is

aimed to increase the interactivity and granularity of the calculation. In most of the

existing implementations, the isochrone is visualized as arbitrary polygons created in

the backend using algorithms like concave or convex hulls, therefore the calculation

intervals are �xed and cannot be modi�ed in the frontend of the calculation without

redoing the calculation. So if the user prefers computing another interval a new cal-

culation, including eventually long calculation times needs to be triggered. Therefore,

it aims to �nd a method to create the isochrone shape in the client of the application

based on the routing results processed in the backend.

Scope Limitations of the study

One core limitation of the study is that it focuses on existing accessibility measures

from the European context. Meanwhile, some of them might be used in a similar form

in other parts of the world. Another limitation is that the study uses the tool GOAT

as an example for the implementation of the indicators. Accordingly, the �ndings

cannot be generalized in all cases. However, it is aimed to develop the components in

a �exible architecture so they can be integrated into other accessibility instruments.

Accordingly, the open source tool GOAT should be seen as a technical framework to

test the realized innovations.

In the scope of this research project in particular the following research questions

should be answered.

RQ 1: Which spatio-temporal public transport benchmarks can integrate into a

web-based accessibility instrument considering practice relevance, technical feasibility

and data availability?

RQ 2: How to compute and visualize spatio-temporal public transport benchmarks

3



1. Introduction

in a web-based accessibility instrument?

1.3. Thesis structure

The master thesis consists of �ve chapters. It starts with Chapter 1 that provides

an overview of the background and gives insights into the authors' motivation.

Furthermore, the research objectives and research questions are formulated. Chapter

2 gives an overview of the state-of-the-art in accessibility research and brie�y describes

existing routing algorithms.

In Chapter 3 an overview of the methodology being used in the study is presented.

It starts with describing the tool GOAT, and the methodological and technical en-

vironment for the development carried out. Afterward, the data used in this study

and the most critical data preparation work�ows are presented. In the following, the

methods used for software development are presented. Finally, the chapter presents

the methods for involving experts and assessing the studied accessibility measures.

Within Chapter,4 the core results of the master thesis are presented. It will be

started by explaining the assessment of the different accessibility measures. This

part will be followed by the presentation of the developed software architecture. The

most extensive part of the results will be the presentation of the development of

the integrated accessibility measures. The last Chapter 5 will summarize the core

conclusions and give an outlook on potential future developments.
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2. Theoretical Background

2.1. Accessibility theory

The concept of accessibility was de�ned for the �rst time by [3] as the "potential

of opportunities for interaction". More recently, Brömmelstroet, Curtis, Larsson, and

Milakis [9] de�ned accessibility as "an expression of the potential number of relevant

activities that are located within acceptable reach". Furthermore, K. Geurs and Wee [10]

de�ned four accessibility components, namely the transport, land-use, temporal and

individual components.

Figure 2.1.: Four accessibility components

[10]
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2. Theoretical Background

As seen in Figure 2.1 all four components de�ne the accessibility to opportunities.

Accessibility can be translated by indicators usually named accessibility measures

[10]. While literature suggests incorporating all four accessibility comments into an

accessibility measure [10], frequently only the land-use and transport components are

included. Accessibility measures are usually included in an accessibility instrument,

which is capable of measuring and visualizing accessibility. Usually, accessibility

instruments are GIS-based and were de�ned by [6] like the following:

"Accessibility instruments (...) are a type of planning support system (PSS)

designed to support integrated land-use transport analysis and planning (...)"

Despite the potential bene�ts of using accessibility instruments, they are frequently

not used in practice now [5, 11]. One core challenge of this implementation gap is

described as the "disconnect between the worlds of instrument developers (who aim for

scienti�c rigor and have an abstract understanding of the planning problem and process)

and potential users (who aim for direct relevance, with the complexity of the real world as a

starting point, and often are antagonistic towards sophisticated external technologies)".

2.2. Routing algorithms

There is an existing high variety of routing algorithms that are frequently used to

calculate the shortest distances between one or several locations. A common ap-

proach when �nding the shortest path is using the Dijkstra algorithm, which can be

applied to all graphs represented through nodes and edges. The way that Dijkstra

works is by selecting the unvisited node that has the lowest distance, calculating the

distance through it to each unvisited neighbor, and updating the neighbor's distance

if smaller. However, there are several disadvantages to this approach when applied to

public transport networks, mostly related to the different data structures that public

transport networks have. By de�nition, public transport routing is the process of

determining the lowest travel costs between potential places of interest. The travel

cost is typically represented by the travel time, and it is affected by different factors

such as time of the day, travel modes, or network path types. [12]

As mentioned above, while many routing algorithms like Dijkstra can be used for

a single Origin-Destination (O-D) pair, this is not feasible for calculating public
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2. Theoretical Background

transport isochrone on a transit network that includes multiple (O-D) without com-

promising the computation time. To overcome this issue, the core algorithm used for

public transport isochrone routing is RAPTOR, a round-based public transit router

that, when employing frequency-based GTFS data, enables a systematic and ef�cient

sampling of multiple simulated schedules. [13] . Unlike other graph algorithms, this

algorithm processes each route (e.g., rail) in rounds. It starts by searching from a list

of access stops and arrival times. All trips from these stops are explored for each

round, so transfer from all reached stops. This algorithm allows further optimization

by applying different rules and using multiple computation cores, making it very

ef�cient for dynamic isochrone calculation. Conveyal R5 engine works on or Multi-

criteria Range Raptor (McRR), an extended version of the base RAPTOR algorithm

that iterates over minutes of the selected time window and considers more criteria

besides arrival time and transfers [13].

2.3. Web map based visualization

Web mapping and Geographic Information Systems (GIS) have developed quickly in

recent years. Several decades ago, only desktop applications mainly implemented

GIS, which stored data in �les using proprietary formats. It can be said that this

technology was oriented toward experts. However, in the last decade, this situation

has changed. As a result, many technologies, such as relational data and web

applications, have adopted GIS components to provide geographic information to a

broader number of users. Online maps are now standardized using OGC services and

are fully supported in all browsers through technologies such as WebGL, Canvas2D,

SVG, and CSS. These technologies are the foundation of web mapping and allow

the creation or rendering of geospatial data on the web. The web map components

consist of four core elements:

• Javascript map objects

• Base Layers

• Thematic Layer or System Layers

• Interaction

7



2. Theoretical Background

These elements are usually utilized through mapping libraries that abstract the

complexity and provide a workspace that facilitates the development work�ow.

Another important aspect is providing geospatial data to the layers mentioned above.

Nowadays, it is feasible to provide the data by using different formats, which can

include:

• Programmable Objects (GeoJSON, PBF, XML)

• Database tables (PostGIS, MongoDB)

• Geospatial Web services OGC (WMS, WFS, WMTS, WPS)

• File Based (Shape�le, GeoJSON, KML, GML)

The selection of the data format depends on the requirements of the web map

application. Regarding this project, the objective is to build an interactive WebGIS

with dynamic data, in which data is provided in programmable objects served

through custom Web Services. This part is described in more detail in chapter 4.
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3. Methodology

3.1. GOAT - Geo Open Accessibility Tool

The accessibility instrument GOAT was started by the Chair of Urban Structure

and Transport Planning at TUM and is actively developed by Plan4Better GmbH.

GOAT can be understood as a web-based accessibility instrument. It targets users

from local governments such as municipalities and counties, consultancies, and

public transport operators. The tool can be understood as a specialized application

that positions between an easy-to-use WebGIS and a fully featured desktop GIS [7].

The GOAT mainly focuses on modeling local accessibility for walking and cycling

transport modes. GOAT is mainly focusing on modeling planning scenarios such

as modi�cation of transport infrastructure or changes in land-use. The tool was

developed together with planning practice in a co-creative environment [14].

The extension realized in this thesis is integrated into the project GOAT 3.0, which is

an applied research project of the partners Plan4Better GmbH, TUM, Leibniz-Institut

für ökologische Raumentwicklung, PSU - Prof. Schalker UmweltConsult GmbH and

Münchner Verkehrs- und Tarifverbund.

Technically the tool is a classical server-client application (see Figure 3.1), which

uses a spatially-enabled PostgreSQL/PostGIS database as the backbone. As API,

the framework FastAPI is written in Python. The application makes use of different

data geospatial data. The source code of the GOAT is managed open source using

the GNU General Public License v3.0 [8]. The current technical architecture will be

extended as sketched in Section 3.3 and 4.

9
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