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Abstract

Railways play a crucial role in transport. However, unforeseen events in the form of disruptions
drastically aledt performance. A literature review reveals that research already addresses
detecting and dealing with disruptions. However, no approach considers these tasks within the
planning process of a timetable. This thesis bridges this gap by integrating increasing resilience in
the process. Hence, we propose an iterative approach for creating timetables from scratch while
identifying and addressing the critical disruption. We use a demand-centred performance metric
based on generalised travel time, providing a unified objective. Aiming for a holistic approach,
we include passenger routing, track assignment and rolling stock circulation. We introduce the
concept of the Train Slot Sequence (TSS) with which we reduce complexity by restricting trains
to time windows. We apply logical-Bender’s decomposition using TSS, splitting the task into
a Mixed Integer Program (MIP) and a Boolean Satisfiability Problem (SAT). Furthermore, we
cannot rely on predefined scenarios given the context. Therefore, we present a primal-dual
algorithm identifying critical disruptions while considering all responses.

We conduct a case study with real-life data of RhB, a Swiss railway company. Our experiments
indicate that solving the timetabling model directly with a commercial solver is only appropriate
for small instances. However, we quickly obtain high-quality solutions with a fix-and-dive
heuristic. Furthermore, within the case study, our propositions increase resilience. For example,
in an instance based on artificially generated demand, performance increases from 35.9% to
58.4%, improving the remaining performance by a factor of 1.63. Another valuable insight is that
our procedure to identify and assess critical disruption also works for simultaneously occurring
disruptions. We apply the approach to nine instances that vary in demand and trains. The
results reveal that the proposition performs as intended. However, solutions di[er in resilience
against critical disruptions and regular performance. Thus, determining the appropriate solution
can require a trade-o L_Nevertheless, a practitioner can select suitable solutions since we provide
all created results.
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Zusammenfassung

Eisenbahnen spielen eine entscheidende Rolle im Verkehrswesen. Unvorhergesehene Ereignisse in
Form von Stdrungen beeintrachtigen jedoch die Performance. Ein Betrachten der Literatur zeigt,
dass sich die Forschung bereits mit dem Erkennen von und dem Umgang mit Stérungen befasst.
Es gibt jedoch keinen Ansatz, der diese Aufgaben als Teil des Planungsprozesses bertcksichtigt.
Die vorliegende Arbeit schliesst diese Liicke, indem sie die Steigerung der Resilienz in den
Planungsprozess integriert. Um Fahrplane von Grund auf zu erstellen und gleichzeitig kritische
Stérungen anzugehen, schlagen wir einen iterativen Ansatz vor. Es wird ein nachfragebasierter
Leistungsindex, welcher auf der generalisierten Reisezeit aufbaut und ein einheitliches Ziel darstellt,
vorgeschlagen. Vorgeschlagen wird ein ganzheitlicher Ansatz, welcher die Fahrgastlenkung, die
Gleiszuweisung und den Fahrzeugumlauf einbezieht. Um die Komplexitét zu reduzieren, wird das
Konzept der Train Slot Sequence (TSS) eingefiihrt, welches die Zuge innerhalb eines Zeitfensters
beschrankt. Mit Hilfe von TSS kann die logische Bender-Dekomposition angewendet werden,
so dass die Problemstellung in ein Mixed Integer Program (MIP) und ein Boolean Satisfiability
Problem (SAT) aufteilbar ist. Aus dem Kontext ergibt sich weiter, dass keine vordefinierte
Stoérungsszenarien verflgbar sind. Daher wird ein primal-dual-Algorithmus vorgestellt, der
kritische Stérungen identifiziert und verfigbare Gegenmassnahmen bericksichtigt.

Es wird eine Fallstudie mit realen Daten von der RhB, einer Schweizer Eisenbahngesellschaft,
durchgefuihrt. Experimente zeigen, dass das direkte Losen des Fahrplanmodells mit einem kom-
merziellen Solver nur fur kleine Instanzen geeignet ist. Mit einer Fix-and-Dive-Heuristik kénnen
jedoch schnell hochwertige Lésungen erzeugt werden. AuRerdem erhdht der Ansatz innerhalb
der Fallstudie die Resilienz. In einer Instanz, die auf kiinstlich erzeugter Nachfrage basiert,
steigt der Leistungsindex beispielsweise von 35,9 % auf 58,4 %, was die verbleibende Leistung
um den Faktor 1,63 verbessert. Eine weitere wertvolle Erkenntnis ist, dass das Verfahren zur
Identifizierung und Bewertung kritischer Stérungen auch bei gleichzeitig auftretenden Stérungen
funktioniert. Der Ansatz wird auf 9 Instanzen angewendet, die sich in Nachfrage und Anzahl
ZUgen unterscheiden. Die Ergebnisse zeigen, dass der Vorschlag wie beabsichtigt funktioniert.
Allerdings unterscheiden sich die Lésungen im Verhéltnis von Resilienz gegenuiber kritischen
Stérungen und der reguldren Leistung. Daher kann die Bestimmung der geeigneten Losung
einen Kompromiss erfordern. Allerdings kann ein Anwender geeignete Losungen auswahlen und
vergleichen, da alle Zwischenergebnisse ausgegeben werden.

Schlagworte
Railway Planning, Timetabling, Resilience, Disruption
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1 Introduction

Initially, we brie y introduce the thesis. We begin with stating our motivation and describing
the problem in Section 1.1. Next we summarise our contributions in Section 1.2, before de ning
the research questions in Section 1.3. Finally, we give a brief outline on the structure of the
thesis in Section 1.4.

1.1 Motivation and Problem Statement

Railway networks are an essential part of the transport infrastructure today and in the future.
Because of social and economic dependencies, the networks must provide high-quality service and
operate as reliably as possible. Unexpected blockages of open tracks, station tracks, or complete
stations during a speci ¢ period represent typical disruptions in railway operations.

While myriad reasons can cause disruptions, the impact is generally identical. The lost capacity
due to blocked and unavailable infrastructure a ects the performance drastically. Although the
severity of the disruption can vary, it is frequently no longer possible to operate the original
timetable. Therefore, the strategically or tactically designed timetable has to be adapted on
short notice to provide an alternative form of service in such a situation (Bezinovi¢, 2020).

Figure 1: Disruptions per year in absolute numbers and hours for the Dutch railway network
(note the e ect of Covid-19 in 2020/2021).

Source: Rijden de Treinen (2022)

A common observation with disruptions is their growing number with increasing network utilisa-
tion (Bezinovi¢, 2020). Using the Dutch railway network as a representative illustration, Fig. 1
indicates that the number of disruptions has gradually increased until Covid-19 caused a drastic
reduction in demand (Bezinovi¢ and Szymula, 2021). Given lower demand, fewer services operate,
consequently reducing the total number of disruptions.
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Thereby, when aiming for high performance, considering disruptions is crucial. Several approaches
and strategies to cope with known disruption exist (Ghaemiet al., 2017b; Zhu and Goverde, 2021,
2020a,b; Bezinovitet al., 2020). Besides, it is possible to assess resilience with network-wide
approaches to identify critical infrastructure (Szymula and Bez2inovi¢, 2020; Bababeilet al., 2017).
However, less attention has been directed towards the integration of dealing with disruptions in
earlier planning phases (Be2inovi¢, 2020).

This thesis aims to address this gap with a methodology that integrates disruptions in the early
planning stages. The proposed methodology aims to increase the system's resilience against the
most critical disruption (i.e. the one with the highest impact on performance). Consequently,
the resilience of a timetable can be increased when it is developed.

1.2 Our Contributions

Based on the previously de ned research gaps, we now provide a brief overview of our approach
before summarising the key contributions.

Essentially, railway planning and enhancing resilience share a common objective in optimally
utilising and allocating (available) infrastructure and resources. While the former seeks to provide
the best possible solution (e.g., while exploiting all infrastructure (Fuchset al., 2021)), the latter
focuses on reducing the impact of disruptions (e.g., delays and cancelled trains (Zhu and Goverde,
2021)). Consequently, combining both requires a holistic perspective and a detailed incorporation
of the dynamics of a railway system (Bezinovi¢, 2020). We, therefore, include the available
infrastructure on a mesoscopic level (de Fabriet al., 2014; Wist et al., 2019b) and consider
the task of routing trains jointly during timetabling similar to Fuchs et al. (2021) to exploit the
available infrastructure. Furthermore, to follow and enhance the state-of-the-art approaches, our
method should be capable ofre-)routing passengers (Zhu and Goverde, 2020b) and accounting
for vehicle rotations and capacity (Veelenturfet al., 2017). Eventually, integrating alternative
modes such as buses as responses towards disruptions is also desirable (Borecka and Bezinovi¢,
2021; Jinet al., 2014).

Interestingly, many timetabling models to address all or a subset of these requirements already
exist (Schiewe, 2020; Polinderet al.,, 2021; Fuchset al., 2021). However, including these
requirements jointly is leading to a challenging problem, which has not been solved satisfactorily
(Schiewe, 2020). Therefore, we propose addressing the problem with a novel approach that de nes
a sequence of time slots for each train, the Train Slot Sequenc& $3. The concept of TSSis
similar to the Train Path Envelope (TPB (Albrecht et al., 2013; Wanget al., 2020) and the
Service Intention (SI) (Caimi et al., 2011b,a; Wistet al., 2019a), both successfully applied to
railway timetabling.

We use theseTSS to de ne departure, arrival and intermediate pass-through times as time
windows instead of exact timestamps. Giverif SS we can reduce the complexity of the integrated
timetabling problem such that we can solve real-life instances. Additionally, as we are considering
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resilience during the early stages of the planning processes, we can not rely on prede ned
disruption scenarios (Szymula and Bezinovi¢, 2020). Thus, we extend our model to identify and
accurately assess the critical disruption (i.e., the one with the highest impact) without a given
input. Subsequently, our methodology integrates resilience into the railway planning process and
yields a holistic and accurate result. We can summarise our contributions as follows:

" Integrating resilience into the early stages of the planning process
"~ Jointly identifying the critical disruption and the best response

~ Breaking down the complexity of integrated timetabling

~ Applying the proposition to a real-life case study

Subsequently, we proceed to de ne the research questions.

1.3 De ning the Research Questions

Based on the stated research gap and the contributions, we may formulate the (Main) Research
Question (RQ and the Sub-Question (of the Research Question)§Q form the thesis's core:

(Main) Research Question ( RQ Which optimisation approach is suitable to assess and enhance

the resilience of a railway network during the strategical and tactical planning phases?

SQ1 What state-of-the-art metrics/measures are suitable to assess the resilience of a railway
timetable during timetabling?

SQ2 How can we characterise disruptions such that we can assess them during the timetabling
process?

SQ3 How to mathematically model the requirements and resources of the di erent stakeholders
to include them as constraints?

SQ4 What are the bene ts when using the developed optimisation approach to enhance the
resilience of an existing railway system?

The RQand S@ guide the thesis in the following. TheRQprovides the main motivation of the
thesis and we will develop the required methodology in Section 3, before applying it in the case
study Section 4. Furthermore, we will address theSQ1, 2 and 3 in Section 3 based on the
literature reviewed in Section 2. The computational experiments that are part of the case study
in Section 4 provide us with insights to address theSQ4. Furthermore, these questions allow us
to draw a conclusion and identify future work in Section 5.

1.4 Outline of the Thesis

The remainder of this thesis is structured as follows; Section 2 provides the necessary background
on the railway planning processes and resilience in railways, to then identify the research gap.
Subsequently, we propose our methodology in Section 3, which we then apply and assess in the
case study in Section 4. Eventually, we draw a conclusion in Section 5, where we address the
research questions and also outline future research possibilities.
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2 Background

This section provides technical background and an overview of the-state-of-the-art. We focus on
investigating SQ1, SQ2 and SQ3, since theseSQrequire literature background. In Section 2.1,
we provide information on the general planning process in railway systems. Complementary, in
Section 2.2, a review on resilience assessment and disruption management in railway systems
follows. Eventually, we identify the research gap in Section 2.3.

2.1 The Planning Process in Railway Systems

Planning a railway system is a challenging and interconnected process, so the planning process is
usually divided into a sequence of stages (Lusbgt al., 2018). The stages in Fig. 2 represent the
general planning stages of railway systems according to Liebchen and Méhring (2004) and Lusby
et al. (2018). Following the notion of Lusby et al. (2018), the planning stages span over the three
phases of strategical, tactical, and operational planning.

Figure 2: Planning stages and phases alligned with the time frame.

Source: Based on Liebchen and M6hring (2004) and Lusbst al. (2018)

While strategical planning covers network and line planning, the tactical phase encompasses
timetabling and vehicle and crew scheduling. Finally, real-time tra c management is contained
by the operational planning phase and is performed at present (Lusbgt al., 2018). Since any
modi cation of the available infrastructure is outside this thesis's scope, we limit the considered
stages to the stage of line planning and onward. Furthermore, as we aim to enhance the resilience
of a railway system during its planning phase, we do not consider the stages of crew scheduling
and real-time management tasks. Consequently, we brie y introduce line planning (Section 2.1.1),
timetabling (Section 2.1.2), and vehicle scheduling (Section 2.1.3) in the following.
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