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POPULARVETENSKAPLIG SAMMANFATTNING

Tag ar ett sdkert och energieffektivt sitt att transportera passagerare och gods. For att
kunna kora ett tag kravs forst och framst att det finns ett spar, och sedan att det finns
plats pa sparet bland de andra tagen. Vilka tag som tillats kora pé ett spar, och hur bra de
passar ihop, avgor vilka jarnvéigstransporter som kan utforas och hur attraktiva de blir. Till
exempel kan ett snabbtag fa en oonskat lang gangtid om det maste kora efter ett langsamt
tag. For att ett snabbtag ska kunna kora om ett langsamt tag kravs att det finns extra spar
som tillater omkorningen. Det langsamma taget kan behova stanna for att bli omkort, vilket
innebér att det inte nédvandigtvis bara ar det snabba, omkorande taget som blir drabbat,
utan ocksa det langsamma, omkorda taget. For att se till att sparkapaciteten nyttjas pa
béasta satt, och for att forsta ungefiar hur lang tid en tagresa kommer ta, gor Trafikverket
en noggrann planering av hur tagen ska koras pa sparen — en tidtabell.

Vixelrorelser dr nar man flyttar (enstaka) lok eller vagnar en kortare strécka. Det kan till
exempel handla om att lok och vagnar ska stéllas i ratt ordning for att kopplas ihop till
ett tag, eller att nagra vagnar ska ldmnas pa en terminal. Vixlingar kraver precis som tag
sparkapacitet, och de paverkar bade varandra och tagrorelser. Vid rangerbangardar sorte-
ras (gods-)vagnar fran ankommande tag om till nya avgdende tag. Sorteringen kriver flera
vaxlingsrorelser mellan olika spargrupper, och hur sorteringen och vixlingen utfors avgor i
slutdndan nar tag kan avga. Rangerbangardsplanering ar darfor, precis som tidtabellspla-
nering, en viktig komponent for attraktiva jarnvagstransporter.

Den hér avhandlingen handlar om hur en speciell sorts matematiska metoder kan anviandas
for att rakna ut bra tidtabeller och rangerbangardsplaner. Tanken ar att sadana metoder
ska kunna ingd i intelligenta moduler i beslutsstodsystem for tidtabells- eller rangerban-
gardsplanering. De intelligenta modulerna ska kunna foresla 16sningar for hela eller delar
av planeringsproblemet och pa sd satt hjdlpa planerarna att snabbt skapa bra planer. En
snabbare och béttre planering get i slutdndan béttre jarnvagstransporter.

Mer precist handlar avhandlingen huruvida optimering utifréan linjara blandade heltalsmo-
deller (Mixed Integer Linear Programming models, MILP-modeller) skulle kunna vara in-
telligensen i beslutsstodsystemen. For att undersdka om optimering med MILP-modeller
gar att anvinda modelleras de tva planeringsproblemen. For detta kriavs att restriktioner
och planeringsmal formuleras som linjéra bivillkor och malfunktioner. Modellerna testas
sedan med data fran riktiga exempelfall, och en kommersiell optimeringsmotor anvinds for
att hitta den optimala 16sningen. For att avgoéra om optimering med MILP-modeller skulle
kunna vara anvandbart i praktiken analyseras dels planernas kvalitet, dels exekveringstider-
na. Bade for tidtabellsplanering och rangerbangardsplanering fanns behov av att ytterligare
minska exekveringstiderna. For att astadkomma detta togs heuristiker fram. Heuristiker gor
det mojligt att "kopa” kortare exekveringstider till priset av 16sningskvalitet.

Avhandlingens bidrag inom tagtidtabellsplanering &r en sammanstéillning av olika plane-
ringsméal som kan anvidndas som malfunktion, en ny MILP-modell foér tidtabellsplanering,
en optimeringsbaserad heuristik for att minska exekveringstiderna och sist men inte minst
analys av hur optimering skulle kunna anviandas for att tilldela sparkapacitet pa ett nytt
satt. Inom rangerbangardsplanering bidrar avhandlingen med analys av tre olika matema-
tiska modeller for planering av den sa kallade riktningsspargruppen, och med en utokad
och mer omfattande matematisk modell som kan anvindas for att planera sparen pa rikt-
ningsspargruppen och infartsspargruppen. Vidare utvecklas en heuristik for att 16sa det mer
omfattande problemet med tva spargrupper, och effekterna av att optimera tva spargrupper
i stéllet for en analyseras.
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Den &vergripande slutsatsen dr att MILP-modeller skulle kunna anvindas for att snabba
upp och forbattra tidtabellsplaneringen och rangerbangardsplaneringen. Mer forskning be-
hovs dock for att optimeringsteknikernas fulla potential ska kunna nas, sarskilt nar det kom-
mer till anvindarupplevelse och anvdndarinteraktion, men ocksa for att ytterligare minska
exekveringstiderna och 6ka storleken pa de problem som kan hanteras.
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ABSTRACT

Railways provide high capacity, safe and energy efficient transportation of goods and pas-
sengers. However, railway transportation also suffers from intrinsic restrictions and the
effectiveness and efficiency of the transportation depend on the railway actors’ ability to
solve a set of hard and interconnected planning problems. As the digitalisation of rail-
way planning advance, compute-intensive decision support tools could be implemented to
support the planners’ work. Two support functions that would be useful are automatic
generation of new plans and optimisation of existing plans. In this thesis, mathematical
models are developed and analysed for optimisation of (1) train timetables and (2) mar-
shalling yard plans. The aim is to investigate the feasibility and potential of using mixed
integer linear programming (MILP) models to solve these two planning problems. To this
aim, requirements and planning goals are identified and modelled as mathematical con-
straints and objective functions. The resulting mathematical models are then tested on
realistic problem instances, and the execution times and optimised plans are analysed to
determine if the mathematical models could be useful in practice.

The thesis contributes with an analysis of the definition of "good” in a railway timetable
setting from the perspective of an infrastructure manager, a novel mathematical model for
timetable planning, an optimisation-based heuristic for decreasing execution times and last
but not least an analysis of the potential of using optimisation to enable a new type of annual
capacity allocation. For marshalling yard planning, the thesis contributes with an analysis
of three different mathematical models for planning one of the sub-yards of a marshalling
yard, and with an extended, more comprehensive, mathematical model that can be used to
plan two sub-yards. Further, a heuristic is developed for the more comprehensive problem,
and the effects of optimising two sub-yards rather than one are analysed.

The overall conclusion is that MILP models can contribute to improved railway planning.
By using MILP optimisation, more effective plans can be made faster. However, more
research is needed to reach the full potential of mathematical optimisation for railway
planning problems, in particular when it comes to user experience and user interaction,
but also to further decrease the execution times and extend the problem scope that can be
handled.

This thesis consists of two parts. The first part introduces and summarises the research. It
provides background knowledge on the two planning problems as well as on mathematical
optimisation, and also present the research framework and some overall conclusions and
suggestions for future work. The second part of the thesis consists of five appended papers,
three on train timetabling and two on marshalling yard planning.
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CHAPTER

1

Introduction

This chapter starts off the thesis by explaining why planning in the rail-
way industry is important, how optimisation could improve the planning,
and which problem areas this thesis contributes to.

Railways provide safe and energy efficient transportation of goods and
passengers (see Table 1.1), and a European Commission goal is that ”30% of
road freight over 300km should shift to other modes such as rail or water-
borne transport by 2030, and more than 50% by 2050...” [23]. While railway
transportation is great in many ways, it also suffers from some intrinsic re-
strictions. Notably, trains and wagons can only travel where there are tracks,
and trains and wagons on the same track can not pass each other. The ef-
fectiveness and efficiency of railway transportation therefore depend on the
actors’ abilities to solve a set of hard and interconnected planning problems
(see Figure 1.1). If the railway actors have a poor command of their planning
problems, resources and capacity are likely to be wasted, and as a result the
full potential of the railway system is not reached. Slow planning processes
makes it hard for railway undertakings to adapt to changes in demand, and
ineffective planning gives rise to, e.g., unnecessarily long transport times or
problems with punctuality. In fact, The need for fast and good planning is
also identified in the ”Joint Vision for the Sector on Digital Capacity Manage-
ment” [56] published by RailNetEurope, Rail Freight Forward, Forum Train
Europe, UIC, The Community of European Railway and Infrastructure Com-
panies, European Rail Infrastructure Managers and FEuropean Association
representing European private and independent railway companies.

As the digitalisation of railway planning advance, the planners could be
supported by compute-intensive optimisation-based tools. For some planning
tasks, advanced decision support tools are already available, but for other
tasks the introduction of support tools is lagging. This thesis concern two
planning problems where advanced decision support tools are not yet readily
available: (1) train timetabling and (2) marshalling yard planning.



1. INTRODUCTION

Table 1.1: Transport volumes, energy consumptions and fatalities in EU-28.

Railway Total % Railway
Passenger transportation volume, 470 6913 6.8%
billion pkm, 2017 [54] (5771) (8.4%%)
Freight transportation volume, bil- 421 3731 11.3%
lion tkm, 2017 [54]
Energy consumption, ktoe?, 2017 326872 6532 2%
[27]
Fatalities (excluding suicide), 2016 970 [28] 29156% [26] 3%
1 The number in parenthesis includes also metro/tram.

toe = "tonne of oil equivalent”.
3 With code "Transport accidents (VO1-V99, Y85)

Network planning

Network development and maintenance planning

Timetable planning Dispatching
Shunting/Marshalling
Platform assignment
Strategic Tactic Operational

- a few years before operations - I year before operations - on day of operation

Figure 1.1: An example of some railway planning problems. The light gray
boxes represent planning problems that generally belong to the infrastructure
manager, while the dark gray boxes are planning problems generally belonging
to railway undertakings or other service providers.

Despite a large body of research on optimisation models for both the train
timetabling problem and the marshalling yard planning problem, current prac-
tice is more or less manual planning. Caimi et al. [20] mention four countries
in Europe that have, at some point, used optimisation to construct (parts
of) their timetable. Caimi et al. [20] and Liebchen [50] hypothesise that one
reason for the lack of optimisation tools is that timetabling affect and depend
on many actors/departments, and that it is hard for the organisation(s) to
make a concerted effort to implement decision support tools. Caimi et al.
[20] also point out “simplifying assumptions” that may prevent models from
being of practical use. Borndérfer et al. [15] argues that the long history of



monopolistic operation of the railways has resulted in a lack of incentive for
standardisation and optimisation.

This thesis explores the potential role of optimisation by Mixed Inte-
ger Linear Programming (MILP) as a decision support technique for train
timetabling and marshalling yard planning. MILP can provide "intelligence”
to a decision support system. By "intelligence” we mean that MILP can gen-
erate good plans if the planning problem has been appropriately modelled.
MILP can be used to both generate new plans, and to optimise an exist-
ing plan. Further, this thesis pay special attention to practical and real-life
aspects, and therefore hopefully contributes to closing the gap between the
state of art and state of practice. In particular, we acknowledge that dif-
ferent actors have different objectives. When it comes to timetable planning
our envisioned end-users are timetable planners working for the infrastructure
manager. When it comes to marshalling yard planning, the end-users could
be both marshalling planners working for a service provider, and planners
working for the infrastructure manager.

The remainder of the thesis is outlined as follows. Chapter 2 provides
the background needed to understand the thesis. It introduces optimisation
in general, and Mixed Integer Linear Programming in particular. The two
planning problems are also introduced, both from an academic point of view
and from a practical. Chapter 3 starts with the overarching motivation and
research vision, and then outlines the scope of the thesis research work. The
research questions are presented and the methodology is discussed. Chapter
4 provides a summary of the included papers and outlines the contributions
of the research. Finally, Chapter 5 concludes the paper and suggests future
work.






CHAPTER

2

Background

This chapter presents some background knowledge that is useful for
understanding the thesis. Information is provided on both previous
academic work, and on real-world practices.

2.1 Mathematical Optimisation

Optimisation is about finding the best solution to a problem. For mathe-
matical optimisation, the problem is modelled using mathematical formulas
and algorithms are used to find the best solution. There are two parts of a
mathematical model: constraints defining which solutions that are feasible,
and an objective function ranking the possible solutions. For a problem where
jobs should be scheduled on machines, a feasibility constraint could be that at
most one job at a time can be allocated to a machine, and the objective func-
tion could return the make-span for given schedule. Note that the objective
function is the definition of "best”, so for this example the best schedule is the
schedule with the shortest make-span that fulfils all feasibility constraints. If
there are other aspects that are important, e.g., that some machines are more
expensive to run than others, this needs to be included either as a constraint
or in the objective function.

Depending on the type of objective function and constraints, the method
for finding the optimal solution differ, but the term programming is used to
talk about a set of these solution methods. In this thesis, the constraints and
objectives will always be linear, and some of the variables will be integers.
This type of problem is called a Mixed Integer Linear Programming problem,
or MILP problem for short. If there are only integer variables, the problem
is an Integer Linear Programming problem, or ILP for short. The "L” will
sometimes be omitted from the abbreviations (making them MIP/IP).

Figure 2.1 shows our view of the steps generally required to build an op-
timisation model. The first step is to understand the problem at hand, i.e.
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figuring out which constraints and goals that should be considered. This can
sometimes be hard, as real life planning rarely adhere to strict mathematical
rules. Planners can find it difficult to verbalise what they do and why, and
even when formal planning rules exist these rules may be an amalgamation
of feasibility and objective rules, or based on a long history of trial and error
but with no recorded explanation as to why they work. Once a good-enough
understanding of the problem has been gained, a set of constraints that appro-
priately model the planners’ definition of a feasible solution is created, as is the
objective function (or sometimes many objective functions). The result is the
mathematical program (MP). The model design will affect which algorithms
and commercial software that are available. Therefore the solution method
should be considered when deciding on constraints and objective functions.
This is indicated by a double arrow between MP model and solution method
in Figure 2.1.

Solution
method

i
Practice }‘7—'{ MP model H Solution (plan) H Evaluation ‘
| Daa | [ awicias |
Data Knowledge

Model developments

New state of practice

Operation

Figure 2.1: Our view of the steps involved when designing an optimisation
model.

Two important aspects when it comes to solution algorithms are (1)
whether they are heuristic or not, and (2) their execution time. Heuristic
algorithms have been developed to find good, but not necessarily optimal,
solutions. They generally don’t provide an optimality gap, i.e. an indication
of how far away from the optimal solution the current solution is at most.
Pure optimisation algorithms aim at returning a proven optimal solution, and
therefore provide a way to calculate the optimality gap. Approximation algo-
rithms are an in-between type of algorithms that return a solution with some
guaranteed optimality gap. When it comes to execution times the complexity
category of a problem is interesting to consider, but also how fast a solution
is actually returned in practice. In general, higher demands on optimality
gives longer execution times, and heuristics or approximation algorithms gen-
erally execute faster than pure optimisation algorithms. Pure optimisation
algorithms also often return solutions that are non-optimal before finding the
optimal solution. In practice, finding a good enough solution quick enough can
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2.2. The Train Timetabling Problem

be more valuable than waiting a very long time for an optimal solution. This
trade-off between execution time and solution quality is therefore important
when designing an optimisation model for real-world use.

An MP-model is only a model, and it needs to be populated with data
to become a problem instance that can be solved. As hinted in the previous
paragraph, which (and how much) data the model is populated with will
affect the execution times. It is therefore important to test models with real
or realistic data to assess how mathematical optimisation will fare in a real-
world setting.

Once a model has been designed and populated with data, and a solution
method has been selected and implemented, mathematical optimisation can be
used to generate a solution. If the problem is a planning problem the solution
will be a plan, and this plan can be evaluated in different ways. First of all, the
trade-off between the execution time and solution quality is interesting to look
at. It is also interesting to know if the mathematically generated solution is
better than the state-of-practice solution. After all, why invest in a new piece
of software if it does not provide any benefit? These types of analysis can often
be performed by looking at objective values, optimality gaps and execution
times. However, it is also important to look at whether the solution returned
really fulfils the requirements of the practice. That is, if all important aspects
were captured in the first step going from practice to MP-model in Figure
2.1. To analyse this, the solution could, e.g., be inspected by expert planners,
simulated, or used in a pilot study. The results from this evaluation may show
that the MP model or solution method has to be changed or further developed
to better fit real-life use. Additionally, the mathematically generated plans
can sometimes result in insights that affect how planning is done in practice
already before the decision support tool is implemented.

2.2 The Train Timetabling Problem

Railway timetables show when trains should run and when maintenance works
should be performed. They are used by, e.g., transport customers to learn
about arrival and departure times, railway undertakings to plan their re-
sources, and dispatchers on the day of operation. When making a timetable,
the railway network is often modelled as links and nodes (although this can
differ, see [55, Chapter 7.2] or [33]). Nodes represent a set of parallel tracks
(stations) or switches, while links can be either single track links or multi-track
links. Figure 2.2 shows a graphical timetable where time is on the x-axis and
geography on the y-axis. The nodes are shown as horizontal lines, and the
slanted lines are train paths, i.e. a representation of how a train should run
through time and geography. Brown boxes show maintenance works.

When constructing a timetable, the goal is (often) to make a, so-called,
conflict-free timetable with train paths that respect the technical limitations



2. BACKGROUND

=

PR AREEENE D85535

pom g =

EBR &
*

z 4 e % z v’

Figure 2.2: A graphical timetable. Picture from Trafikverket.
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of the trains and infrastructure. A timetable is conflict-free if all timetable
rules are respected. The timetable rules have been developed to ensure that
the timetable is operable (and sometimes robust), e.g., that train meetings
only take place at appropriate locations and follow safety rules.

There is a vast body of research on timetable planning. Some aspects and
works are covered below, but this is by no means a complete overview. In fact,
one of the papers included in the thesis provides a more thorough (but still not
complete) overview of the state of the art with respect to objective functions.
In the research literature, timetabling problems are sorted into categories de-
pending on the characteristics of the intended traffic. Two decisive factors
are the homogeneity of the traffic (same type of vehicles and stop patterns),
and whether the timetable should be cyclic (meaning that the traffic should
repeat every period P). Metro systems and separate high-speed systems are
often homogeneous, while systems where the infrastructure is shared by local,
regional and long distance traffic, and also by passenger and freight trains, are
often inhomogeneous. Metro systems and high-speed systems are also often
cyclic while mixed traffic systems generally don’t have cyclic periods smaller
than 24 hours. This thesis considers inhomogeneous, acyclic timetables and
our intended user is an infrastructure manager timetable planner attempting
to construct a timetable based on train path applications from various railway
undertakings. This type of problem is introduced in Caprara et al.[6], where
it’s called The Train Timetabling Problem. They define the problem as con-
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structing a timetable that is as close as possible to a set of ”ideal train paths”,
where the ideal train paths can be construed as the railway undertakings’ train
path applications.

Harrod [43] provides an overview of different optimisation models that
have been presented for the timetable problem in the literature, including
mixed integer sequencing linear programs, binary integer occupancy programs,
hypergraph formulations and periodic event scheduling problems. Fang et al.
[29] and Cacchiani et al. [19] provide overviews of algorithms and models for
the dispatching problem. The dispatching problem is closely related to the
timetabling problem and consists of updating an existing timetable to cope
with disturbances. The problem set up for the timetabling and the dispatching
problems are similar, but the dispatching problem research community is more
concerned with response times and therefore more geared towards heuristics
than the timetabling research community. Further, there is less flexibility
when solving the dispatching problem as the trains are already running.

But from investigating different model structures and solution methods,
research work has also been carried out on which constraints and objectives
that are good to use. For example, extensive research has been carried out on
robustness, e.g., Kroon et al. [49], Fischetti et al. [30], Liebchen et al. [51]
and Andersson et al. [7]. Another aspect that is important is what service the
train traffic should provide. Some researchers focus on generating timetables
with short passenger travel times (including, for example, transfers), like in
Schachtebeck and Schobel [59], while others focus on minimising energy con-
sumption, like Yang et al. [65]. Another class of objective functions concern
generating timetables that correspond well with the train path applications,
e.g., [17, 22, 47] and papers C and D of this thesis. A thorough overview of
different objective functions can be found in Paper B of this thesis.

What follows next is a description of how railway timetables are con-
structed in practice, based on the authors understanding of the processes.
This understanding has been achieved by studying mainly the Swedish pro-
cess. However, as Sweden follows a European process, the overall process
should be similar to the process of many other countries. For a more thor-
ough overview of capacity allocation processes in Europe, the reader is referred
to Ait Ali and Eliasson [5].

Many railway markets are vertically separated: railway undertakings
(RUs) are responsible for running the trains and providing transport ser-
vices, while infrastructure managers (IMs) are responsible for providing and
maintaining the railway infrastructure. The IM is often charged with the
task of constructing a timetable based on, e.g., train path requests submitted
by the different, sometimes competing, RUs, and maintenance possession re-
quirements. The distinction of roles is important as RUs and IMs may have
different definitions of what a good timetable is, and in this thesis, timetabling
from an IMs point of view is considered.
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In Sweden, the Swedish infrastructure manager Trafikverket has the duty
and authority to allocate capacity to RUs. This should be done while si-
multaneously ensuring that there is enough capacity for maintenance works
and delay recovery. There are published timetable construction rules that
timetable planners should follow. These rules have been designed to ensure
that the timetable is physically operable, and also, to some extent, robust.
But from following the timetabling rules, the timetable planners should also
ensure the the capacity allocation process honours the law. This means re-
specting the allocation process deadlines, and also allocating capacity ”in a fair
and non-discriminatory manner” [24]. The main conflict resolution method
is coordination, and the IM may invite RUs to coordination meetings [63].
However, if there are conflicts of interest that can not be resolved by coor-
dination the IM should allocate capacity using fees or according to priority
criteria that yield economic efficiency [57]. As it is very hard to define eco-
nomic efficiency in a railway setting [25], the priority criteria currently used in
Sweden are more of a proxy for economic efficiency. In fact, not all countries
use priority criteria, and the ones that do have different criteria [5]. As the
priority criteria are only meant to be used when a conflict can not be solved
in any other way, the timetable planners are left without much guidance and
support during the actual timetable construction phase. The priority criteria
also don’t consider important aspects such as delay avoidance and mitiga-
tion, capacity reservations for later applications, maintenance works or the
technical soundness of the timetable.

The capacity allocation process contains different sub-process, and two of
these processes are particularly relevant for this thesis. The first process is
the allocation process which results in the annual timetable. The allocation
process is often considered to begin when the Network Statement is published.
The Network Statement contains all information the RUs need to apply for
capacity on the IMs railway infrastructure. The timetable planners at the
IM then construct a timetable, and, when necessary, perform coordination
and dispute resolution. The annual timetable is established in November,
which also marks the start of the second planning process, namely the ad-
hoc process. Train path applications sent in during the ad-hoc process are,
generally, handled on a first-come first-served basis, and can only be awarded
capacity that is not already used by an established train path or possession.
This considerably reduces the degrees of freedom available to the planner and
makes ad-hoc planning quite different from capacity allocation planning. A
few days before the day of operation, the operation timetable, or - as it’s
called in Sweden - daily graph, is handed over to the operations department.
The daily graph is a timetable that contains only the train paths for trains
that should run on a particular day. Note that this is a sub-set of the train
paths in the annual timetable. The operations department are responsible
for any last minute changes, and also for dispatching the traffic on the day of
operation. An overview of the planning process, and how the RU planning and
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IM planning interact, is shown in Figure 2.3. A more thorough description of
the capacity allocation process can be found in the Network Statement [63].
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Figure 2.3: An overview of the track capacity allocation process. Solid arrows
indicate necessary input, while dashed arrows are output that may trigger
re-planning. Events with a star have deadlines that have to be respected.

As stated previously, established train path details can not be changed.
Standard practice is to establish the entire train path. However, from 2018
and onwards, only arrival/departure times at commercially important loca-
tions are established in Sweden, which gives the planners more freedom in the
ad hoc process (see Figure 2.4). This change was initiated following research
carried out at the Swedish Institute of Computer Science [8]. The details
that are established are called delivery commitments, and the process where
only delivery commitments are established in the annual timetable is called
Incremental allocation. As suggested by the name, the idea is to incremen-
tally specify the details of a train run as its operation conditions stabilise,
starting from established delivery commitments and ending with a detailed
and operable train path on the day of operation.

While Incremental allocation allows train paths vary depending on the
operation day, it is currently not possible for the planners to handle 365
versions of the same train. In fact, one of the simplifications made to reduce
the complexity of the timetable planning problem is to only award one train
path per train, even if the train runs many days. Variants of train paths can be
offered when maintenance possessions affect the train run during parts of the
year, but they are generally not offered to, e.g., improve the running time of a
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train. This means that the planned running time of a train may be longer than
necessary (see Figure 2.4). Manually constructing more than a few train path
variants during the annual process seems unsustainable, but if appropriate
decision support tools with automatic timetable planning functionalities were
implemented, more variants could be handled and the capacity allocation
could potentially be improved.
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(a) Before Incremental allocation, entire
train paths were fixed at establishment.
No parts of a train path could be
changed after establishment.

(¢) In Incremental allocation, the train
paths can look different different days as
long as they fulfil the delivery commit-
ments.
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(b) After Incremental allocation was in-
troduced, only important parts of the
train path are fixed at establishment,
e.g., arrival/departure times at points
with passenger exchange (marked with
red triangles). This preserves flexibility
and allows the train path to be adapted
for each individual operation day.
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(d) Better delivery commitments can be
established if each day’s individual traffic
pattern is considered (dotted lines) dur-
ing the annual capacity allocation process
rather than planning for an example day
with all trains (solid line).

Figure 2.4: Incremental allocation and its effect on delivery commitments and

capacity allocation.
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2.3 The Marshalling Yard Planning Problem

Freight operators servicing a large number of origin and destination-pairs
(OD-pairs) often rely on a wagonload hub-and-spoke network, often with some
drop-offs/pick-ups along the way, rather than direct trains between all OD-
pairs. The hubs of the hub-and-spoke network are marshalling yards, where
the wagons from inbound trains are sorted into new outbound trains. The
effectiveness and efficiency of the sorting affects the overall quality of the
offered freight transportation service. The longer time a wagon has to spend
at a marshalling yard, the longer the overall transport time. Also, if a wagon
misses its intended departing train, its delay can become very large as it has
to wait for the next train going to its intended destination. But from being
important hubs where individual wagons can become delayed, marshalling
yards are also a source of train delays. The most important cause of delays
in Sweden 2013-2018 (in terms of delay-hours) was trains being late from
depots, or having platform/terminal problems before departure [40]. Delays
from marshalling yards are so common that one of twelve punctuality KPIs
suggested by Kristoffersson [48] is specifically focussed on train departure
delays from marshalling yards.

To facilitate wagon sorting, marshalling yards have hump(s) and different
types of sub-yards, e.g., arrival yard(s), classification bowl(s) and departure
yard(s). An arrival yard is a set of tracks where inbound trains arrive and are
prepared for marshalling, the classification bowl is where the wagon sorting
takes place and the departure yard is where new, outbound trains wait for
their departure. Depending on the yard’s lay-out and marshalling practice, a
set of tracks may serve as, for example, both arrival yard and departure yard.
Figure 2.5 shows two types of marshalling yard.

The purpose of the hump (or humps) is to provide the propulsion needed
to roll the wagons from the arrival yard to the classification bowl. A shunting
engine will push the wagons over the hump, and then the gravitational force
makes the wagon roll to the classification bowl tracks. A set of sophisticated
brakes and a switching system safely directs the wagons to their allocated
classification tracks. The specialised infrastructure resources needed for mar-
shalling makes the yards expensive to build and maintain.

Marshalling planning includes allocating tracks to wagons and trains, and
scheduling marshalling operations. We consider three types of marshalling
operations: (1) roll-ins, which is when wagons from an inbound train are
pushed over the hump and rolled to classification bowl tracks for the first time,
(2) pull-backs, which is when wagons are pulled back from the classification
bowl and then immediately pushed over the hump to allow them to be sorted
onto new classification bowl tracks, and finally (3) roll-outs, which is when
wagons are moved to the departure yard where they wait for their departure
time.
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Arrival yard Classification bowl
Departure yard

Hump —)

(a) A marshalling yard with three sub-yards. Trains arrive to the arrival
yard where their wagons are decoupled and prepared for marshalling. The
wagons are then pushed over the hump and sorted into new trains on the
classification bowl tracks. Finally, the sorted wagons are moved to the
departure yard where they wait for their departure time.

Arrival/departure yard Classification bowl

ﬂ(
— TN N

ump

(b) A marshalling yard with a combined arrival/departure yard and a clas-
sification bowl. Arriving and departing trains share the track resources on
the arrival/departure yard.

Figure 2.5: Two different lay-outs for marshalling yards.

An important factor when planning marshalling operations is whether the
wagons are already booked on departing trains or if they should be allocated
to a “good train” as part of the planning problem. Another important factor
is whether the outbound trains require a specific wagon ordering or not. A
specific wagon ordering may be required if, for example, wagons are being
dropped off along the train’s trip. Then the wagon order should be the same
as the drop-off order.

A variety of sorting procedures and yard lay-outs means that a variety
of marshalling yard planning problems can be found in the research liter-
ature. Research papers also tend to focus on one or a few aspects of the
marshalling yard planning problem rather than attempting to solve it com-
prehensively. Important elements of the marshalling yard planning problem
are, e.g., track allocation, wagon-to-train allocation, wagon-ordering within
trains, roll-in times, pull-back times, roll-out times, and personnel and en-
gine scheduling. Extensive (but non-comprehensive) classification schemes
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for marshalling yard planning problems are found in Hansmann and Zimmer-
man [42] and Stefano et al. [61]. Further, Gatto et al. [32] and Boysen et al.
[16], provide overviews of marshalling procedures and sorting methods.

A dividing factor when it comes to sorting methods is the number of pull-
backs allowed. Single-stage sorting methods allow wagons to be pulled back
only once, while multi-stage sorting methods allow wagons to be pulled back
multiple times (Gatto et al. [32]). Another dividing factor is weather the
wagons have already been booked on departing trains or not. If the wagons
are not already booked on departing trains, the objective of the marshalling
yard problem is often to minimise the wagon dwell-time (e.g., Jaehn et al.
[46] , Haahr and Lusby [41]). If the wagons are already booked on a train,
robustness (e.g., Biising and Maue [18] ) or number of pull-backs or wagon
pull-backs (e.g., Maue and Nunkesser [53] and Bohlin et al. [14]) can be
optimised.

A real world example of a railway undertaking operating a wagon-load
network is Swedish Green Cargo. Green Cargo’s network services almost
300 locations [21], and Green Cargo is also dominating when it comes to mar-
shalling in Sweden. However, the marshalling yards are owned by the Swedish
IM and RUs must apply, and pay, for marshalling yard access for every train.
While the IM grants access to marshalling yards, they do not provide any
marshalling services. The RUs have to either perform the marshalling them-
selves or buy a marshalling service. In this thesis, the actor responsible for
planning and performing the marshalling services is called the Yard Manager
(YM), although this is not a formal role.

The IM is responsible for the track allocation and dispatching at the ar-
rival and departure yards, while the YM is responsible for track allocation
and dispatching in the classification bowl, and for planning the marshalling
operations. However, marshalling operations that require access to the arrival
and/or departure yard tracks (which most marshalling operations do) must
be approved by the IM dispatcher. The arrival and departure yard track
allocation plan is developed as part of the capacity allocation process. The
main aim when making this plan is perform some sort of capacity analysis to
avoid overcrowding the yards. The exact track allocations are expected to be
adapted by the operative staff based on the traffic conditions on the day of
operation. The plan for the classification bowl is made by the YM close to
operations (often within 24 hours). This division of responsibility bring a risk
of actors optimising their own operations, and inadvertently sub-optimising
the overall marshalling operation. It is important to understand how the
sub-problems interact, and to try make a schedule that gives the overall best
result. Understanding the capabilities of the marshalling yard is important
not only during operations, but also during the annual capacity allocation
process as the minimum connection time, i.e., the fastest time a wagon can be
marshalled in, is important for both the RUs when designing their train path
applications, and for the timetable planners when making adjustments to the
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application train paths. Timetable planners also need to know the limitations
of the yards when it comes to the frequency of arrivals and departures. The
state of practice in Sweden is that rules of thumb are used to know how many
trains can arrive to a marshalling yard in a given time period, and for the
minimum connection time.

Green Cargo operates a wagon booking system, and consequently wagons
are already allocated to departing trains when they arrive to the marshalling
yard. The main marshalling goal is therefore to ensure that all wagons can
depart with their allocated trains. The booking also means that wagons for
many departing trains may be simultaneously present at the marshalling yard,
which means that wagons need to be "stored” until their departing train is
being built. This type of "storage”-tracks, or waiting tracks, are called mizing
tracks (because there is a mix of wagons for different trains on the track).
Wagons on mixing tracks will be pulled back at some later point in time and
re-sorted on to the classification bowl tracks. Tracks that are used for building
outbound trains are called train formation tracks. Figure 2.6 shows a small
example of the Swedish marshalling practice with mixing tracks and train
formation tracks.

The IM track allocation, and also the YM marshalling operation schedul-
ing, are done by hand - most of the time with pen and paper. All in all, deci-
sion support systems with optimisation are likely to improve the effectiveness
and efficiency of marshalling, and thereby also make rail freight transportation
better.
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(a) Four inbound trains with wagons for five outbound
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(b) Three trains are built on the train formation tracks,
while wagons for the final two are ”stored” on the mix-
ing track. Trains A and B depart (or are rolled to the
departure yard - a roll-out). After trains A and B has
left the train formation tracks the wagons on the mix-
ing track are pulled back...
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(c) ...and rolled over the hump again to be sorted onto
the classification bowl tracks.
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(d) The wagons for the final two trains are rolled to
the now available train formation tracks.

Figure 2.6: A small marshalling example.
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3

Research framework

This chapter presents the research framework, starting with the big
picture in form of a research vision and then narrowing down to research
questions and research methods.

3.1 Research vision, aim and delimitations

As previously stated, the railway industry is underpinned by a number of chal-
lenging, interconnected planning problems, and the railway actors’ abilities
to handle these planning problems are crucial for the quality of the railway
transportation services. The overall research vision is a railway system where
decision support systems allow capacity and resources to be allocated fast
and in a transparent and socio-economically efficient way. The RUs trust
that they will be granted the appropriate capacity, and decisions on large
infrastructure or process changes are supported by analysis of the potential
effect of the change. The decision support systems are easy to use, and enable
planners to pave the way for attractive railway transportation services. All
in all, the hardness of the planning problems is no longer a hinder when it
comes to producing good railway transportation services.

To realise this vision, numerous developments are needed. For example,
all necessary data have to be digitalised and, if appropriate, shared. Further,
usable intelligent decision support tools have to be developed and different
actors have to co-ordinate their planning processes (e.g. co-ordinate line and
yard planning).

This thesis contributes to the intelligent part of decision support systems,
i.e. the part that generates solutions that are presented to the planner. More
precisely, the aim of the thesis is to explore the potential role of MILP as
a decision support technique when (1) an IM planner constructs an annual
timetable and (2) a YM planner constructs a marshalling yard plan for a pe-
riod of time (3-7 days). In particular, the focus of the thesis is how to model
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the problems, and whether solutions can be returned within a reasonable
amount of time. Further, the possibility to use optimisation to analyse the
potential effects of a system or process change is investigated. For this pur-
pose, two different analyses are carried out using MILPs: (1) on the effects of
planning for each individual day in an incremental allocation setting, and (2)
on how comprehensive planning affects the work load in a marshalling yard.
The possibility to model the different planning strategies and find optimal or
near-optimal solutions within a reasonable time, is examined.

Other planning problems or solution techniques are not in scope of this
thesis. Neither are other aspects that are important for decision support
tools, such as e.g. usability and data security. Finally, the experimental
runs presented in this thesis are based on data and use cases from Sweden.
The intention is not to make complete and generalisable conclusions about
railway systems, but rather to investigate how MILP fare in a realistic setting.
Experiments on a wide variety of railway systems and traffic set-ups are not
in scope.

3.2 Research questions

In a MILP setting:

RQ 1. How can the quality of an IM-timetable be defined ex-ante?

RQ 2. How can optimisation be used to generate suggestions for an IM-
timetable?

RQ 3. What are the effects of planning for each individual day in an incre-
mental allocation setting?

RQ 4. How can optimisation be used to generate suggestions for:

RQ 4.1 classification bowl track allocation?

RQ 4.2 classification bowl and arrival yard track allocations?
RQ 5. What are the effects of comprehensive planning on marshalling
operations in terms of shunting effort?

3.3 Methodology

The work presented in this thesis is set in the overlap of the abstract world
of mathematics and the concrete world of real operations. In other words,
this is applied research. Both the timetabling problem and the yard planning
problem are challenging problems, and there is no guarantee that a solution
can be generated in a reasonable (i.e. polynomial) time. Yet, when these
problems are formalised as MILP models, populated with real data and solved
using a commercial solver, solutions can sometimes be returned fast enough for
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MILP to be of practical use. It is this practical usefulness, and the potential
planning improvements it could bring, that prompt research in this area.

In Figure 3.1 the generic steps of model development have been adapted
to the conducted research. Black arrows indicate that the tail component has
affected the head component in the research, and grey arrows indicate how
the results could make an actual impact on the railway system. The main
areas of contribution for each research question are also indicated.

Heuristic
Commercial framework
solver Q2. )( Q4.

MILP model Evaluation

Practice — Timetable/Schedule »—'
2. 4.
j_I‘ L Q. ) Q Q3. )(Qs.
Real data owl}edge

Model developments

New state of practice

Operation

Figure 3.1: Research question contribution in relation to development of op-
timisation models.

Research question RQ 1. concerns the the definition of a "good” timetable
in a MILP setting. This question was answered by performing an interview
study (Paper A) and a literature survey (Paper B). This two-part approach
was chosen to capture both experience-based knowledge from practitioners
and academic results from the research literature. Formal requirements from
directives and laws were also reviewed as part of the literature study. The
interview study consisted of a semi-structured part and a structured part.
In the structured part, the priority ranking method from the analytical hi-
erarchical process [58] was used to order the quality aspects based on their
importance and how hard they are to work with. Importance and difficulty
to work with were selected as ordering features as important quality aspects
must be considered in a planning support tool to make it useful, and difficult
quality aspects may be the ones where decision support is most needed. The
purpose of the semi-structured part was to collect information on existing
guidelines, and to determine if some quality aspects were missing from the
structured part of the interview.

Research questions RQ 2. and RQ 4. cover problem definition, modelling
and solution approaches for the timetabling problem and the marshalling yard
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planning problem respectively. To answer questions RQ 2. and RQ 4., all tasks
in Figure 3.1 were worked through.

First of all, a working knowledge of the practice, including which con-
straints and requirements that are important, had to be developed. Feasibil-
ity rules were taken from published reports on timetabling rules [64] and from
previous work carried out by Forsgren et al. [31], Averstad [12] and Bohlin et
al. [13]. The definition of ”good” was either based on previous work and/or on
discussions with practitioners. Execution time requirements were set based on
the intended use of the model. On-the-day use is envisioned for marshalling
yard planning for a given number of tracks, and therefore an upper bound
of 20 or 30 minutes was used. For all other problems on-the-day planning
was not considered important, and longer execution times were acceptable.
However, 2 hours was generally used as an upper time limit.

Once a good-enough understanding of the practical planning problem had
been gained, a mathematical problem and a corresponding MILP model were
defined. The mathematical modelling carried out by the author of this the-
sis extends previous work. The model for timetabling is based on models
presented in Mannino [52] and Forsgren et al. [31], and the model for com-
prehensive marshalling yard planning is based on a model presented in Bohlin
et al. [14]. The level of detail in the models correspond to the level of detail
used in the planning processes at the time.

Initial testing showed that while small problem instances could be solved
by simply using a commercial solver, larger problem instances required heuris-
tic frameworks to be implemented. For this reason, frameworks were imple-
mented for rolling-horizon planning, and also for heuristics specifically de-
signed, by the author, for the problems at hand. Rolling-horizon planning is
used in Papers C and E, and specifically developed heuristics in Papers F and
D. Yet another tool for limiting execution times is to constrain the feasibility
space. This was used for both problems, e.g., in the timetable MILP model
train paths are forced to stay within a certain domain.

The mathematical models and heuristic frameworks were implemented in
Java, and CPLEX 12.2 (or 12.5 for Paper E) was used as the solver. For both
problems, a graphical user interface was implemented to visualise the plans
(see Figure 3.2).

22



3.3. Methodology

(a) Graphical timetable (after optimisa- (b) Graphical representation of a mar-
tion). shalling yard plan (after optimisation).

Figure 3.2: Graphical representations of plans.

The suggested optimisation models and solution methods were tested using
real data to evaluate whether they were suitable for use in practice. The input
data was obtained from Trafikverket (for both problems) and Green Cargo (for
the marshalling yard planning problem). To validate that the resulting plans
fulfilled all intended feasibility rules, researchers and practitioners visually
examined the final schedules. The execution times were measured to ensure
they fall within the intended range. However, there is no guarantee that the
execution will finish in a sensible time for a different case. Last but not least,
the quality of the resulting plans were analysed, and when possible, compared
to the current plan or process. This provides an indication of how much
optimisation can improve the plans.

Research questions 3 and 5 concern the effectiveness of different planning
strategies. To answer these questions the frameworks and MILP models were
set-up to mimic two different strategies — one that represent the current plan-
ning strategy and one that represent the suggested future planning strategy.
The plans from the current planning set-up were then compared with the
plans from the suggested future strategy set-up to learn which process that is
most effective, and by how much.
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CHAPTER

4

Research results and
contributions

This chapter presents a summary of the results from the in-
cluded papers, and explain how the results contribute to answering the
research questions.

4.1 Summary of results from timetable planning papers

Figure 4.1 shows how the four timetabling papers of this thesis fit into the
overall railway planning context. The optimisation framework implemented
to solve the train timetabling problem is called M2, and it has been used
in many other research projects, e.g., to optimise timetables based on cost-
benefit analysis [62], to generate a new timetable from a wanted traffic pattern

[37] and as a research platform where new planning algorithms can be tested
[44].

Paper A: Timetable quality from the perspective of a railway in-
frastructure manager in a deregulated market: An interview study
with Swedish practitioners

This paper present seven quality aspects that had been identified as impor-
tant based on discussions with experienced IM staff and analysis of laws and
EU directives. The seven quality aspects are: feasibility, disturbance resis-
tance, competition management, capacity safequarding, application fulfilment,
attractiveness and compatibility with surrounding planning areas.

Eight practitioners from the Swedish IM were asked to rank the quality
aspects based on (1) importance and (2) difficulty to work with. The results
show that feasibility is considered both most important and easiest to work
with, while capacity guarding is considered both least important and most
difficult to work with. In general, there seems to be an inverse relationship
between importance and difficulty — aspects that are easy to work with are
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Figure 4.1: How the papers relate to the current planning processes.

considered to be important. While importance and difficulty seem to cor-
relate, we are unable to determine the causation. Maybe supporting rules
and standard practices have been developed primarily for important quality
aspects? Or maybe quality aspects supported by rules can be rebutted and
thereby become more important for the planners?

None of the interviewees identified any additional quality aspect, but the
importance of including maintenance works in the definitions was repeatedly
emphasised. Some participants stated that a timetable that is not compatible
at the edges is not feasible, and that these two quality aspects therefore over-
lapped. The relationship between application fulfilment and attractiveness
was also confusing for some participants, in particular as transport design
(and thereby attractiveness) is the RUs responsibility.

Last but not least, there seems to be a discrepancy between the wanted
state of practice (as portrayed by legal documents and development projects)
and the current state of practice in Sweden. In particular, non-feasibility
aspects are regularly highlighted in documents describing the wanted state,
but poorly supported in practice, and there is a lack of rules and planning
tool to support IM timetable planners in their arbitrating role.

Paper B: A review of ex-ante timetable quality metrics from the
perspective of an infrastructure manager

This paper provides an review of linear ex-ante metrics for timetable quality.
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4.1. Summary of results from timetable planning papers

"Ex-ante” means that the metric should be usable "before the event”, i.e.
before the trains are run. This means that, e.g., punctuality metrics are not
ex-ante metrics, but robustness metrics are. The metrics are divided into
five quality aspects: feasibility, application fulfilment, delay avoidance and
mitigation, competition management, and capacity guarding. These aspect
categories were chosen based on the results from paper A. Delay avoidance
and delay mitigation were handled in separate chapters as there is a vast body
of research on this type of metrics.

In total, 77 papers are included in the overview, and 64 quality metrics
were collected and assigned to one (or more) of the five quality aspect cat-
egories. Figure 4.2 shows the number and types of metrics for the different
quality aspects. The distribution of metrics seems to mirror the body of work
on the quality aspects, and indicates that more research is needed for feasibil-
ity, competition management and capacity guarding. In fact, feasibility was
identified as the most important aspect in the interview study in paper A,
and competition management and capacity guarding are often singled out as
important aspects in e.g. EU-directives and development projects.

Feasibility (N=8) Application fulfilment (N=26) Delay avoidance (N=12)
Physical constraints -+ Request rejection Avoiding disturbance events
Timetabling rules - Arrival and departure time Avoiding knock-on delays
Commercial constraints conformity Protection levels

+ Travel time Acceptance

- Associations
+ Resource allocation
- Miscellaneous

Delay mitigation (N=14) Competition management (N=4) Capacity guarding (N=3)
Time supplements -+ Competition Capacity saving planning
Delays at stations - Valuation Segment constraints
Limiting delay propagation L Fairness
Scenario based optimization
Acceptance

Figure 4.2: The number and types of metrics identified in the literature review
in Paper B.

An issue that is accentuated by the large number of metrics is how they
could and should be used to support the timetabling work. Strict optimisation
based on only one metric may result in an extreme timetable where quality
aspects not included in the objective function deteriorate in an unacceptable
way (see, e.g., Solinen et al. [60]). Rather, a set of, preferably complementing,
metrics ought to be implemented in a multi-objective optimisation framework
that the planners can use to construct a good timetable.

Paper C: On the uniqueness of operation days and delivery com-
mitment generation for train timetables
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4. RESEARCH RESULTS AND CONTRIBUTIONS

This paper presents an optimisation model for the IM timetabling problem
based on Swedish timetabling rules. The paper also investigates the effects of
planning for each individual day rather than using the current practice of only
allowing one train path per train (see Figure 2.4). To this aim, a yearlong
timetable, called the control timetable, is constructed using rolling horizon
planning. In the control timetable a train that runs 30 days would have 30,
potentially different, train paths. The paper does not thoroughly investigate
different ways to set delivery commitments based on analysis of the control
timetable. However, the worst-case planned times, and sometimes the aver-
age times, are reported. The worst-case times are reported as all train paths
respect them, and therefore they could be used as delivery commitments.

Two different types of operators are considered in the paper: P-operators
and F-operators. P-operators are assumed to prioritise delivery commitments
that adhere to the arrival and departure times applied for, while F-operators
are assumed to prioritise short running times. These two prioritisations are
reflected in the objective function of the optimisation model.

The model is tested on a real-data test case from Sweden. To see if plan-
ning for each individual day is worthwhile, the delivery commitments from the
control timetable are compared with delivery commitments generated from
an optimised one-day timetable. This one-day timetable is called the base
timetable and represents the current practice where one train path is planned
for each train. When setting delivery commitments based on the control
timetable rather than the base timetable, the worst-case (average) running
time is improved for 8 (12) F-trains, and prolonged for 9 (8) F-trains. How-
ever, the average decrease in worst-case running times (8%) is larger than
the average increase (4%). When it comes to time precision, the worst-case
(average) is improved for 102 (103) P-trains, and worsened for 29 (28) P-
trains. Overall, planning for each individual day results in better delivery
commitments, but not for all trains.

The results also show that the delivery commitments reflect the train char-
acteristic (P or F') they have been optimised for. The worst-case running time
from the control timetable is the same or improved compared to the original
established running time for all F-trains, and it is improved by 10% or more
for 40% of the F-trains. For P-trains, the running time is unchanged or im-
proved for only 84% of the trains. On the other hand, 88% of the P-trains
can be granted the delivery commitment times specified in the application,
while only 40% of the F-trains can be granted the specified times.

The optimal solution was returned within 280 seconds for 90% of the
problem instances. However, two instances (out of 695) did not return an
optimal solution within the execution time limit of 30 minutes. For these two
instances the optimality gaps were 0.01% and 0.24% respectively when the
execution time limit was reached.

28



4.2. Marshalling yard planning

Paper D: A MILP-based heuristic for a commercial train
timetabling problem

This paper present a MILP-based heuristic for generating good-enough
timetables for large geographical areas and many trains. The incremental fiz
and release heuristic was designed to generate a feasible solution by adding
trains to the timetable in batches, finding a feasible timetable using CPLEX,
and then fixing the meeting locations and stops before adding the next batch
of trains. If previously fixed variables make the problem infeasible, a recovery
algorithm iteratively releases fixed variables to regain feasibility. The paper
also introduces a simple improvement heuristic that uses the same idea of
working with batches of trains. The improvement heuristic can be used to
improve an existing solution.

The heuristics perform better than stand-alone optimisation for large prob-
lem instances of approximately 600 trains and 5500 interactions. A feasible
timetable is always returned within 30 minutes, and after running the im-
provement heuristic the optimality gaps are smaller than 5%. Meanwhile, if
CPLEX is used without the heuristic framework a feasible timetable is not
returned within 2 hours for the larger problem instances.

4.2 Marshalling yard planning

Figure 4.1 shows how the two marshalling yard planning papers fit into the
overall railway planning context. In paper E, an optimisation framework
coded in Python, C++ and Java was used to test different mathematical mod-
els. Some parts of this framework was re-used and extended in Paper F.
For both frameworks, CPLEX was used as the optimisation engine. The
framework from paper E has been used in other research projects, e.g. to
investigate different marshalling yard layouts [9-11]. The knowledge acquired
when working with papers E and F has also impacted the work in Shift2Rail
projects, e.g. [1-4] and [45].

Paper E: Optimization Methods for Multistage Freight Train
Formation

This paper presents three different optimisation models for finding classifica-
tion bowl track allocations for multi-stage train formation with mixed usage
tracks. The objective is to minimise the number of extra wagon roll-ins (or
equivalently, the number of extra wagon pull-backs) given a schedule with
roll-in times, roll-out times and pull-back times. The number of extra wagon
roll-ins is chosen as objective as it is a measure of the extra shunting work
needed to complete the marshalling. The first model, called CG-IP, is a
column-based ILP-model that is solved using branch and price. The second
model, called AI-IP, is a simplified reformulation of the first model as an
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arc-indexed ILP-model. The third model, originally introduced in Bohlin et
al. [13], is called D-IP and is a binary integer program based on choosing
an allocation start time and a train formation track for each departing train.
The results show that D-IP failed to return solutions within 20 minutes for
some of the test cases. On the other hand, GC-IP and AI-IP always returned
an optimal solution within 20 minutes. A rolling horizon framework was im-
plemented for GC-IP and AI-IP. Rolling horizon planning is required in real
life as the yard rarely completely empties. For the rolling horizon instances,
AI-TP was faster to return the optimal solution. In fact, it never took more
than 6 minutes for AI-IP to return an optimal solution. The maximum time
of 6 minutes is reached when the rolling horizon step was 5 days. If a step size
of 2 days is used, AI-IP always returns an optimal solution within 22 seconds.

Paper F: Towards a comprehensive model for track allocation and
roll-time scheduling at marshalling yards.

The AI-IP model from paper E is extended to make roll-in and pull-back times
variable. This enables track allocation at the arrival yard to be included in the
optimisation as well. The roll-out times are still fixed. To reduce the number
of variables, classification bowl tracks are put into groups of tracks rather
than being treated individually. The use-case is Sdvends Marshalling yard.
Sévends marshalling yard has no departure yard, and the fixed roll-out times
are departure times. The new extended model is called E-IP. Two different
objective functions are evaluated: minimising work effort in terms of wagon
pull-backs and minimising track costs.

As the execution times are prohibitively long for E-IP, a method for gen-
erating a hot-start solution is suggested. The hot-start solution is generated
by first solving a reduced problem to get track allocations that are likely to be
feasible. Next, the full problem is solved, but the track allocations are softly
constrained by penalising track changes in the objective function. Finally, if
a feasible solution is found, the track allocations are fixed and the number of
extra roll-ins is minimised for at most 500s.

The proposed model and hot-start generation scheme are tested on real
data from Sévends marshalling yard. Fach problem instance consists of 4
days worth of traffic. Two different sets of experiments were run; one that
investigates how the number of extra roll-ins are affected by a flexible roll-
in order, and one where the cost of track usage is minimised. The latter
experiment is interesting when e.g. designing a new marshalling yard, or
when parts of the yard need to be closed off. 91 problem instances were
included when minimising the number of extra wagon roll-ins, and 14 when
minimising track costs (as track cost minimisation takes longer than extra
wagon roll-in minimisation).

When minimising the number of extra roll-ins, the hot-start solution was
optimal in 43 out of 91 cases. In 27 of the remaining 48 cases an optimal
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solution was returned within 30 min. For the final 21 cases the average op-
timality gap was 38% (or 4.4 extra wagon pull-backs). The results indicate
that the execution times become unmanageable when only using CPLEX to
solve E-IP (also when a hot-start solution is provided), but that the model
can be useful as part of heuristics.

Allowing any roll-in order rather than enforcing a first-come first-served
order decreased the lower bound from 14.6 to 3.1 wagon pull-backs, indicating
that comprehensive planning is indeed beneficial. A similar trend is seen when
actually solving the 91 test cases. Additionally, for 14 first-come first-served
instances no solution was found within the 30 minutes execution time limit.

When it comes to minimising the track cost, the hot-start solutions
were poor. When minimising the number of arrival tracks the problem was
tractable for the heuristics implemented as part of the CPLEX solution rou-
tines, and an optimal solution was returned within 60 min for 10 out of 14
problem instances. However, when minimising the cost for classification bowl
tracks the optimal solution was never returned within 60 min.

4.3 Contributions

The contributions of the research work are outlined below. The contributions
have been listed under the research question that they mainly belong to, but
some contributions are relevant for more than one question.

RQ 1. How can the quality of an IM-timetable be defined ex-ante?

Contribution 1. List of quality aspects to consider.

An initial list of quality aspects is presented in the interview paper (Paper
A). This initial list was compiled based on a literature study, analysis of laws
and directives, and initial discussions with experts. During the interviews
with practitioners, the list was discussed and based on comments from the
interviewees, a new and improved list is presented in paper B. This final list
of categories is: feasibility, application fulfilment, disturbance avoidance and
mitigation, competition management, and capacity guarding.

Contribution 2. Ordering of quality aspects based on importance.
Paper A provides a ranking of quality aspects based on their perceived impor-
tance among eight practitioners working with or close to timetabling. This
provides information on which quality aspects that must be considered for
planners to accept a timetable. Feasibility is by far considered most impor-
tant, followed by disturbance avoidance and mitigation, competition manage-
ment, application fulfilment and finally capacity guarding.

This ordering also contributes to research question RQ 2., as it can be
used to improve practitioners’ tool acceptance by ensuring that important
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quality aspects are not ignored by the model.

Contribution 3. An overview and categorisation of metrics for the
different quality aspects.
For each of the quality aspect in the final list from above, paper B provides an
overview of linear ex-ante quality metrics. This provides examples of metrics
that can be used for measuring quality ex-ante, and also identifies a lack of
metrics for competition management, capacity guarding, and to some extent,
for feasibility.

This overview also contributes to research question RQ 2., as it can serve
as input when constructing the objective function.

RQ 2. How can optimisation be used to generate suggestions for an IM-timetable?

Contribution 4. Mathematical formulation based on timetabling
rules of an IM.
Paper C presents a mathematical model based on timetabling rules published
by the Swedish IM. The model is used to solve timetable planning problems,
and the resulting graphs have been visually inspected by both researchers
and practitioners.

Contribution 5. Heuristic framework for generating good-enough
timetables for large problems.

Paper D presents a heuristic framework that can be used to generate feasible
timetables for large geographical areas and many trains. The heuristic makes
used of the MILP-model presented in C.

Contribution 6. Ordering of quality aspects based on difficulty to
handle.

In Paper A, practitioners order the quality aspects based on their difficulty
to handle. This provides insight into which quality aspects that the planners
currently have a hard time handling, and therefore may be important to
include in a decision support system.

RQ 3. What are the effects of planning for each individual day in an
incremental allocation setting?

Contribution 7. Comparison of delivery commitments generated
when planning for each day individually and when planning for one
example day.

In Paper C, a mathematical model was used to generate delivery commit-
ments for the two different planning processes. Comparison of the delivery
commitments show that the application fulfilment is generally improved when
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planning for each individual day in an incremental allocation setting.

RQ 4. How can optimisation be used to generate suggestions for:

RQ 4.1. classification bowl track allocation?

Contribution 8. Analysis of three mathematical models for the
classification bowl track allocation problem.

In paper E, three different mathematical models are tested on real data. The
model AI-IP generally returns optimal classification bowl track allocations
the fastest.

RQ 4.2. classification bowl and arrival yard track allocations?

Contribution 9. Problem definition.

Paper F defines the extended multi-stage train formation problem with
mixing tracks for a marshalling yard with an arrival yard but no departure
yard (E-MSTF(a)). In this extended problem, both the classification bowl
and the arrival yard has to be planned, as well as the roll-in and pull-back
times.

Contribution 10. Mathematical model for solving E-MSTF(a).

In paper F the AI-IP model is extended to include roll-in times, pull-back
times, and arrival yard track allocation. This new model is called E-IP and
uses a simplified track modelling based on track groups rather than individ-
ual tracks. When tested on real-data instances of 4 days, solutions are not
returned fast enough for the model to be useful for on-they-day planning.

Contribution 11. Procedure for generating a hot-start solution to
E-MSTF(a).

Paper F introduces a procedure for generating a hot-start solution to the
E-MSTF(a). The procedure makes use of E-IP. Tests on real data instances
show that the routine returns solutions fast enough to be useful for on-they-
day planning, and that the solutions quite often are optimal with respect to
extra number of wagon roll-ins.

RQ 5. What are the effects of comprehensive planning on marshalling
operations in terms of shunting effort?

Contribution 12. Comparison of schedules generated with first-
come first-served roll-in order and with optimised roll-in order.

Paper F presents an analysis of the difference in work effort required when
arriving trains are rolled in on a first-come first-served basis versus when the
roll-in order is optimised. Both the lower bounds and the solutions returned
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after 30 minutes show that the required work effort is greatly reduced when
using an optimised roll-in order.
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CHAPTER

5

Conclusion and suggestions
for Future work

This chapter concludes the summarising part of the dissertation.

It presents some overarching conclusions and areas for future work.

The work presented in this thesis indicates that Mixed Integer Linear
Programming (MILP) can be used to solve real-world planning problems in
the railway industry. The contributions show that the most important rules
and restrictions can be modelled, and solutions for problems of plausible sizes
are returned fast enough to make MILP optimisation useful. MILP models
could therefore provide ”intelligence” in decision support systems for railway
planning problems. Further, optimisation models can be used to investigate
the effect of potential process or infrastructure changes.

The results show that optimal solutions can be obtained, but also that the
railway industry could benefit from using optimisation. Both the timetable
and marshalling yard planning problems are considered hard, and planners
struggle to make better plans by hand. But when the problems are mathe-
matically modelled and solved by a computer, tests based on real data show
that better plans exist (with respect to the chosen objective function). In
other words, there is enough capacity and planning freedom left for better
plans to be made, but the planners need appropriate decision support tools to
be able to make them. This need for appropriate support intensifies as faster
planning is required, e.g., when the amount of traffic on the railway increases
or if new, iterative, planning processes are implemented.

When it comes to future work, the planning tool appropriateness men-
tioned above is interesting, and there are remaining challenges concerning the
usability and scalability of optimisation models. Some of the future challenges
are outlined below.

35



5. CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

User-algorithm interaction. Computers are good at computing
while humans are good at understanding, and it would be unwise to ignore the
knowledge and information that planners can provide. It would be interesting
to do research on how planners can interact with the decision support systems,
and how this interaction could be supported by the underlying mathematical
models and algorithms. User-algorithm interaction will not only enable the
planner to remain in control of the planning, but could also speed up the
solution process if the user makes certain decisions that reduce the feasibility
space.

Planning problem interfaces. To make the most of optimization
models in the railway planning eco-system, the interfaces between different
processes should be considered and managed. The different planning processes
affect and depend on each other, and the final plans from different actors and
processes must be compatible. For example, the timetable for a geographic
planning area (e.g. a country) must fit with the timetables for adjacent plan-
ning areas, the maintenance plan must be compatible with the timetable for
trains, the marshalling yard plan must fit with the timetable, the RUs internal
resource plans must be compatible with the timetable and so on. But from
ensuring that all plans are compatible, it would also be beneficial to study the
effect different planning processes and their interactions have on the cost and
benefit of the transport services finally operated, and to develop interfaces
that support and improve these interactions.

Scalability. As can be inferred by the paragraph above, different
planners are often responsible for different parts of the timetable. This in-
creases the risk of sub-optimization as each planner may focus on their area
rather than considering the overall situation. Figuring out how to get an
overview of the entire problem, and being able to work with the big picture
before dividing the problem into many sub-problems, is an interesting area
for research. This may e.g. require optimization or analysis at different levels
of detail. Methods that enable larger problems to be automatically solved, or
methods for improving a “big” plan, would also be beneficial.

Fall-back solutions. It is detrimental for tool usability and accep-
tance if a decision support tool repeatedly fails to return a solution, and even
more so if no information is provided on how to avoid this failure in the future.
The MILPs presented in this thesis often return a solution in a reasonable time
(sometimes with the help of heuristic frameworks), but there is no guarantee
that this will always be the case. Therefore, MILP models should be com-
plemented with some other technique that informs the user about why the
optimisation has failed, and helps them change the problem set-up to get a
feasible solution. Alternatively, the complementing technique could guaran-
tees that a (potentially bad) solution is returned in case MILP fails. The
complementary technique could e.g. be an approximation algorithm, or some
optimization method that allows, but minimizes, conflicts.
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