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Abstract

One of the criteria to judge a timetable is what passengers think of it, and an operator has
to take this into account when designing a timetable. We study this problem in a case study
from the Netherlands, where on part of the network the frequency of trains has increased
recently. We formulate a model that integrates passenger routing and timetabling in order
to find timetables that are good for passengers. This can be used for studies by railway
operators, and by infrastructure managers to decide where to invest in new infrastructure.
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1 Introduction

The so-called ‘A2-corridor’ between Amsterdam and Eindhoven is one of the most densely
used parts of the Dutch railway network: Recently, the frequency on this corridor was in-
creased from four to six intercity trains per hour, to decrease passenger waiting times at
their origin station. Ideally, passengers who travel on this corridor come to the station at
any time without checking the timetable and should be able to take a train shortly after they
arrive at the station.

The demand for travelling on this part of the Dutch railway network is the highest be-
tween Amsterdam and Eindhoven (the corridor itself), but there is also a significant number
of passengers traveling on the ‘branches’ of the corridor, that are the parts of the network
shown in Figure 1 that are only served by one or two lines and hence by two or four trains
per hour. When making a timetable for this network, we thus observe a trade-off between
regularity of the trains on the corridor, and regularity of the trains on the branches. Espe-
cially if the trains on the branches have a frequency of four per hour, and on the corridor
a frequency of six per hour (not a multiple of four), the timetable can only be regular on
both corridor and branches if trains wait relatively long on the stations where they enter and
leave the corridor. So in this case we trade a regular service and thus short waiting times of
passengers at the origin station for longer in-train waiting times.

In this paper, we formulate a model that optimizes a timetable structure. This timetable
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Figure 1: Overview of the geographical network of the A2 corridor instance. The corridor
is highlighted.

is based on a input line plan. We build the model by extending the well-known PESP model
(Serafini and Ukovich, 1989) for periodic timetabling to include passengers’ route choice.
In the optimization, we minimize the sum of the perceived travel times for all passengers,
which is a weighted sum of waiting time at the origin station and in-train time. Our model
can be used as a strategic planning tool, e.g., to evaluate line plans based on the timetable
structure they allow. By assuming that we have unlimited infrastructure, we can determine
what is an ideal timetable, and hence we can investigate to what extend this timetable fits on
the currently existing infrastructure. This can thus also support decision making regarding
infrastructure investments.

Our contribution in this paper is twofold. First of all, we propose a quadratic integer
programming model to integrate passenger routing and periodic timetabling, where we ex-
plicitly take the waiting time at the origin station into account. This model is linearized to a
linear mixed integer program. Secondly, we demonstrate the viability of our method on the
Dutch A2-corridor instance to advice on the optimal regularity of train lines on this corridor,
and the possible benefit of infrastructure investments.

The remainder of this paper is organized as follows. In Section 2 we state the problem
we are solving. Section 3 describes background information and literature that is relevant for
our study. A quadratic integer programming model is formulated and linearized in Section 4.
Computational results on the A2-corridor are provided in Section 5. Finally, we conclude
the study and mention future research in Section 6.
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2 Problem Statement

In this paper we address a strategic timetabling problem. The goal is to find an ideal
timetable structure, that can help us evaluate line plans and advise on infrastructure in-
vestments.

The timetable is made based on a line plan. A line plan is a set of train lines that are
to be operated on the network. Each of these lines consists of a geographical route through
the rail network, a list of stations where the train has to stop, and a frequency by which the
train line is to be operated per time period. This line plan serves as input for the timetabling
problem.

In this research, we require periodic timetables, i.e., timetables that repeat themselves
every time period, say every hour. This type of timetables is often used in European coun-
tries.

To find good timetables, we take into account passenger demand. The demand is given
in terms of numbers of passengers that want to travel between each pair of stations. We
assume that the demand is uniformly distributed over the cycle period, i.e., every minute the
same number of passengers want to depart. Often passengers arrive at their origin station
shortly before their train departs (Zhu et al., 2017; Ingvardson et al., 2018). However, as
the timetable is not yet known, we assume that the demand is evenly distributed over time
to find a timetable that best matches this demand assumption, and in the actual operation
passengers will adapt their arrival times based on such a timetable.

Our problem can be stated as follows: Given an input line plan and an estimate of
passenger demand, find the timetable structure which minimizes the sum of the perceived
travel times for all passengers. The perceived travel time is a weighted sum of waiting time
at the origin station and in-train time.

3 Literature Review

In this section, we place the problem we study in the context of existing literature. Sec-
tion 3.1 describes the problem of periodic timetabling and research that is related to this.
Section 3.2 describes how passenger routing can be combined with timetabling and how
this is done in existing literature.

3.1 Periodic Timetabling

The periodic timetabling problem is commonly modelled as a Periodic Event Scheduling
Problem (PESP) (Serafini and Ukovich, 1989). The task here is to assign event times for
all arrivals and departures of the trains in the line plan. As the timetable is periodic, these
events are periodic as well, i.e., they re-occur every cycle period, e.g., every hour. This
cycle time is denoted by 7'. The event times have to satisfy several restrictions in order to
guarantee a reasonable timetable. These restrictions are generally referred to as activities.
Each activity is a relation between a pair of events, stating that the time difference between
these events should be in a given (periodic) time interval. Examples of these activities are
drive, dwell and transfer activities. It is also possible to include headway activities, ensuring
a certain time distance between trains. Overviews on how to model timetabling constraints
and what can be included in a PESP framework can be found in Odijk (1996); Peeters
(2003); Liebchen and Nachtigall and Mohring (2007).
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The essence of PESP is to find any periodic timetable satisfying all activities. Ap-
proaches to find a feasible solution to PESP include constraint programming (Kroon et al.,
2008), the modulo-simplex heuristic (Nachtigall and Opitz, 2008; Goerigk and Schobel,
2013), or using a SAT solver after applying a polynomial transformation from PESP to SAT
(Grossmann et al., 2012). If a feasible solution exists, one can be found rapidly.

3.2 Passenger Routing

If many feasible timetables exist, one can distinguish between them by adding an objective
function to the PESP model, by which good timetables can be found. A definition of a
good timetable will consist of several aspects, but at least one of the aspects has to do
with efficiency. By an efficient timetable we mean that the timetable is optimized with
respect to passenger travel times. This is achieved by giving each activity a weight and
then minimizing the weighted sum of all the activity durations. To solve such a model, a
Mixed Integer Programming formulation can be used. More details about such a modelling
approach are provided in Section 4. Examples of successful applications in practice can be
found in (Liebchen, 2008).

In the case of efficient timetable, the activity weights are chosen such that they represent
the (relative) importance of the activities. For example, the weight for an activity can rep-
resent the number of passengers using this activity in their route. In this case, the passenger
flows have to be known and the timetable can be found based on these flows. However,
as a timetable can be suboptimal for certain passengers, they might choose a new route if
the timetable is known, thus changing the weights. This in its turn can again influence the
optimality of a timetable, which can be changed based on this. Several approaches exist in
which an iterative approach is taken to find good a timetable (Kinder, 2008; Liibbe, 2009;
Siebert, 2008; Siebert and Goerigk, 2013; Sels et al, 2016). In these approaches, passenger
flows are determined by routing passengers through the network on for example shortest
paths. After this, the timetable is optimized (retiming) and passenger are rerouted (reflow-
ing), until a stopping criterion is reached.

Another option is to integrate the passenger routing and timetabling problems, which
can provide the optimal timetable for the passengers, although the model is more complex.
Here the timetable and the passenger routes are chosen simultaneously. This is the ap-
proach we take, where we, additionally to most existing literature, also explicitly take the
waiting time at the origin station into account. By assuming that passenger demand follows
a uniform distribution, good headway times between trains are found, such that the total
experienced travel time of passengers is minimized. The integration of passenger routing
and timetabling is not a new field of study, as this already has been applied for the aperiodic
case (Schmidt and Schobel, 2015; Schmidt, 2012) and for the periodic case (Schobel., 2015;
Borndorfer et al., 2017; Gattermann et al., 2016; Schiewe and Schobel, 2018). However, the
approach we take is that we do not assign passengers to a specific departure event before
solving the model, but that we allow this freedom in the model. This is most closely related
to Schiewe and Schobel (2018). However, we also assume that demand is uniformly dis-
tributed over time and we determine all headway times between consecutive trains based on
this, which, to the best of our knowledge, has not yet been applied in literature. Burggraeve
et al. (2017) also integrate timetabling and line planning to achieve better results. However,
in this approach infrastructure is taken into account in a very detailed manner, while we
discard as much of the current infrastructure as possible, in order to determine long term
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strategic timetables.

In the past, attention has been given to the gap between line planning and timetabling,
and that integrating these two problems does not solve everything. Goerigk et al. (2013)
propose several evaluations of line plans and determine the influence of a line plan on the
resulting timetable. This is done by computing several characteristics of line plans, and
by finding a passenger-oriented timetable. However, the passenger routing and timetabling
problems are not integrated, but passengers are routed along shortest paths, which is one of
the main differences with our approach.

4 Integer Programming model

In this section, we present a mathematical programming model for passenger routing and
timetabling. We start by introducing the necessary notation, after which we present the
mathematical model. We conclude the section by linearizing the proposed model.

4.1 Notation

The model that we introduce consists of a timetabling part and a passenger routing part. In
the following sections, we introduce these two parts separately.

Periodic Timetabling

First of all, we assume that an Event-Activity network G = (V, A) is given, with events V'
and activities A. Based on this network, we develop a model to find a periodic timetable with
cycle time 7. A commonly used model for periodic timetabling is based on the Periodic
Event Scheduling Problem (Serafini and Ukovich, 1989). In PESP, next to the network
G = (V, A), we are given lower and upper bounds ¢;; and u;; for each (i, j) € A and a
cycle time 7. The task is to find an assignment 7= : V' — {0,...,7 — 1}, such that all
activities are satisfied. In PESP, each activity (4, j) € A is of the form

Yij = 7 — m + Tpij € [lij, usj), (D

where p;; is an integer variable accounting for the shift from one cycle to another, it acts
as a modulo operator. Each activity states that the time difference between events ¢ and j
should be within the T-periodic interval [¢;;, u;;]. The additionally introduced variable y; ;
represents the activity duration for activity (i, j) € A.

Without loss of generality, the timetable is planned in full minutes, but any other time
grid can be chosen as well. The rationale behind this assumption is that we want to find a
timetable for the long future and there is no need for a detailed timetable in this case.

Passenger Routing
Next to timetabling, we have variables and constraints dealing with the routing of passen-
gers. Suppose that passenger demand is given in terms of an OD-matrix. This provides for
each origin-destination combination & in the set OD the number of passengers dj, that want
to travel in the cycle period from their origin to their corresponding destination. We assume
that this demand is uniformly distributed over the time period.

For each OD-pair k € OD, we pre-determine a set of possible routes, which we denote
by RF. Tn our computations, this set consists of all direct travel options for this OD-pair, but
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this can be extended to routes containing transfers as well. The set of all routes is denoted
by R and is determined as
R=J R" )
keoD

We assume that these sets are given as input.

A route € R is a path through the Event-Activity Network. It consists of a sequence
of trip and dwell activities, so » C A. The total (timetable-dependent) duration Y. of such a
route is determined as the sum of the duration of all activities it uses:

Y, = ya. 3)

acr

The task in our model is to assign the passengers of every OD-pair to a relevant departure
event, and route them all together. For each OD-pair k& € OD, the set of relevant departure
events (V) can be determined by

vE=J it &

reRrk

where j(r) is the first event of route r € R.

In our model, we make the simplifying assumption that every passenger departs with
the first train towards his destination. Note that in practice this may not be the best traveling
option, since a later train may overtake the first train. However, since in our case study we
consider only intercity trains which travel at approximately the same speed, this assumption
seems appropriate.

We group all passengers of an OD-pair k for who, due to their arrival time, departure
event v € V* is the next possible departure event, together and assume they make the
same route choice. This assumption is valid since the perceived passenger travel time is
minimized and we assume that all passengers have the same perception of travel time, and
that there are no capacities on the routes.

In order to compute the number of passengers for who v is the next possible departure
event, we determine the time period before event v € V. in which no other event v €
VE\ {v} takes place. This is denoted by A*. Note that this variable is timetable dependent,
and can be determined by the following set of equations:

Aif = min {m, — Ty + T »} (5a)
v eV ’
Qy ! + Ayl oy = 1 (Sb)

In the first equation, the time difference between all other relevant departure events is deter-
mined, and the minimum is taken. In order to determine an implicit order between events
happening at the same time, which is needed to determine how many passengers take a
certain train, we add the second set of restrictions.

The number of passengers for event v € V* can then be calculated as A¥ - d;,/T. Once
event v € V¥ takes place, all these passengers choose a route. The set of all routes, starting
at this departure event, is denoted by R¥ C R*. If a passenger departs with event v € V¥,
he will choose exactly one of these routes to use. The duration of the journey, starting from
event v, is denoted by Y*, and can be determined as

Y* = min Y. (6)
reRrRk
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Note that this assumes that passengers use shortest paths, which is true since the perceived
passenger travel time is minimized.

The expected waiting time for each group of passengers at the origin station is denoted
by W¥. As we assume that passengers arrive according to a uniform distribution, this value
is calculated as W = A /2.

To compute the total perceived travel time of a passenger, we weight the waiting time at
the origin station with a factor ,, and add it to the in-train time or duration of the journey.
E.g., a factor v, = 3 means that a passengers perceives one minute waiting at the station
as bad as three minutes traveling on the train. We can then compute the average perceived
travel time of each passenger k for who departure event v is the next possible departure as
YWy + Y.

4.2 Mathematical Program

Using the notation and constraints introduced above, a Quadratic Integer Program for timetabling
with passenger routing, including waiting times, can now be formulated as follows:

. dy
Minimize kEZOD ™ vez‘;k AP (Yo - Wk Yf) (7a)
Such that y;; = m; — m; + T'py; V(i,j) € A (7b)
li; < yiz < ugj V(i,j) € A (7o)
YT.:Zyu VreR (7d)
acr
AfF = min {r, — 7y + T} Yke€OD,veVF (Te)
v eVF\{v}
Qyr + Oy =1 VkeOD,ve VP v e VE\ {v}
(70
Wk = %A,’i VkeOD,veV* (7Tg)
Y* = min {¥,} VkeOD,veV* (7h)
rerk
A¥ e 0,T] VkeOD,veV* (7i)
Wk elo,1/2 VkeOD,veVF (7j)
Y,, V¥ e [0,00) VreR, ke OD,veVk (7k)
m, €{0,..., T —1} VoeV (7D
Dpij € Z>o V(i,j) € A (7Tm)
Qo € {0,1} VkeOD,veVF v e VF\ {v}.
(Tn)

The task in this formulation is to minimize the perceived travel time for all passengers
(7a). This is composed of waiting time, plus the actual travel time. Constraints (7b) and
(7c) are the timetabling constraints. Constraints (7d) determine the length of each route.
Constraints (7e) and (7f) determine the time between trains, and define the expected waiting
times in (7g). The actual perceived travel time durations are determined in (7h). Constraints
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(71)—(7n) state the domains of the variables. Note that this is a quadratic model. In the next
section, we show how this model can be linearized.

4.3 Linearization

The model in (7) contains a quadratic objective and two minima in the formulation. In the
following sections, we linearize each part of this.

Objective
The objective in (7) can, by using (7g), be written as

e dk Yw 2
Minimize Z rd Z 5 (AR + AF .Y (8)
k€eOD = wevk
For the linearization we define new variables

1 { 1 if A¥ >d

— k
Tod =94 else VkeOD,veV”: de{l,...,T}. 9

Note that these variables satisfy the following restrictions:
ayg<ab,, VkeODweVF de{2,.. . T} (10)

Using these new variables, we can write

T
Ak ="k (11a)
d=1
9 T
(AD)" =) (2d—1)-2h ,. (11b)
d=1

Substituting this in (8) leaves a multiplication of binary variables x’; 4 by bounded variables
Y, which we substitute by Rﬁ’ =Y 15 4- The objective then becomes

T
Minimize ) % SN [%w(zd—n -x§,d+Rﬁ,d}7 (12)

keOD veVE d=1

with the additional restrictions that

Ry g <uy-xy g (13a)
Ry 21y g (13b)
Ry <Yf =1y (1—ay,) (13¢)
Ry > Y —uy - (1-ay ), (13d)

where lf and u” are the lowest and highest possible values for YJ‘ respectively.
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Minima
Constraints (7e) and (7h) both contain a minimum. We replace (7e) by

AR <y — g + Ty VkeOD, v e VF\ {v} (14a)
o Ab=T. Yk e OD (14b)
veVE

(14a) represents the minimum and (14b) ensures that all passengers are assigned to a group.
The linearization of (7h) is done by replacing the following set of restrictions for every
k € OD and every v € V* by the following:

Yk <y, VreRE (15a)
YE>Y, - M (1-2F)) VreRF (15b)
> ek, =1 (15¢)
rerk

ffﬂ., which correspond to the route chosen. That means,

if 2% = 1, passengers use route r, starting at event v. The newly introduced constants M*
are to be chosen large enough to make the second set of constraints redundant, but still as
small as possible. Therefore, we can set

We introduced new binary variables z

MF = Y} — min{Y,}. 16
b fﬁ%’%{ } f?%{};{—} (16)

Here, Y,Y denote respectively the highest and lowest possible value variable Y can take.

To summarize, in the linearization several steps are taken. The objective (7a) is replaced
by (12). Here, additional variables xﬁ qand Ri'f, 4 are introduced, with additional restrictions
(10) and (13). Next, the minima are replaced by linear restrictions, (7¢) is replaced by (14),
and (7h) by (15).

5 A Case Study: A2 Corridor
5.1 Description of the Case

The case we consider in our study is the so called ‘A2-corridor’, which is part of the Dutch
railway network between Eindhoven and Amsterdam Centraal. It is named after the high-
way A2 which runs next to it for a long part of the track. The most interesting feature of this
instance is that it is the first corridor in the Netherlands where the frequency of the intercity
trains was increased from four to six intercity lines per hour. An overview of the lines in the
network is shown in Figure 2. In this Figure, the main stations are shown, with corridors
connecting them. For each corridor, the train lines that uses these corridors are shown. For
example, it shows that line 3000 travels between Nijmegen and Den Helder. The full names
and abbreviations of the involved stations are shown in Table 1.

Each train line is operated in both directions with a frequency of two trains per hour.
Note that not all of these trains use the full corridor between Eindhoven and Amster-
dam Centraal, line 3000 only uses Utrecht-Amsterdam Centraal, and line 3500 only uses
Eindhoven-Utrecht. Line 3100 does not use the corridor itself at all, but it interacts with
other lines on the branches of the network as depicted in Figure 1.
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30008003900
3500;3100

3000;3100

800;3500;3900

Figure 2: Overview of the train lines in the A2-corridor
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Abbreviation | Name Abbreviation | Name

Hdr Den Helder Sgn Schagen

Amr Alkmaar Asd Amsterdam Centraal

Shl Schiphol Asb Amsterdam Bijlmer ArenA
Ut Utrecht Centraal | Ah Arnhem

Nm Nijmegen Ht ’s Hertogenbosch

Ehv Eindhoven Vi Venlo

Std Sittard Hrl Heerlen

Mt Maastricht

Table 1: Abbreviations of the stations

In Section 5.2, we investigate how regular the train lines should run on the corridor and
on the branches of the network, if we assume unlimited infrastructure. We also investigate
how this result changes when we adjust the weighting parameter ~,, which controls the
impact of the waiting time at the origin.

As a reference, we also compute a timetable in Section 5.3, where we assume that we
have the current infrastructure available.

In our computations, we only consider direct travel options for all passengers, so the
set of possible routes can be easily determined. For the OD-matrix, we make use of an
OD-matrix containing the number of all passengers that travelled between two stations in
the year 2015. Hence, this is based on historic data and is an aggregated matrix. The flows
will be different in peak and off-peak hours, and in the weekends. For our study that is no
problem, as we are doing strategic studies and only the estimated magnitude of the flows
matter.

5.2 Unlimited Infrastructure

As the main goal of this research is to find out how an optimal timetable from a passengers
perspective looks like, we assume there is sufficient infrastructure available to operate any
timetable. We compute a timetable by solving (7) with a time limit for the computation of
one hour. As travel options we only consider direct connections for all passengers. We dis-
tinguish between two cases. First, we assume that waiting at the origin station is considered
to be less pleasant than sitting in a train. Second, we compare this to the situation where
waiting time is equally pleasant to in-train time.

Waiting Time is Less Pleasant
When passengers travel, they often arrive shortly before their train departs, in order to min-
imize their waiting time. However, as no timetable is available yet, these arrival times can
not be determined, and therefore we assume that passengers arrive according to a uniform
distribution. In order to deal with the situation that passengers generally do not like to wait,
we set the coefficient for waiting time relatively high. In-train time has a coefficient of 1, so
we set the waiting time coefficient higher to v,, = 3.

The results of our computations are shown in Figure 3, showing the results in terms of
two time-space diagrams. Only the southbound trains are shown to make the picture more
clear. The first picture shows the tracks between Maastricht and Den Helder (and hence
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includes the full corridor), the other shows the tracks between Nijmegen and Schiphol. The
vertical axes denotes space and the labels show the different stations where a trains stops.
The horizontal axis shows time, so the timetable is depicted for one cycle period of one

hour.
- Mt 0o 10 20 30 a0 50 00
- Std
Pl 2 e i
- Ehv ~ Nm
- Ht - Ah
- Ut
- Asb
e T e - Ut
L e
- Amr
- Sgn / / - Ash
_ Hdr L T sl

(a) Maastricht-Den Helder (b) Nijmegen-Schiphol

Figure 3: Timetable with unlimited infrastructure, ~,, = 3.

The objective value and a lower bound for this timetable can be found in Table 2. The
objective is split in two parts to better distinguish what the contribution is of the individual
components.

Interesting to note in this Figure, is that the trains run very regular between the large
stations on the main corridor, i.e., between Eindhoven and Utrecht, and between Utrecht and
Amsterdam. Between Amsterdam and Alkmaar, the pattern becomes slightly less regular.
Here a choice has to be made for a service between these stations and hence a longer waiting
time at the Amsterdam Central station at the border of the corridor (because the frequency
decreases from 6 to 4 trains per hour), or a less regular service and short waiting times.
Apparently it seems to be better not to stop too long at the border of the corridor to obtain
the regular pattern between Amsterdam and Alkmaar.

Another interesting thing to note here, is that the train paths of lines 3000 and 3500
coincide. It is hard to see in Figure 3, but can be deduced together with Figure 2. Line 3000
comes from Amsterdam Central and passes Amsterdam Bijlmer Arena (Asb) at .45. Also
line 3500, coming from Schiphol, leaves Amsterdam Bijlmer ArenA at .45, and it travels to
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Utrecht at the same time as line 3000. From Utrecht onwards, line 3000 leaves the corridor
for Nijmegen, while line 3500 takes over the position of line 3000 in the pattern on the
corridor and drives towards Eindhoven. So we can say that these trains replace each other in
the pattern on the corridor. Passengers traveling from Amsterdam to Eindhoven could hence
use also this route with a transfer. This happens even though we do not allow passengers to
transfer in our model - it is a consequence of the fact that regular train services are preferred
by the model due to the high impact of the waiting time.

Waiting Time and In-Train Time is Equal
We now compare the findings of Section 5.2 with a setting of ~,, = 1, i.e., the in-train time
and waiting time are perceived equally. The resulting timetable for the corridor is shown in

Figure 4.
I R T R
- Mt — =
Std - L - -
: _ P2 P
p ~ -~ v
» P
ey el e P
/,/ // e
7 A e
A R
A
o A
~ s j
s
Py 'l
~ Hi - E
' C o T
g - -
e - ///
/// //// e -
- ut — ARV // 4
e %P P
// s pevs /
_ Asb L L
- Asd — = — —
// / T
s T
// - // -
Amr — =
sgn -
Hdr — _ ,

Figure 4: Maastricht-Den Helder with unlimited infrastructure and ,, = 1

In this timetable, the trains have a less regular pattern. As the waiting time is less
important, a smaller focus is on the regularity of the trains. Also in Table 2, this effect can
be seen. The contribution of in-train time decreases, whereas the contribution of waiting
time is increased.

5.3 Current Infrastructure

If we compare the timetables determined in the previous sections with the current infras-
tructure on the A2 corridor and its branches, we observe that the current infrastructure is
not sufficient. In particular, between Den Helder (Hdr) and Schagen (Sgn), the network is
currently single-track, so crossings of trains from two directions, as we see them in Fig-
ure 3a, are not possible with the current infrastructure. Furthermore, currently the trains
from Utrecht to Amsterdam Centraal (Asd) and from Utrecht to Schiphol (Shl) use the
same infrastructre until Amsterdam Bijlmer Arena (Asb), thus a headway of three minutes
has to be respected between them if no additional infrastructure would be provided here.
To see the benefit of providing extra infrastructure, we now compute the ideal timetable
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structure taking current infrastructure restrictions into account by adding them as headway
constraints to our optimization model, and comparing the timetable achieved in this way to
the timetable from Section 5.2.

More precisely, the headways we consider state that between every pair of trains running
in the same direction, a headway time of 3 minutes has to be respected. Furthermore,
between trains entering and leaving a station in opposite directions on single track regions,
a time difference of at least 1 minute has to be respected. Finally, on single track regions
trains have to wait for each other before the single track can be entered. Again, we set
Yw = 3. Within one hour of computation time, several solutions can be found. However,
due to the increased complexity caused by the added headway activities, these solutions are
not very good. Therefore, we set a time limit of three hours for these computations. The
resulting timetable is shown in Figure 5 and the objective values are shown in Table 2. The
shaded area in Figure 5a denotes that this part has only 1 track, and trains can only pass
each other at the stations.

00 10 20 Ell a0 50 <00

- Mt
- std
 Ehv _ Nm i} 10 20 50 00
Cht - Ah
- Ut
- Asb
e < ut
- Amr >< ><
- Asb
- Sgn
_Hdr T~ =~ _sh
(a) Maastricht-Den Helder (b) Nijmegen-Schiphol

Figure 5: Timetable with current infrastructure, ~,, = 3.

A few differences can be noted with respect to the case with unlimited infrastructure
and v,, = 3. First of all, trains dwell for a long time on stations around the single-track
area. Especially the northbound trains have long dwell times. These trains come from a
region that has a very regular timetable, and then they have to wait for the southbound
trains because these are using the tracks. Based on passengers’ demand, a choice can be
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made whether the southbound of the northbound trains have to wait. Also at other stations
trains dwell for a longer time. As an example, trains coming from Amsterdam and going
to Nijmegen have to wait at Utrecht from .58 to .03, in order have a regular service on the
branch Utrecht-Nijmegen.

For this line plan, the cost of taking infrastructure into account in terms of experienced
travel time is not much more than in the case with unlimited infrastructure, the objective
increases by only 1.18% (Table 2).

Yo | In-train time Waiting Time Objective value Lowerbound
Unlimited 3| 2047.004  592.576 3824.733 3808.588
infrastructure
Unlimited 1| 2042.174 597.926 3835.953!
infrastructure
Current infras- | 5 | 583387 595,510 3869.912 3808.547
tructure

Table 2: Objective values for the timetables

6 Conclusion and Future Research

In this paper, we have developed a mathematical model that allows us to determine timetable
structures based on passenger demand, explicitly taking into account waiting time of pas-
sengers. By applying the model to the A2 corridor in the Dutch railway network, we could
observe that the inclusion of passenger waiting time leads to regular timetable structures,
although regularity was not imposed as a constraint in our model. This effect is particularly
strong when the waiting time at the origin station plays a prominent role in the objective
function. When the weight of waiting time at the origin is smaller, the regularity diminishes
to improve dwell times in stations. By applying our model also to a case with infrastruc-
ture restrictions, we could furthermore quantify the impact the added value of infrastructure
investments for passengers.

In the future, we will apply our approach to other cases from the Dutch Railway network
to see whether these findings are instance-specific or can be generalized. In both cases, we
think that our model is a valuable tool for strategic timetabling, in the sense that it can help
to evaluate line plans and infrastructure and help to make improvements.

At this moment, we have several ideas for extensions to our model and to our solution
approach. Currently the model deals with direct travel options for passengers only. This is a
limitation that we are improving, such that any travel option can be included. Furthermore,
we want to include the option of not taking the first departing train, but to take a later train
instead, and to investigate to what extend this improves the solutions. Thirdly, as PESP is
NP-complete, computation times rapidly grow when more activities are taken into account.
Especially headway restrictions can make it hard to find a feasible solution, let alone a good
solution. Therefore we have set a higher computation time limit for these experiments. In
order to deal with this increasing complexity, we developed an algorithm that first finds a
good timetable as is done in this paper, with the assumption of unlimited infrastructure. In a

'In order to compare the objective value of this timetable with the other timetables, we have evaluated this
timetable with ~y,, = 3.
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second step, we use an algorithm based on Cacchiani et al. (2013) that updates this timetable
considering a given infrastructure network, such that all trains can be safely operated on this
network, and if necessary cancels trains.
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