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This paper discusses the use of optimization methods in planning the location and
layout of passing sidings on a single-track railway line to accommodate increased traffic
load. A simple optimization model is presented and a means for taking into account the
characteristics of the track layout within the constraints of the model are presented.
Based on an analysis of the Poznan Wschod—Wagrowiec section of railway line no. 356,
the practical applicability of this method for adapting infrastructure to traffic needs is
demonstrated.

1. INTRODUCTION

One of the most important objectives in modernizing a railway network is
a reduction in train travel time [15, 17]. On double-track lines, this objective
is achieved primarily by increasing maximum running speed limits. On single-
track lines, especially those with high traffic volume and high capacity utiliza-
tion, stop times — which result from the need to stop to allow trains proceeding
in the opposite direction to cross — have a significant impact on scheduled speed.
Therefore, during the process of modernization, apart from increasing running
speed limits, special attention should be paid to the number and location of pass-
ing sidings [12]. Methods used to design the locations of passing sidings on
a single-track railway line can be divided into three groups [6, 14]: 1) methods
based on the experience of the designer and analytical calculations, 2) simulation
methods and 3) optimization methods. This article concerns only the third group.

This paper presents an optimization model for evaluating different options
for rebuilding a single-track railway line in order to design the best possible
track layout for the assumed objective function, which is the minimization of
average scheduled travel time. In the next section, we provide a brief literature
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review, and then in section 3 we present a simple optimization model for a cycli-
cal timetable on a single-track railway line. In section 4 we provide a model for
taking into account the influence of building a new passing siding or short dou-
ble-track section to allow two trains proceeding in opposite directions to cross
simultaneous without stopping. Finally, in section 5 we demonstrate the practical
applicability of this method using the example of the Poznan Wschod—
Wagrowiec section of railway line no. 356.

2. LITERATURE REVIEW

One of the first models for optimizing a railway timetable on a single-track
line was formulated in 1973 in [16]. Later studies developed models dealing
with cyclic (e.g. [13]) and non-cyclic (e.g. [1]) variants of the problem. Much
attention has been paid to the use of heuristics in finding an approximate solu-
tion when finding an exact, optimal solution is too complicated. Heuristics are
often used in real-world applications of an optimization method — such as
a complex railway network with high traffic volume [3, 4, 9]. Some studies have
dealt with a robust version of the train timetable problem, in which the aim is to
avoid delays. These models use stochastic programming techniques [5, 8]. The
first model to allow direct optimization of siding locations was presented in [7].
Recent works (e.g. [14]) have dealt with a complex extension of this model,
focusing on economic aspects of building new sidings, including zones with
different construction costs.

In the literature, little attention has been devoted to detailed consideration of
the characteristics of track layout in the optimization model, which is a crucial
aspect to consider when using these methods during the process of modernizing
railway infrastructure.

3. OPTIMIZATION MODEL

A railway network can be represented by a graph G = (N JE ), whose vertices
(N) correspond to the traffic control posts and expedition posts, while its edges
(E) correspond to the routes between these posts. A train timetable is defined by
the times of arrival and departure from each post. Let N; denote the set of suc-
cessive vertices on the route of a train ¢ € T'. The decision variables will then be
the moments of arrival and departure of trains at particular posts:

(af,dt”),teT,neNt (3.1)

During the construction of a train timetable, a number of dependencies be-
tween a pair of selected events z; and z; should be taken into account (an event is
understood as the arrival or departure of a train). These dependencies in general
can be written as [2]:
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. <z —z <yuy. (3.2)
[, <z <u, (3.3)

In this way, acceptable dwell times, the journey times between two consecu-
tive posts, and minimum headways are defined. For example, a constraint which
imposes dwell time on train no. 1 at station A of not less than 1 minute and not
more than 5 minutes has the form:

1<d —a/ <5 (3.4)

In a cyclic train timetable, with cycle time ¢, all analyzed events belong to
a set {0,1,...,0 —1} and constraints concerning a pair of events can be formulated
as:

l; < (zj —2z )mod(c) <uy; (3.5)

Modulo operation (mod) can be replaced by the following, equivalent nota-
tion:

ll.J.Szj—zl.+pij-CSuU,Where (3.6)
_J0,gdyz; 2z
bij _{1, ady z, <z (3.7)

For example, a constraint arising from the locations of the posts on the line,
which imposes a minimum headway between trains on the S1 and S2 lines on
section AB, running on a cycle of 60 minutes, can be formulated as follows:

6< (a?l —al, )mod(éO)S 50 (3.8)

This constraint guarantees that a train on the S1 line does not arrive at station
B earlier than 6 minutes after the arrival of a train on the S2 line. Furthermore,
a train on the S2 line does not arrive at station B earlier than 10 minutes after the
arrival of a train on the S1 line.

Moreover, for trains on the S1 and S2 lines operating on the same route AB,
the following condition may be introduced:

0 (3.9)

(a2 - ag, Jmoa(30)

(agl —al, )mod (30)

0 (3.10)

The aims of optimization are usually minimization of journey time for
a passenger or cargo from the start point to the destination, minimization of costs
related to rolling stock utilization and the scheduling of work for train crews,
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and maximization of timetable reliability [10]. In our model, we used minimiza-
tion of the sum of all trains’ travel time from the starting point to the destination
as an objective function. Since we assumed that journey time between two con-
secutive characteristic points is strictly determined, it is sufficient to minimize
total dwell time, which on a single-track railway line is dependent on the loca-
tion and track layout of traffic posts:

Mi ZZ(d,"—at")mod(c)-wa (3.11)

tel peN'
We took into account the possibility of a differentiation in time weights (w;").

These weights may be dependent on e.g. the number of passengers. Therefore,
during the morning rush hour, it is reasonable to assign a higher weight to trains
travelling in the direction of the center of an urban agglomeration, which are
more crowded.

Such a formulation of the issue is a linear programming problem, and may
be solved using commercial software, such as IBM ILOG CPLEX or Gurobi
Optimization. After developing an optimization model, studies for a particular
track layout are limited to the preparation of input data (driving times, minimum
headways, and the location of posts at which overtaking and crossing of trains is
possible), after which an optimal timetable for the assumed objective function is
automatically generated.

4. MODEL’S UTILITY IN PLANNING THE REBUILDING OF
SINGLE-TRACK RAILWAY LINE

A project for modernizing railway infrastructure usually involves several op-
tions. Using an optimization method makes it possible to assess which option
will enable realization of the best possible timetable in terms of the assumed
criterion (or set of criteria).

For example, on a single-track railway line one may consider different op-
tions for the location of stations and sidings. Figure 1 illustrates a train graph
(time-space diagram) on a section limited by sidings A and C, with a train stop
at point B. It was assumed that the timetable is cyclical and a cycle is denoted by
c. The shaded area represents the time period in which it is possible to add
a time-space path for train no. 2, if train no. 1 is already scheduled. We used the
following notations:

— TT™ —travel time of train i between points m and n,
— DT — dwell time of train i at point m,

— TK" — crossing time for two trains proceeding in opposite directions at
point m,
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- hda; ™" _ minimum headway time between departure of train i from

station m and arrival of train j at station m.
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Fig.1 .Train graph (time-space diagram) on section AC — option with train stop at point B

In the discussed option, the timetable must include the following relation-
ships between the departure of train no. 1 from siding A and the arrival of train
no. 2 at this siding:

hda!y"" < (azA —d/ )mod (c)< hday™" | where: (4.1)

hdal" = (1T, + DT + T )+ Tk +
+\rr? + o1 + T

hda™* = Tk (4.3)

(4.2)

In the second option, we analyzed the location of the siding at point B. In
figure 2, the darker shaded area represents the additional time period during
which it is possible to add a time-space path for train no. 2 by building a siding
at point B (two trains crossing at point B).

The increased range for the allowable moment of arrival of train no. 2 at siding

min, A4 |

A is reflected in the constraints of the model by the modification of hda,,

hdaly"" =TT,"* +Tk” + TT,™ (4.4)
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Fig. 2. Train graph (time-space diagram) on section AC — option with siding at point B

On lines with particularly high traffic intensity, we may consider building
a short double-track section to enable dynamic crossing and the possibility of
overtaking trains. Such a variant is shown in figure 3.
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Fig. 3. Train graph (time-space diagram) on section AC — option with short double-track
section between points A and B

In figure 3, the darker shaded area represents the additional time period dur-
ing which it is possible to add a time-space path for train no. 2 due to the build-
ing of the short double-track section AB. Thus, the departure of train no. 1 from
siding A and the arrival of train no. 2 are collision-free, and therefore:
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0< (azA —d/ )mod(c)S c (4.5)

5. CASE STUDY

The utility of the method presented above for solving real-world problems
was verified using as an example an analysis of the Poznan Wschdéd—Wagrowiec
section of railway line no. 356. An analysis conducted previously in connection
with the Poznan Metropolitan Railway project [11] proved that increasing the
frequency of trains within the agglomeration to 30 minutes on the Poznan
Wschéd—Murowana Goslina section and to 60 minutes on the Murowana
Goslina—Wagrowiec section in both directions would lead to a significant reduc-
tion in the average journey speed. This effect is caused by the increased stop
times at sidings, necessary to allow trains proceedings in opposite directions to
CTOSS.

Using the optimization method on the train timetable, we analyzed different
options for adapting the railway infrastructure on line no. 356 to this increased
traffic intensity. We formulated the optimization model in Open Programming
Language (OPL) and used IBM ILOG CPLEX software to solve the problem.
The time required to find an exact solution for the analyzed layout, using the
program’s default settings, was less than 2 minutes; therefore, we did not focus
on searching for the most effective (shortest) method of solving the optimization
problem.

We first defined the Wmin variant, which represents minimum journey time,
without taking into consideration longer dwell times for the crossing of two
trains. Next, in the W0 variant we analyzed the introduction of cyclic traffic with
increased frequencies on existing track layouts. These assumptions required
increasing dwell times. Using the optimization model, we generated a train time-
table characterized by the lowest possible value for the objective function, which
was the weighted sum of journey times. We considered the morning rush hour,
so trains travelling in the direction of Poznan were given 4 times greater weight
than trains travelling in the opposite direction. During the afternoon rush hour,
we reversed these priorities.

We then examined whether building an additional siding at different loca-
tions would enable a reduction in the weighted sum of journey times (increasing
the average journey speed). We analyzed the locations of all existing train stops.
We obtained the smallest value for the objective function for the timetable, tak-
ing into account the siding in Owinska — this variant was denoted W1.

The next step was to consider the building of a short double-track section be-
tween two posts, enabling the dynamic crossing of two trains. The most advan-
tageous location was the Owinska—Bolechowo section — this variant was denoted
W2,
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The results of this analysis were illustrated as timetables in the form of train
graphs, generated in the process of optimization for the morning rush hour for
variants W0, W1 and W2 (figure 4). In addition, figure 5 shows the correspond-
ing average journey times in different variants.
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Fig. 4. Train graph on the Poznan Wschod—Wagrowiec section in variants W0, W1
and W2, generated in the optimization process
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In the direction of Poznan, journey time in all variants is equal to the mini-
mum, which is a consequence of higher weights being assigned to trains travel-
ling in this direction during the morning rush hour. In the opposite direction, the
necessity of trains crossing results in a longer journey time. In variant WO, the
location of existing posts requires three crossings of trains (withone stop time of
more than 20 minutes), which results in a longer journey time from Poznan
Wschod to Wagrowiec of up to 35 minutes. Due to the building of an additional
siding in Owinska (variant W1), the number of train crossings is reduced to two
and the journey time is only extended by just 17 minutes. It is noteworthy that
according to the timetable developed in this variant, the sidings in Czerwonak
and Bolechowo will be used only in the event of delays. Assuming a second
track on the Owinska—Czerwonak Osiedle section (variant W2), train crossings
also take place twice, but one of them is done dynamically — as a result, the ex-
tension of the journey time to Wagrowiec is reduced to just 10 minutes. In prac-
tice, the timetable in the area of a dynamic siding is constructed in such a way
that the crossing of trains takes place in the middle of a double-track section, so
the timetable shown in figure 4 requires a few minutes’ correction.

It should be emphasized that the example presented above illustrates only the
possibility for using the optimization method to create a train timetable during
the process of modernizing railway infrastructure. This example does not ex-
haust the complexity of the problem of adapting railway line no. 356 to the
Poznan Metropolitan Railway project. For example, we did not consider the
Poznan Wschod—Poznan Gtéwny section, nor the Poznan Giéwny station, which
may be crucial to the project. In addition, elimination of some of the speed re-
strictions on railway line no. 356 may lead to different conclusions in terms of
the optimal location of sidings. Our analysis also did not consider the economic
aspects of this infrastructure expansion nor the aspect of timetable reliability.
We are going to devote future research to the extension of our model to deal
with these issues.

6. CONCLUSIONS

The number and location of sidings on a single-track railway line with high
traffic volume have a crucial meaning for trains’ journey time and for the effi-
ciency of railway infrastructure modernization, especially for the efficiency of
increasing speed limits. In the process of planning the modernization of railway
infrastructure, an optimization method for creating a train timetable may be used
as a tool for supporting decisions. By using an optimization method and com-
mercial software it is possible to create automatically a timetable which is char-
acterized by the lowest or highest value of the objective function for different
assumed variants of track layout. The characteristics of track layout are reflected
in the constraints of the model. In this way, the designer may assess the impact
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of various project features on the future railway timetable and, as a consequence,
develop track layouts better adapted to traffic needs. Note, however, that the
presented method does not take into consideration train delays, and therefore the
model should be extended or simulation methods should be used as a comple-
ment to the analysis.
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PRZEBUDOWA UKLADOW TOROWYCH W CELU DOSTOSOWANIA
JEDNOTOROWEJ LINII KOLEJOWEJ DO ZWIEKSZONEGO OBCIAZENIA
RUCHEM

Streszczenie

Artykut prezentuje wykorzystanie metody optymalizacyjnej do projektowania loka-
lizacji 1 ukladu mijanek na linii jednotorowej w celu jej dostosowania do obcigzenia
ruchem pociggow. Zaprezentowano model optymalizacyjny 1 pokazano sposob
uwzglednienia w ograniczeniach modelu charakterystyk uktadu torowego. Na przykta-
dzie prostych analiz linii kolejowej nr 356 na odcinku Poznan Wschod —Wagrowiec
wykazano mozliwos¢ praktycznego wykorzystania metody do przystosowania infra-
struktury do potrzeb ruchowych.
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