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Abstract

In this paper we introduce the problem of shunting passenger train
units in a railway station. Shunting occurs whenever train units are
temporarily not necessary to operate a given timetable. We discuss
several aspects of this problem and focus on two subproblems. We
propose mathematical models for these subproblems together with a
solution method based on column generation. Furthermore, a new
efficient and speedy solution technique for pricing problems in column
generation algorithms is introduced. Finally, we present computa-
tional results based on real life instances from Netherlands Railways.

In memoriam of Richard Freling, who passed away too early.

1 Introduction

Within the rush hours, the rolling stock of a passenger railway operator is
typically operating the timetable or it is in maintenance. However, outside
the rush hours, an operator usually has a surplus of rolling stock. These
surplus train units can be parked at a shunt yard in order to be able to fully
exploit the main railway infrastructure. Especially during the night, many
passenger train units have to be parked, since usually there are just a few
night trains. In the Netherlands, mainly freight trains operate at night.



The process of parking train units together with several related processes
is called shunting. A major complicating issue is the fact that train units
are strongly restricted in their movements by the railway infrastructure. In
addition, time is also a restrictive resource for shunting. For example, for
safety reasons it is mandatory to respect a certain minimum headway time
between two train movements on the same track.

We define an arriving shunt unit as a train unit that has to be parked at
a shunt yard and, similarly, a departing shunt unit as a train unit that has
to be supplied from the shunt yard. Arriving shunt units are uncoupled from
through trains, or come from complete ending trains, while departing shunt
units are units that are coupled onto through trains, or form complete start-
ing trains. The related shunting processes include the matching of arriving
and departing shunt units, the routing of shunt units on the station infras-
tructure, cleaning and maintenance of shunt units, and crew planning for the
crew that carry out the activities that result from the shunting processes.

At night, the goal of shunting is to park the units in such a way that the
operations in the next morning can start up as smoothly as possible, while
certain restrictions with respect to parking, routing, cleaning, maintenance,
and crew planning are met.

In the Netherlands, most train units can move by themselves in two di-
rections and do not need locomotives. In addition, Dutch train units are
classified according to types and subtypes. Only train units of the same type
can be combined to form trains, while subtypes of a type are discerned from
each other by their numbers of carriages per train unit. Figure 1 depicts an
example of a Dutch train unit with 3 carriages. This particular type of train
unit (ICM) consists of subtypes with 3 or 4 carriages.

Figure 1: An example of an ICM train unit with 3 carriages (ICM_3).

In general, train units of the same subtype can be used interchangeably. This
flexibility implies that a planner has to determine a matching of arriving and
departing shunt units.

Figure 2 shows the layout of the station Zwolle, which is a station in the
northeastern part of the Netherlands. The black areas in the figure represent
the platforms, while next to the platform tracks and around those tracks
several shunt tracks are located.

The parking of train units is far from trivial because space is usually
scarce. In addition, the choice to park a shunt unit on a particular shunt track
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Figure 2: The layout of station Zwolle.

has several implications. Firstly, when train units are of different subtypes,
the order of the train units at a shunt track has influence on the amount
of required shunting effort. Secondly, the possible routes between platforms
and shunt tracks are restricted by this decision. Thirdly, crew has to be
available to carry out the resulting shunt activities within certain desired time
intervals. Finally, in practice, certain routes and shunt tracks are preferred
over others. Here, a track is less desired if it is used frequently for other
purposes, e.g. for through trains or for temporary parking. Both of these
preferences could be taken into account.

In the remainder of this paper, we provide an in-depth introduction to
the shunting problem in Section 2, containing an overview of the relevant lit-
erature. Furthermore, we propose a solution approach consisting of two steps
in Section 3. One step is related to the matching of arriving and departing
shunt units, while the other step is related to the assignment of shunt units
to shunt tracks. We will focus on the matching step in Section 4 and on the
assignment step in Section 5. In addition, we present computational results
of of the solution approach at station Zwolle in Section 6. Finally, we end
with some conclusions and suggestions for further research.

2 Problem description

In this section, we introduce the train unit shunting problem and we describe
the most important aspects in more detail. Furthermore, we provide an
overview of the relevant literature.

Given

e a railway station,

e a shunt yard,



e a timetable, with the compositions of the trains, and for each train the
arrival and / or departure time and platform at the involved station,

e estimates of route costs from platform tracks to shunt tracks and vice
versa,

the train unit shunting problem consists of (7) matching the arriving and
departing shunt units and (4i) parking these on a shunt track. In (ii), the
route costs differ in time, because the claims on the station infrastructure by
through trains are to be considered. If the arrival time of an arriving shunt
unit and the departure time of the matched departing shunt unit are close
enough, it is not necessary to park the unit at a shunt track. In this case,
the shunt unit can stay at the arrival or departure platform.

[ssues with respect to routing, cleaning, maintenance and crew planning
are not considered in this paper. These issues are outside the scope of this
paper and will be described in forthcoming papers.

We minimize the costs of a shunt plan, such that the capacity of the
shunt tracks is never exceeded. The costs of a shunt plan consist of e.g.
route preferences, preferences for shunt tracks, and penalties for not parking
shunt units, while it is necessary to park these.

Some characteristics of the general problem are the following:

e Arrivals and departures of train units may be mixed in time. This
implies that, within the planning horizon, the first departure may take
place before the last arrival.

e Shunt units may have different subtypes (and thus lengths). Its type
may restrict the set of shunt tracks where a shunt unit can be parked.
For example, electrical train units can only be parked at tracks with
catenary.

e Shunt tracks may have different types and lengths. The type of a track
determines how a unit can approach the track. Some tracks can be
approached from one side only and these tracks will be called Last In
First Out (LIFO) tracks. Other tracks can be approached from both
sides and these tracks will be called free tracks.

e Trains have fixed arrival and departure times, but flexible arrival and
departure times from the shunt tracks. For example, the departure
time of an arriving shunt unit from a platform to a shunt track can be
flexible within a time interval starting at the arrival time of the unit at
the platform and ending before the next arrival of a train at the same
platform.



A restriction in the matching of arriving and departing shunt units is
that the subtypes of the units in the matching are the same. This is a hard
restriction in the Dutch rolling stock deployment. Furthermore, if several
units of different subtypes of one arriving train are matched to one departing
train, the subtypes of the units in both trains have to be in the right order.

Table 1 describes a shunt plan for 5 shunt units on a free shunt track.
Each row indicates the matching of arriving shunt units to departing shunt
units. In this example, the first train, with ID 3628, arrives at 11:09 on
Monday at platform 5A. One unit of subtype MAT64 4 is parked at the
shunt track and this unit leaves the station in train 3629 at 07:49 on Tuesday
from platform 5A. Furthermore, the third row describes two units of subtype
MAT64 2, arriving in train 3678, that also depart in train 3629 on Tuesday.
Thus, these units are coupled on the shunt track.

Arriving Train Departing Train

Train ID | Platform | Time Train ID | Platform | Time Subtypes of train units
3628 5A mo 11:09 | 3629 5A tu 07:49 | MAT64.4

561 3B mo 21:02 | 520 1A tu 07:18 | ICM_4 ICM_3

3678 5B mo 23:43 | 3629 5A tu 07:49 | MAT64_2 MAT64_2

Table 1: An example of a shunt plan with 5 train units.

Figure 3 represents the situation at the track on Tuesday morning at 6
o’clock. The arriving units of trains 561 and 3678 cannot arrive via the same
side of the track. Suppose the units of these trains would do so. Then the
train units of train 520 that have to leave at 07:18 on Tuesday are blocked
from both sides of the track. This is called a crossing and is not allowed
because it results in high additional shunting effort. Furthermore, in that
case the units of train 3629 would not be parked next to each other, which
would also lead to additional shunting effort in the early morning. Note that,
if the track would have been a LIFO track, a crossing can only be avoided
by parking some of the units at another track.

Arrivals Train 561 Train 3628 Train 3678
A A
~
MATG4 2 MAT64_2
__
—~—
Departures Train 520 Train 3629

Figure 3: The situation at the track, on Tuesday at 6 o’clock.

Literature on this topic is very scarce, but recently some special cases
of the train unit shunting problem have been dealt with by Winter and



Zimmermann [2000] and Blasum et al. [2000] for dispatching trams in a
depot, and by Gallo and Di Miele [2001] for dispatching buses in a depot.
In both problems all arrivals take place before the first departure, although
Gallo and Di Miele [2001] discuss an extension of their model to take into
account mixed arrivals and departures.

We choose to use the term shunting instead of dispatching because it
is more commonly used in the railway context, and because, in contrast
to parking trams and buses, routing and several other processes are also
involved. Complicating factors for our problem are the different subtypes
and lengths of the units, the different approach types of the tracks, and the
mixed arrivals and departures.

Complicating matters that may occur in practice, but that are not con-
sidered in this paper, are, for example, routing, maintenance planning and
shunt personnel planning. Tomii and Zhou [2000] and Tomii et al. [1999]
propose a genetic algorithm that takes into account some of these matters
in a railway setting. However, their problem is of a different nature, since
in their context at most one train unit can be parked on a shunt track at
the same time. Finally, the subject of the paper by He et al. [2000] is the
separation of train units from arriving trains, sorting these according to their
destination, and finally combining them to form new departing trains, which
resembles the matching of arriving and departing shunt units.

3 Solution approach

Winter and Zimmermann [2000] and Blasum et al. [2000] showed that several
variants of their shunting problems are NP-hard. Although our problem is
slightly different, we consider their complexity results as sufficient evidence
that our shunting problem is also NP-hard. Therefore, we have decided to
focus immediately on the development of a solution approach.

Before we introduce this approach, we give several useful definitions:

e The supply is the set of arriving shunt units.
e The demand is the set of departing shunt units.

e A block is an entity of one or more train units that remain together for
the entire planning period. For example, the train units of train 561 in
Figure 3 form a block.

The solution approach is based on a decomposition of the problem into
2 steps, where one step is related to the matching of arriving to departing
shunt units, and the other one deals with parking shunt units on the shunt



yard. Below, the two steps of our solution approach are described in more
detail.

Step 1 Match supply to demand. Each arriving shunt unit is assigned to a
departing shunt unit. The objective is to minimize the shunting effort
by keeping units together as much as possible. This step results in a
set of blocks.

Step 2 Parking. Each block is assigned to a shunt track, such that the ca-
pacity is never exceeded and crossings do not occur.

The motivation for this 2-step solution approach is twofold. First, the
problem would be intractable if we would consider it completely integrated.
This is even more of interest bearing in mind possible future extensions of the
approach, i.e. crew planning and maintenance issues. Second, the planner
can interact more easily with the planning process. Already after Step 1, the
planner can make modifications to the obtained results if desired.

A drawback of this approach may be that global optimality is lost. How-
ever, the objective is not only to improve the current manual solutions, but
also to speed up the planning process. Moreover, we may not be able to
find an overall feasible solution if there exists one. This occurs, for example,
when it is impossible to park all the blocks created in Step 1.

4 Matching supply to demand

In this section, we formulate the matching problem (Step 1) as a mathemat-
ical model. Therefore, we give some useful definitions first. Recall that in
Step 1, each arriving shunt unit is assigned to a departing shunt unit.

For each arriving and each departing train we define a network, with as
nodes the units of the train and a dummy node (with index 0). The nodes
are places where the train can be divided into parts. The arcs represent
feasible configurations of possible parts of the train, where a part is a subset
of adjacent train units of the train. Thus, a block represents a combination
of a part of an arriving train and an identical part of a departing train.

Figure 4 depicts the network for departing train 3629 of Table 1. Note
that each arc corresponds with one part and thus 6 different parts are possible
in this example. Furthermore, notice that a path from the first to the last
node in this network corresponds to a division of the train into parts. For
example, the path 0 — 2 — 3 in Figure 4 implies that train units 1 and 2
form one part, and train unit 3 forms another part.



Figure 4: The network of train 3629 of Table 1.

Let I be the set of all possible parts for all arriving trains and let J be
the set of all possible parts for all departing trains. Formally, we introduce
a mathematical formulation with the following binary variables:

- 1 if part ¢ € I is used;
v 0 otherwise.

S 1 if part j € J is used;
7o 0 otherwise.

I 1 if part ¢ € I is assigned to part j € J,;
. 0 otherwise.

In addition, we define T* as the set of arriving trains with shunt units,
and T as the set of departing trains with shunt units. The arcs in a network
of train t are given in the set A'. We additionally use A%" as the set of arcs
out of node h for train ¢t and A%~ as the set of arcs into node h for train ¢.
Furthermore, the set C; is the set of all intermediate nodes in the network
of train ¢. Finally, we use J; (I;) as the set of departing (arriving) parts with
the same matching configuration as arriving part i (departing part j).

The parameter () models a penalty for each arriving part that is used.
The parameters w;; model the costs of assigning arriving part ¢ to departing
part j. An element of these costs is, for example, the difference between the
arrival and departure times of parts ¢ and j.

The model is:

minimize Q Z u; + Z Z Wi %ij (1)
iel i€l jET;
subject to d o =1 Vte T (2)
i€ALT
Z U; — Z U; = 0 VtET“,VhEC’t_ (3)
i€ALT i€A]”
> ov =1 vt € T¢ (4)

. t4
JEA,



v — > v =0 vt € T, Vh € CF (5)

JEALT JEA]T
JjE€J;

Z Zij = Uy VJ eJ (7)
’iEIj

Zijy Uiy Uj S {0, 1} Vi € I,Vj eJ (8)

The objective (1) is to minimize the weighted sum of the number of parts
and the assignment costs, since minimizing the number of parts results in
assignments where train units are kept together as much as possible. Path
flow constraints (2) and (3) assure the covering of each arriving shunt unit
by a part, while constraints (4) and (5) assure this for each departing shunt
unit. Assignment constraints (6) guarantee that each arriving part is assigned
to a departing part if and only if the arriving part is a result of the train
decomposition. Constraints (7) model this for the departing parts. The
outcome of this step is a set of arriving parts assigned to departing parts,
which we earlier called blocks. These blocks are used in Step 2.

In practice, it is possible that an arriving shunt unit is not assigned to
a departing shunt unit in the planning period. In this case, the unit will
remain parked at a shunt track until the end of the planning period. This
can be incorporated easily by allowing dummy assignments. Of course, a
similar argument holds for departing shunt units that are not assigned to
arriving shunt units.

In Section 6 we show that this formulation can be solved quite efficiently
by using the standard MIP solver of CPLEX 6.5.

5 Assigning units to shunt tracks

As we described in the previous section, the matching of supply and demand
of shunt units results in a set of blocks B. Blocks that do not need to be
parked at a shunt track are not included in the set B. For each block we know
the arrival and departure times and the arrival and departure platforms.
In addition, we also have the route costs between these platforms and all
feasible shunt tracks for each block. Notice for free tracks these costs can
differ between the left and right side of such a track. Given this information,
the second step in our solution approach consists of assigning blocks to shunt
tracks at minimum costs, such that the capacity of the shunt tracks is never
exceeded and that there are no crossings among the blocks. Recall that a
crossing occurs if one block obstructs the arrival or departure of another



block. We call this subproblem of assigning blocks to shunt tracks the Track
Assigment Problem (TAP).

5.1 Mathematical formulation

We formulate the TAP as a Set Partitioning Problem with side constraints.
The main reason is that modeling the problem directly will lead to a very
complex model with considerable variations for different special cases. This
approach is thus not very robust with respect to future extensions and solu-
tion strategies. For our formulation, we define a track assignment, or shortly
an assignment, as a feasible assignment of a certain subset of blocks to a
particular shunt track during the planning period. Here, an assignment is
feasible if the following conditions hold:

1. it does not contain crossings;

2. the total length of the units on the track never exceeds the length of
the track;

3. all blocks of the subset are allowed to park at the track.

Table 1 and Figure 3 (see Section 2) contain an example of a feasible assign-
ment of blocks to a shunt track.

Let S be the set of shunt tracks, furthermore, let K® be the set of as-
signments on track s € S, and K; the set of assignments on track s € S
containing block b € B. We define the following decision variables:

s 1 if assignment k € K* is used on shunt track s € S;
e = 1 0 otherwise.
B 1 if block b € B is not parked on any shunt track s € S;
Yoo = 0 otherwise.

Note that the number of variables z; grows exponentially in the number of
blocks. The parameters c¢j model the costs of assignment & on track s. These
costs consist of the following aspects:

1. The sum of the route costs of of the different blocks in the assignment.

2. A penalty if a less desired track is used. This penalty is related to the
duration of the occupation by the blocks of the track.

10



In practice, there are also other elements of these costs, like penalties if
units are in the wrong order on the track, that we do not consider in this
paper.

In addition, the parameter d models a penalty if a block is not assigned to a
track. The TAP is then formulated as follows:

minimize »_ Y cap+d D u (9)

seS keKs beB
subject to Y > mp+y, =1 Vb e B (10)
s€S keK;
Yo <1 Vs e S (11)
keK®
x; € {0,1} Vse S,Vk € K* (12)
U € {O, 1} Vbe B (13)

We aim at minimizing the costs of a shunt plan, such that as many blocks as
possible are assigned to a shunt track. Constraints (10) state that each block
is covered by exactly one assignment on one shunt track or it is not parked
at all. Furthermore, constraints (11) model that each shunt track can have
at most one assignment.

A major advantage of the proposed formulation is that difficult con-
straints with respect to the feasibility of an assignment are taken into ac-
count implicitly. A way to overcome the disadvantage of exponentially many
assignments to tracks in the number of blocks is discussed next.

5.2 A column generation algorithm for assigning blocks
to shunt tracks

The general Set Partitioning structure allows for the application of solution
techniques that are efficient for several special cases. Because the number
of assignments grows exponentially in the number of blocks, we propose a
column generation approach. We refer to Barnhart et al. [1998] for a general
discussion on column generation in an integer programming context.

In our setting, the master problem consists of selecting a set of track
assignments according to the model (9) - (13). More detailed, we propose a
heuristic algorithm, where columns are generated dynamically to solve the
LP relaxation of TAP, and we solve the integer problem without generating
additional columns, as opposed to an exact branch-and-price algorithm.

In the pricing problem, assignments for individual shunt tracks are gen-
erated implicitly and independently. Here, new columns are generated based

11



on dual information obtained from the master problem. Therefore, we intro-
duce dual variables A\, (b € B) and ps (s € S) for constraints (10) and (11),
respectively. The structure of the pricing problem can vary with the specific
characteristics of the TAP. However, the structure of the master problem
does not change.

Now, we first discuss a network representation for the pricing problem
and then give a dynamic programming algorithm for solving the resource
constrained shortest path problem in this network. This algorithm results in
a set of promising columns or corresponding assignments for a shunt track.

5.2.1 The network representation

In order to generate assignments for one shunt track, we use a network rep-
resentation of the problem. Let F' be the set of different approach types to
and from the shunt track. For a LIFO track, F' contains only one element,
namely arriving from and departing to the same direction, either left or right.
However, for a free track, F' contains four elements:

Arriving from the left and departing to the left (LL).

Arriving from the left and departing to the right (LR).

Arriving from the right and departing to the left (RL).

Arriving from the right and departing to the right (RR).

We assume that the set of blocks B that need to be parked is ordered
increasingly in the arrival time. Each block b € B is represented by a layer
Ly, consisting of nodes ng’e with f € F and a node n?_,, which corresponds to
not parking block b on the track currently under consideration. The nodes
of the network contain a source o, a sink ¢ and for each block b the layer L.
The arcs in this network are directed from the source to every node in the
first layer, from every node in the last layer to the sink, and between two
nodes in consecutive layers if the corresponding blocks and approach types
can be assigned to the current track without introducing crossings. If an arc
would introduce a crossing we call it infeasible. If we define B~ as the set of

blocks excluding the last one, we can define our network G = (N, A) as:

N = |J LyU{o,t} (14)
beB

A ={(n},n"™) b€ B i€ Ly, j € Ly1, and (n],n%™) is feasible} U (15)
{(lo,n}) i e Liyu{” 1) je L) (16)

12



We illustrate this network in Figure 5 with the example shunt plan of Table
1 (see Section 2) for a single free shunt track. The bold arcs in this figure
represent a path through the network. This path corresponds with an as-
signment where all blocks are parked on the track. Furthermore, the first
block arrives from the left and departs from the right side of the shunt track,
while the second block arrives and departs from the left side and the third
block arrives and departs from the right side. Note that there are no arcs
from e.g. node 'LL’ in layer 1 to the nodes ‘LR’ and 'RL’ in layer 2, because
these would introduce crossings, which are not allowed.

L, L, L;

O
W i\
o S/ Ve

Figure 5: An example of a network for a free shunt track with three blocks.

Costs are defined on the arcs of the network. The costs of an arc represent
the costs of the node to which the arc is directed, which are the costs of
assigning a certain block to a certain shunt track, arriving from and departing
to this track via its specified sides. Furthermore, the costs on the arcs to the
sink model the usage of the shunt track.

The reduced costs of an arc (n?,n?“) are equal to the costs of this arc
minus the dual costs A\y.1 of block b+ 1. In addition, the reduced costs of an

arc (o,n}) are defined as its costs minus the dual costs A\; and, moreover, the

reduced costs of an arc (nLB‘,t) are equal to its costs minus the dual costs
s of the corresponding shunt track s. Using the reduced costs on the arcs,

13



the reduced costs of a path represent the reduced costs of the corresponding
assignment k on shunt track s, which we denote by ci. Finally, let B} be the
set of blocks of assignment k parked on track s, then

g =c— > N—ps VseS keK® (17)

beB;

A path in the network represents a feasible assignment of the blocks to
the track if several additional constraints are satisfied. These constraints deal
with the length of the blocks on the track and their arrivals and departures.

5.2.2 The dynamic programming algorithm

The general dynamic programming procedure, where we define P; as a set of
feasible (0 — i)-paths in G, can be described as (see also Freling [1997]):

For each node 1 € N
For each path p € P,
For each arc (i,j) € A
ppe=CheckRules(p, (4, j));
If p7* exists, then UpdatePathList(P;, pj«);
Endfor
Endfor

Endfor

In the function CheckRules(p, (, j)) several rules are checked to determine
whether the path obtained by extending path p with arc (i, j) is feasible,
and, if so, the new path p;®’ is returned. At the same time, several key
values (called resource consumptions, see Desrosiers et al. [1995]) of variables
necessary for efficiently checking the rules are updated for the new path. We
purposely loop first over the paths and then over the arcs. Since a path is
considered for several arcs, the removal of blocks that have departed and the
corresponding updating of resource variables is done once for each path only.

In case of a LIFO track, the resource variables are the costs of the path,
the total length of the blocks currently on the track, and the earliest depar-
ture time of the blocks currently on the track. This earliest departure time
is the departure time of the first block on the departure side of the track.
In case of a free track, instead of the earliest departure time, we register the
earliest and latest departure times at both sides of the track. For both track
types, feasibility can be checked by verifying that the total length does not
exceed the track length, and by comparing departure times of the assigned
blocks in order to avoid crossings.

14



In UpdatePathList(P;, p7*), the list of paths P; is updated for the new
path p7*“. In order to facilitate dominance checking, the paths in P; are kept
in lexicographical order of the values of the resource variables, including the
reduced costs of the path. A path p; is dominated by a path p; if all the
resource variables of p; are dominated by the resource variables of p;. For
example, p; is dominated on the resource variable ‘length’ if the total length
of the blocks of p; currently on the track is larger than the total length of
the blocks of p; currently on the track. The list can be updated in one loop:
as long as the new path is lexicographically smaller than the paths in the
list, we need to check if the new path is dominated. Otherwise, we can insert
the new path and loop through the remainder of the list, thereby removing
paths that are dominated by the new path. The benefit of the lexicographical
order is that we do not need to check the first resource variable, whilst looping
through the remainder of the list.

The concept of the ‘not node’ can be used in many other applications
using column generation, such as e.g. crew scheduling with fixed costs for
each duty. The ‘not node’ has two effects: it greatly reduces the number
of arcs in the network, because arcs are only present from one layer to the
next. Furthermore, it helps to concentrate path lists at a restricted number
of nodes, because extending a path with the ‘not node’ of the next layer
is always feasible. Because of the layered structure of the network and the
usage of the ‘not nodes’, the number of arcs |A| remains small:

Al < [Lo[*(I1B] = 1) + 2|Ly| (18)

Note that in (18), |Ls| is independent of b (5 for free tracks and 2 for LIFO
tracks). Furthermore, because of the concentration of paths at these ‘not
nodes’, dominance has more effect and more paths are deleted as compared
to having a larger network without the ‘not nodes’, where the ‘smaller’ path
lists are divided over much more nodes.

6 Application to a railway station in the Nether-
lands

The solution method proposed in this paper has been applied to the railway
station Zwolle in the northeastern part of the Netherlands (see Figure 2).
This station is chosen because relatively many shunting processes take place
there and the capacity in terms of the total length of the shunt tracks is
scarce. We considered a period from 8 o’clock in the morning to 8 o’clock
in the next morning. During this period, between 550 and 600 trains, which
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consist of between 800 and 1100 train units, arrive at and depart from Zwolle.
These numbers differ for each day of the week. Furthermore, many trains are
through trains and do not need shunting. Typically, approximately 80 units
need to be parked. The train units range in length from 44 to 124 meters,
while the 19 shunt tracks of Zwolle vary in length from 114 to 390 meters. Of
these 19 shunt tracks, 15 tracks are free tracks and 4 tracks are LIFO tracks.

The scenarios we used for our computational results are differentiated
from each other by the following aspects:

1. The objective function in Step 1. We consider the following three ob-
jective functions:

(a) Minimization of the number of blocks. Here, we only introduce a
high penalty @) in the objective (1) and set w;; equal to 0 for all
7 and 7.

(b) Minimization of the number of blocks and minimization of the
deviation of the average length of stay. We model this by choosing
w;; as the square of the time difference between the arrival of part
i and the departure of part j in addition to the penalty of (1a).

(¢) Minimization of the number of blocks and maximization of the
deviation of the average length of stay. Therefore, we model w;;
as a penalty, which is imposed when the difference in length of
stay between parts ¢ and j lies between 2 and 10 hours. Again,
this cost structure is added to the penalty of (1a).

2. The approach type of the free tracks. In the realistic case we consider
the 15 free tracks as free tracks, while in the LIFO case we consider
them as LIFO tracks. In practice, each free shunt track has a preferred
side of approach, which becomes compulsory in the LIFO case.

3. The day of the week. Here we considered a Tuesday / Wednesday in
the summer of 2001 as well as the Saturday / Sunday in the same week.

The scenarios are labelled in Table 2. In Table 3 we describe the compu-
tational results for the scenarios on Tuesday, while Table 4 gives these results
for the scenarios on Saturday.

All computations were carried out on a PC with an Intel Pentium 4 1.6
Ghz. processor and 256 Mb. of internal memory. In addition, we imposed a
maximum time of 40 minutes to CPLEX 6.5 for solving the MIP problem.

In Table 3, we see that, although it greatly complicates the problem and
free tracks may have a preferred approach side, modelling the tracks as free
tracks pays off. Furthermore, the scenarios TD and TF have large gaps. The
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la | 1b | 1c
Realistic Tuesday | TA | TB | TC
LIFO Tuesday TD | TE | TF
Realistic Saturday | SA | SB | SC
LIFO Saturday SD | SE | SF

Table 2: Labelling of the scenarios.

Scenario TA TB TC TD TE TF
Runtime (in sec.) for Step 1 2.2 2.2 2.0 2.0 2.1 2.0
Number of blocks 67 68 67 67 68 67
Runtime (in sec.) for Step 2 3327 1851 1563 2499 1589 2481
LP solution value 5734.00 | 5901.50 | 5691 6704.10 | 6826.50 | 6625.50
IP solution value 5928 5971 5691 8435 6925 7573
Gap 3.27% 1.16% 0.00% | 20.52% 1.42% 12.51%
# Columns generated 4815 4664 4538 3349 3528 3318

# Iterations of column generation | 95 80 95 73 71 70

Table 3: Computational results for Tuesday at Zwolle.

reason is that our heuristic does not generate columns after solving the LP
relaxation. Therefore, in both cases one block cannot be parked on any shunt
track, while this is possible for the LP relaxation. Thus, a good choice of the
objective function in Step 1 may result in parking one or more units more
in Step 2. Increasing the maximum time for solving the MIP problem did
not improve the solution, which confirms our conclusion. The runtime of the
solution approach lies roughly between 20 and 40 minutes with scenario TA
as an exception. This is acceptable in practice, since it may take planners
several days to create these plans.

Scenario SA SB SC SD SE SF
Runtime (in sec.) for Step 1 1.2 1.1 1.1 1.2 1.1 1.1
Number of blocks 48 48 48 48 48 48
Runtime (in sec.) for Step 2 131 90 67 55 200 47

LP solution value 3612.00 | 3680.83 | 3497.33 | 4686.33 | 4611.83 | 4551.75
IP solution value 3662 3699 3528 4740 4748 4601
Gap 1.37% 0.50% 0.87% 1.13% 1.29% 1.07%
# Columns generated 26488 27070 24469 19274 17836 14838
# Iterations of column generation | 41 45 44 38 32 31

Table 4: Computational results for Saturday at Zwolle.

For this Saturday, Step 1 resulted in 66 blocks, but since 18 arriving
parts are already parked at a shunt track, there are only 48 blocks to be
parked in Step 2. The results for the Saturday show that a lot more columns
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are generated, in less iterations. The reason is that, since many train units
at Zwolle remain there the entire weekend, dominance, based on length of
stay, during the generation of columns has less effect. Furthermore, this also
results in a large reduction in the runtime as compared to the Tuesday. In
addition, the gaps are typically around 1%, which implies that our solution
approach works very well for these scenarios. The structure of the Saturday
ensures that objective function (1c) results in the best solutions. Again, we
see that restricting the free tracks to LIFO tracks deteriorates the solution
considerably.

7 Conclusions and future research

In this paper, we described the train unit shunting problem in a railway
station. The problem is split into two steps, where one step matches arriving
and departing train units, and the other step assigns train units to shunt
tracks (the Track Assignment Problem, or TAP).

The computational results show that the matching step can be solved
quite fast by the MIP solver of CPLEX 6.5. For the TAP, we propose a
column generation heuristic. This heuristic uses dynamic programming for
generating the columns. The underlying network structure is a novelty and
speeds up the heuristic. Here, the heuristic results in near optimal solutions
in an acceptable computation time in most cases.

In future research, we will extend the presented models and solution
approaches to support planners for several related processes, such as crew
planning, cleaning, and maintenance. Furthermore, we will also focus on
extending the application of our solution procedure to other stations.
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