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Abstract

This paper treats theoretical and practical aspects of train management in freight shunting
yards. It is a literature survey extending the previous ones and presenting the new important
papers published in the last decade. The operations realised in such yards are formalised by
modelling them in unified modelling language diagrams and the algorithms implemented
to solve the optimisation problems of operations management for the different types of
freight shunting yards and for the existing models are presented. The details on real yards
that can be found in the literature are also reported, to allow the reader understanding what
case studies can be actually tackled with the existing methods.

1 INTRODUCTION

The literature on railway system optimisation is vast. Some of
the main problems are called line planning, timetabling, plat-
forming, rolling stock, and crew scheduling [1]. These problems
typically consider passenger railway systems. However many
studies on less known problems exist. In this work, we propose
a review on recent literature dealing with freight railway systems.

European rail freight traffic has been in steady decline for
about 25 years [2]. However, political authorities as the Euro-
pean Union continue to push for the evolution of this mode,
mainly for improving social and environmental aspects. For
example, new technologies are to be introduced in freight shunt-
ing yards (named simply yards in the rest of the paper), which
are areas where operations are performed to create and recom-
bine freight trains. Nowadays these yards automate some of
their operations (e.g. through automatic switches and auto-
matic brakes) but the integration of optimisation tools into their
management is still lacking.

We focus on a type of yard operating Car Load services, as
opposed to full train load ones [3]. In the former, trains must
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be split and cars recombined to form new trains since they do
not share the same origin and/or destination. In the latter, trains
keep their structure throughout the whole journey since all cars
have the same origin and the same destination. Indeed, when full
train load services need to stop in yards, the operations to which
they are submitted can be seen as a subset of those performed
on car load ones.

Even though the full chain of operations in a shunting yard is
a complex process, it can be generally summed up by the follow-
ing basic operations: an incoming train is stored on a receiving
track; after inspection its cars and locomotive are decoupled;
the cars are pushed over an artificial hill named hump and
roll towards classification tracks where they are coupled again;
finally a new train is formed and stored on a set of departure
tracks waiting for its departure time.

The efficiency of yards has an impact on the fluidity of
the global rail system and on trains travel time. In ref. [4], it
is stated that the percentage of yard time compared to total
travel time of a train may be from 10% to 50%. Efficiently
managing yards may allow to decrease this percentage. Today,
this efficiency is sought mostly manually by operators, and
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practically no intelligent decision-support tool is used in real
cases.

This paper reviews the state of the art on yard manage-
ment, following refs. [5] and [6]. Many of the existing algorithms
are interesting mostly from a theoretical perspective but are
not necessarily practical in real-world yards. This is due to the
fact that only very specific sub-problems are typically tackled,
neglecting the complexity of the overall operations [7]. Nev-
ertheless, a few studies consider more comprehensive models
(i.e. models covering additional operations performed in yards),
thus moving a step closer to real operational conditions. We
report the analysis of these studies after detailing the ones on
the sub-problems they partially build on.

In the presented literature, the problems tackled are often
presented with little description of their role in the overall
yard management process. Moreover, various terms are used to
designate the same concepts. To provide a systematic and com-
prehensible review of the state of the art, we first propose a
formal description of yard management elements and processes.
To the best of our knowledge, such formalisation has never been
presented before, and it constitutes an original contribution of
this paper. In particular, we start our analysis with the descrip-
tion of the layout, rolling stock and operations through unified
modelling language (UML) diagrams. UML is a standard lan-
guage for specifying, visualising, constructing, and documenting
systems and processes. As further contributions, we summarise
the main real case studies tackled in the literature to allow the
reader picturing the difficulty of solvable instances. Moreover,
we propose a glossary which aims at bringing together the main
terms used in the papers, underlying the many synonyms often
used in the literature.

The rest of this paper is organised as follows. In Section 2,
we formalise the main elements and operations which typically
characterise yards and can differ from one yard to another.
In Section 3, we highlight the differences between the numer-
ous models and optimisation methods for the management of
typical yards. In Sections 4 and 5, we review the recent con-
tributions on yards management while in Section 6, we briefly
review important recent papers on other types of freight yards.
In Section 7, we gather data found in the literature on real yards
(e.g. number of tracks, number of trains treated per day etc.)
while we report in an appendix the general glossary used in the
cited literature.

2 LAYOUTS, ROLLING STOCK, AND
OPERATIONS IN YARDS

Although many variants exist, the general sequence of opera-
tions in a yard can be described as follows. When a train arrives,
it is stored on a first set of tracks where its cars are inspected.
Then, the locomotive is stored to be coupled later with a new
train and the cars are detached from each other. A shunting
locomotive arriving behind the cars pushes them over a hump.
Rolling down from the hump with the aid of gravity, the cars
are classified on tracks dedicated to forming the new trains they
will leave the yard on. The route setting is typically automated

through a car identification system. Once a new train is formed,
it is stored on a last set of tracks to wait for the right time to
enter the rail network.

In addition to the way operations are organised, the efficiency
of yard management is directly linked to the particular layout
of the infrastructure [8]. Even if the layout considered in the
literature is often the same, there is a great variety of yards in
reality. Figure 1 represents a typical yard layout where the tracks
can be divided into four different parts: receiving tracks, hump,
classification tracks, and departure tracks. Moreover, yards can
have a return track which connects the classification to the
receiving tracks. The presence and characteristics of these parts
differentiate yard layouts.

Trains entering a yard are called inbound trains. They are
stored in the receiving tracks, and once the cars have been
uncoupled from their locomotive and are detached from each
other, the series of cars on a receiving track is called a cut. Train
locomotives are mainly used to enter and leave the yard, while
shunting locomotives are used to push and pull cars along yard
tracks. The new trains which are built on the classification tracks
and which will leave the yard through the departure tracks are
called outbound trains.

To formalise the yard features that are relevant for the analy-
sis of the literature, we use UML. It is based on the description
of a system through a conceptual model, made of concepts
and their relationships. On the one hand, entities are statically
described through classes. They are organised thanks to inher-
itance relations: specific classes incorporate the structure and
behaviour of the more general ones. Classes and inheritances
are grouped into class diagrams. On the other hand, activity
diagrams, are dynamic views of the system showing the char-
acteristics of the processes that are performed. Through this
pictorial language, we can achieve a high level of formalisation
without the need of a very technical codification.

Figures 2 and 3 collect the rolling stock and the layout into
two class diagrams. Trains and tracks are specified according to
their functions in the yard. Figures 7 and 8 represent Activity
diagrams formalising yard operations. The former considers a
full yard and the latter specifies the composite activity related
to the creation of an outbound train. Based on these dia-
grams, we start describing the rolling stock and layout classes
in Sections 2.1 and 2.2. Then, we focus on operations in
Section 2.3.

2.1 Rolling stock

The main classes related to rolling stock are depicted in
Figure 2. Both inbound and outbound classes are specifications
of the generic Train class, as indicated by the generalisation
paths (empty-head arrow). A train may aggregate one or more
locomotives and one or more cars and this is shown through
aggregation connectors, i.e. lines terminating with an empty
diamond. On each of them, we indicate the cardinality windows
to show the number of elements of each class which needs to
be included in a train. Similarly to the train class, the cut class
aggregates cars and possibly a shunting locomotive.
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FIGURE 1 Schematic representation of a typical yard

FIGURE 2 UML class diagram: rolling stock

2.2 Layout

Track is the main class of the layout class diagram shown in
Figure 3. It specifies into the receiving, hump, classification, and
departure classes. Composite association paths, i.e. solid dia-
monds connectors, link the yard class and the specified tracks.
They define the composition of a yard: a yard is composed by
zero or more elements of each specified track class, apart from
classification tracks which are necessarily existing. Moreover,
the diagram points out how the specified tracks are connected
to each other. The simple arrows, also called “association
arrows,” are used to represent these connections. Specifically,
if all the classes of tracks are present, the receiving tracks are
connected to the hump, which in turn is connected to classifi-
cation tracks. Classification tracks are connected to departure
and receiving tracks through the return track. The simple tracks
through which these connections are ensured also participate in
the composition of the yard. Every class but the yard has one
or more attributes whose names are preceded by a # character.

Receiving tracks are characterised by cuts and inbound trains
which can occupy them, while hump and classification tracks are
characterised by cars. Outbound trains are created on classifica-
tion tracks and then occupy departure tracks. Finally, methods
are defined for each specified track class and their names are
preceded by the character+. They represent the operations that
take place on such tracks and will be discussed in Section 2.3.

Following the depicted schema, the layout can differ from
one yard to another. Its particular characteristics can make the
system and the management processes more or less complex.
We partition these characteristics depending on the four spec-
ified track classes: receiving tracks, hump, classification tracks,
and departure tracks. For each of these classes, we list the main
aspects impacting complexity as follows:

∙ Receiving tracks: In yards with long receiving tracks, several
inbound trains can be sent to one track in order to form a cut.
Once all the locomotives have been detached and moved to
specific tracks along the receiving tracks, the full cut is pushed
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FIGURE 3 UML class diagram: layout

(a)

(b)

(c)

FIGURE 4 Example: single-stage classification
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over the hump. In this case, the combination of the differ-
ent series of cars on receiving tracks can be strategic for the
effectiveness of the yard management.
Moreover, some yards do not possess receiving tracks. Hence,
in Figure 3, for such tracks, we indicate the cardinality win-
dow [0..*] starting at 0 on the composite connector linking
receiving and yard classes. If there are no receiving tracks,
inbound trains are stored directly on classification tracks.
Finally, the cardinality windows ([1..*] and [1..2]) of the sim-
ple arrow connecting receiving and hump classes in Figure 3
show that each receiving track is connected to at least one of
the two humps for the case of a 2-hump yard.

∙ Hump track: There is not necessarily only one hump track
connecting the receiving and the classification tracks, even
if this is the most common case. In Figure 3, we specify a
number of humps equal to 1 or 2.
Depending on the presence and the characteristics of hump
tracks, there are three categories of yard:
1. flat-shunted yard,
2. gravity yard,
3. hump yard.

∙ The flat-shunted yard has neither hump nor hill: the shunt-
ing locomotive pushes the cars up to the classification tracks.
In this case, more energy is in general consumed by loco-
motives than in the case of classic humps, and this can have
an impact on the strategy employed by operators. The grav-
ity yard does not have any hump as well but trains are going
downhill from receiving to departure tracks. It is considered
as the most efficient process and is very often used on large
systems [9, 10].
In the general case, the hump is connected to all classification
tracks or a subset of them (cf. cardinality window [1..*] on the
simple arrow connecting the two classes).

∙ Classification tracks: The length of classification tracks can
have a remarkable impact on the shunting process. For exam-
ple, if these tracks are too short to build a full outbound train,
the train is divided into sub-trains on several tracks, which are
then merged on a longer departure track.
The number of classification tracks is also important. If there
are fewer tracks than the number of outbound trains to build
from a set of inbound trains, the shunting process must be
adapted. In this case, some classification tracks called mixing
tracks can be used to store cars while waiting for a typi-
cal classification track on which the outbound train can be
assembled. The typical classification tracks are then called
formation tracks, and are used to build outbound trains. We
will go back to the description of this process in Section 2.3.
In Figure 3, we specify if there is a return track with a sim-
ple arrow connecting multistage classification and receiving
classes and with cardinality [0..*]. Moreover, the diagram
shows that classification tracks are connected to departure
tracks, if they exist, through the cardinality windows [1..*] and
[0..*] on the simple arrow between the two classes.

∙ Departure tracks: Some yards do not have departure tracks.
It is represented in Figure 3 with the cardinality window [0..*]
on the composite association path of the departure tracks.
Similar to the case in which no receiving tracks are present, in

case of no departure tracks, outbound trains which are ready
to leave the yard stay on a classification track until their depar-
ture. In such a case, the number of available classification
tracks is more critical.

In addition to the presence and characteristics of the specified
tracks, other peculiarities can differentiate yard layouts. In some
yards, trains enter and leave from the same side (they are called
“yards with one end”). Moreover, tracks can have several func-
tions concurrently (e.g. receiving and classification tracks). This
case appears generally in yards which deal with a small num-
ber of trains since capacity is significantly reduced. Finally, in
some cases there are specific tracks, like transit tracks used to
bypass the classification area, or tracks used to store the loco-
motives decoupled from inbound trains. If present, the latter
typically start between the receiving tracks and the hump and
end between the classification and the departure tracks. A stor-
age area can then be accessible in order to store locomotives. In
this area, locomotives can wait the outbound trains they will be
attached to.

2.3 Operations

Operations tend to differ from yard to yard. A main difference
is linked, first of all, to the number of classification stages. A
stage is a sequence of classification operations which concre-
tise in a series of cars being moved once from a receiving to
a classification track. If this movement does not bring the cars
in a suitable configuration for building an outbound train, for
example if they are stored in a mixing track as mentioned in
Section 2.2, a second classification stage is necessary, i.e. the
cars need to be brought back to the receiving tracks. To realise
this operation, which is called a pullback, a shunting locomotive
pulls the cars through the return track.

Depending on the number of stages which characterise oper-
ations, we can classify the types of classification of a yard into
three categories:

∙ single-stage classification,
∙ multistage classification with mixing tracks,
∙ multistage classification with car ordering.

In single-stage classification yards, cars are moved only once
from receiving to classification tracks. Once they reach the lat-
ter, they start composing the outbound train to which they
should belong. Figure 4 shows an example of operations in a
single-stage classification yard.

Here, an inbound train is stored on a receiving track. There
are two planned outbound trains which have to be built from
the inbound train with composition (4,1,3,2). Two pairs of cars
share the same destination: (1,2) and (4,3). No order is required
for the cars of each outbound train.

In Figure 4(A), the inbound train becomes a cut when its
locomotive and cars have been uncoupled. The cut is pushed by
the shunting locomotive (Sh1) over the hump and the cars go
downhill to the selected classification track for each car. Then,



6 DELEPLANQUE ET AL.

(a)

(b)

(c)

(d)

FIGURE 5 Example: multi-stage classification with cars ordering

in Figure 4(B), (1,2) and (4,3) are coupled. Finally, in Figure 4(C),
once the outbound trains have been pulled to be stored on
the departure tracks and attached to their respective locomotive
(Loc1 and Loc2), they wait the right moment to leave the yard.

In multistage classification with mixing tracks, there are not
enough formation tracks to start building all outbound trains.
For trains which must wait an available formation track, cars are
stored in one or more mixing tracks. These cars will need to be
pulled back to the receiving tracks at least once.

Finally, in multistage classification with car ordering, cars can
be immediately used for composing the outbound train they are
aimed to, but they must be placed in a specific order. Hence, it
may be necessary to pull them back to the receiving tracks once
or several times.

In Figure 5, we propose an example of a multistage classifica-
tion with car ordering. As in the single-stage example, there are
two expected outbound trains and two pairs of cars share the
same destination with a specific order: (2,1) and (4,3).

In Figure 5(A) the cut is pushed to the hump, but differently
from the single-stage case, car 1 is routed to a different classi-

fication track than car 2 since they would not be in the correct
order. In Figure 5(B), car 1 is pulled back through the return
track to be re-rolled-in in Figure 5(C), to end up on the same
track as car 2. Then, the cars of both outbound trains are in the
correct order: (2,1) and (4,3). Finally, the trains are pulled to
the departure tracks, waiting to leave once their locomotive is
attached as we can see in Figure 5(D).

Figure 6 shows the different actions of pushing, pulling, and
exploiting gravity force which are used in a yard with a mul-
tistage classification. We consider here the general case of a
hump yard.

Disregarding the number of stages characterising operations,
the main activities carried out in a yard are represented in the
UML activity diagram of Figure 7. In such diagrams, an action
represents a discrete unit of functionality in an activity. We artic-
ulate them depending on their object: inbound train, cut and
cars, and outbound train.

The activity diagram starts with the opening of the yard,
when the (e.g. daily) operations start according to a pre-
determined schedule, and ends with its closure, when all
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FIGURE 6 Schematic representation of the actions/forces moving cars in the different part of the layout

FIGURE 7 UML activity diagram (act) for the operations in the yard (the
composite activity concerning the outbound train operations is given in
Figure 8)

operations are completed. We identify three main groups of
operations:

∙ Inbound train operations: The signal action an inbound train
enters the yard introduces an inbound train in the system,
which is handled by the inbound train operations action. This
starts with the selection of the receiving track where the train
is stored. Then, a specific crew working on the yard inspects
and uncouples the locomotive and the cars going to dif-
ferent destinations. In the receiving class of Figure 3, these
operations are represented by the methods test _and _check,
uncouple_loco(), and uncouple_cars(), respectively.

∙ Cut and cars operations: A cut is considered by the system
once the cars and the train locomotive are detached (cf. Cut
and cars operations action in Figure 7). A shunting loco-
motive is then brought behind the cut (i.e. on the left side
of the receiving track in the typical representation of a yard
in Figure 1) to push it. The cut is pushed over the hump
and the cars roll down to the classification tracks accord-
ing to the route setting sequence defined. This operation is
called roll-in. This sequence is typically automatic, i.e. the sys-
tem recognises the cars and sets automatically the right route
sequence to the selected classification track. In Figure 3, this
corresponds to the methods push_cut () in the receiving class,
roll _down_cars(), and set _route() in the hump class. In a mul-
tistage classification with mixing tracks, if some cars are not

classified at the current stage, they are routed on the mixing
tracks and pulled back to a receiving track at the end of the
stage (method pull _back_cars() in the classification class). For
the cars which have been pulled back, the action then starts
again for a new stage.

∙ Outbound train operations: The system considers an out-
bound train being built once a classification track is chosen
and the first car has reached it. The outbound train opera-
tions action is then executed. This action is signalled with a
trident or “rake” symbol in Figure 7, which means that it is
represented by the sub-activity diagram in Figure 8. The first
operations represent the classification process while cars are
accumulated on the classification track. They can be pulled
back (method pull _back_cars() in the classification class in
Figure 3), once or more than once, from the classification to
the receiving tracks if we are in a case of multistage classifi-
cation with car ordering. Once classification is done, cars are
coupled (method couple_cars() from the classification class).
Then, either a shunting locomotive or the outbound train
locomotive pulls the outbound train to the selected depar-
ture track (method pull _cars()). If a shunting locomotive is
used, the outbound train locomotive will be attached to the
train on the departure track. After some checks (method
test _and _check() in the departure class), the outbound train
waits until its departure time to leave the yard. In Figure 7, the
signal action an outbound train is leaving the yard terminates
the operations of the current outbound train.

Remark that we only mention operations directly touching
trains and cars shunting in the activity diagrams. Indeed, yard
crews may have to perform other operations, such as cars regis-
tration and maintenance. However, we do not explicitly consider
them in this paper since they can be included in the test and
check activities if necessary. In the same way, we do not focus on
the movement of the shunting locomotive. We made this choice
to simplify the diagrams, and it is not restrictive for our litera-
ture review since no existing approach deals with these specific
operations and movements.

The yard operations described in the activity diagrams above
are the ingredients used by the optimisation problems that we
survey in the next sections. Therefore, they can illustrate the
interactions between the different parts of a yard management
problem and consequently the possible articulations between
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FIGURE 8 UML activity diagrams for the composite activity concerning outbound train operations

FIGURE 9 Optimisation problems emerging from yard operations

the different problems tackled in the literature. Any additional
action to be performed can theoretically be formalised in very
similar way using UML diagrams in order to make the yard
description more precise, when additional aspects are added to
a yard management problem.

3 PROBLEMS TACKLED IN THE
LITERATURE

Decisions related to the operations described in Section 2.3
can be formalised into optimisation problems, which are
schematised in Figure 9.

The inbound train track assignment problem consists in
deciding on which receiving tracks inbound trains are stored.
This may be particularly relevant if receiving tracks are long
enough to host more than one train. Another similar situation
is when departure tracks are very long and several trains can be
placed on the same track: this gives rise to the outbound train
track assignment problem. In both problems, different solutions
may have different impacts on the efficiency of the yard. In
some cases, the network infrastructure manager (IM) decides
these assignments. The roll-in sequence problem considers the
order of cuts pushed over the hump and the classification
problem corresponds to the shunting process, solved through
single-stage, or multistage classification.

Presently, the literature almost exclusively focuses on the clas-
sification problem, as we will detail in Section 4. Some works

consider that managing the arrival of trains in receiving tracks
or the departures of new trains from the departure tracks is
not relevant.

Whichever problem is considered, however, input and out-
put definitions are quite constant. Specifically, most problems
consider (at least) the following input:

∙ Estimated time of arrival (ETA) of inbound trains,
∙ estimated time of departure (ETD) of outbound trains,
∙ composition (i.e. sequence of cars) of inbound and outbound

trains,
∙ layout and rolling stock characteristics (e.g. number of tracks,

track lengths, type of cars, car lengths etc.),
∙ duration of each shunting operations.

The solution returned typically includes (at least), the
following output:

∙ Schedule of the operations (time to leave the receiving track,
time to enter the classification track, time to operate a
pullback etc.),

∙ schedule of locomotives,
∙ planned departure time of all outbound trains.

The current schedule of operations and locomotives can also
be part of the input in case the optimisation problem is not start-
ing from scratch but is proposing modifications to an existing
plan, for example to respond to a perturbation.
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For optimising yard operations, the models use a given input
(defining the problem instance) to obtain an output (feasible
solution of the instance) which respects a set of constraints.
The goal is to find the best output (optimal solution) following
the direction of the optimisation which is given by an objective
function, to be maximised or minimised. The most commonly
employed objective function, for both single and multistage
classifications, is the minimisation of the number of classifica-
tion tracks used. For the multistage case, minimising the number
of pullbacks is also frequent. Another typical objective function
is the minimisation of delays of outbound trains. According to
the type of yards and to the models evolution in the literature
over time, several other objective functions have been consid-
ered. For example, some papers focus on the minimisation of
locomotive energy consumption. There are also multi-criteria
objective functions characterising some problems, where crite-
ria are often concurrent (e.g. maximising the efficiency of the
system while reducing the use of resources).

Even if yard management problems can often be seen as well
known optimisation problems, their complexity was not deeply
studied in the literature until recently. Specifically, refs. [11],
[12], and [13] propose an overview on some problems com-
plexity, and, more recently, ref. [8] propose an elaborate study
of complexities for the general single-stage and multistage clas-
sifications. All these problems are sorted by complexity from
polynomial to NP-Hard.

4 ROLL-IN SEQUENCE AND
CLASSIFICATION PROBLEMS

In this section, we report a review of the state of the art on clas-
sification problems. We start with single-stage classification, and
we continue with multistage, with mixing tracks and car order-
ing. The focus of classification problems is very much on the
humping sequence of inbound trains and the distribution of the
cars on the classification tracks, with a more or less detailed
accounting of the shunting and pulling locomotive schedules.
However, a few works try to extend the analysis to other aspects
of the yard, such as the schedule of car inspection or the allo-
cation of receiving and departure tracks. We will discuss these
works in the next section. The works presented in Sections 4
and 5 are summed up in Table 1, where we highlight the oper-
ational decisions on which each work concentrates, as well as
the possible use of simulation techniques and the main algorith-
mic methods devised for tackling each problem. For the sake
of generality and simplicity, we group the problems of assign-
ing a classification track and an outbound train (train makeup
problem) for each car under the label classification track allo-
cation (see, e.g. ref. [14] for more details on the train makeup
problem).

4.1 Methods for single-stage classification

Following the definition of single-stage classification discussed
in Section 2.3, the main optimisation problem tackled most

often in the literature consists in selecting the sequence of trains
and cuts to be sent over the hump, and to determine the classi-
fication track for each car. These operations are those referred
to as cut and cars operations in Section 2.3.

An early contribution for this problem is the one by ref. [15],
who propose an optimisation-simulation framework called HSS
(hump sequencing system) to build the sequences of cuts ready
to be rolled-in. They consider a system where inbound trains
can enter the yard with some delay, and their cars are to be cou-
pled to a later outbound train. HSS optimises the average yard
throughput costs, represented by the cars’ idle time. The main
method behind HSS is based on dynamic programming (DP)
which finds good solutions but requires quite a long compu-
tation time (a computer from the early 80’s required 1 day of
calculation for an instance with 20 trains). If the number of
trains is too high, some trains to be rolled-in will be filtered
(delayed) by a screening procedure according to a specific pri-
ority factor provided by the authors. The system simulates the
state of the yard after each operation and can modify the solu-
tion dynamically or modify some parameters such as the arrival
date of inbound trains.

Ref. [16] propose an event-based model for the same prob-
lem. The model runs on a rolling horizon basis: at the
occurrence of each event, the system is modified and opti-
mised based on the new status. A similar problem, although
applied to passenger trains, is the one treated by ref. [11]. The
authors optimise for two objectives: first, the minimisation of
the number of tracks used and, second, the delays of trains.
They study a case where the composition of outbound trains
is modifiable. The model considers possible late inbound trains
whose cars originally expected in an outbound train can be
delayed and be part of the next one with the same destination.
Delays are weighted according to the priority of cars. To find the
best assignment of trains to classification tracks the problem is
transformed in the so called chromatic number problem, which
consists in finding the smallest number of colours needed to
colour the vertices of a graph such that no edge has two vertices
of the same colour. Here, the authors consider a permutation
graph.

Concurrently, refs. [17, 18] focus on another variant of the
problem, where multiple outbound trains have the same des-
tination and one needs to decide to which outbound train
the cars must be assigned. An optimal solution of the prob-
lem minimises the weighted tardiness of all outbound trains.
The authors introduce the single stage sequencing problem
with weighted tardiness (SSSWT), where the decisions con-
cern the roll-in sequence of inbound trains. The problem,
which is proven to be NP-hard, is modelled mathematically
as an integer program (IP). Two heuristics are also proposed,
in addition to two branch-and-bound procedures tackling the
IP. The best of these heuristics is a tabu Search (for more
details on the tabu search, we refer the interested reader to
ref. [19]).

Inspired by the shunting problem emerging in Chinese yards,
[20] deal with what they call the train marshalling problem
(TMP). To optimise the cut and cars operations, the authors
aim to minimise the number of tracks necessary to build
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TABLE 1 Decision processes that each single-stage paper described in Sections 4 and 5 tackles, along with the main algorithmic approaches of each work.
(B&B) Branch-and-bound; (B&P) branch-and-price; (DCO) distributed constraint optimisation; (DP) dynamic programming; (GA) genetic algorithm; (Heur)
heuristic; (MILP) mixed integer linear program; (MINLP) mixed integer non linear program; (TS) tabu search; (VNS) variable neighborhood search; (ALNS)
adaptive large neighborhood search

Inspector Locomotive Humping Receiving track Classification Departure track Simulation Algorithms

scheduling scheduling sequence allocation track allocation allocation and/or Results

Single-stage

[15] – – ✓ – ✓ – ✓ (DP)

[20] – – – – ✓ – – NP-completeness proof and bound

[47] ✓ ✓ ✓ – ✓ – – (GA) + Fuzzy (MILP)

[49] – ✓ ✓ ✓ ✓ ✓ – (MILP)

[11] – ✓ – – ✓ – – (Heur)

[17] – – ✓ – – – – (MILP) + (B&B) + (TS)

[18] – – ✓ – – – – (MILP) + (Heur)

[46] ✓ ✓ ✓ – – – – (MILP)

[16] – – ✓ – – – ✓ Event-based model

[28] – ✓ ✓ – ✓ – – MILP with valid inequalities

[23] – – ✓ – – – – (DP) + (DP)-based heuristic

[24] – ✓ ✓ – ✓ – – (MILP) + (Heur)

[26] – ✓ ✓ – ✓ – ✓ Rule-based framework

[21] – – – – ✓ – – (DP)

[27] – ✓ ✓ – ✓ – – High-level (MILP) + low-level (Heur)

[22] – – – – ✓ – – (DP)

[14] ✓ ✓ ✓ ✓ ✓ ✓ – (MILP) + (ALNS)

Multistage classification w/ mixing tracks

[29–31] – – ✓ – ✓ – – (MINLP)

[3] – – – – ✓ – – (MILP) + (B&P)

[7] – ✓ ✓ ✓ ✓ ✓ – (MILP)

Multistage classification w/ car ordering

[34] – – – – ✓ – – Approximate formulae

[35] – – – – ✓ – – By-train and triangular sorting

[44] – – – – ✓ – – Robust Algorithms

[37] – ✓ ✓ – ✓ – ✓ (MILP)

[42] – – – – ✓ – – Robust Algorithms

[13] – – – – ✓ – – (MILP) + Bounds + Greedy

[39] – – – – ✓ – – (DCO)

[41] – – – – ✓ – – (MILP) + (VNS)

[40] – – – – ✓ – – (MILP) + (TS)

the outbound trains. All cars are sorted by defining a parti-
tion, in which each set includes the cars assigned to a track
for a future outbound train. A DP algorithm based on the
inclusion–exclusion principle, which solves a graph theoretical
model of the decision version of the TMP, is proposed in ref.
[21]. The algorithm has a computational time complexity of
O(nkt 22t ), where n is the number of trains to sort out, k the
number of available of auxiliary tracks and t the number of
destinations, which demonstrates that the problem is fixed-
parameter tractable when the number of destinations is fixed.
An improved DP algorithm is proposed in ref. [22] that directly

solves the optimisation problem instead of its decision version,
with a worst-case time complexity of O(nt 2t ). This is achieved
by grouping together subinstances that have the same optimal
solution on the one hand, and by using the memorisation
technique on the other, i.e. solving only the subinstances whose
optimal solutions are needed to solve the original instance.

Focusing on another modelling of single-stage classification,
ref. [23] study the assignment of each car from an inbound train
to an outbound train. The authors assume that the inbound
trains are pre-allocated to receiving tracks. The problem does
not detail the sequence of cars over the hump nor the working
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time and the routing of the shunting locomotive. The authors
propose an exact and a heuristic method, both based on DP and
both considering priority values that depend on the urgency and
importance of the cars loads. For example, they handle empty
cars with a very low priority. The time needed to optimally solve
the problem grows exponentially with the size of the instances,
even with the use of the sophisticated upper bound proposed in
the paper. The heuristic is based on the DP algorithm but it does
not explore the whole set of dynamic states. It returns feasible
solutions in a short time for small and medium sized instances.

Ref. [24] tackle the hump yard block-to-track assignment
(HYBA) problem. This problem was proposed as a challenge in
Railway Applications Section (RAS) of the Institute for Oper-
ations Research and the Management Sciences in 2014, see
ref. [25]. Given a planning horizon, the aim is to determine
the schedule (time to be rolled-in) and the routing of cars.
The objective function is the minimisation of the outbound
trains delays. The authors split the problem into three sub-
problems: the hump sequence problem (HSP), the block to
track assignment problem (BTAP) and the pullout allocation
problem (PAP), where a pullout operation consists of pulling
a series of cars from the classification to the departure tracks
again using a specific locomotive. The HSP consists in decid-
ing the sequence according to which the cars are to be pushed
to the hump (one can refer to the roll-in sequence problem of
Figure 9). The quality of a sequence depends on the departure
day of the final car to be processed. The BTAP seeks the best
assignment of blocks to classification tracks, where a block rep-
resents the set of cars with the same destination. Finally the PAP
decides which pullouts to perform from the classification tracks
to the departure track. This problem concerns the outbound
train operations as discussed in Section 2.3 and the move the
cars to the departure track activity. Two of these problems, the
HSP and the PAP, are solved by IP while the BTAP is solved by
a heuristic. The overall algorithm starts by solving the IP of the
HSP. This can be done once since the roll-in sequence remains
fixed for the whole process. Then the authors use a greedy algo-
rithm to solve the BTAP and obtain the schedule of the cars
from the hump to the classification tracks. The IP of the PAP
is solved once all the cuts went down the hump or the classifi-
cation tracks are full. Ref. [26] tackle the same problem using a
simulation approach based on a rule-based framework. Another
approach is advocated by ref. [27], who first solve a rolling
horizon mixed integer linear program (MILP) representing a
high-level description of the problem, where some microscopic
objects like tracks or cars are aggregated into larger objects.
Using the solution obtained from such an aggregated model,
a microscopic detailed solution is obtained using a heuristic
algorithm, which is competitive with the two previous works.

Finally, ref. [28] propose an IP model for the railroad yard
operations plan problem. The authors consider a rather high
level of detail to describe complex yard operations. For instance,
they take into account the different types of locomotives (roll-
in and pullback). The mathematical model is based on a flow
model and it is solved with the help of lot-sizing problems
valid inequalities.

The algorithms discussed in this section focus on a unique
stage but they can be used as a sub-routine to compute a
multistage classification schedule as underlined by ref. [8].

4.2 Methods for the multistage
classification with mixing tracks

As for the single-stage classification, the problems considered
with multistage classification with mixing tracks belong to the
cut and cars operations described in Section 2.3. Here again,
the typical objective of the problem is minimising outbound
train delays, with the additional complexity added by the small
number of tracks available for building them.

Ref. [29] propose a non-linear IP model for the cars classifi-
cation problem. These works have been labelled as single-stage
methods in some previous review papers. However, we think
they more suitably fit in the multistage methods since they con-
sider at least one pullback from the classification tracks to the
hump. Indeed, the operations studied include three pullbacks
per day (one every 8 h). The main inputs of the model are the
arrival times of inbound trains, the expected departure times of
outbound trains and a feasible sequencing plan for cars. The
output is the solution of the IP which returns a roll-in sequence.
The model minimises an exponential function based on the
delays of outbound trains. As in ref. [15], discussed in Sec-
tion 4.1, a distinctive feature of this model is the possibility for a
car to be delayed and inserted in a later outbound train with the
same destination . In ref. [29], the author runs an IP solver for
a limited amount of time. The process stops the branch-and-
bound algorithm and returns the best found solution (which
could be an unproven optimal solution). This technique is called
a truncated branch-and-bound. This work is extended later in
refs. [30, 31]. Ref. [30] focuses on high priority cars which need
to make it on time to their assigned outbound train. These cars
are sometimes stuck between low priority cars, which requires
complex and costly operations to ensure that the high priority
car can make its connection (this is called cherry picking). The
method advocated is to split inbound trains into blocks and to
map these blocks to a specific outbound train instead of a mere
destination. Ref. [31] elaborates on this aspect by allowing to
reassign outbound trains to cars before humping, possibly even
an outbound train leaving earlier.

In the variant of the problem tackled by ref. [3], where
the schedules of inbound and outbound trains are known,
the classification tracks are reserved for building specific out-
bound trains. The classification tracks have a limited and
non-homogeneous length. A mixing track is used to store cars
and to wait for the reserved classification tracks to be available.
The authors propose two IPs to tackle the problem with a sin-
gle mixing track. The first one has an exponential number of
variables and is solved with a branch-and-price method. The
second one is a compact model, i.e. involving a polynomial num-
ber of variables and constraints in the problem size parameters.
The latter obtains the best results. We report below the com-
pact model since we consider it allows to represent quite well



12 DELEPLANQUE ET AL.

the state of the art on this problem without the burden of an
extremely complex formalisation.

It models the problem in terms of pairs of trains scheduled
in immediate succession on the same classification track. Each
series of consecutive cars from the same inbound train which
share the same outbound train is handled as a single car.

Let  and  be the set of classification tracks (the mixing
track is not included) and the set of outbound trains, respec-
tively. a gathers all the outbound trains allocated to track a ∈

. p ∈  represents a stage among the set of stages  . A stage
includes all the movements performed between two pullbacks.
lp(b, b′ ) denotes the total length of these cars. c (b, b′ ) is the num-
ber of extra roll-ins. It corresponds to the number of cars going
to the mixing tracks before being pulled back and then pushed
again to the hump. u and v are virtual trains defining respec-
tively the predecessor of the first train and the successor of the
last train on any track. The only variables of the model are the
threefold indexed binary variables noted xbb′a, b, b′ ∈ a, a ∈ 

and defined as xbb′a = 1 if train b′ is scheduled immediately after
train b (represented as b ≺ b′) on track a and 0 otherwise.

The IP of ref. [3] is:

min
∑

a∈

∑
b,b′∈a∶b≺b′

c (b, b′ )xbb′a (1)

subject to:

∑

a∈∶b′∈a

∑

b∈a∶b≺b′

xbb′a ≥ 1, b′ ∈ , (2)

∑

b′∈

xub′a ≤ 1, a ∈ , (3)

∑

a∈

∑

b,b′∈a∶b≺b′

lp(b, b′ )xbb′a ≤ kmix, p ∈  , (4)

∑

b∈a∶b≺b′

xbb′a =
∑

b∈a∶b′≺b

xb′ba, a ∈ , b′ ∈ a∖{u, v}, (5)

xbb′a ∈ {0, 1}, a ∈ , b, b′ ∈ a. (6)

The objective function (1) minimises the number of extra
roll-ins. Indeed, if xbb′a = 1, b and b′ are in consecutive order
on track a and c (b, b′ ) gives exactly this number. Constraints (2)
force the outbound trains to be in a sequence. If the train is
the first one, it is virtually the second one right after u. Simi-
larly, if it is the last one, it is virtually the one before v. At most
one train can be the first one on each track, thanks to Con-
straints (3). Constraints (4) allow a series of cars on the mixing
tracks at each stage only if its length is shorter than the one of
the track kmix. The last Constraints (5) are based on typical flow
conservation constraints and force outbound trains to have the
same number of predecessor and successor. Finally, the integral-
ity Constraints (6) ensure binary values for the xbb′a variables.
This model is shown to succeed in solving instances represent-
ing the largest hump yard in Scandinavia in less than 20 min, as
will be discussed in Section 7.

4.3 Methods for the multistage
classification with car ordering

When a specific car ordering has to be achieved in outbound
trains, the problem concerns the classify cars composite activ-
ity discussed in Section 2.3. To obtain this order, several stages
may be necessary. Simple sorting algorithms are typically used,
such as sorting-by-block, sorting-by-train, triangular sorting, or
geometric sorting [6, 8 32–34].

Figure 10 represents the main steps of the sorting-by-block
algorithm. The idea is to use one classification track per car of a
given outbound train. Although the algorithm does not specify
what to do with the cars aimed at other trains, they are usually
stored on a mixing track. However, if the number of classifica-
tion tracks is higher than or equal to the total number of cars,
the classification can be single-stage as in Figure 10. Once the
cars are stored in the classification tracks, they are pulled one
by one to the chosen departure track in the correct order. This
algorithm can be efficient when outbound trains are formed by
a low number of cars and yards have many classification tracks.
Indeed, the orders of cars are quite easy to obtain with this
algorithm, although the number of tracks used is high.

The sorting-by-train algorithm is represented in Figure 11.
The main idea is to dedicate each classification track to an out-
bound train. While the cuts are rolled-in, the cars are sent to the
classification tracks according to their target outbound train. In
the example, the operators have to build two trains, sorted as (4-
5-6) and (1-2-3). Then, the sorting-by-train algorithm uses two
classification tracks, one for each outbound train. After the first
stage of roll-in, they obtain trains (4-5-6) and (1-3-2). In another
stage, the series of car (3-2) is pulled back to send (3) to another
classification track. Car (3) is then pulled back to be finally sent
to the same track as (2-1), ending up on its left. Since the two
trains have the right order, they are sent to the departure track.

The triangular sorting algorithm indexes the cars according
to a sophisticated calculation based on the length of the trains.
The obtained indexes lead to an assignment to the classification
tracks. This algorithm uses fewer tracks than the two previ-
ous ones but is very costly in terms of pullbacks. An illustrated
example is given in ref. [6]. The geometric sorting algorithm is
an evolution of the triangular sorting algorithm and considers
some sorting-by-train algorithm principles [35].

In general, the multistage classification with car ordering
can be seen as a sorting problem with n stacks, introduced in
ref. [36] and solved with the sorting stack procedure, with n

being the number of tracks corresponding in the analogy to
n − 1 “classification stacks” and 1 “hump stack”. Since this
work, no paper was proposed with new algorithms for such a
fundamental problem.

To present, analyse, and develop classification methods, ref.
[13] propose a powerful encoding of classification schedules.
This encoding can be used to analyse the efficiency of com-
monly used multistage methods, as shown in the paper for
the simple methods introduced above. Through the encoding,
the authors prove the optimality of a variant of the geometric
sorting in terms of sorting steps, considering presorted input.
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FIGURE 10 Three main steps of the sorting-by-block algorithm

FIGURE 11 Three main steps of the sorting-by-train algorithm

Another IP model is presented by ref. [37], who minimise
both the number of sorting steps and the number of cars
rolled-in during the classification process. In their bi-objective
algorithm, the authors solve a sequence of IP. Moreover, they
consider the case of a yard with multiple humps. In this case,
two classification activities, one per hump, can be run in parallel.
In the modelling proposed, the activities deal with indepen-
dent cars partitions: there is one shunting engine operating on
each hump, and each available classification track is accessed
from exactly one hump; furthermore, every outbound train
is composed using only cars from exactly one partition. The
assignment of trains to partitions is part of the optimisa-
tion process, and it is hence included in the IP model. An
additional contribution of ref. [37] is the application of a micro-
scopic yard simulator for assessing the performance of the
algorithm. The simulator is named Villon and is developed by
Simcon, in Slovak Republic [38]. Such an application allows
the evaluation of the performance independently from sim-
plifying modelling hypothesis which are necessarily present in
optimisation algorithms. The same case study is used in ref.
[39], which considers the order in which the inbound trains
arrive in the yard. They propose an iterative procedure based
on distributed constraint optimisation which obtains heuristic
solutions.

Considering a quite specific utilisation of classification tracks,
ref. [40] propose and IP model and a tabu search algorithm for
the multistage problem with car ordering. Classification tracks
are grouped into empty, clean and mixed tracks. On clean tracks,
outbound trains are built. Mixed tracks are divided into tem-
porary and dirty tracks: the former host cars ordered as in
their aimed outbound trains; the latter are occupied by cars in
scattered order.

Ref. [41] handle a multistage classification problem where
both the number of sorting steps and the total number of
movements are minimised, instead of handling those crite-
ria lexicographically as usually done. Several trains are formed
simultaneously and they consider the problem both at the tac-
tical and strategic levels, i.e. the number and length of tracks
are considered as variables. However, it is assumed that the
inbound flow of cars is given and the number of cars does not
vary over time. A MILP is devised to deal with the problem but
given its intrinsic complexity, a reduced variable neighborhood
search algorithm is also proposed. For instances with more than
200 cars, the metaheuristic algorithm is shown to return better
results than a commercial solver running the MILP.

Ref. [42] propose algorithms for robust classification sched-
ules while considering multiple inbound and outbound trains.
They study a specific type of robustness called “recoverable
robustness” (ref. [43]). Compared to strict robustness, recover-
able robustness excludes cases that hardly ever occur in practice.
The disruptions of their model only involve changes appear-
ing in the sequence of inbound trains cars but not the potential
unavailability of classification tracks. In addition to providing a
feasible solution for the expected sequence of cars rolling over
the hump, their algorithms build sufficiently flexible solutions
so that new stages can be feasibly inserted in the schedule if the
sequence is disturbed (e.g. a delayed inbound train). The algo-
rithms have recovery parameters in order to trade off between a
fast schedule and a robust one. Although their model considers
many cases, the authors define classes of scenarios to experi-
ment on those which are most probable, avoiding extreme and
too rare cases. Ref. [44] discussed the notion of “recoverable
robust solution” from ref. [45] in the context of classification
problems. They consider three different cases: in the first, only



14 DELEPLANQUE ET AL.

the length of the classification tracks (with the number of cars
which fit into one track) is bounded; in the second, only the
number of classification tracks is bounded; in the third case,
neither the length of classification tracks nor their number are
bounded. Only one type of disruption is taken into account at
the same time. The disruptions are the following: one car with
unexpected position, one new car, one missing car (the simplest
case, since nothing has to be changed in the initial schedule) and
one unavailable track.

5 EXTENDED YARD MANAGEMENT
PROBLEMS

Though the vast majority of existing works focuses on the
car humping sequence and classification track allocation, a few
works exist which attempt at including additional parts of the
yard operations and we describe them below.

For the single-stage classification, the work of ref. [46] con-
siders the classification and train assembling sequences as well
as the inspection sequences, as they argue that this may be an
important bottleneck if the number of available inspectors is
low. The assignment of trains to tracks (receiving, departure
and classification) is ignored as the authors do not consider it
a bottleneck in general. The number of available humping and
yard locomotives is also limited. The aim is to minimise the
total dwell time of the cars in the yard. The authors propose
a MILP for this problem and solve it on different scenar-
ios with different numbers of locomotives. This is one of the
very few works which consider the inspection process and
its impact on the scheduling of the overall yard operations.
Another such work is ref. [47], who consider some uncertainty
in their optimisation problem based on typical operations in the
yard. From one scheduled sequence of inbound trains and one
expected sequence of outbound trains, they optimise the oper-
ations schedule of car separation and combination. Operations
related to the switch and the yard engines are considered. To
tackle the problem, the authors first develop a MILP based on
fuzzy set theory to handle imprecise information (ref. [48]). Sec-
ond, they propose a metaheuristic which is a hybrid method of
genetic algorithm and local search techniques. A complete solu-
tion of the model amounts to taking the following decisions:
affect a scheduled outbound train for each car, authorise some
potential delay for some operations and schedule the time to
assemble the outbound trains. The goal is to assemble the maxi-
mum number of cars in outbound trains, with cars spending the
minimum possible time in the yard.

Another example of a single-stage problem, which has sim-
ilarities to the pullout allocation problem (see Section 4.1), is
ref. [49], who formulate as an IP the problem of optimising
the sequence to follow when assembling outbound trains. The
objective is to find a good balance between the minimisation of
the dwell time of each car and the minimisation of the outbound
trains delays at departure. The time horizon of interest is split in
intervals of several hours treated sequentially. In the paper these
intervals are called stages, although they have nothing to do with
pullbacks. In addition to the humping sequence and the classifi-

cation track allocation, the model also includes the allocation of
the receiving and departure tracks in the yard.

Finally, among the class of multistage problems, ref. [7] pro-
pose a comprehensive IP model for track allocation and roll-in
operations timing. The authors consider a specific yard lay-
out with mixing track, and no departure tracks. According to
the activity diagrams depicted in Section 2.3, this work focuses
on Inbound train operations, cut and cars operations, includ-
ing mixing track pullback, and outbound train operations. The
absence of departure tracks and of the need for car sorting
implies that only the couple cars, couple the train locomo-
tive. and test and check for departure activities are taken into
account. The paper covers the first three problems of Figure 9.
For inbound trains, the model takes the arrival track capac-
ity into account. For the classification track allocation, it is a
variant of the model by ref. [3], modulo a few differences due
to the layout of the yard. Classification tracks are allocated as
groups of tracks (clusters) with the same length. Shunting oper-
ation start times are variables of the model while arrival and
departure times of inbound and outbound trains are given as
input. The main part of the work focuses on scheduling pull-
backs, differently from ref. [3] who look for the best sequence
on each track without any time consideration. Scheduling con-
straints ensure that roll-ins and pullbacks do not overlap on the
hump (in the considered yard layout, both roll-ins and pullbacks
use the hump). Every possible combination of activities is taken
into account and modelled into constraints. For example, con-
straints formulate how a pullback can fit between a roll-in and a
departure, between a departure and a roll-in, or even between
two departures. Many precedence constraints are also devel-
oped, e.g. if the classification tracks are all busy, one of them has
to be freed before new cars can be rolled-in to create a new out-
bound train on it. In the end, all of these constraints have to be
activated depending on the case to be dealt with. The paper opti-
mises a multistage yard model with two objective functions. The
first one minimises the work effort which is in fact the minimisa-
tion of the number of pullbacks from the classification tracks to
the hump. It actually minimises the number of shunting oper-
ations like the number of couplings, decouplings, checks, and
shunting locomotive movements. The second objective is the
minimisation of the track costs, that is, of the weighted sum of
the number of receiving tracks and the number of classification
tracks used. The resulting model has many big-M constraints
which, together with the overall large number of constraints,
make the resolution of the model very complex. The results
presented show how difficult it is to find the optimal solution
to relevant instances. However, the model is shown to achieve
interesting performance in several situations.

Finally, the latest contribution regarding integrated models
and algorithms for single-stage shunting is the one of ref. [14].
Their problem considers the assignment of receiving, classifi-
cation, and departure tracks, the outbound train selection for
each car as well as the scheduling of all yard resources, including
tracks, shunting, and pulling locomotives and yard inspectors.
The problem is considered static and does not consider the
routing of trains and locomotives on the yard. The authors pro-
pose a general MILP formulation. Since it is of limited use on
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real-world instances, they also devise an adapted large neigh-
bourhood search heuristic with simulated annealing as an outer
framework, which performs well against the MILP on instances
which can be solved exactly. The sequence of actions to realise
for each train is modelled using a directed graph.

In Table 1, we summarise the analysis of the state of the
art underlying the problems dealt with by each paper and the
techniques used to do so.

6 OTHER YARD MANAGEMENT
PROBLEMS

The literature also proposes algorithms for other, less com-
monly considered, yard management problems. In this section,
we briefly review a few examples of such problems and the solu-
tion methods adopted. Among them, ref. [50] propose an IP
model aiming at dynamic empty car assignment to outbound
trains. The hypothesis is that all cars, full and empty, are planned
to leave a yard on a specific outbound train. While for full cars
this is considered a constraint, the assignment of empty ones is
taken as modifiable, provided that the planned number of empty
cars of each type (box cars, flat cars, gondolas etc.) departs
on each outbound train. Indeed, in case of delayed arrival of
inbound trains, the planned assignment may increase the idle-
time empty cars spend in yards. The authors aim to minimise
the empty car time in yard. with an algorithm based on a slid-
ing time window principle, in which only empty cars in not yet
rolled-in cuts can be re-assigned.

The variability in the trains arrival time with respect to the
original timetable is taken into account in ref. [51] through
a dynamic reoptimisation approach which reassigns trains to
receiving tracks in a yard to minimise the total delay of trains.
Shunting and routing operations, however, are not taken into
account. The authors solve the problem with a MILP model
and with two heuristic approaches, namely a genetic algorithm
and a first-scheduled first-served heuristic for comparison pur-
poses. Different approaches using event-based simulation (and
handling the different yard resources, such as inspection teams)
for a shunting yard management with uncertainty are proposed,
e.g. in refs. [52] and [53].

An approach for dealing with routing in shunting yards is
proposed in ref. [54]. It relies on a knowledge representa-
tion technique called answer set programming and exploits the
knowledge of experts in yard management to find the best
routes for trains inside a yard. The method is more efficient for
very complex problems with complex sets of rules for deciding
the routes.

An increasing amount of literature is dedicated to a different
type of yard, where trains transport containers which are loaded
and unloaded without the need for uncoupling the cars. Such
yards are usually called trans-shipment yards and can feature
rail-rail containers exchanges as well as intermodal exchanges,
e.g. ship-rail or rail-truck trans-shipment. The management of
such yards is a very complex task since the containers are
transported by cranes which must be scheduled efficiently, and
possibly by shuttle cars moving along sorters for long-distant

container moves along the spread of the yard. Moreover, the
containers sometimes need to be stored in a storage area when
their destination vehicle is not available yet. A frequent objective
in such problems is the total processing time or the makespan
of the cranes, as they are linked to the processing time of the
trains themselves or the cost of operating the yard. Some of the
complex decisions to make on such yards are, e.g.:

1. Partitioning the trains into bundles on the parallel tracks,
respecting arrival times and due dates as well as tracks
capacity.

2. Assigning the trains to a parking position on the tracks.
3. Assigning a position to the containers on the trains or ships.
4. Assigning the containers to be moved to a single crane or a

crane pair.
5. Sequencing the cranes operations.
6. Assigning the shuttle cars to split moves which use a pair of

cranes.

An earlier example of optimisation approach for tranship-
ment yards is the work of ref. [55], which deals with the problem
of container loading in rapid rail-rail transshipment yards. Con-
tainers are typically first accumulated in specific sites before
being moved to outbound trains. The problem considered in
the paper consists in determining the initial loading site of con-
tainers and their reloading place on outbound trains to minimise
their transfers within the yard and therefore the use of handling
equipment. Consequences of this optimisation is the reduction
of the train processing time in the yard and thus the total time
for correspondence. The authors propose heuristics and an IP
model for different variants of the problem.

Many works in the literature tackle the optimisation of gantry
cranes on transshipment yards. While the different tasks of the
yard operations used to be tackled individually, ref. [56] propose
a MILP which handles the first three aspects of the yard listed
above in an integrated manner. Ref. [57] tackle the last two prob-
lems, i.e. crane and shuttle car sequencing, as their schedules
are intricately linked together. After showing the NP-hardness
of the problem, they propose a heuristic decomposition where
the subproblems obtained are solved by specific DP algorithms.
Ref. [58] instead seek to minimise the number of containers
that need to be stored in the storage area. They reformulate the
problem as an acyclic partitioning problem on a directed graph
and devise a MILP with valid inequalities, which are based on
the derivation of several solution properties.

An example of a recent work on intermodal transship-
ment yards is the one of ref. [59], who focus on the optimal
loading of containers, maximising the cars utilisation, on dou-
ble stack trains. The problem is solved using a MILP which
takes into account all the loading constraints of the trains. We
refer the interested reader to ref. [2] for a specific survey on
transshipment yards.

Finally, a rather recent trend considers the use of machine
learning (ML) methods to find optimised solutions for several
aspects of shunting yard operations and can help improve the
input data for the problems discussed in previous sections. Ref.
[60] introduces a reinforcement learning method to assemble
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several outbound trains simultaneously in a shunting yard. The
yard layout is very simple and includes only sub-tracks where
cars are temporarily parked and a main track to form outgoing
trains, with cars in the right order. The aim is to minimise the
total processing time considering only one shunting locomo-
tive. Other ML methods are used, e.g. to improve estimates on
trains delay, such as ref. [61] who use support vector regression
to predict updated ETAs of incoming trains in real-time; or ref.
[62] where the departure delay of outbound trains is estimated
using tree-based methods and the synthetic minority oversam-
pling technique. ML techniques can also be of use to improve
the driving profiles of freight trains by estimating their change
in mass over the shunting process [63] or to help regulate of the
speed of cars that slide freely from the hump [64].

7 CASE STUDIES

Although most of the papers cited in the above sections assess
the proposed algorithms on academic instances, some works
tackle case studies representing operations in real yards. To give
the feeling of what the literature may be capable of dealing with
in practice, we gather in this section the information available
on these case studies.

München–Nord yard—Germany: Ref.[18] tackles instances
based on operations in the München–Nord yard. They consider
a 1-day time horizon, with up to 600 cars arriving. München–
Nord is a medium-sized German shunting yard. It is a hub for
Germany, Austria, Czech Republic, and Italy. This yard is highly
automated and has one hump. The number of receiving tracks,
classification tracks and departure tracks are respectively 14, 40,
and 13. 356 switches are installed and the total length of tracks
is 120 km. In 2017, 1379 inbound trains/month have been
received and 1441 outbound trains/month have been built.
There are around 500 transit trains each month, i.e. trains which
cross the yard but do not need shunting. Finally, the hump
capacity is about 250 cars per h. This capacity is large enough
since only 110 cars per h are actually going over the hump (ref.
[65]).

Hallsberg yard–Sweden: The Hallsberg yard, considered in
ref. [3] and located in Sweden, is the largest yard in Scandinavia.
Being right next to a passenger yard, it is a strategic point of the
Swedish rail freight, especially in the north–south freight cor-
ridor. Ref. [3] generate their instances from data related to this
yard. Two tracks are passing over the hump but only one can
be used at the same time due to safety constraints. The yard
has eight receiving tracks with lengths ranging from 595 to 693
m and 32 classification tracks with lengths ranging from 374 to
760 m. Among the classification tracks, two are typically used
as mixing tracks and the 30 others as formation tracks. There-
fore, multistage operations are executed in the yard. It also has
12 departure tracks with lengths ranging from 562 to 886 m.
There are 170 switches and 60 km of total track length. In 2016,
around 1161 inbound trains per month have been uncoupled
to build other 1197 outbound trains per month. The yard has a
capacity of around 167 cars per h while, today, an average of 102
cars per h is handled.

Sävenäs yard–Sweden: Ref.[7] studies the Sävenäs yard in
Gothenburg, Sweden. In the case study tackled, only two roll-
back operations are allowed per day, in average over 4 days. The
4-day instances available contain in average 81 inbound and 100
outbound trains, and 1592 cars. The lengths of the classifica-
tion tracks vary from 360 to 829 m. These tracks are grouped in
clusters according to their length (see the detail in ref. [7]). Two
classification tracks of 541 m each are used as mixing tracks.

Lausanne Triage yard—Switzerland: The Lausanne Triage
yard is the object of the experimental analysis of ref. [37]. It
is the third largest yard in Switzerland after Bâle–Muttenz and
Zürich–Limmattal. The yard has 11 receiving and 38 classi-
fication tracks, linked by two humps and a return track for
multistage operations. They measure in total 62 km. There are
no departure tracks and the outbound trains leave directly from
the classification tracks. In the 1-day instances considered, 1346
cars must be handled to create 22 outbound trains.

MacMillan yard–USA: Ref. [50] consider real data coming
from a week operation at the MacMillan yard. It is the second
largest yard in Canada, and it is operated by Canadian National
Railway (CN). It measures approximately 3 km in length and 1
km in width. The yard shunts over a million cars per year, half
of them being empty. The data tackled include more than 4000
empty cars and 272 cuts.

Taschereau Yard—Canada: Refs. [15] and [16] work on the
Taschereau Yard in Canada, operated by CN. In the real day
considered, eight inbound trains and six outbound trains are
managed. No further details are given on the yard layout but
for the fact that a large number of classification tracks is avail-
able. While in 1983 this instance may have been challenging, it
may constitute more of an illustrative example than an actual
case study for today’s computing possibilities.

Zhengzhoubei yard—China: Ref. [49] deal with three Chi-
nese yards. First, the Zhengzhoubei yard, with 26 receiving
and 34 departure tracks and two humps. Seven locomotives are
available for managing about 160 inbound and 160 outbound
trains including up to 8000 cars going to 36 destinations. Sec-
ond, the Fengtaixi yard, which also has two humps connecting
23 receiving and 24 departure tracks. Five locomotives are avail-
able for 115 inbound and 115 outbound trains including up to
5300 cars going to 28 destinations. Finally, the Chengdudong
yard manages 65 inbound and 65 outbound trains with two
locomotives. Only one hump is present for shunting up to 2200
cars going to 12 different destinations. The yard includes seven
receiving and five departure tracks.

Note on the RAS competition yard on a realistic case: A
realistic case study was proposed at the problem solving com-
petition organised by the RAS of the Institute for Operations
Research and Management Science [25], which was used in refs.
[26], [24], and [27]. The instances are composed of 702 inbound
trains with a total of 52,246 cars, over a period of 42 days.
Their lengths can range up to 9800 feet with almost 175 cars.
There are 16 distinct outbound trains per day with maximum
length between 6800 and 9000 feet. Three instances are pro-
posed with a number of classification tracks ranging from 42 to
58 and a total track length ranging respectively from 96,354 to
122,489 feet.
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8 CONCLUSION

In this paper, we proposed a literature review on optimisation
algorithms for shunting yard management. One of the main
contributions of our survey is to formalise the activities on a
shunting yard using a UML representation, in order to clarify the
different yard operations and processes and their interactions.
We helped clarify the links between different approaches in the
literature by including, in an appendix, a glossary of different
synonyms and acronyms commonly used in different research
communities. We also provided a description of the different
case studies used in the existing literature to give an idea of
the real case problems that have been dealt with today. Finally,
we reported an up-to-date survey of the research contributions
on optimisation problems for the management of shunting
yards, including the most recent contributions. The main char-
acteristics of these works are summed up in Table 1, where
they are classified according to the type of shunting process
considered.

In order to keep the survey contained, we chose to focus
specifically on shunting yards, as opposed, e.g. to transship-
ment yards where containers are loaded and unloaded from the
trains. We also focused on a type of yard operating car load ser-
vices, as opposed to full train load services. We have followed
the practice in the optimisation literature about shunting yards
and ignored a certain number of aspects which are indirectly
linked to the yard management process. Such aspects include
car registration and car or locomotive maintenance schedule, or
even the management of the breaking process of cars and trains,
which can all influence the processing time the different tasks on
the yard.

Our analysis shows that most contributions deal with a lim-
ited part of the yard operations, namely the car shunting. As
can be seen on Table 1, most of the existing works focus on
the scheduling of inbound trains over the hump and the allo-
cation of the classification tracks, with a more or less detailed
scheduling of the yard locomotives. Only a few works try to
consider a more global yard management problem, e.g. the allo-
cation of the receiving or departure tracks or the schedule of
inspection teams. None of the works in Table 1 considers the
routing of either trains or locomotives in the yard at a micro-
scopic level, which may underestimate conflicts and delays of
the locomotives for the humping or pulling process of the cars.
Considering several of the yard aspects often results in more
complex formulations, which would require further progress
on the models themselves or on alternative solution techniques,
such as exact or heuristic decomposition methods or efficient
heuristic algorithms.

Moreover, few works test the results of the proposed algo-
rithm with simulation. This should probably become common
practice to allow the research community to assess the con-
tribution of optimisation algorithms independently from the
simplifying hypothesis considered in the models. The uncer-
tainty inherent to the management of a freight yard is also rarely
taken into account. The frequent delays faced by trains on a
railway infrastructure calls for the use of either stochastic or
dynamic reoptimisation frameworks which work in closed loop

with frequently refreshed data about incoming trains and yard
resource state.

In practice, yard resource assignments and activity schedules
are still mainly decided manually, with no optimisation method
applied. IT systems are developed in every yard but they are
mainly used for supervising operations and are not ready to
integrate optimisation-based decision support tools. The liter-
ature review we presented shows that research is quite ready to
support the development of such tools, but significant effort of
knowledge transfer is still necessary.
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APPENDICES

GLOSSARY

Writing a literature review on the freight trains management in
yards is not an easy task since the different keywords used to
describe the layouts of yards or to define its operations can be
different from one paper to another. This is especially true com-
paring the literature on railway systems and the literature on
operations research. This appendix tries to gather the different
synonyms (Syn) and gives the definitions (Def) in order to help
the readers on this topic. The definitions without any references
have been suggested by operators working at the Česká Třebová
yard in Czech Republic during the OptiYard project.

Block:. Def: Blocks are managed through several yards with
models generally based on a macroscopic level. A block is a set
of cars (or groups) that take a common itinerary over poten-
tially many classification yards. A block is not broken up at
intermediate classification yards (ref. [13]).

Car:. Syn: Train car, railroad (US), railcar, wagonload, wagon,
train wagon, railway wagon, railway carriage, coach (for passen-
gers trains). Def: Defines the smallest element which can be
decoupled in a freight yard to be recombined in a new train.

Classification Track:. Syn: Marshalling track. Def: This type of
tracks is used to create new trains from the ones arriving from
the receiving tracks. The cars are dispatched to the classifica-
tion tracks according to the needs of future outbound trains.
The set of classification tracks might be called classification
bowl. In some yards, the classification bowls contain one or
several mixing tracks which are only used to store temporar-
ily cars (they could be from different inbound trains). In this
case, the classification tracks which are not mixing tracks are
usually called formation tracks. Comparing the works of refs.

[3] and [7], we easily see that this specific usage of classifica-
tion tracks is not always fixed in advance and can be changed
dynamically. This specification has naturally an impact on the
optimisation process.

Connection:. Def: In the context of a shunting yard, a connexion
identifies one inbound train and one outbound train.

Cut:. Def: A cut is a set of cars rolling from the same receiving
track to the hump. Generally, a shunting locomotive pushes a
full cut for shunting over the hump. According to the layout
of the yard and especially to the number and the length of the
receiving tracks, a cut can be a single inbound train or, in rare
cases, a series of inbound trains without locomotives (ref. [6]).

Decoupling and coupling processes:. Syn: Uncoupling/
disassembling/detaching/separation processes and assem-
bling/attaching. Def: In order to make the humping process,
the operators decouple the pairs of cars on the receiving tracks
to send them in different classification tracks through the hump.
Once the cars are on the classification tracks, the operators
will couple them in order to create the outbound trains to be
dispatched to the departure tracks, or in order to be pulled
back. In this case, without the coupling process, only the first
car would be pulled. The operators performing the coupling
operations are called the couplers.

Departure track:. Def: All the new trains combined in the clas-
sification tracks are stored in a departure track, on which they
wait to enter the general railway network.

Estimated time arrival/departure (ETA/ETD):. Syn: Arrival/
departure time. Def: The estimated time arrival of a train, is the
time the operator expects an inbound train to enter a yard. The
estimated time departure is the time for an outbound train to
leave the yard and to enter the general network.

Group:. Def: Groups are considered into one given yard with
models generally based on a microscopic level. More specifically,
a group is a set of cars coming from one or several inbound
trains and which will be gathered in the same outbound train.
Groups are more frequent in European yards compared to US
yards where blocks are more often considered (ref. [13]).

Hump:. Syn: Hill. Def: A hump is the place where the cuts
are decoupled for ordering its cars. This is usually a tiny hill,
natural or not, from where the cars can go down to the clas-
sification tracks through the action of the gravity force. A
so-called shunting locomotive just has to push them until they
go downhill.

Inbound and outbound trains:. Syn: Input trains and output trains.
Incoming and outgoing trains; starting and departing trains.
Def: The trains arriving in the yard and then stored in a receiving
track are called inbound trains. Once the new trains are recom-
bined as expected, they are stored in a departure track and called
outbound trains.
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Receiving track:. Syn: Arrival track. Def: This is the first type of
tracks a train going in the yard will use. The trains are stored on
these tracks before being decoupled. The set of all the receiving
tracks is called receiving/arrival bowl/yard.

Roll-in operations:. Def: An uncoupled car (or a cut) is pushed to
the hump until the cars roll over the hump into the classification
tracks. The last operation is called a roll-in. The opposite oper-
ation is the pullback defined above. By analogy to the sorting
stack algorithm, the roll-in operation is a pop operation and a
pullback is a push operation.

Shunting yard:. Syn: Classification yard, marshalling yard. Def:
Define the whole yard used to combine new output trains from
input trains according to the demand.

Stage:. Syn: step. Def: A stage starts from a series of roll-in oper-
ations to the cars dispatched in the classification tracks. We
consider the definition of [3] where a Stage is simply defined by

“The time from the start of a pullback to the next pullback”.
In this paper, we split the problems into two categories: the
single-stage and the multistage also called as ito-shunting and
hump-shunting, respectively (ref. [8]).

Track pull:. Syn: Return track, rehump track. Def: This special
track allows the cars to be pulled back from one classifi-
cation track to a receiving track. The use of such a track
is done for “re-roll-in” operations if some cars need to go
another time down the hump. From a decisional point of
view, the existence of such tracks will determine the type of
classification problem that the operator has to manage: the
single-stage classification does not use any track pull unlike
the multistage classification. In the literature, the pullback
operations–sometimes called t–t-moves for track to track
moves—very often take all the cars stored in the classification
yard. But, in reality, nothing forces the operator to do such
a thing, he can pullback less cars from the front of the track
(ref. [6]).
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