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Abstract. This paper deals with the Port Rail Shunting Scheduling Problem (PRSSP), a
problema rising in the rail-sea yard where the modal switch between maritime and rail
transportation is performed. In particular, the focus is on the trains’ transfer operations within
the port area, between the maritime terminals, and the railway network. These operations
are performed in an area called shunting zone characterized by some infrastructures (i.e.,
tracks, shunting parks) and some other limited resources. The PRSSP consists in defining
the schedule of all activities necessary for transferring export and import trains from the
railway network station to the terminals and vice versa, respecting the time limits imposed
by the railway network schedule and by the ships one, and the limits due to the finite
resources available in the shunting zone. An operations-time-space network representing
the rail station and the terminals (either the origin or the destination of the trains) and the
operations that might be performed on the trains in each zone of the port is used for modeling
the problem. A flow model based on this operations-time-space network is used for solving
PRSSP. Extensive experimental tests are reported and show the validation of the model as
a useful tool for the shunting managers to either evaluate the maximum number of trains
that can be served or define the bottlenecks of the port system.
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network.
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1 Introduction

Goods are transferred every day from origins to final destinations and, generally, ship-
ments involve more than a single mode of transport. The distances between origins and
destinations and the importance of multi-modality increases continually with the growth
of international trade.

Intermodal transportation is defined in Crainic and Kim (2007) as the transportation
of a person or a load from its origin to its destination by a sequence of at least two
transportation modes, the transfer from one mode to the next being performed at an
intermodal terminal. In particular, as reported in Gronalt et al. (2019), intermodal
transport describes the movement of goods in the same loading unit (container, swap
body, semitrailer) or vehicle (truck) by successive modes of transport without handling
of the goods themselves while changing the modes [rail (trains), road (trucks), inland
waterways (vessels/barges)].

Examples of operations research opportunities in intermodal freight transport research
are reported in Abbassi et al. (2019), Caris et al. (2013).

Maritime transport should be considered the most relevant mode in the global goods
exchange. It is a significant part of the global supply chains, where shippers, public
and private navigation companies, port authorities, import-export companies, carriers,
consignees, and receivers take part in a collaborative environment to better manage
exchanges and trans-shipments (Munuzuri et al. (2019), Lee and Song (2017), Kramer
(2019)).

The activities in maritime ports are important for improving the freight transporta-
tion system and they have to be well managed to facilitate the modal switches among
maritime transport and both rail and road ones. Containers are generally used in in-
termodal transports. New planning and control activities in container terminals are
described in Kim and Lee (2015). The authors stress the need for better coordination
among those crucial activities necessary to connect the seaside to the land-side.

The management of the yard (Carlo et al. (2014b)), as well as the transport operations
(e.g., Carlo et al. (2014a)) inside the terminals, have a great impact on the efficiency
of unloading and loading operations on both ships and trains/trucks. Anyway, papers
integrating seaside, transport, and land-side operations are rare. Yin et al. (2011) propose
a model with four agents that negotiate to obtain a berth allocation schedule, vehicle
requirements, a storage allocation schedule, and a truck/train schedule for intermodal
moves. Schepler et al. (2017) introduce an optimization model of a multi-terminal, multi-
modal maritime container port. They define the scheduling of ships, trains and trucks on
terminals while limiting inter-terminal transport of containers and minimizing weighted
turnaround time. They offer a tool for evaluating container port management. The
objective is to minimize the weighted turnaround time of ships and trains, which operate
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on fixed timetables, contrary to trucks. An assumption is the use of a truck appointment
system. The model provides the berthing positions and time windows to serve ships,
the rail tracks and time windows to serve trains as well as the time windows for the
truck appointment. The goal is to improve port performance by coordinating operations
between terminals. We think that this is the first attempt of integration.

As far as the road connections are considered, some papers dealing with the truck
management system, as a strategy to schedule the arrival of trucks, can be found (see for
example Mar-Ortiz et al. (2020)). Few papers deal with collaborative aspects, that seem
to be the ideal /necessary process to obtain better results. Phan and Kim (2016) discuss
a new appointment process by which trucking companies and terminals collaboratively
determine truck operation schedules and truck arrival appointments.

For what concerns the rail connections, the interested actors are rail terminal oper-
ators and railway network managers (Heggen et al. (2016)). The terminal operator has
to collaborate with the rail network manager for transferring trains from the terminal to
the railway network.

To the authors’ knowledge, no papers deal with collaboration, and few focus on the
organization of rail transport connections (Xie and Song (2018)). This paper is one of
the first attempts to investigate in detail a problem arising for connecting seaside and
rail land-side.

This work focuses on the modal switch between maritime and rail transportation,
thus on the activities performed in the rail-sea yard (Bektas and Crainic (2007)). In
particular, the focus is on the trains’ transfer operations within the port area, between
the maritime terminals and the railway network. These operations are performed in an
area called shunting zone characterized by some infrastructures (i.e., tracks, shunting
parks) and some other limited resources (Krdmer (2019)).

The management of these operations is strongly affected by the schedules of both the
trains on the railway network and the ships; also delays and disruption in one of the
connected transportation systems impact these activities.

Thus, the scheduling (and the re-scheduling) of the operations for transferring the
freight trains within the port’s area, is a typical problem faced by the shunting managers.

Note that scheduling and rescheduling are well-known problems (see for example
recent surveys in Allahverdi (2016), Janiak et al. (2015)) but, to the authors’ knowledge,
the scheduling of trains in the port shunting area is an emerging problem.

This work contributes to defining a new scheduling problem (re-scheduling is not
included in the current analysis) faced by the shunting managers, and proposes an opti-
mization model framework based on a flow network to solve it.

The paper is organized as follows: Section 2 introduces the Port Rail Shunting

2 CIRRELT-2022-02



Port Rail Shunting Scheduling Problem

Scheduling Problem (PRSSP) and the related literature; the problem definition and the
basic notation are reported in Section 3; Section 4 describes the model approach; Section
5 shows the experimental results, while in Section 6 some conclusions are reported.

2 Port Rail Shunting Scheduling Problem (PRSSP)

2.1 Problem context

The exchange node between maritime and rail transportation, a port, includes three
distinct elements: train stations, shunting zones, and maritime terminals. These elements
can be combined and connected in different ways Ambrosino et al. (2021).

Each train station is connected with both the railway network and one or more shunt-
ing zones. The shunting zone permits the transfer of trains from the railway network
to the terminals through the train station, and vice versa, and is composed of tracks
for transferring trains and one or more parks where the trains can wait. The maritime
terminal receives the train, unloads goods that later will be loaded on ships, then loads
the train (with goods waiting in the yard) and, in the end, waits for the train transfer
outside the terminal itself.

Note that, in some ports, arriving and departing trains transport goods belonging
to different maritime terminals, in other ports all cargo loaded on a train has a single
maritime terminal as destination/origin. Therefore, in the first case discussed for example
in Rusca et al. (2019), trains arriving at the shunting zone have to be split into cars
depending on the terminal of destination (note that the departing trains have to be
composed of cars arriving from different terminals). In the second case, proposed in
Ambrosino and Asta (2019) the whole train arriving at the shunting zone has to be
transferred to the terminal of destination (and vice versa for departing trains).

Our attention focuses on the activities allowing the transfer of the whole trains from
the entry (the train station) to the terminals and vice versa, that is on all the activities
realized in the shunting zone. These activities, which must be organized in such a way to
permit an efficient usage of the available resources, are strongly affected by the schedule
of trains on the railway network and also by the schedule of the ships docked at the
terminals.

In the export cycle, a train arriving at the station can either wait until it is moved
to a shunting park or reach immediately a park. Then, the train can have to wait in the
park until the terminal is ready to receive it. It will be finally transferred to the terminal.
In some particular cases, the train may be positioned in more than one shunting park
before reaching the terminal; in the opposite case, it can be directly transferred from the
station to the terminal.
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In the import cycle, the train is loaded in the terminal and then leaves for being
transferred to a shunting park. After that, it can be transferred either directly to the rail
station for its immediate departure in the railway network or in a shunting park waiting
for its departure scheduled time. Note that, for import trains, some security and stability
checks are usually required. These controls may be realized either in the shunting zone
or in the terminals. In this latter case, the train may be directly transferred from the
terminal to the rail station.

It is convenient to distinguish all the activities performed in the shunting zone in
waiting operations and shunting ones. The shunting operations comprehend the move-
ment of the trains in the port area and, if necessary, stability and security checks. Note
that, waiting operations can be on the tracks of either the station or the parks, while,
generally, shunting operations are performed on tracks, except for checks. Waiting oper-
ations starting and ending times depend on both the times of the shunting ones and the
train arrival/departure scheduled time.

The difficulty is scheduling all these activities and managing accurately the limited
resources necessary to realize them, that are related to tracks, locomotives, specialized
workforce, pilots, etc. Note that the shunting managers plan all the activities to realize
in the shunting zone at least 6 months in advance with respect to the time horizon to
schedule.

The length of the time horizon is chosen in such a way to be representative of the
activities usually realized in the port, i.e., a week. In this way, the weekly schedule can
be repeated week by week, unless some changes are required.

In fact, besides this planning scheduling problem, an operative, sometimes real-time,
rescheduling problem occurs. The shunting manager, during 7', has to reschedule waiting
and shunting operations when delays, cancellations, other disruption events occur.

Note that this paper only focuses on the scheduling problem.

Summarising, this problem consists in defining the schedule of all activities necessary
for transferring trains from the railway network to the terminals and vice versa, respecting
the time limits imposed by the railway network schedule and by the ships one, and the
limits due to the finite resources available in the shunting zone.

This problem is here denoted Port Rail Shunting Scheduling Problem (PRSSP).

In Section 3 the detailed problem definition with the basic notation is presented.

Here below a brief literature overview on works that present some aspects similar to the
PRSSP is reported.
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2.2 Literary overview

The main aim of the problem under inspection is to schedule a given number of activities
necessary for transferring trains through the port area. Most of the literature on rail
scheduling focuses on the whole railway network instead of on a node of the network, as
the present work. Moreover, few literature related to schedule in a single node (i.e. a rail
yard) faces problems that are quite different from PRSSP.

The rail yard is a railway depot used to perform the operations on arriving and
departing trains. A depot consists of a set of tracks and, depending on the type of
tracks, it is called shunting yard or marshalling yard. In the first case, all the tracks can
be approached from only one side, in a marshalling yard each track can be approached
from both sides (Di Stefano and Koéci (2004)). Shunting operations consist of the split of
the inbound trains into single cars or blocks and into build new outbound trains ready
for their departure. Often the schedule regards either to a portion of the train or to a
wagon /car, and the related more popular problems are known as train unit scheduling
problem (TUSP) (Lin and Kwan (2014), Lin and Kwan (2016)) and train unit assignment
problem (TUAP) (Cacchiani et al. (2012)).

Boysen et al. (2012) reviews the literature on the operational processes at shunting
yards over the last 40 years.

Cordeau et al. (1998) reviews analytical yard models and underlines that yard policies
concern the specification of the activities to be performed in the yards of a rail network.
More precisely, there are a lot of models indicating how trains entering each yard should
be inspected and disassembled, and how cars should be sorted and reassembled into
blocks that will form new outbound trains. Among these, the Classification Problem
(CP), specifically addressed also in a dedicated chapter of the recent Borndorfer et al.
(2018), consists in modeling the train formation and the train sorting.

The rail process through the shunting zone of a port area has rarely been addressed
and, as consequence, the related literature is few. It has been recently described in
Kramer (2019) and Ambrosino et al. (2021). In Ambrosino and Asta (2019) the shunting
operations of freight trains either within the port area or the intermodal inland terminal
are introduced. Moreover, the authors present a discussion on possible approaches for
solving the scheduling of shunting operations.

Some works present simulation approaches for evaluating transit capacity through
its various compartments of port shunting yard, as Rusca et al. (2018) and Rusca et al.
(2019). Other studies with the aim of sizing the port rail networks and planning shunting
operations for container terminals are Caballini et al. (2016) and Fioribello et al. (2016).

Tomii et al. (1999) and Tomii and Zhou (2000) deal with the shunting scheduling
problems set in a rail station, called depot. The problems include the schedule of both
tasks, shunting (that is movement of trains between tracks) and workforce assignment.
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These works on general scheduling and re-scheduling problems in the rail field address a
problem similar to the port rail shunting optimization one. The authors deal with the
shunting scheduling problems set in a rail station. The problems include the schedule of
both tasks, shunting, and workforce assignment. In this problem, the movement of trains
between tracks is called shunting. Shunting is necessary when either a train which arrives
at a track and is scheduled to depart from a different track, or a train which arrives and
departs from the same track, but another train is planned to use the track in the same
time interval, or a train on a side track if other train uses it. Tasks to be scheduled are
related to several types of inspections, maintenance, cleaning of rolling stock, and the
shunting of rolling stock. In the schedule of tasks, the type, the track where the task is
performed, start and end times are prescribed. In the scheduling of shunting, origin and
destination tracks and their execution timings have to be decided. Workforce assignment
includes the assignment of the workforce for each task together with the time for rest.
To summarize, the aim of the depot shunting scheduling problem is to decide for trains
that need shunting, side tracks to be assigned and shunting times. Arrival and departure
times of trains and tracks are prescribed by train schedules. That is exactly as in port
rail shunting optimization problems.

Unfortunately, no more literature exists on these scheduling and re-scheduling prob-
lems for the port rail shunting activities, to the authors’ knowledge. Only some papers
related to the trains management in the hinterland terminals can be cited; a recent and
interesting review is Borndorfer et al. (2018).

3 Problem definition and basic notation

In the present paper, the port (i.e., the modal exchange node) under consideration in-
cludes one railway station, a shunting zone, and several maritime terminals. The railway
station has a given number of tracks connected with the shunting zone. The shunting
zone is composed of a park with several tracks and some tracks that join the station to
the shunting park, the shunting park to the terminals, and the station directly to the
terminals. The considered layout is shown in Fig. 1, where, just to let be the figure
more readable, it is assumed that two tracks are present in the railway station and the
shunting park, and two maritime terminals can be reached. Let us describe the specific
elements in more detail.

e 2V represents the whole railway network; it is included in this sketch just for com-
pleteness since it represents the rail transport system imposing some time con-
straints to the shunting manager;

e 2! represents the railway station with its two tracks here denoted (z{ and z3) where
the waiting operations for trains arriving from either the railway network or the
shunting area can be performed;

6 CIRRELT-2022-02
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Figure 1: Port modal exchange node - Physical layout

e 22 represents the connection between the station (2!) and the park (2%). This zone,
inside the shunting area, is here called primary area. The connection track in the
primary area is used to transfer trains from the railway station to the shunting park
and viceversa;

e 23 represents the shunting park, in the following just called park, with its two
tracks here denoted (z} and z3) where the waiting operations for trains arriving
from either the railway station or the terminals can be performed;

e 2% represents the connection between the park (2%) and the terminals (z°). This
zone, inside the shunting area, is here called secondary area. The connection track
in the secondary area is used to transfer trains from the shunting park to the
terminals and viceversa;

e 2’ represents the connection between the station (2') and the terminals (2°). This
zone, inside the shunting area, is here called unique area. The connection track in
the unique area is used for direct transfer of trains from the railway station to the
terminals and viceversa;

e 25 represents the seaside exchange node, here represented by two terminals (29, 2§),

that are either the origin or the destination of trains passing through the port.

Let us indicate as I the set of import trains, those having the terminals as origin, and
E the set of export trains, those having the terminals as destination. Thus, JJ, the union
of sets E and I, represents the trains that have to be managed during the time horizon

T.

Time horizon T is discretized; T is split into 7 equal time intervals T' = {1,2,...7}.
Each time interval ¢ in T is here denoted [¢;¢ + 1) and when an operation is related to
time ¢ (i.e., has index t) means that it happens in the interval [¢;¢ + 1).

An export train j arrives at the railway station in a given time instant e; (i.e., at
the beginning of time interval [e;;e; + 1)), and has to be at destination, i.e., inside its

destination terminal (p; ), within a given time window [e]""; €7"**] that is a subset of 7.

CIRRELT-2022-02 7



Port Rail Shunting Scheduling Problem

An import train j' is ready inside its origin terminal p; for being picked up within
a given time window [e”/"; ¢7'%*] and has to depart from the railway station in a given

R
time instant ej.

Each train has to perform specific operations in order to be transferred within the
port area, that is it has to pass through some of the different zones in the shunting area
(see Fig.1).

Let us indicate Z the set of zones of the port area in which shunting and waiting
operations are preformed and Z; the set of zones that must be visited by train j.

An export train may have to realize one of the following paths:

e it arrives at the railway station z! in its fixed arrival time, enters the shunting zone
for reaching the unique area z° and finally enters in its destination terminal in 25;

e it arrives at the railway station z! in its fixed arrival time, enters the shunting zone
for reaching the primary area z2, enters the park z3, enters the secondary area z*

and finally enters in its destination terminal in 25.

For an import train the possible paths are the following:

e it leaves its origin terminal in 2%, enters the shunting zone for reaching the unique
area 2z’ and finally arrives at the railway station z! from which it will enter the
national railway network in its fixed departure time;

e it leaves its origin terminal in 2%, enters the shunting zone for reaching the secondary
area z*, enters the park 23, enters the primary area z? and finally arrives at the
railway station z! from which it will enter the national railway network in its fixed

departure time.

The time necessary to execute the operations in each zone on each train is known
too, and is here denoted d; ; Vi € Z,Vj € J.

Note that, there is a capacity for the number of operations that can be realized in
each time interval in each zone, depending on the specific layout of these zones. Let u}
be the maximum number of operations that, in time interval ¢, can be realized in zone 1,
Vie Z, VteT.

Moreover, there is a limited number of teams for realizing all the operations in the
different zones. Thus, let be k; the maximum number of shunting operations that can be
executed in t in the shunting zones 22, z* and 2°.

In the present problem, in each zone only one type of operation can be executed on
the trains; thus, in the following, we will identify the operations with the zones.
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The decisions to take are related to the time instant in which to perform the required
operations on each train, in such a way to respect time constraints (the time windows
for entering and leaving terminals, the arrival /departure time at the railway station) and
capacity constraints related to the resources needed to perform the shunting operations.

Due to the above-mentioned limited resources, a train has often to wait when passing
from one zone to another in the port area. A train can wait in the railway station and
the park. In these cases, the train is performing a waiting operation. Thus, the time
spent by a train to go through its path depends on the duration of both the shunting
operations and the waiting ones. The main aim is to perform all the required operations
on trains minimizing their total waiting time.

4 Model approach

The model used for solving PRSSP is based on an operations-time-space network repre-
senting the operations that might be performed on the import and export trains in each
zone of the port (see Fig. 1) and the terminals that are either the origin or the destination
of the trains. This network has been derived from the one proposed in Ambrosino and
Asta (2021).

The nodes of the network, representing the zones and at the same time the operations
to execute on trains, are replicated for each time interval of the schedule horizon T". Arcs
are events representing the starting time of each operation, more precisely vertical arcs
represent the end of a given operation in the time instant ¢ and therefore the simultaneous
begin of the following required operation, and thus the transfer of a train from one zone to
another one. The horizontal arcs represent the temporal advancement of the operations
i.e., from ¢t to ¢t + 1, that is the time spent by a train in a given zone. Note that in some
zones it is necessary to distinguish the available resources such as the tracks, while in
other zones this is not required.

The operations-time-space network

Starting from the layout shown in Fig.1, let us define the operations time space
network G = (N, A), where N is the set of the nodes and A the set of the arcs. In the
next, we will use only the term network to refer to this operations time space network.
Note that the set of zones (operations) Z that we want to represent as nodes of G
includes zones in which we have to distinguish the available resources used for performing
operations on trains; for this purpose let us define:

Z™" the set of operations for which we have to distinguish the available resources (i.e.,
the available tracks);

7~ = Z — Z* the set of operations for which we have not to distinguish the available
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resources (in the considered layout, see Fig.1, Z~ = {22, 2%, 2°});

7 = Z9(E)UZ®(I) the set of couple of operations that can be executed in sequence,
both on export trains (Z%(E)) and on import ones (Z%(I)), necessary to define transfer
arcs (that permit the trains to pass from one operation to another, i.e. from one zone to
another one, and to enter and leave the network).

R, the set of resources available for executing the operation i, i € Z+.
N = Uz where :

N = {\L\u € T}, Vi € Z the set of nodes representing the operation 7, in each ¢ of
the time horizon;

N = Uger, Ny, Vi € Z* with

./\/% = {\>V,u||—| € T} the set of nodes representing the resource r available for operation
i,i€ Z*, r € Ry, in each t of the time horizon.

A= (U>€Z.AN>) U (U>,|€ZcAN>’N‘) the set of arcs of the network, given by the union

A/\/’>,N‘ )

of horizontal arcs (AN) and vertical ones ( , defined as in the following:

AN the set of arcs {(n?,n¢,|),Vt € T}, Vi€ Z~
AN = Uger, AV, Vi € Z+ — Z6 with

AN% the set of arcs {(nfy,niy ), Ve T}, Vie ZT — Z5Vr € R,

Since terminals represent either origin or destination for the trains and we are not
interested at representing the operations on trains inside the terminals, horizontal arcs
connecting the terminals are not necessary.

For what concerns vertical arcs, they link couple of operations that can be executed
in sequence and different definitions are required, depending on the kind of operations
they refer to. In general form, let us denote:

AN'N the set of vertical arcs Vi,j e zZ¢

Note that AV and Aﬁn A1 refer to the set of horizontal and vertical arcs related to
time period t, Vt € T';

Aﬁ/>’+ and A, N refer to the subset of vertical outbound/inbound arcs of node n! in
t and depend on the compatible operations;

In next section we introduce the flow formulation used to solve PRSSP.

10 CIRRELT-2022-02
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4.1 The network flow model

Each export train that has to be transferred from the rail station to the maritime terminal
represents a unit of flow that enter in a given time instant and has to reach its destination
terminal within a given time window. The vice-versa is for import trains. Note that while
managing trains some capacity constraints must be satisfied.

Let us now introduce the additional useful notation for the flow formulation. The
model based on the network described above has the flow decision variables and auxiliary
variables for computing the train’s waiting time in the network (to be minimized); let

be:
zq.; € {0,1},Vj € J,Va € A, x,; =1 if arc a is used for train j;

y; > 0,Vj € J,Vi € {z', 2%}, define the total time spent by a train j in the rail station
or in the shunting park, waiting either for its departure or for starting the shunting
operations.

The resulting model is the following:

MIN Y > (1)

jeJ ie{z1,z3}

subject to:

Z Tq; = y;'- Vj e J Vi€ {2} (2)
acAN)
Y weyy=1 VYj€EE (3)
et AT

,’Né/
ae(uegm'"gtgeg’“”c“‘“—’ )

Z To; =1 Vjel,r=p; (6)

/
NE 4
ae(ue}’””ﬁtﬁe;’laﬁfluv )
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> > Ta; <1 VEET,VreRy (7)
jeJ / /
T aea VoA

Z La,j = Z T, VjeJVieZVteT (8)
aeAN! oAz : ac AN uaN )+
Z Z To; <1 VteT,Vie{z",2°},vr e Ry (9)
T e
Z Z To; <ul VteTNie Z~ (10)

jeJ oA,
ac AN uAN T

> > To; <k VteT (11)

1€ e, 5 (AN uA

Z La,j = dij \V/j S J, Vi € Zj (12)

aEAN>

The objective function (1) minimizes the sum of the trains’ waiting time both in the
shunting park and in the rail station. Constraints (2) define the auxiliary variables yjl

and ng. Constraints (3) and (4) impose that for each export/import train there must be
one variable representing the entrance/exit of the train in the network equal to 1 exactly
at time t = e;.

Constraints (5) and (6) are related to both the entrance and the exit of the trains
in/from the their destination/origin terminals; they permit to satisfy the entry/exit ter-

minals time windows (egni” <t < eper).

Constraints (7) are used to impose that there must be at maximum one shunting
operation (considering both entry and exit operations) for each time instant involving
the same terminal.

The flow conservation constraints (8) operate for each unit of flow on the network, i.e.
for each train j, for each time instant ¢ verifying each node visited by the train (i € Z;).

Constraints (9),(10) and (11) impose the capacity restrictions. In particular, the
capacity of tracks is considered and thanks to constraints (9) it is imposed that at most
one train can wait on each station’s track and on each shunting park’s tracks in each time
instant ¢. Constraints (10) limit the number of shunting operations that can be executed
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simultaneously in each zone of the port when resources are not explicitly considered
(¢ € Z7). Finally, the maximum number of simultaneous shunting operations in the
whole port area (more precisely in zone 2%, 2% and 2z°) is limited to the number of
available shunting teams in each time instant ¢ as imposed by constraints (11).

Constraints (12) fix the processing time of each shunting operation that each train
has to execute to the required time d;;.

Figure 2: The network

Fig. 2 shows the network used in the present work for PRSSP in which only two tracks
and two terminals are represented. In black is reported the path of an export train
arriving in the first track of the station, starting immediately the primary operation,
reaching and waiting in the track number two of the park, performing the secondary
operation and arriving at its destination terminal number one.

4.2 Reducing the number of variables

Note that it is possible to reduce the number of flow variables by taking into consideration
the time limitations imposed to trains. As far as the export cycle is considered, it is
possible to use e¢; < t < €' to generate the related variables only between the time
of arrival of train j and the maximum time in which it has to be at destination. In
particular, ¢ < e"** only for variables representing the end of either the secondary or

unique operations, bringing trains to their destination and ¢ < €]"** for the variables
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representing the start of the operations.

The same reasoning can be done for the import cycle.

4.3 Model extension: tight constraints vs soft constraints

The model presented above can support the shunting manager in planning the schedule
of import and export trains. Moreover, for the shunting manager, it should be useful to
discover bottlenecks of the port area to the expansion in terms of the number of trains
to manage.

Strong constraints to this growth are due to the national railway network and its
schedules, together with the layout of the port area (i.e., the number of tracks in the
station and the shunting park); other constraints are related to the organization of the
port area and fix a limit to the number of operations that can be executed in each period
of the time horizon; the time windows imposed by the terminals could represent another
limitation to the growth of the managed trains.

The model presented above can be modified by replacing strong time window con-
straints and capacity constraints with soft ones. Moreover, it is possible to permit not
to serve a train. Note that the penalization of the deviations must be included in the
objective function. In the following, the new constraints are described together with the
new objective function.

Time Windows constraints vs time window deviation

Constraints (5) and (6) are related to both the entrance and the exit of the trains
in/from the their destination/origin terminals within the given terminals time windows.
If it is permitted to an export train j to enter the terminal either before e;”m or later
than eJ"** (an import train j to leave the terminal before e or later than €***), it is
necessary to compute the distance of the entry(exit) from its required time window, in
such a way to be able to minimize all these deviations. Let be f; the deviation of the

train j with respect to its original time window.

Constraints (5) and (6) are re-written considering larger time windows and the fol-
lowing new constraints are required for computing the deviation for each train.

Z trg; — el < f; Vje E,r=np, (13)
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e;"m — Z tr,; < f; VjeEr=p; (14)
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Strong capacity constraints vs soft ones

Capacity constraints (10) and (11) can be modified in such a way to permit a larger
use of the limited resources. For each time instant the number of additional required
shunting teams is computed in (17) thanks gk;. For each time instant and for each
operation the number of additional resource used is computed in (18) thanks variables

i
gu;.

The new constraints replacing (10) and (11) are the following:

> > To; <hki+gk, VtET (17)

jeJ
I€ acy.,

e (A AN

> wej<ujtgu VteETNie Z° (18)

jeJ YN,
ac AN ANt

Possible exclusion of trains

Constraints (3) and (4) impose to each export/import train to enter/leave the network
at time ¢ = e;. If it is possible not to serve a train, it is enough to modify these
constraints by adding a binary variable g; assuming value one when a train is not served
(see constraints (19) and (20)).

Note that also constraints (12) must be replaced by the following (21) which fix the
processing time of every shunting operation of each served train to the required time d;;.

Y wyy=1-g; VjEE (19)

! [e'e}
aE.Aﬂ[:C N
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S w=l-g Vjel (20)
aGA’{\‘/im’NII
Y wa;=dy(l—g) Vi€ VieZz (21)

a€AN

The new objective function that includes the penalisation of the above defined devi-
ations is the following:

MIN y;- + o [i + az gk + as gu; + v gj (22)
> > ) ) > )

Je€J ie{z1,23} jeJ teT teT icZ— JjeJ

where a1, am, ...y are the penalties used for the deviations.

5 Numerical experiments and analyzes

In this section, some computational tests for validating both the proposed model and the
quality of the obtained solutions are presented. The validation regards model (1)-(12)
modified as described in Section 4.3. In the following we will refer to it as Modl.

Mod1 has been implemented in Python 3.7, and solved by commercial solver Gurobi
8.1.0, on a machine intel (R), i5, 7200U CPU, 2.5 GHz, 8.00 GB RAM.

All the tests are based on a port system characterized by a rail station, a shunting
park, and four terminals. T'wo terminals are directly connected to the station, while the
others are connected to the shunting park. The rail station and the shunting park have
ten tracks each. The generated number of trains to manage ranges from 50 to 100 and
is here equally distributed between import and export trains. The time horizon is fixed
to six days, discretized into time intervals of ten minutes.

The random instances have been generated varying the arrival distribution for the
trains along the considered time horizon. Two types of arrival distribution are analyzed:
a) a homogeneous distribution in which the generated number of trains is constant for
specific time intervals within the time horizon; b) a compact distribution in which the
generated number of trains is distributed in a specific time interval by splitting it into
four slots and assigning the 50% of the total number of trains to the first slot, the 25%
in the second and the third.

For the homogeneous distribution, the following time intervals have been considered:
i) two days (i.e. 3-time intervals of two days in the six days time horizon, called H2);
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ii) one day (i.e. 6-time intervals of one day in the six days time horizon, called H1); iii)
one working shift (i.e. three shifts per day, thus 18-time intervals in the six days time
horizon, called Hs). The time interval considered for the compact distribution is two
days (called Co), thus the first slot with the greatest number of trains is composed of
shifts 1 and 2 of day 1.

The arrival and departure time for each train within the time intervals is randomly
assigned while respecting the distributions explained above.

Each train has a terminal as origin/destination and is characterized by the types of
shunting operations to perform. Different scenarios concerning these elements character-
izing the trains have been considered.

Concerning the shunting zones (i.e., the shunting operations) the distribution of trains
can be balanced (B), unbalanced (U), or strongly unbalanced (Sy). A distribution is
balanced (B) if the partition of trains between the operations ranges from 45-55 (unique
operation)/55-45 (others operations); it is unbalanced (U) if the ranges are 25-35/75-65
and strongly unbalanced (Sy) with ranges as 15-20,/85-80.

The distribution of trains among the terminals regards the trains having the same
types of operations to execute, and can be either balanced (B) or strongly unbalanced
(Sy). For instance, the strongly unbalanced distribution among the terminals means
that the distribution of the trains having to perform the unique operations is unbalanced
between the two terminals that can be reached by the station (passing through the unique
zone). A distribution is balanced (B) if the split of trains between the terminals ranges
from 40-60/60-40, while in the case of strongly unbalanced (Sy/) the range varies between
15-25/85-75.

Note that, the combination of these three kinds of distributions for operations (B,
U, Sy) and two kinds of distributions for terminals (B, Sy ), provides six different sets
of instances. Table 1 shows the obtained six sets with their trains distribution between
both the shunting operations (Unique and Others) and the terminals (Ter 1/2/3/4).

Unique Others | Ter 1 Ter 2 Ter 3 Ter 4
B — B) 48.00  52.00 | 50.00 50.00 46.15 53.85
B — Sy) 48.00  52.00 |20.83 79.17 18.85 81.15

(
(
3(U — B) 30.20  69.80 | 47.01 52.99 4842 51.58
4(U — Sy) 29.40  70.60 | 21.88 78.12 20.96 79.04
5(Sy — B) 1540  84.60 |41.69 58.31 49.18 50.82
6(Sy —Sy) | 15.00  85.00 |24.08 75.92 23.05 76.95

Table 1: Trains distribution (in %) among operations & terminals

The following subsections report three different experimental campaigns, which aims
are here below introduced:
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- first campaign: evaluation of the difficulty in solving instances characterized by a
given number of trains and different arrival distribution of the trains during the time
horizon. Moreover, the evaluation also regards different distribution of the trains with
respect to the operations to perform and their origin/destination terminals;

- second campaign: evaluation of the capability of model Modl to solve bigger in-
stances, in terms number of trains to manage, and evaluation of the capacity of the port
to manage a higher number of trains stressing possible bottlenecks;

-third campaign: showing the capability of the proposed model to be an useful tool for
both scheduling a given number of trains in an operative fix contest, and evaluating how
to change the operative contest (i.e., in terms of required resources and new agreements
to define).

5.1 First campaign

The first campaign aims at evaluating the impact of different trains distributions con-
cerning their arrival during the time horizon (that is, H2, H1, Hs and Co), and their ori-
gin/destination terminals together with their operations to perform (that is, S, Sa,...,56)-
For this experimental tests instances used are characterized by 50 trains (50% are import
trains and 50% export ones).

The results obtained by solving Mod1 are reported in the following tables; note that,
each row gives the average of five solved instances. Each set of the generated instances
reported in Table 2, is characterized by low standard deviations, as shown in Table 8 in
the Appendix.

Table 2 focuses on the size of the solved model and shows the number of variables
(#V), the number of constraints (#C), the CPU times expressed in seconds (CPU),
the objective function values (Obj) and the optimality gap in percentage (Gap).

Mod1 has been solved with a time limit of 1 hour. After a tuning phase for choosing
the parameters for the penalties, the following weights have been used in (22): 10 for the
time window deviation, 100 for the deviation from both the operations in the zone, and
the maximum number of teams and 500 for the trains exclusion.

Looking at Table 2 we can note that all instances have been solved up to optimality,
and the CPU time is always smaller than half an hour. The number of variables ranges
between 306591 and 504285, while the number of constraints is between 151358 and
220418.

Table 3 shows the characteristics of the obtained solutions and reports some data
related to the usage of the port resources: the total waiting time of the trains (Tot
Wait) together with the percentage of the time spent in waiting operations (% Wa)
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Distr Set #V #C CPU Obj Gap

S 1390606 188024  789.92 2932.00 0.00
Sy | 387736 186646  846.15 3059.00 0.00
S | 446129 207423 1258.38 2861.00 0.00

il Sy | 444271 206766  901.05 2954.20  0.00
Ss | 486868 222193 141293 3138.40 0.00
Se | 504285 229418 1465.21 3347.80 0.00
Sy | 354611 171955  804.08 1712.40 0.00
Sy | 359878 173882  789.77 1763.80 0.00
H1 Ss [ 403805 189302  844.68 1681.20 0.00

Sy [ 405832 190112 79591 1713.60 0.00
Ss | 447526 205152 1272.23 1738.80 0.00
Se | 449839 205771 899.57 1709.20  0.00
s Sy | 308125 151924 82.93  370.40 0.00
Sy [ 306501 151358  139.15  378.00 0.00
Ss | 354071 168285 24593  380.60 0.00
Sy | 356634 169203  188.39  377.60 0.00
Ss 1392839 182081  303.95 381.80 0.00
Se | 395627 183082  402.69  383.20 0.00
0 Sy | 358724 173781  873.89 2347.00 0.00
Sy | 361196 175154  867.58 2461.80 0.00
Sz | 410611 192784  760.10 2516.00  0.00
Sy | 414603 194173 1196.64 2463.00 0.00
Ss | 462528 211471  913.33 2535.80  0.00
Se | 444398 204006 1263.60 2314.00 0.00

Table 2: Computational results obtained by solving Mod1

and the relative occupancy of tracks (% Oc) in the station (St) and in the park (Pa).
Moreover, for each train is reported the average time spent in waiting operations (Avg/t)
in the station (St) and in the park (Pa); the last four columns refer to the deviation from
the limited shunting teams (Te) and resources (Zo), from the not-served trains (Ex) and
from the time windows (TW).

Remember that, in Mod1 the objective function (22) penalizes both the over capacity
requests (the number of shunting teams and the number of operations to execute in the
different zones) and the violated time windows and the not served trains.

The waiting time of the trains is generally spent for the most part in the track of the
station. Anyway, the % of occupancy of the tracks in the rail station is slow, and range
from 0.3 to 33.9%. The percentages of occupancy are lower for the tracks of the shunting
park (from 0.1 to 17.9%).

Note that only in few cases the obtained solutions present a deviation with respect to
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Distr Set | Tot | %Wa %Wa | %0Oc %Oc | Avg/t Avg/t| Te Zo Ex TW
Wait (St) (Pa) | (St) (Pa) (St) (Pa) | dev dev dev dev

S1 | 2585.40 | 76.03 23.97 | 33.27 10.91 | 393.16 123.92 | 0.00 0.00 O 2.00

Se | 2710.60 | 72.15 27.85 | 33.19 12.86 | 391.16 150.96 | 0.00 0.00 0  4.00

HO Ss | 2516.60 | 63.93 36.07 | 27.38 15.20 | 321.76 181.56 | 0.00 0.00 O 2.00
Sy | 2612.40 | 65.68 34.32 | 29.20 15.43 | 343.16 179.32 | 0.00 0.00 0  0.00

Ss | 2797.80 | 63.44 36.56 | 30.49 17.88 | 355.00 204.56 | 0.00 0.00 O 0.00

Se | 3006.00 | 65.48 34.52 | 33.89 17.73 | 393.64 207.56 | 0.00 0.00 0  0.00

S1 | 1367.80 | 70.79 29.21 | 16.36 6.83 | 193.64 79.92 | 0.00 0.00 0 2.00

So | 1418.40 | 67.41 32.59 | 16.02 7.97 | 191.24 92.44 | 0.00 0.00 O 2.00

H1 Ss | 1336.60 | 56.58 43.42 | 12.81 9.80 | 151.24 116.08 | 0.00 0.00 0  2.00
Sy | 137140 | 63.96 36.04 | 14.49 847 | 17544 98.84 | 0.00 0.00 O 0.00

Ss | 1396.00 | 51.00 49.00 | 12.13 11.49 | 14240 136.80 | 0.00 0.00 0  0.00

Se | 1367.20 | 49.03 50.97 | 11.30 11.90 | 134.08 139.36 | 0.00 0.00 O 0.00

S1 26.80 7090 29.10 | 0.32 0.12 3.80 1.56 0.00 0.00 O 0.00

S 35.20 76.14 23.86 | 0.42 0.13 5.36 1.68 | 0.00 0.00 0 0.00

Hs Ss 38.00 86.32 13.68 | 0.54  0.08 6.56 1.04 0.00 0.00 O 0.00
Sy 35.00 80.00 20.00 | 0.45 0.11 5.60 1.40 0.00 0.00 O 0.00

S5 40.80 85.78 14.22 | 0.56 0.10 7.00 1.16 0.00 0.00 0 0.00

Se 41.20 81.55 18.45 | 0.56  0.13 6.72 1.52 0.00 0.00 O 0.00

S1 | 2002.00 | 69.91  30.09 | 23.89 10.20 | 279.92 120.48 | 0.00 0.00 0  0.00

So | 2116.80 | 74.57  25.43 | 26.15 8.86 | 315.68 107.68 | 0.00 0.00 O 0.00

Co Ss | 2170.80 | 69.52  30.48 | 25.66 11.48 | 301.84 132.32 | 0.00 0.00 O 2.00
Sy | 2119.20 | 61.63 38.37 | 22.17 13.81 | 261.20 162.64 | 0.00 0.00 O 0.00

Ss | 2193.00 | 65.18 34.82 | 23.90 12.77 | 285.88 152.72 | 0.00 0.00 0 0.00

Se | 1969.80 | 62.60 37.40 | 21.06 12.43 | 246.60 147.36 | 0.00 0.00 0  0.00

Table 3: Computational results — characteristics of the solutions obtained by solving
Mod1

the time windows; anyway, the deviation is limited to few minutes. No other deviations
are present.

Looking at Tables 2 and 3 it is clear that the arrival distributions have a great impact
on both the model size, the CPU time and the quality of the obtained solutions. In fact,
for instances characterized by the arrival distribution H2, the total waiting time spent
by the trains in the tracks of the port is the highest one, there is a little violation of the
time windows and also the corresponding CPU time is the highest one (1112 seconds on
average). The opposite case is represented by the set with Hs as arrival distribution, in
which trains are homogeneously distributed in each shift of each working day. The total
waiting time is negligible.

The following graphs permit to better understand these relations.

In Fig. 3 the number of variables and constrains, CPU times and objective function
values are reported. In case of instances characterized by H2 (Homo2day) scheduling
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all the activities is more complex. In fact, the highest values reported in the graph are
related to H2, while the lowest are related to Hs (Homolshift). The gap percentages
between the highest and the lowest values of variables and constraints is around 20%,
while for CPU and objective function is around 85%.

Average data depending on the arrival distribution
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400000

350000 2500

300000 2000

250000
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150000 1000

100000
500
50000 I I
0 0
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B #  variables B # constraints CPUtime === (OB)J

Figure 3: Variables, constrains, CPU time and objective function values for different
arrival distributions

The graph in Fig.4 reports the average percentages of both waiting times and tracks
occupancy in the rail station and in the shunting park. Looking to the tracks occupancy,

the worst case is again for H2 (Homo2d), while the best results have been obtained for
Hs (Homolshift).

Generally, the time passed in the rail station is higher than the time spent in the
shunting park for all distributions.

Finally, the impact of the distribution of the trains inside the port area is analysed.
The graph in Fig. 5 shows the average number of variables and constraints, CPU time
and objective function values for each set of Table 1.

Passing from a balanced situation (S57) to strongly unbalanced one (Sg) the values of
the objective function present a slow increasing trend, while the other values increase on
average of about 25%. This means that more unbalanced is the distribution of trains,
more difficult is the trains management and more congestioned is the system. Anyway,
the developed model is able to manage all the trains in these different cases.

Thanks to graph reported in Fig. 6, it is possible to note that from S} to Sg, the
average percentages of tracks occupancy increase for the shunting park (33% between S;
and Sg) while decrease for the rail station (12% between Sy and S3). In all cases the time
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Average data depending on the arrival distribution
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Figure 4: % of waiting times and tracks occupancy for different arrival distributions
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Figure 5: Variables, constrains, CPU time and objective function for different arrival
distributions

spent in the railway station is higher than the time spent in the park.

The last graph (see Fig. 7) shows that the highest total waiting time is for sets S
and Sg (i.e. the strongly unbalanced sets), while the lowest is for the balanced set S; and
the balanced at the terminals S3. The gap between the highest and the lowest values is
of about 7%. The average time spent by a train in the station is almost the same in all
sets, excepted for S1 and S2 that present higher values for the station than for the park.
The time spent in the shunting park increases passing from S; to Sg of about 34%.
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Trains distribution among operations and terminals
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Figure 6: % of waiting times and tracks occupancy for different arrival distributions

Trains distribution among operations and terminals

250 1620

1600

200 1580

1560

150 1540

1520

100 1500

1480

50 1460

1440

0 1420
51 s2 S3 54 S5 56

s Average time spent by a train in the station s Average time spent by a train in the park

Minutes
Minutes

s Total Waiting Time

Figure 7: Waiting times analysis for different arrival distributions

5.2 Second campaign

The second experimental campaign focuses on the evaluation of the capability of Mod1
to solve bigger instances, in terms of number of trains to manage, that grows from 50 to
100.

The tests are based on instances characterized by the homogeneous distribution
among each day (H1), that is the more realistic one in the contest we are involved with,
and inside the port area two scenarios are considered. Trains may be: i) homogeneously
distributed among both the shunting zones and the terminals (S7); ii) unbalanced with
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respect to the shunting zones and strongly unbalanced with respect to the terminals (Sy).

The obtained results are reported in Tables 4 and 5. As before, each row gives
the average of five solved instances and the standard deviations of the sets of instances
reported in Table 4 are shown in Table 9 in the Appendix.

Table 4, as Table 2, focuses on the size of the solved model and shows the number of
variables (#V), the number of constraints (#C), the CPU times expressed in seconds
(CPU), the objective function values (Obj) and the optimality gap in percentage (Gap).

The number of variables ranges between 354611 to 759987, while the number of
constraints from 171955 to 357939. The CPU time is about 13 minutes for instances
with 50 trains, while the time limit of 1 hour is reached when solving 70-trains instances.

Set | #£Trains | #V #C CPU Obj Gap
S 50 354611 171955 804.08  1712.40  0.00
S 60 422632 202275 2114.09 2140.60  0.04
Sh 70 492659 233076 3600.57 3033.60  0.23
Sh 80 566292 265676 3601.07 4063.20  0.30
S 90 644110 299473 3600.56 6840.40 0.54
S 100 706089 326557 3600.81 11424.40 0.66

Avg 75.00 531065 249835 2886.87 4869.10  0.30
Sy 50 405832 190112 79591  1713.60  0.00
Sy 60 483612 223949 227898 2155.40 0.04
Sy 70 565643 259326 3601.15 3294.00 0.22
Sy 80 641940 292360 3600.96 4020.80  0.32
Sy 90 729953 329874 3600.37 6211.40 0.47
Sy 100 795987 357939 3600.27 12650.00 0.72

Avg 75.00 603828 275593 2912.94 5007.53  0.29

Table 4: Results obtained by solving Mod1

The quality of the solutions can be analyzed by looking at Table 5 that reports the
same information showed in Table 3.

The trains spend more time in the station than in the park. In case of S1, on average
about 68% of the waiting time is related to the station and about 32% to the shunting
park, with an average tracks’ occupancy of 22% and 10.6% respectively for the station’s
tracks and park’s tracks. The situation is similar but more balanced for sets S4. Sets
S4 are characterized by higher average time spent by each train in the park and lower
average time spent in the station than sets S1.

Finally, the obtained solutions present some small deviations for what concerns the
number of needed shunting teams and no deviation for the zones. When increasing of the
number of trains, for both sets (S1 and S4), it is easy to note an increasing number of
excluded trains, from 0 to around 19, and an increasing TW deviation, that on average
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Distr Set Tot | %Wa %Wa | %0c %Oc | Avg/t Avg/t| Te Zo Ex TW

Wait (St) (Pa) | (St) (Pa) (St) (Pa) | dev dev  dev dev

S1 50 1367.80 | 70.79  29.21 | 16.36 6.83 | 193.64 79.92 | 0.00 0.00 0.00 2.00

S1 60 | 1599.40 | 74.87 25.13 | 19.98 6.59 | 199.57  67.00 | 0.00 0.00 0.20 0.00
St 70 1809.20 | 69.12 30.88 | 21.02 9.25 | 178.66  79.80 | 0.00 0.00 1.40 16.00
S1 80 | 2148.60 | 66.35 33.65 | 24.42 12.08 | 178.20  90.38 | 0.00 0.00 2.60 42.00
S1 90 2280.80 | 64.71  35.29 | 25.05 13.73 | 163.98 89.44 | 0.00 0.00 7.20 344.00
S1 100 | 2355.20 | 63.13 36.87 | 25.36 14.89 | 148.68 86.84 | 2.00 0.00 16.40 228.00
Avg 75.0 | 1926.83 | 68.16 31.84 | 22.03 10.56 | 177.12  82.23 | 0.33 0.00 4.63 105.33

Sy 50 1371.40 | 63.96 36.04 | 14.49 847 | 17544  98.84 | 0.00 0.00 0.00 0.00

Sy 60 | 1603.60 | 60.16 39.84 | 15.97 11.03 | 160.80 106.47 | 0.00 0.00 0.20 0.00
Sy 70 1880.00 | 56.06 43.94 | 17.67 13.69 | 150.57 118.00 | 0.00 0.00 1.60  98.00
Sy 80 | 2102.80 | 53.57 46.43 | 18.86 16.27 | 140.80 122.05 | 0.00 0.00 2.40 132.00
Sy 90 2267.20 | 55.07 4493 | 20.94 17.35| 138.73 113.18 | 0.00 0.00 6.20 210.00
Sy 100 | 2107.60 | 50.68 49.32 | 18.24 17.23 | 106.82 103.94 | 6.00 0.00 19.40 174.00
Avg  75.00 | 1888.77 | 56.59  43.41 | 17.70 14.01 | 145.53 110.41 | 1.00 0.00 4.97 102.33

Table 5: Analysis of the quality of the solutions

is about 103 minutes.

Thanks to the following graphs it is possible to understand how increasing the number
of trains, the difficulty in solving Mod1 increases and the management of the scheduling

of the trains too.

Solutions results depending on the number of trains
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Figure 8: Objective function values, waiting times and TW deviations varying the number

of trains to manage

From the graph in Fig. 8, it is possible to note that the enormous growth in the
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Solutions results depending on the number of trains
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Figure 9: Working teams deviations, excluded trains and TW deviations varying the
number of trains to manage

objective function value (86%) is due to the deviations that are weighted, while the total
waiting time of served trains remain more or less the same. In fact, the time window
deviations in minutes increases with a gap of 57% between 80 and 100 trains.

Thanks to the graph in Fig. 9 it is possible to analyze the obtained solutions from a
management point of view. In fact we can use the model for tow different evaluations:
the maximum number of trains that we are able to serve with the available resources
and, vice versa, the required resources for serving a given number of trains.

The layout structure and the available human resources seem to be not enough for
serving more than 80 trains. In fact, the number of not served trains grows between 70 and
100 trains. In this latter case, there is also a major request in terms of human resources.
The time windows deviation (same trend as in the previous graph) does not represent
a real problem to highlight because time windows have been randomly generated, and
thus they could be not perfectly realistic generated and some deviations has expected.

Finally, thanks to the proposed model, this campaign also reveals the capacity of the
port to manage a higher number of trains, thanks to the station and the shunting park
capacity expressed in term of number of tracks (ten tracks each).

5.3 Third campaign

This last campaign aims at showing the capability of the proposed model to be an useful
tool for the shunting manager. The experiments focus on instances of the group H1-S1-
80 trains. Note that, this analysis has also been used to fix the weights in the objective
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function (22).

The time limit in the previous experimental campaign has been fixed to one hour but
in the preliminary tests also three hours as time limit has been used.

Moreover, a lot of tests have been made in order to fix the weights for the penalization
described in Section 4.3. The weights used in the previous campaigns, as already said,
are ap = 10, a0 = a3 = 100, ay = 500. Some extreme cases, useful for the aim of this
campaign, are reported in this section. In particular, the following Tables report results
related to the penalization listed below:

la) a; =0, i.e., time window deviations are not penalized;

1b) a; = ay = 0, i.e., the number of the used shunting teams that exceed the number
of the available and the time window deviations are not penalized;

lc) a; = ap = az = 0, i.e., only the train exclusion is penalized.

All the obtained results have been reported in Tables 6 and 7, in such a way to
compare the obtained solutions in terms of CPU time and quality.

In particular, Table 6 includes the following information: test name, the CPU time,
the objective function value and the optimality gap in percentage. The three following
columns are related to the waiting time of the trains, and in particular, the total waiting
time and percentage of waiting time in both the rail station and the shunting park are
reported. The last four columns are related to the tracks occupancy: the percentages
of occupancy at the station and at the park is shown together with the average waiting
time per train (at the station and at the park).

Table 7 includes the deviations obtained in each test, as in Tables 3 and 5, but more
details related to the time windows are reported due to their high deviation values. Thus,
the last four columns show the time window deviations both in minutes and in hours,
and the time window deviation per train, again in minutes and hours.

Test CPU Obj Gap | Tot %Wa %Wa | %0c %Oc Avg/t Avg/t

% | Wait (St) (Pa) | (St) (Pa)  (St)

(Pa)

Mod1-1h | 3601.07 4063.20 0.30 | 2148.60 66.35 33.65 | 24.42 12.08 178.20  90.38
Mod1-3h | 10800.59 3300.40 0.13 | 2206.80 67.48 32.52 | 25.19 12,54 186.15  89.70

Modla | 3259.97 67740 0.04 | 87.00 7448 25,52 | 1.08 0.37 8.10
Mod1b 539.97 30.00 0.00 | 30.00 9533 4.67 | 0.50 0.02 3.58
Modlc 337.38 24.00 0.00 | 24.00 8.83 14.17 | 0.33 0.06 2.58

2.78
0.18
0.43

Table 6: Analysis of the solutions - Instances H1-S1-80trains
From Table 6 it is possible to note that the solutions obtained by solving the model
with a time limit of 1 hour have an average gap of 30.5%. From a quality point of view,

these solutions are similar to those obtained with a time limit of three hours; the only
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Test Te Zo Ex T™™W TW  TW-dev/t TW-dev/t
dev dev  dev | dev (m) dev (h) (m) (h)
Mod1-1h | 0.00 0.00 2.60 | 42.00 0.70 0.53 0.01
Mod1-3h | 0.00 0.00  1.00 10.00 0.17 0.13 0.00
Modla 0.00 0.00  0.00 | 19778.00  329.63 247.23 4.12
Modlb | 528.00 0.00 0.00 | 20404.00 340.07 255.05 4.25
Modlc | 636.00 184.00 0.00 | 20596.00 343.27 257.45 4.29

Table 7: Analysis of the quality of the solutions (deviations) - Instances H1-S1-80trains

fact to stress is the difference in the trains exclusion (EX) that passes from 2.6 to 1 train.

Considering the different objective functions tested, i.e., those explained above (1a),
1b) and 1c)), results are reported in the rows Modla, Modlb, Modlc. We can note
an important reduction in the CPU time when having less to penalize in the objective
function: the model is able to furnish optimal solutions in few seconds; these solutions
are characterized by very low tracks occupancy percentages and average waiting time per
train, as shown in the last four columns of Table 6. This is due to the fact that, in these
last three cases, it is possible to violate the time windows, thus permitting the trains to
immediately enter the terminals instead of waiting in the station or in the park.

Looking at Table 7, we can note that time window deviations for the last three cases
are very high. In particular, in the last case Modlc all the trains have been served with
an high deviation for all the reported terms (Teams, Zones and Time windows), while
in case of Modla only the time window deviations are present. Note that, in these last
cases the manager could stipulate new agreements with the terminals for performing the
proposed schedules.

Summarizing, Mod1 solved with a time limit of one hour seems to be useful to support
shunting managers in the scheduling of the trains planned to approach the terminal in a
given time horizon, while both Modla and Mod1b can be used by the shunting managers
for evaluating the required resources to manage a given number of trains.

6 Conclusions

In the present paper, a new problem arising in the port area has been described and
a model for solving it has been proposed. The port area is characterized by a layout
and the management has a given organization for operating each day a given number of
import and export trains.

A deep analysis has been conducted for validating the model and for tuning some
parameters (i.e., the weights used in the objective function of the proposed model) in
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such a way to have a model useful for both scheduling a given number of trains in an
operative fix contest, and evaluating the resources necessary to manage a given number
of trains when the shunting manager can re-organize the resources and can stipulate new
agreements with the terminals.

Different scenarios concerning the number of trains to manage, the arrival distribution
of trains during the time horizon, and distribution of the trains inside the the port zone
have been analyzed.

The arrival distribution of the trains has a great impact on the waiting time in both
the station and the park, even if the considered shunting area has a number of tracks
enough for the management of the trains in all the analyzed situations. The station
represents a very useful buffer for permitting the schedule of the trains constrained by
the schedule of both the railway network and the ships. The number of tracks never
represents a bottleneck for the system: even with one hundred trains, the percentage of
tracks’ occupancy is not greater than 25 %.

Moreover, the distribution of trains with respect to their paths inside the port area
(that is, with respect to their origin/destination terminals and the operations they have to
perform) has not a great impact on the trains’ schedules. The only remarkable difference
is related to the number of shunting teams required for managing one hundred trains:
more unbalanced instances, as for those in set S4, required more shunting teams for
managing trains in more congestion areas.

Finally, it is really interesting to note that Modl with different objective functions
can be a useful support for evaluating the network layout, the available human resources,
and the organization, within the strong constraints imposed by the ships and the national
railway network.

As last remark, port systems characterized by a different layout can be easily evaluated
thanks to the innovative operations-time-space network used to tackle this problem.
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7 Appendix

In the following Tables are reported the standard deviations for each set of generated
instances used in the experimental tests described in Section 5.

Distr Set | Unique Others Ter 1 Ter 2 Ter3 Ter4
2 Sh 0.00 0.00 0.00 0.00 0.00 0.00
Sa 0.00 0.00 1.10 1.10 1.10 1.10
S 1.10 1.10 1.10 0.00 1.10 0.00

i Sy 1.10 1.10 1.10 2.00 2.00 2.28
Ss 2.19 219 110 1.10 1.10 1.10
Se 2.00 2.00 089 219 1.67 261
Sy 0.00 0.00 0.00 0.00 0.00 0.00
S 0.00 0.00 110 1.10 0.89 0.89
H1 Ss 1.10 1.10 1.10 0.00 1.10 0.00
Sy 0.00 0.00 0.00 0.00 1.67 1.67
Ss 1.67 1.67 1.10 0.89 1.10 0.89
Se 1.10 1.10  0.89 1.79 1.67 2.68

s Sy 0.00 0.00 0.00 0.00 0.00 0.00
S 0.00 0.00 110 1.10 1.10 1.10

q Ss 1.10 1.10 1.10 0.00 1.10  0.00
Sy 1.10 1.10  1.10 1.67 0.89 1.10
Ss 1.67 1.67 1.10 089 1.10 0.89

Se 1.79 1.79 0.00 1.79 1.67 2.28
0 S 0.00 0.00 0.00 0.00 0.00 0.00
S 0.00 0.00 110 1.10 1.10 1.10

C S3 1.10 1.10 1.10 0.00 1.10  0.00
Sy 1.10 1.10 1.10 1.67 219 2.28
Ss 1.10 1.10 1.10 0.00 1.10 0.00
Se 1.41 141 0.00 141 0.89 0.89

Table 8: Standard deviations of generated instances - first campaign
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Set | #Trains | Unique Others Ter 1 Ter 2 Ter 3 Ter 4
Sh 50 0.00 0.00 0.00 0.00 0.00 0.00
S 60 0.00 0.00 0.00 0.00 0.00 0.00
Sy 70 0.00 0.00 0.00 0.00 0.00 0.00
Sp 80 0.00 0.00 0.00 0.00 0.00 0.00
Sh 90 0.00 0.00 0.00 0.00 0.00 0.00
Sh 100 0.00 0.00 0.00 0.00 0.00 0.00
Sy 50 0.00 0.00 0.00 0.00 1.67 1.67
Sy 60 1.10 1.10 0.89 110 141 1.79
Sy 70 1.67 1.67 1.10  1.67 141 219
Sy 80 1.79 1.79 0.89 1.67 228 261
Sy 90 1.10 1.10 1.10 141 2.00 2.28
Sy 100 1.67 1.67 0.89 110 1.79 297

Table 9: Standard deviations of generated instances - second campaign
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