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Abstract. Due to the increase in world-wide containerized cargo parisport
authorities are facing considerable pressure to increffiseercy of existing fa-
cilities. Container vessels withg, 000 TEUs (twenty-foot equivalent units) are
expected soon to create high flow peaks at container tersaitmathis paper we
propose a new framework for managing intermodal contaieeninals, based
on the model predictive control methodology. A model basedweues and con-
tainer categorization is used by a model predictive coletrtd solve the handling
resource allocation problem in a container terminal in aimogd way, while re-
specting constraints on resource availability. The oation of the operations
is performed in an integrated way for the whole terminal eathan only for an
individual subprocess. Containers are categorized infateand full containers,
and divided in classes according to their final destinatiéfith more detailed
information available, like container final destinationisi possible to establish
priorities for the container flows inside the terminal. Thideay in which the con-
tainer classes should be loaded into a carrier can now bessklt taking into
account the carrier future route. The model ability to trdeknumber of contain-
ers per class makes this framework suitable for descrilgnginals integrated in
an intermodal transport network and a valuable tool for dmating the transport
modal shift towards a more sustainable and reliable trahsploe potential of the
proposed framework is illustrated with a simulation studgédd on a high-peak
flow scenario.

Keywords: intermodal transport, container terminals, flow networkedel pre-
dictive control
1 Introduction

Despite the current economic situation, on the mid to largatthe transportation of
goods over water and tracks will keep increasing [3]. SeaRoiterdam in the Nether-



lands (the tenth largest container port in the world and #ngelst container port of
Europe in TEU transhipped i2011) expects ir2030 a doubling of the number of full
and empty containers, and in addition aims at an increadeeahbdal split in favor of
inland shipping fron25% to 45% in 2030. Already now major deep sea terminals (also
outside The Netherlands) are reaching their maximum cgpdtie expected increase
in transported container volume will cause more terminalseach their limits. In ad-
dition, the capacity of deep sea vessels has grown fros00 TEU in 1980 to about
14,500 TEU in 2006 [4]. This increase in vessel sizes leads to an increase ikqadh
sizes at terminals. Handling these larger volumes of inateously arriving load takes
a significant amount of time and moreover delays other teahtiperations. As a con-
sequence, transit times of containers become more delahédon its turn affects the
connecting transportation means (truck, barge and trainich therefore have to face
long waiting times at terminals: in Rotterdam trucks mayeh@avait up ta6 hours and
barges have been reported to wait betwgéeand up tor2 hours [11].

The container transportation network is composed by natdiesc(ibing terminals,
depots or warehouses) and links (describing available extions). According to [12]
inland transportation accounts for a considerable pahefdtal cost for container ship-
ping betweerd0% to 80%. A container terminal is a complex system where solutions to
different problems have to be integrated, like berth schiegand resource allocation.
Different scientific communities, such as operations neseand more recently control
systems, have devoted attention to the optimization ofaijmers inside the container
terminal, in particular those container terminals locaéthe sea [1, 13, 16]. One of
the main approach for optimizing container terminal ogeretis based on finding an
optimal handling resource allocation that can increasdrtfight flow through the ter-
minal [5]. However, in some works only part of the terminakogtions are considered:
serving vessels, transfer between the quay and the yardAll4hese approaches are
common in the sense that they consider containers as urglisghed units and there-
fore they lack a basis to support strategic planning in aspartation network. Distin-
guishing containers can be extremely useful for developiagsures at a strategic level
to increase network performance.

The model and control strategy proposed in this paper istatdelve the handling
resource allocation problem while at the same time tracktiegcontainers final desti-
nation inside the network. The contribution of the modehis ability to deal with dif-
ferent container types, in particular it distinguishes gngnd full containers and this
last type is further categorized based on final destinafitis feature allows further
insight into the operations management of an intermodaliteal. More information
regarding the container’s final destination has to be sharede transport network,
while for trust reasons the privacy of the final customer &thdwe respected. The in-
formation exchange required is likely to happen if benefitsshown to all actors in
the transport network. With this framework it is possibleute a forecast of scheduled
requests for unloading/loading of containers for eachi@affhe container flow will
be measured by the volume of TEUs in a time period. The comtdiows inside the
intermodal terminal are determined in an optimal way by @abed model predictive
controller according to a defined performance index oveediption horizon. Through
the performance index it is possible to assign time varyimgyipies to container flows.



In this paper a new framework for intermodal container teahbperations man-
agement is proposed. In Section 2 the model used for desgrthie flows existing
inside the intermodal container terminal is given. The uvese allocation problem is
formulated in Section 3 and addressed using a model preglictintrol strategy that
solves an optimization problem at each discrete sample fiine performance of the
proposed framework is tested through numerical simulationSection 4 for a hin-
terland intermodal terminal taking into account the temhilayout and the available
transport network connections. In Section 5 final conclusiare drawn and future re-
search topics are addressed.

2 Modeling Intermodal Container Terminals

The intermodal container terminal is a key element in thespart network. A transport
network can be represented by a grapk: (V, £) where the node¥ represent termi-
nals or hubs and the link§ represent the available transport mode connections. The
challenge when looking at the container transport problemfa network perspective
is to assure the cooperation between the different trahgptwork actors (merchants,
forwarders, terminal managers, shippers, infrastruatuneers...) towards a more sus-
tainable and reliable transport system. A terminal modeukhcapture the necessary
information to support the transport network analysisithaimed at a more sustainable
transport system.

The basic goal of a transport network is to deliver the catglosaagreed time and at
the agreed location (customer request) while minimizirggabst of transport (service
provider request). The transport network actors have desige of satisfying the cus-
tomer request while reducing the transport costs to renimpetitive in a competitive
sector. Reducing transport costs is related to an optimaérohoice inside the trans-
port network. For example, the shortest route in time maybédest option when time
comes as a priority for respecting the agreed due time oeiftlis sufficient time left
the option may be using a longer route but with less transpsts. For this objective
it is required to distinguish containers inside the tramspetwork according to their
final destination. In this work the final destination of a @nér means the last terminal
the container should visit before being transported bykitad¢he final customer. In this
way the privacy of a client is still assured.

2.1 Proposed Model

A transport network is composed of a group of terminals orotfepvhere cargo is
redirected to the final destination and may undergo a trahspade switch. The pro-
posed intermodal terminal model for describing the terinilyamamics is based on a
flow perspective. The terminal model is basically a netwdrktowage areas described
as queues that are connected by container handling capepigsented by links. The
model describing the terminal dynamics is based on two netufes:

— queues, to model the stowage capacity related to well-dkéfineas inside the ter-
minal. From a network perspective these terminal areadsoeeferred to as nodes
of the terminal-related network.
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Fig. 1. Terminal-related network where the flow corresponding tingle carrier crosses 5 ter-
minal areas plus a common area. The state-space &ct@scription is given in equation (1).

— categorization of containers: if a container is empty orladontainer, and for a
full container a division is made according to its destioati

Combining the information of stowage volume and contairsgegory the intermodal
terminal model can track the flow of containers of a particalass inside the terminal.
The assumptions made in this work are intended to produceergleframework able
to describe different terminal layouts.

The complexity of the terminal model is determined by théofelng parameters:

— ng: number of container types considered in the transportartvA distinction is
made between empty and full containers; full containeréuatber divided accord-
ing to their final destination;

— n¢: number of different carriers served at the same time atttmeibal. It is possible
that a transport mode (deep sea, barge and trains) serwzalsgarsriers at the same
time; for example more than one feeder or barge may be at g qu

— n,: number of terminal areas related specifically to one singteer.

The terminal is considered divided in two main areas, seelFig

Import Operations: when a carrier arrives it brings containers that should beaded
(unload demand — pushes containers to the terminal). Therirflpw starts at the
Unload Area and goes until thémport Area at theCentral Yard in Fig. 1;

Export Operations: when a load request for containers is assigned to a caroiad (|
demand — pulls containers from the terminal). In Fig. 1 stiidm theExport Area
and finishes attoad Area.

These two operations are the requested service the tershioald provide and are
referred as a carrier service or demand. For each indivichraier a standard container
flow is established consisting of the following operations:



1. unload the containers from the carrier according to timeaded;

2. transport the containers from thiaload Area into the terminalmport Area;

3. rehandle the containers in tBentral Yard from thelmport Areato theExport Area
according to the load demand;

4. take the containers from tifexport Area to thelLoad Area;

5. load the containers into a carrier.

For the sake of simplicity and without loss of generalityc@aling to this flow pattern
the number of exclusive terminal areas per carnigr= 5 is assumed to be a fixed
parameter in the model. This parameter can be made varyireatd carrier to model
different terminal layouts. The control action is the numiiecontainers per container
type to move between different terminal areas per unit tittnat is the container flow.
The unloading/loading of a container from/to a ship is dor#h the same resource
(quay crane) while the transfer to/from tRentral Yard is made by another resource
(automated guided vehicle or other); this transport modéchvis realized at thém-
port/Export Shake Handsareas. Thémport Area located at th€entral Yard is a special
area inside the terminal as it is the only area common to alleza where containers
are stacked and wait to be picked up by some shipper.

For each node in the terminal-related network a state-sgaaterx; (k) is defined,
and these are merged to form the state-space ve¢igrof the complete terminal,

() %1(F)
%i(k) = R ( ) =1, . ,nanc+ 1,  x(k)= Xz:( ) ) (2)
x?t(k) Rnanetl (k)

wherex{(k) is the volume of containers of tygeat node; at time instant. The total
number of nodes within a terminal network is associated withnumber of carriers
served and is given by, n. + 1. The state-space(k) dimension is given by (n,n. +

1) corresponding to the number of available destinations fimerterminal and carriers
served simultaneously. The model for the terminal dynawacsnow be represented in
a compact form as,

x(k+ 1) = Ax(k) + Byu(k) + Byw(k) 2
y(k) = Cx(k 3)
x(k) > 0, (4)
u(k) > 0, (5)
Y (k) < Ymax (6)

Puuu(k) < upax, (7)
x(k) > Pyqu(k) (8)
x(k) € X 9)
u(k) € U (10)

whereu(k) is the control action vector with length, x 1 with n, = nynane, w(k) is
a disturbance vector related to the arrival/departuredideeover time with dimension



2n¢ne, y(k) is the current container volume at all nodes with dimensipe= n,n.+1,
Ymax are the maximum storage capacities of the terminal angas, the maximum
handling capacities according to the terminal des@gnB,, B, andC are the state-
space matrice®, is the projection from the control action gétinto the state-space
setX andP,, is the projection matrix from the control action gétnto the maximum
handling capacity séty,ax.

The terminal state ok at the next time steps + 1, is determined using (2) as a
function of the current terminal statek) plus the contribution due to the control ac-
tion u(k) decided upon by the terminal manager and the correspondstigliances
w(k) capturing the arrival and departure of carriers. The modgbuty (k) can be
chosen as a combination of the terminal areas state) through the use of matrix
C. The control actionu(k) is the flow of containers between nodes and is imposed
through a corresponding resource allocation. Disturbsace impulses happening in
time instants related to the arrival and departure of ceraed with an intensity corre-
sponding to the load/unload request for that carrier. laéties (4)—(8) are necessary
in this framework for imposing the terminal structural lagand assumptions made:

Nonnegativity of States and Control Actions: negative storage is not physically pos-
sible, imposed by (4), and all decision variables are asdumliee nonnegative, this
is guaranteed by (5);

Storage Capacity: each terminal area has to respect its own stowage capadityhan
is represented by (6). Considering the terminal-relatégork in Fig. 1 it is impor-
tant to note that different nodes may be associated to the gduysical location.
For example, the different state-space variables cormginiport/Export Shake
Hands areas should be considered together as they are desctilgisgutne physi-
cal location, and naturally share the same constraints;

Maximum Handling Decisions: the terminal structural layout in terms of handling
capacity and handling resource type used for the differemtainer transfer inside
the yard is represented by (7). Different terminal layowts be easily translated
into the model. For example, if the same handling resouraseesl for all terminal
transfer operations [16] this will affect the projectiontmmaP,,;

Consistent Handling Decisions:not all handling decisions that satisfy (4) and (5) are
allowed. The control action has to respect the existencepofainer type in the
related terminal area and therefore equation (8) imposesdlation.

3 Model Predictive Control

Over the last decades Model Predictive Control (MPC) [9] Irasome an important
strategy for finding control policies for complex, dynamistems. MPC has shown
successful applications in the process industry [9], amibis gaining increasing at-
tention in fields like container terminals [2], power netk®(6], water distribution
networks [10] and road traffic networks [7].

MPC is an online optimization-based control approach thatmizes an objective
function subject to constraints. The motivation for usinglsan approach arises from
the following. In transport systems, costs can be assatiatactions and states. Models
can be constructed that describe how particular transgstésis behave. By making
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Fig. 2. Model predictive control structure.

predictions over a certain prediction horizon using thesglels, an MPC controller
can determine which actions have to be chosen in order tinab&best performance.
An MPC controller determines which action to take at disei@introl steps. At each
control step the controller first obtains the current stdtihe system it controls using
sensors, Fig. 2. It then formulates an optimization problasing the desired goals
existing constraints, disturbances and forecast infaonaf available. The solution

to the optimization problem determines the actions overpttegliction horizon that

give the best predicted performance. The controller implet® these actions, using
the existing actuators, until the beginning of the next oargtep, at which time the

MPC controller repeats these steps in a receding horizdridiasi.e., by obtaining

new information about the current state and by reformulgitie optimization problem

starting from the next control step.

Cost Function: Terminal performance can be evaluated in different waysdding
on the chosen perspective; the throughput of the termifafthe customer sat-
isfaction in terms of cost, time and service quality [15] asenmon choices. In
this work we consider the throughput of the terminal as agserénce index. With
higher flows more competitive prices can be offered by thaitesl managers in or-
der to expand the market share and with that increase prbéttiroughput can be
increased by reducing the lay time of carriers, which insesahe capacity avail-
able for receiving carriers. In our case, this performandex is translated into a
mathematical representation using a weighted sum of thaeguat the terminal
areas while respecting the scheduled departure times. ghivgj is associated at
each sample time to the existing queues at each node,

NaNec+1
Z q; (k)%i(k) = [af (k) a3 (k) ... a1 (k) | x(k) = q (k)x(k)

(11)

whereq,, can be time varying to allow changing the flow priorities adiog to

the different terminal operation requests. Using this cifoje function it is possible
to put different weights on different terminal areas, cordgatypes and carriers
according to their role in the terminal dynamics and thergésstrategic behavior.
In this paper, we show that it is possible to act directly andbntainer flows inside



the terminal. Flow priorities can be easily introduced ia tdptimization problem
with a careful choice of weights, translating terminal gtemal requests into the
optimization problem, namely:

— carriers can receive a higher priority according to the sizéhe requested
operation;

— for the unloading and loading operations it is possible thneéethe desired
order for handling each container type. This is particyladeful for letting
the loading of empty containers be the last operation suahithcase of a
delay or anticipated departure the impact on transportegbda bounded,;

— any combination of priorities is possible. For example @seof transshipment
of one container type between two carriers simultaneoudlyeaquay, maxi-
mum priority may be given for the pair container/carriertie tmport area and
minimum priority in the export area for the pair containarfier such that the
transhipment is fulfilled in the time window available.

The cost function is defined over the prediction horizon,

N—-1
=Y i (k+1+i)x(k+1+1i), (12)
1=0

whereN is the length of the prediction horizon.

Constraints: constraints are necessary to incorporate into the opttmizgroblem
the terminal system dynamics (2)—(10). The loading requegbsed by clients is
introduced in the optimization problem through,

dex(k) < Wd(k) (13)

where the forecast load request veotai(k + i) has to be updated at each sample
time andP 4 is the projection matrix from the state-space set into thd lequest
set.

MPC Problem Formulation: the MPC optimization problem can be formulated as:

N—-1
xg&n qu (k+1+i)x(k+141) (14)
subject to x(k +1+1i) = Ax(k) + Byu(k) + Byw(k), (15)
y(k+i)=Cx(k), i=0,...,N—1, (16)
xw+1+n 0, 17)
u(k +1) > (18)
y(k+1) < Ymax, (19)
Pyau(k +1i) < Umax, (20)
x(k +1) > Pygu(k + i), (1)
Paxx(k+1+1i) <wq(k+1+1). (22)

The problem is a constrained linear programming probler, tduhe linear cost
function and the existence of linear constraints.



4 Numerical Results

The presented framework is applied for a hinterland intefah@ontainer terminal.
Such a terminal is the basis of the hinterland transportatvOur focus is on consid-
ering the intermodal container transport problem as a nétflow problem. We first

define the throughput desired for the terminal in terms ofartfiexport container flows,
then the transport mode capacities available at the tefrantbfinally a fixed schedule
for the hinterland transport mode connections is assumbd tmposed by shippers.

Computational Scenario Design Every intermodal container terminal faces two dif-
ferent types of flows:

Import Flow: all containers that are brought into the terminal by thelat$e connec-
tions and that will be unloaded and stacked at the centrdlwaiting to be picked
up by some other transport mode;

Export Flow: all containers that are waiting in the terminal and are esdéd to an
available connection proceeding towards the final destinat

Itis assumed that the terminal will face an average week flowrad16, 800 TEUS,
divided smoothly into import and export flows. On a yearlyib#ise hinterland terminal
will face a flow 0f890 x 103 TEUs. Consider this terminal layout to face the desired
yearly throughput:

— a quay area able to berth simultaneously two barges at maxifB@ontainers will
be unloaded/loaded from/to barges by quay cranes. The maxi@rminal capac-
ity is of 90 TEUs/hour. In berth area A the maximum quay crane capacityeoter-
minal can be used while for berth area B only a handling capa€it5 TEUs/hour
is available;

— there are two rail tracks in the area reserved for the traimsfport mode. Containers
will be unloaded/loaded from/to wagons using straddleieesrand a maximum
capacity of4/0 TEUs/hour is available;

— an area reserved for the truck transport mode is also indludh a maximum
capacity of serving0 TEUs/hour in single mode.

The transport transfer between the quay andGhetral Yard is implemented by the
same handling resource. The rehandling of containers &tehteal Yard from thelm-
port Area to the Export Area (or in other words reshuffling containers to prepare the
loading operation) is performed by a different handlingotgse. Trucks and trains
have their own handling resources for unload/load opearatand for transfer to/from
the Central Yard. The terminal handling resources are given in Table 1. Thdable
handling resources inside the terminal are expressed as fldJs/unit time) in accor-
dance with the flow perspective used for modeling the term@@ncerning the storage
capacities th€entral Yard total capacity is considered sufficiently large to neveiriets
terminal operations. Thiemport/Export Shake Hands storage capacities are limited to
the respective unload/load maximum capacity for eacheag TEUs for barge A,
45 TEUSs for barge B20 TEUs for train A,20 TEUs for train B and30 TEUs in single
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Handling Resourg®aximum Flow|Handling Resourgdaximum Flow
Quay Cranes 90 TEUs/h|Quay - Yard 135 TEUs/h
Berth A 90 TEUs/H|Rehandling 190 TEUs/h
Berth B 45 TEUs/h|Train Gates - Yard 40 TEUs/h
Train Gate A 40 TEUs/h|Truck Gates - Yard 30 TEUs/h
Train Gate B 40 TEUs/h|Truck Gate 30 TEUs/h

Table 1. Hinterland terminal handling resources.

Transport ModeTEUs / weekTEUs / year share
Barge 7,200] 382 x 10%] 42.9%
Train 3,840| 203 x 10%| 22.8%
Truck 5,760| 305 x 10%| 34.3%
Total 16,800| 890 x 10°|100.0%

Table 2. Hinterland transport mode split.

mode for trucks. These terminal areas can not be used foag®purpose but only for
internal transport transfer.

In order to respond to the desired hinterland container flawstwork of connec-
tions and weekly schedules is created. We assume that tedidetis a result of agree-
ments between the terminal and other actors in the transptwirk, and therefore the
terminal has no permission to change it without consent. folewing assumptions
are made per transport mode:

Barges: this transport mode is characterized with uncertaintyssdéhedule and there-
fore we assume that three connections per day will be availata 6 days week.
An average handling &f80 TEUs/demand antl20 TEUs/demand for berth A and
berth B, respectively, will be considered for numericaliges

Trains: two rail tracks are available that serve exclusively oninted the same time,
the schedule for trains is assumed fixed and four canals ébrrad track are avail-
able for a6 days week. The maximum capacity per traid(sTEUS;

Trucks: truck gates are only open forig hour period on & days week. The maximum
served capacity during the day timesid0 TEUSs.

According to the available connections and schedule thetiémd transport modal split
is shown in Table 2 assuming maximum transport capacitydohéransport mode.

For this terminal we assume that all carriers have an equabeuof terminal areas,
n, = 5. Considering that the terminal is integrated in a transpetivork composed by
4 terminals the number of container classesis= 5, including empty containers. Fi-
nally, the terminal is composed 26 terminal areas and the terminal state-space vector
is described byt 30 states.

Simulation Configuration The MPC controller is set to use a prediction horizon of
3 steps; the weights for the objective function are indicatedable 3. The weight
related to thdmport Area at theCentral Yard is kept neutral as it acts as a warehouse
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Carrier Unload Area Import |Export Area Export Load Area
Shake Hands Shake Hands

Barge A[105100959084] 175 172 172 |-[80 75 70 65 60

Barge B [55 55 45 45 45] 175 172 172 |-[40 35 35 35 20|

Train A| [50 30 30 30 30] 175 172 172 |]1515 1515 10]

Train B | [25 25 25 25 25] 175 172 172 -[15 15 15 15 5]

Trucks | [20 20 20 20 20] 175 172 172 -[10 10 10 10 5]

Table 3. Weights used in the cost functiof étands for the column vector of length with all
entries with valud).

for containers between deliver and pick up times. The wsighthelLoad Area are
taken negative, such that containers are pulled fromC#rgral Yard. The minimum
allowable prediction horizon i& = 3 as this is the number of time steps needed to
move containers from thienport Area to theLoad Area. To assure the containers will
be attracted towards tHeoad Area fulfilling the load request it is important to assure
the following relation for each carrier,

N-—2
—(A34i +Qapi) > > Gspi 0=0,...,mc— 1. (23)
i=1

This means that the benefit of staying at tead Area, during the prediction horizon,
has to be greater than the penalty the container faces wioléngy from thelmport
Area at theCentral Yard to theLoad area.

According to Section 3 the weights are assigned to the cosdtifan in order to
impose container flow priorities related to the terminaht&gic goals. We assume for
this terminal that the goal is to serve the bigger calls fifste carriers served at the
terminal in a decreasing order are: Barge A, Barge B, Traiffrajn B and Trucks.
The unload operation is always the first operation to do fehezrrier and only after
the conclusion of this operation the loading operation Wwébin. After defining the
hierarchical relation between carriers further priostere included in respect to the
container type. Only the weights related to the unload aad lreas are considered
element wise to impose the desired order in which the coataishould be unloaded
and loaded.

The MPC optimization problem is solved at each time step @kimulation using
the MPT v2.6.3 toolbox [8] with the CDD Criss—Cross solverlfoear programming
problems. The simulations are performed using MatLab RBGfi®a personal com-
puter with a processor Intel(R) Core(TM) i7 B50GHz with 8GB RAM memory in a
64-bit Operating System.

Test Scenario In this scenario a challenging situation is created: allests for one
day start precisely at the same time. Although this is notadistic scenario, it is ap-
propriate for illustrating the framework ability to implemt the desired priorities while
respecting the constraints. Thaport Area at theCentral Yard is initialized with suffi-
cient containers to fulfill all requests for loading contin The departure of containers
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Fig. 3. Evolution of container type unloaded/loaded to/into baBge

will not be executed to help visualize the terminal behasra consequence the con-
tainers will be accumulated at th@ad Area. In this congested situation the terminal
operations management is put under severe pressure. Allihgmesources should be
used to overcome this situation while respecting the azarid container type priorities.

In Fig. 3 we see that the unloading and loading operationdogéB is done taking
into account the container type priority. For the bargesdpamt mode, depending on the
size of the request, the time difference between unloadgigem container type at the
beginning or at the end of the scheduled time window may beitapt and have a
significant impact on th€entral Yard container flow management. The option to leave
the empty containers as the last container type to load chrcegerminal costs in case
of delays or anticipated departure.

Fig. 4 shows that the order by which the carriers are servad agreement with
the size of the unload/load operation request (Table 3).tfmsport modes by land —
trains and trucks — are not affected by the quay congestioause they use different
handling resources at the terminal regarding the connmettiadhe Central Yard. This
terminal is decomposed in three main areas associated ts: ftmay—yard flows, train
gates—yard and truck gates—yard . This decomposition igaltie terminal structural
layout concerning the handling resources used to connedlifterent terminal areas.

With Fig. 5 we can track the evolution of container types & @entral Yard. In
this scenario the total amount stacked at tmport Area faces a maximum increase
aroundd00 TEUs. When looking in detail at the container type evolutioty one con-
tainer type — related to the location of the analyzed terhirfaas a similar evolution.
This is an improvement regarding the current situation¢basiders undistinguishable
containers. In particular, it is possible for the stratdgiel to recognize the transport
network routes that are facing more pressure and need audetexthancement.

In Fig. 6 we observe that all crane resources are firstly atktto barge A. The
transfer handling capacity between the quay anddrgral Yard is at maximum capac-
ity. So in this configuration introducing more quay craneazagy will not be translated
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in any terminal performance increase if a similar investnienot made for the transfer
capacity between quay a@ntral Yard.

In this scenario the average computation time @48 s with a standard deviation
of 42.01 s. The maximum computation time occurred for= 14 and took244.09 s.
This time step is close to the transition from unloading tading operation for the
majority of carriers at the terminal. The computation timel@pendent on the problem
complexity and also on the current terminal state.

5 Conclusions and Future Research

In this work we present a new perspective for looking at coetaterminal operations,
based on a flow point of view. Containers are categorizedrdaupto criteria such as
final destination, due time and type of cargo, depending ertéhminal interest. The
proposed framework for controlling container terminal igt®ns is based on access-
ing more information than considering containers as uimgjgishable. The required
information about the container final destination is an iovement regarding the cur-
rently shared information. With more information avaikabdithout violating customer
privacy, a different approach to the intermodal contaieeminal operations manage-
ment is shown to be possible. More coordination is now ptességarding the goal of
delivering the cargo at the agreed time and at the agreetidaca

The model-based predictive control strategy is especsalltable for solving the
resource allocation problem inside the container termifié possibility to include
constraints in the optimization problem allows using akitable handling resources
at the terminal and the ability to consider different teratitayouts. By using fore-
casts related to client requests in terms of unloadingiftmpdperations it is possible
to accept updates in real-time and obtain the tactical aesshat respect the client
request. The MPC approach through the resolution of an @iion problem in each
sample time allows the translation of strategic goals iafdital decisions regarding
resource allocation inside the terminal. This can be doreeri@al time configuration
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giving more flexibility to the terminal management as a nofine transport network.
The translation of terminal strategic goals into cost fiorctveights is still subject of
research. Filling the gap between the operational dedsiod the tactical goals is one
of the future research directions. Natural extensions eftesent work will focus on
the transport modal shift for the hinterland flow, empty @mér reallocation problem
and coordination of intermodal terminals in the hinterlénashsport network.
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