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Abstract
In maritime container terminals, yards have a primary role in permitting the efficient management of import and export flows.
In this work, a mixed 0/1 linear programming model and a heuristic approach are proposed for defining storage rules in order
to minimize the space used in the export yard. The minimization of land space is pursued by defining the rules to allocate
containers into the bay-locations of the yard, in such a way as to minimize the number of bay-locations used and the empty
slots within them. The main aim of this work is to propose a solution approach for permitting the yard manager to compare
yard storage strategies for different transport demands, in such a way to be able to evaluate and, eventually, modify the storage
strategy when the characteristics of the transport demand change. Computational experiments, based on both real instances
and generated ones, are presented. All instances are derived by a case study related to an Italian terminal.

Keywords Export containers · Storage policies · Optimization model · Heuristic approach · Yard space minimization

1 Introduction and literature review

Maritime container terminals are generally recognized as
crucial intermodal change nodes in the logistic chains, man-
aging the greater part of the world sea trade, i.e. about 80%
of the world one (UNCTAD, 2018).

The storage yards have a primary role in permitting the
efficient management of import and export flows Carlo et al.
(2014) and, in recent years, thanks to advancements in quay-
side equipment and technologies, seems the bottleneck of
port operations has moved from quayside to yard side Tan
et al. (2017). This means that the typical operations per-
formed in the yard, such as the storage and the retrieval
of containers, dispatching and routing of material handling
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equipment, must be managed improving their efficiency, in
such a way not to compromise the efficiency of the whole
terminal system and the competitiveness of the terminal in
the whole logistic chain.

The yard, the intermediate area between the frontier and
the backward of a terminal, is used to store, control and
handle the containers and occupies a considerable part in
a terminal. The yard is usually divided into some segmenta-
tion for the inbound and outbound containers based on the
process of import and export, respectively.

The container yard is divided into numerous Blocks, each
one composed by a given number ofBays. Each bay is formed
by several Rows; containers are stacked in Tiers. The identi-
fication of a container position in the yard is based on these
3 indicators: Bay, Row and Tier. In modern container termi-
nals, the maximum tier to stock a container in a block is 4
and the utilization ratio ranges from 70% to 90%.

Blocks can be positioned either perpendicular or parallel
to the quay, and the location of the input/output container
points (i.e. points for the exchange of containers between
transfer vehicles and yard cranes) can be either at the end
of the blocks or in the middle; thus, two configurations of
layout are possible and they are generally known as European
and Asian layout, respectively. (More details can be found in
Carlo et al. 2014; Wiese et al. 2010.)
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As far as the storage strategies are considered, the most
of literature is devoted to export containers. Many termi-
nals store containers in the yard per their loading vessels.
In this case, the terminal has to assign sub-blocks to vessels
and then organize the storage of containers inside every sub-
block. This problem is known as the yard template planning
(Moorthy and Teo 2006; Zhen 2014), and it represents a tac-
tical level decision problem. The yard template planning has
been generally solved under deterministic assumptions (i.e.
the number of containers to load on a vessel is known).

At the operational level, given a yard template, the termi-
nal solves the storage allocation problem (Zhang et al. 2003;
Lee and Tan 2006) generally based on the sub-blocks. Some
authors refer to these sub-blocks as loading clusters. In Yu
et al. (2020), the authors model the choice of loading clus-
ters in such away to obtain amore flexible allocation strategy
for organizing the space in the export yard. They describe in
detail the concept of loading cluster and loading operations,
and the link between these two important activities. In He
et al. (2020) and Tan et al. (2019), the authors try to develop
more flexible yard management by determining simultane-
ously the size of the loading clusters and their allocation to
specific blocks. A loading cluster is a stretch of bays in a
specific yard block. The word loading is used to stress the
importance of coordinating the bay configuration in the yard
with the slots on the ship in a given bay. The ideal situation
is to have the containers in the same yard stack to be put
in the same ship bay. Thus, the yard manager has to opti-
mize the choice of loading cluster while considering their
loading operations. In Ambrosino and Sciomachen (2003),
the authors evaluate the impact of the yard organisation on
container loading operations by computing the total stowage
timewhendifferent picking sequences are considered. InHan
et al. (2008), the authors optimize the yard template and the
yard storage allocation problems simultaneously.

More recent papers deal with the robust yard template fac-
ing uncertainty Zhen (2014). In Petering (2009), the authors
evaluate how the block widths affect the terminal perfor-
mances thanks to a discrete event simulation model, while
Petering andMurty (2009) show how the length of the blocks
in the storage yard affects.

The template of the terminal is organized following the
handling equipment used. In the analysed literature, the ter-
minals use Rubber Tyred Gantry (RTG) cranes. The template
of a terminal using reach stackers for picking up export con-
tainers is quite different, since the blocks are operated from
one side. The pickup operations and the number of re-handles
to execute to pick up a container are affected by the type of
terminal equipment used.

In this paper,we consider a terminalwith blocks parallel to
the quay, where import and export yards are independent, and
we dealwith export standard containers. Handling operations
in the export yard are executed thanks to reach stackers.

The yard template is given, this means that the export
yard is organized in blocks of different capacities and, for
each vessel, there is a subset of dedicated blocks, that is the
containers that will be loaded on that vessel must be stored
in the dedicated subset of blocks. Containers can be stored in
the dedicated blocks under different storage strategies. Since
now we only consider the subset of blocks dedicated to a
vessel and the containers that must be loaded on it.

Each container is characterized by its type, size, weight
and destination; these characteristics are important when
defining the storage strategy.The ideal rule is to store together
containers having the same characteristics, to reduce the
operation time and avoid a bottleneck in the terminal when
loading the ship Zhang et al. (2003), Saanen and Dekker
(2007). This strategy is known as consignment strategy. Note
that this strategy requires large storage space (for exam-
ple, more than random policies De Koster et al. 2007),
but on the other hand permits to improve the storage yard
operations during the vessel containers loading in terms of
productivity of both pickup operations in the bays and move-
ments of material handling equipment among bays. Note that
when a random policy is used, another strategy follows to
improve the efficiency in the loading process; this strategy
can be either a pre-marshalling strategy that permits to reor-
ganize the container stacking beforehand, in order to reduce
reshuffles, or a re-marshalling strategy that permits to move
containers from their current storage location to a location
closer to their vessel. Generally this happens in European
layout terminals.

Among the papers dealing with the storage allocation
for export containers, in Kim et al. (2000) a consignment
strategy, based on Light, Medium and Heavyweight classes,
destination and size, is used to decide an exact slot for
each container; Kim and Park (2003) try to increase the
loading operation efficiency by considering the travel dis-
tances of equipment, while in the optimal storage location is
determined taking into consideration the container handling
schedules.

In Woo and Kim (2011), four rules to determine the num-
ber of blocks to allocate the groups of export containers are
proposed. Rules are fixed, and themain aim is to optimize the
movements of yard equipment and the distance between the
yard and the quay. Moreover, the authors evaluate the influ-
ence of the yard size on the efficiency of loading operations.

In an optimization model for defining storage strategies
for export containers is proposed. The authors focus on the
definition of rules of the consignment strategy intending to
minimize the space used.

Starting from the model proposed in the present paper a
new formulation for defining the best allocation of containers
to storage spaces is proposed, simultaneously defining the
best consignment strategy to use.
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The main purpose of this work is to propose a solution
approach, based on a mathematical model, being able to
determine the set of best rules for defining which containers
to store together, while determining the loading cluster for
each group of containers. From a managerial point of view,
the proposed approach permits the yard manager to compare
storage strategies, and in particular, it should be used by the
yard manager to evaluate and, eventually, change the storage
strategy when the characteristics of the transport demand
change.

The remainder of this paper is organized as follows. The
problem under investigation is described in Sect. 2. The 0-
1 linear model is presented in Sect. 3, while the solution
approach is described in Sect. 4. Finally, the experimental
tests are reported in Sect. 5 and conclusions and future works
are outlined in Sect. 6.

2 Problem under investigation

2.1 The general contest

Let us consider an export yard and the blocks dedicated
to a particular vessel. Blocks are characterized by different
capacities, depending on bays, rows and tiers. Generally, the
number of rows ranges from 2 to 5, while 4 tiers are consid-
ered.

A bay-locations is a set of cells belonging to the same bay
of a block. Thus, the capacity of each bay-locations varies
according to the number of rows in the block; the capacities
are 8, 12, 16 and 20 containers. Figure 1 represents two dif-
ferent blocks with several bays. The yellow part is a block
composed of 4 bays, each one characterized by 2 rows, thus
the capacity of each bay-locations is 8. Meanwhile, the blue
part is a block composed of bay-locations with 3 rows, and
thus, the capacity of each bay-locations is 12.

Note that we refer to 20’ bay-locations. For the stor-
age of 40’ containers, two contiguous 20’ bay-locations are
required. Figure 2 shows how it is possible to use a block
composed of 6 bay-locations (Block1 in Fig. 2a), having both
20’ and 40’ containers to store. The block can be used for the
storage of 20’ containers, e.g. 6 bay-locations are occupied

Fig. 1 Example of blocks with 8 and 12 capacity bay-locations

Fig. 2 Possible uses of a block: empty block (a), whole block for
20’ containers (b), whole block for 40’ containers (c), mixed blocks
(d and e)

by 20’ containers (Fig. 2b), for the storage of 40’ containers,
e.g. 6 bay-locations are used as 40’bay-locations and only
40’ containers can be stored there (Fig. 2c), for storing both
20’ and 40’ containers. In this last case, either 4 bay-locations
of 20’ containers and 1 40’bay-locations for 40’ containers
(Fig. 2d) or 2 bay locations of 20’ containers and 2 40’bay-
locations for 40’ containers (Fig. 2e) can be used.

Summarizing, the yard consists of a given number of 20’
bay-locations (here called simply bay-locations) of different
capacities.

The yard manager assigns containers to the bay-locations
following the storage rules adopted by the terminal. The stor-
age rules consist of a list of characteristics that containers
may have to be stored together. These rules permit to have
homogeneous containers in each bay-locations, i.e. to be able
to pick them up in sequence for their loading on board of the
vessel and to optimize the work of the reach stackers during
their pick-up in the yard. (It is generally preferred to complete
the pick-up process in a bay-locations and empty it before
moving the reach stacker to another bay-locations).

The most common characteristics used when defining a
storage strategy are the following:

Size: 20 feet (20’) and 40 feet (40’) containers; only stacks
(and bay-locations) of one size (i.e. either 20’ or 40’) are
permitted.

Type: standard containers, 20’ and 40’ box and 40’ HC
containers (special containers follow different rules derived
directly from the particular requirements for their storage:
plugs for reefers, special locations for hazardous and out of
huge, etc.).

Destination: containers are grouped by their destination.
Containers on board are generally grouped for homogeneous
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port of discharge, i.e. either a bay of the vessel or a part of it
is dedicated to store containers for the same destination.

Weight: containers stored in the same bay have similar
weights for respecting the requirement of safety, generally
saying that the weight of the container stored in a given
tier has to be no greater than the weight of the container
stored in the tier below it, within a given tolerance. Many
terminals group containers according to weight classes, i.e.
containers belonging to the same weight class, can be stored
together; the most common configuration used is based on
three classes: Light, Medium and Heavy. For each class
weight lower and upper limitations are given; for example
the weight of containers in the Medium class ranges from 15
to 25 tons, those in the Light class have a weight less than
15 tons, while containers with a weight greater than 25 tons
belong to the Heavy class.

It is easy to understand that the elements more impacting
on the space utilization are the following:

• the yard template and layout of blocks: the capacities
of the bay-locations and the number of bay-locations of
each capacity;

• the consignment strategy: the rules adopted impact on
the number of containers of each group, and the number
of groups to manage (as shown in Fig. 3). The number
of groups to manage corresponds to the required bay-
locations’patterns.

In Fig. 3, containers are grouped by their destination, their
type (Box or High Cube), their size and their weight class.
For each destination, nine patterns must be managed. The
higher is the number of patterns to manage, the higher is the
yard space required. The required space is also a function
of the bay-locations capacities. How it is possible to act on
these elements to reduce the yard space without penalising
the efficiency of loading operations?

The number of weight classes used for defining the stor-
age rules has a direct impact on the number of patterns, while
acting on the weight limitations of each class it is possible

Fig. 3 Decision tree for defining bay-locations’ patterns

to modify the number of containers in each pattern, thus the
number of the required bay-locations for each pattern.Hence,
these two elements might have a great impact on the space
used in the yard and we have decided to investigate the pos-
sibility to optimize both the number of weight classes to use
and the weight lower and upper bounds of each class.

In the following, we will refer to the number of weight
classes as Class configuration; that is, 3 class configurations
can be chose when defining the storage strategy; containers
can be grouped into 2 weight classes (i.e. Light and Heavy),
3 weight classes (i.e. Light, Medium and Heavy) or 4 weight
classes (i.e. Light,Medium, Heavy and Extra). Then, the best
set of lower and upper bounds for each weight class of the
chosen class configuration must be adopted. This means that
for each class configuration many weight limitations, here
called Weight configurations, are possible and only one can
be adopted in the storage strategy.

Let us give an example. Let us consider the more com-
mon class configuration based on threeweight classes: Light,
Medium and Heavy, with two alternative weight configura-
tions, i.e.W1 andW2, each one characterized by threeweight
limits: W1(p1,p2,p3) and W2(p4,p5,p6). The weight limits
for example can be as p1=(0,15), p2=(15,25), p3=(25,33) and
p4=(0,12), p5=(12,25), p6 =(25,33). The yardmanager has to
decide the most appropriate lower and upper bounds for the
weight limitations of the above mentioned 3 weight classes;
that is, he can use either the weight limitations given in W1
or in W2.

2.2 The analysed contest

As explained above, the key elements of a storage strategy
are the class configuration (i.e. the number of weight classes
used to split containers) and theweight limitations associated
to each class (lower and upper bounds), together with the
characteristics of containers such as destination, type and
size. In very general terms, the problem under investigation
can be described as follows. Given the export yard blocks
characterized by a set of bay-locations of different capacities
dedicated to store the containers waiting for their loading on
a specific vessel, given a set of containers representative of
the average transport demand for the considered vessel, the
problem consists in deciding the Class configuration and the
Weight configuration to use for grouping the containers in
order to minimize the space used in the export yard.

Let us now introduce the problem in more details. As far
as the yard is considered, the following elements are given:
the set of bay-locations of the blocks and the number of bay-
locations having a given capacity; the set of the possible class
configurations and weight configurations, together with the
weight limits. Moreover, each container to store in the yard
is characterized by its size, type, weight and destination.
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The problem consists in deciding the assignment of each
container to a specific bay-locations, while simultaneously
determining the class configuration of the blocks dedicated
to the vessel under investigation, and their weight limita-
tions, the characteristics of each bay-locations in terms of
destination, type, size, capacity (among the set of available
capacities in the blocks of the yard) and the weight class
among the set belonging to the chosen class configuration,
in order to respect the yard capacity and minimize both the
number of bay-locations and the total empty slots.

Note that this problememerges at tactical level for defining
rules to use in the operative contests. These rules are not fixed
once and ever adopt; the idea is to modify them following
the trend of the export flow demand. Consider, for example, a
service served by the terminal, and suppose that the number
of containers for a destination of this service increases; we
are interested to observe which groups of containers increase
(i.e. 20’ box containers or heavy 20’ ones, etc.). Only in this
way, we are able to decide whether the existing rules are
adequate or not, and in this latter case, how to modify them
thanks to optimization approach. The model and the solution
approach useful for performing that analysis are presented in
the following sections.

3 Themathematical model

In this section, a basic 0-1 linear programmingmodel to solve
the problem described in Sect. 2.2 is presented. The useful
notation is the following:

B the set of bay-locations
Q the set of bay-locations capacities (i.e.

8, 12, 16, 20)
F the set of the possible class configura-

tions
W the set of weight configurations
P the set of weight limits
C the set of containers
D the set of ports of destination
H the set of types/heights (Box, High

Cube)
S the set of sizes (20, 40 feet)
nq the number of 20’bay-locations having

capacity q,∀q ∈ Q
di destination of container i,∀i ∈ C
si size of container i,∀i ∈ C
hi height of container i,∀i ∈ C
wi weight of container i,∀i ∈ C
up weight upper bound of weight limit

p,∀p ∈ P
lp weight lower bound of weight limit

p,∀p ∈ P

δ fw∀ f ∈ F , ∀w

∈ W , δ f w = 1
if the weight configuration w belong to
class configuration f , 0 otherwise

γwp∀w ∈ W , ∀p
∈ P , γwp = 1

if the weight limits p belong to config-
uration w, 0 otherwise

α weight used in the objective function
for penalising the empty slots in the
bay-locations.

Let us introduce the following decision variables:

xi j ∈ {0, 1},∀i ∈ C ,
∀ j ∈ B

xi j = 1 if container i is stored
in bay-locations j

y jdhsq ∈ {0, 1},∀ j ∈ B,

∀d ∈ D,∀h ∈ H ,∀s
∈ S,∀q ∈ Q

yjdhsq = 1 if in bay-locations
j , with capacity q, are stored
containers for destination d,
with height h and size s

cpj ∈ {0, 1},∀p
∈ P,∀ j ∈ B

cpj = 1 if weight limits p are
assigned to bay-locations j

a f ∈ {0, 1},∀ f ∈ F a f = 1 if class configuration f
is chosen for the yard storage

bw ∈ {0, 1},∀
w ∈ W

bw = 1 if weight configuration
w is chosen

z j ≥ 0,∀ j ∈ B number of empty slots in bay-
locations j .

The resulting model is the following:

Min
∑

j∈B

∑

d∈D

∑

h∈H

∑

s∈S

∑

q∈Q
y jdhsq + α

∑

j∈B
z j (1)

Subject to:

∑

j∈B
xi j = 1 ∀i ∈ C (2)

∑

d∈D

∑

h∈H

∑

s∈S

∑

q∈Q
y jdhsq ≤ 1 ∀ j ∈ B (3)

∑

i∈C
xi j ≤

∑

d∈D

∑

h∈H

∑

s∈S

∑

q∈Q
qy jdhsq ∀ j ∈ B (4)

∑

j∈B

∑

d∈D

∑

h∈H

∑

s∈S:si=20

y jdhsq

+2
∑

j∈B

∑

d∈D

∑

h∈H

∑

s∈S:si=40

y jdhsq ≤ nq ∀q ∈ Q (5)

∑

f ∈F
a f = 1 (6)

∑

w∈W
bw = 1; (7)

∑

w∈W
δw f bw ≤ a f ∀ f ∈ F (8)

∑

p∈P

cpj ≤ 1 ∀ j ∈ B (9)
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∑

p∈P

γpwcpj ≤ bw ∀ j ∈ B, ∀w ∈ W (10)

wi xi j ≤
∑

p∈P

u pcpj ∀i ∈ C,∀ j ∈ B (11)

wi xi j ≥
∑

o∈P

lpcpj − M(1 − xi j ) ∀i ∈ C,∀ j ∈ B (12)

∑

d∈D

∑

h∈H

∑

s∈S

∑

q∈Q
qy jdhsq −

∑

i∈C
xi j ≤ z j ∀ j ∈ B (13)

Equation (1) is the objective function that minimizes the
number of bay-locations used and penalizes the empty slots
in the bay-locations.

Thanks to constraints (2), each container must be stored
in one bay-locations. Constraints (3) assign at most one
destination, one size, one type and one capacity to each bay-
locations. Constraints (4) verify the number of containers
assigned to the bay-locations is less or equal to the capacity
assigned to it.

The yard capacity, in terms of the number of bay-locations
of the different capacities available (i.e. 8, 12, 16, 20 contain-
ers), is verified thanks to (5).

Constraints (6), (7) and (8) refer to the choice of a class
configuration together with a weight configuration.

Only one couple of weight limits can be assigned to
each bay locations (9), and thanks to (10), the weight limits
are assigned to each bay-locations following the choice of
the weight configuration chosen for the blocks of the yard.
Thanks to (11) and (12), a container can be assigned to a
bay-locations only if its weight is within the maximum and
minimumweight limitations imposed to the bay-locations by
the weight configuration assigned to it thanks to (9). In (13),
the number of empty slots in each bay-locations is computed.

Model (1)-(13) can be solved up to optimally only for
small instances (as shown inSect. 5); in the following section,
a heuristic procedure that can be used for solving real size
instances is described.

4 Heuristic approach

For defining the best storage strategy rules for the real size
problems, we propose a heuristic approach based on the
model (1)-(13). From computational results (see Section 5),
it is clear that the number of destinations and the different
capacities of bay-locations have a great impact on the CPU
time. Due to these considerations and to the fact that each
consignment strategy groups containers for their destination
and size, we propose a solution approach that decomposes
the problem into sub-problems. In particular, we solve model
(1)-(13) for each destination and for each size of containers
(i.e. 20’ and 40’).Moreover, we relax the capacity constraints
due to the layout of the yard; thus, we suppose to have

an unlimited number of 16 and 20-capacity bay-locations.
Thanks to the union of the sub-problem solutions, we have
a solution for the original problem; unfortunately, this solu-
tion can be unfeasible for constraints (5) that verify the yard
capacity. Moreover, the obtained solution should present dif-
ferent class configurations for the destinations (i.e. a violation
of constraint (6)) and, as a consequence, different weight
limitations. In the proposed heuristic, only the unfeasibility
concerning the yard capacity is eliminated.

The main steps of the proposed heuristic procedure are
the following:

Step1: construct a solution and verify its feasibility;

Step2: remove unfeasibility by new assignment of containers
belonging to the bay-locations used in more quantities than
available in the real yard layout.

Before describing the solution approach, let us introduce
the following additional notation:

x̂ complete current solution
uq number of 20’bay-locations of capacity q used in the

current solution
Eq number of bay-locations of capacity q used in excess

with respect to the available ones (nq )
Aq number of bay-locations of capacity q left with respect

to the available ones (nq )
β permits to manage the size of containers (20’ and 40’)
Lq list of bay-locations of capacity q used in the current

solution
m j number of containers stored in the bay-locations j

Step1: construct a solution and verify its feasibility
After having solvedmodel (1)-(13) for each destination d and
for each size s, we construct, by the union of the obtained
solutions, the current solution x̂ , characterized by a given
number of used 16 and 20-capacity bay-locations.

For verifying the feasibility of solution x̂ , it is necessary
to compute the number of 20’ bay locations used for each
capacity q (uq ) and compare them with nq .

This check is detailed in the followingprocedure described
in c-like.

Check feasibility:

For each capacity q, set uq = 0
Set β ∈ {1, 2}
If the bay-location j is used for 20’ containers
Set β = 1, then compute uq=uq + β;
End If
If the bay-location j is used for 40’ containers
Set β = 2, then compute uq=uq + β;
End If

End For
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For every capacity q, calculate Eq and Aq :
If nq − uq > 0;
Set Aq = nq − uq :
End If
If nq − uq < 0
Set Eq = uq − nq
Create the list Lq in descendent order with
respect to the empty slots (z j )
End If

End For
If Eq > 0 for at least one q

the current solution is unfeasible.
Go-to Step 2

otherwise: STOP -
the current solution is feasible

Step2: obtaining feasibility
When the current solution x̂ does not respect the yard layout,
i.e. there is at least one Eq > 0, and then, it is necessary to
modify the usage of bay-locations in the yard.

Since one of the aims is to minimize the number of empty
slots in the bay-locations, the idea is starting to replace the
bay-locations with capacity q such that Eq > 0 with large
numbers of empty slots, with bay-locations of different and
more adequate capacities. Thus, all bay-locationswith capac-
ity q such that Eq > 0 are put in the list Lq in descendent
order with respect to their empty slots (z j ) in such a way to
try to reduce the number of bay-locations with capacity q
used, starting from those having the largest number of empty
slots.

For example, let us suppose to have a 20-capacity bay-
locations with 9 empty slots. If in the yard is available a 12-
capacity bay-locations, we can change them and reduce the
number of empty slots from 9 to 1. In case there is no a bay-
locations with a capacity greater than 11 containers, and we
need to remove the 11 containers assigned to the 20-capacity
bay-locations, we can try to split the 11 containers into two
bay-locations, the most adequate among the available in the
yard; for example, we can use two 8-capacity bay-locations.

These ideas, used tomodify the current unfeasible solution
in order to obtain feasibility while improving it, are detailed
in the following procedure described in c-like.

Obtaining feasibility by removing bay-locations over used:

For each capacity q, such that Eq > 0
While Eq > 0
Select the first element of the list Lq

Let be ĵ the bay-locations selected
Search the most adequate bay-locations
Let be:
jnew the selected bay-locations

qnew its capacity
If qnew >= m ĵ
Update the solution
Lq = Lq − ĵ
Eq = Eq − 1, Anew

q = Anew
q − 1

otherwise:
Search the 2 most adequate bay-locations
for splitting m ĵ
Let be:
jnew1, jnew2 the selected bay-locations
qnew1, qnew2 their capacities
Fix and Compute:
m jnew1 = qnew1 , z jnew1 = 0,
m jnew2 = m ĵ − qnew1 ,

z jnew2 = qnew2 − m jnew2

If qnew2 >= m jnew2

Update the solution:
Lq = Lq − ĵ
Eq = Eq − 1
Anew1
q = Anew1

q − 1, Anew2
q = Anew2

q − 1
otherwise:
Stop- there is not a feasible solution

End For

The search in the yard among the available bay-locations is
realized by comparing the capacity of available bay-locations
with m ĵ that is the number of containers stored in bay-

locations ĵ , to minimize the empty slots in the new selected
bay-locations. If there is not a bay-location with capacity
greater than m ĵ , the idea is to split m ĵ in two bay-locations,
and thus, it is necessary to select the two most adequate bay-
locations, again with the aim of minimizing the number of
empty slots. If it is not possible to split m ĵ , this means that
we are not able to construct a feasible solution starting from
the x̂ , for the current layout.

Remember that we are referring to the layout of the yard
reserved for a vessel; thus, in the operative contest, the capac-
ity of this yard does not represent a strong constraint. This
does not mean that it is possible to modify the layout on
request, but in case of critical situations, a part of a block
dedicated to another vessel can be temporarily used (as some-
times in the terminal under investigation happens).

5 Computational experiments

To verify the effectiveness of the proposed model and to jus-
tify the choice of the heuristic approach, we conduct a series
of numerical experiments. In the first campaign, we try to
show the behaviour of the model in different circumstances,
i.e. when permitting more freedom degree to choose the
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storage strategy,when considering different yard layouts, and
increasing the size instances in terms of the number of con-
tainers.Moreover, we try to show the benefits for the terminal
yard manager of having more freedom degree in choosing
storage strategies, evaluating the impact on the space utiliza-
tion. In the second campaign, we test the model by using a
particular scenario (i.e. Scenario 3) by increasing both the
number of containers and the number of destinations.

Themodel introduced in Sect. 3 and the solution approach
described in Sect. 4 have been implemented in MPL (Mathe-
matical Programming Language) and spreadsheet Excel and
solved by the commercial solver GUROBI on a device with
Intel Core i7, 2.6 G Hz, Memory 16G. All experiments have
been conducted by using instances generated by having in
mind the real cases solved by a container terminal of an Ital-
ian port. Also some instances derived by a case study are
reported to validate the proposed approach.

5.1 First experimental campaign

In the first campaign, we use small-scale instances. In partic-
ular, we refer to instances SS, characterized by 86 containers
to load on the same vessel, and instances MS with 320 con-
tainers. The main aim of this campaign is to investigate the
behaviour of the model presented in Sect. 3 either with fixed
and predetermined weight and class configurations or dif-
ferent weight and class configurations to choose. For this
analysis, we investigate four scenarios of increasing diffi-
culty and complexity. Details of parameters of each scenario
are specified in Figure 9 reported in Appendix. In particu-
lar, in Scenario 1 only one fixed class configuration is used,
with fixed weight limits. Scenario 2 permits to choose the
weight limits for a given class configuration. Scenario 3 per-
mits to choose among different class configurations, each
one characterized by fixed weight limits. The last scenario,
Scenario4, represents the larger degree of flexibility: it is pos-
sible to choose both the best class configuration and weight
configuration. Note that the model proposed in Sect. 3 per-
mits to face this problem, the more general case for defining
the best storage strategy.

Moreover, in this analysis we suppose to have two differ-
ent terminal layouts in terms of capacity of the bay-locations.
In fact, thanks to an historical data analysis of the termi-
nal under investigation, we know that bay-locations with
capacity of 12, 16 and 20 are in common usage. Thus,
we compare performances under two different situations, a
capacity set 1 (named CS1) in which the blocks of the termi-
nal are composed by bay-locations with a capacity of 16 and
20 containers, and a capacity set 2 (named CS2), in which
bay-locations have capacity 12, 16 and 20 containers. In par-
ticular, the terminal layout characteristics in terms of quantity
of bay-locations of each capacity are summarized in Table 1.

Table 1 Layout characteristics
for SS and MS instances

CS1 cap 12 cap 16 cap 20

SS 0 10 10

MS 0 30 30

CS2 cap 12 cap 16 cap 20

SS 8 8 8

MS 15 15 15

Fig. 4 CPU time trend for small-sized instances SS

Fig. 5 Small-sized instances SS–CPUTime comparison for layout CS1
and CS2

Model (1-13) has been solved with time limits that differ
for the considered scenarios; in particular, for the first sce-
nario, the maximum CPU time is set as 3600 seconds, for
the second scenario is 10800 seconds, while for the last two
scenarios, the time limit is fixed to 14400 seconds.

The detailed results of the different solved scenarios are
reported in Appendix in Fig. 10 and in the following fig-
ures where some graphs are used for showing them easily.
In particular, we can note from graph in Fig. 4 that all SS
instances can be solved up to optimally in the four analysed
scenarios. More flexibility in the class and weight configu-
ration choice required more CPU time, and from the graph,
it is easy to note that instances characterized by layout CS2
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Fig. 6 Trend of CPU Time and Gap for medium-sized instances MS

are more time-consuming. This conclusion is more clear in
the second graph shown in Fig. 5.

In case of medium-sized instances MS, model (1-13) can
be used to solve up to optimally only instances characterized
by the simple layout (SC1) with both the class configuration
and the weight configurations fixed. The trend of the CPU
time and Gap are reported in the graph in Fig. 6.

Finally, we have investigated how the space is used in the
yard when the different layouts are implemented. From the
results reported in Fig. 10, we can obtain the graphs depicted
in Figs. 7 and 8. From these graphs we can note that the num-
ber of empty slots are lower when in the yard are available
bay-locations with 12, 16 and 20 container capacity.

By fixing a priori, either the number of classes to use or
the weight limitations for each class can cause an inefficient
usage of the space in the yard. In fact, if we consider SS
instances, we can note that, without optimizing the storage
strategy can be generated even 94 empty slots [126], while
in the optimal solution only 14 empty slots [30] are present
when layout CS2 [CS1] is used. These numbers grow for
instances MS. We can also note that the number of empty

Fig. 7 Empty slots in the different scenario: small-sized instances SS

Fig. 8 Empty slots in the different scenario: medium-sized instances
MS

slots increases more than 100 percent by passing from layout
CS2 to CS1, in case of optimal solutions.

Obviously, small capacity is more attractive in order to
reduce vacancy in every bay-locations. However, the num-
ber of bay-locations generated remains almost the sameunder
two different capacity sets. The influence denoted by the vari-
ety of weight configuration can be deemed as small on the
space and bay-locations utilization.

5.2 Second experimental campaign

This campaign is executed by using the proposed model for
solving different instances for Scenario 3 with a particular
layout of the yard, that is only one bay-locations capacity is
present, i.e. 20 containers bay-locations capacity. The effec-
tiveness of the proposed model is evaluated for increasing
size instances in terms of both number of containers and des-
tinations. We conduct experiments with 200, 400, 800 and
1600 containers.

CPU time limit is fixed 3600 seconds for instances with
200 and 400 containers, while it is 7200 seconds for instances
with 800 containers and 14400 seconds for the largest
instanceswith 1600 containers. Results and detailed informa-
tion are listed in Table 2, where columns refer to the number
of containers (Cntr), the number of destinations (D.), theCPU
time (CPU), the number of bay-locations used (B-l) and the
empty slots (E.s.), the class configuration chosen (Conf.) and
the optimality gap (Gap).

Looking at Table 2, we can note that all instances with 200
and 400 containers have been solved up to optimality requir-
ing an average CPU time of 77 and 311 seconds, respectively.
Larger instances present high gaps even if the time limit has
been increased up to 7200 and 14400 seconds. We can note
that larger instances with only one destination present lower
gaps than those with either 4 or 8 destinations.

Summarizing, from both the results shown in Table 2 and
in Figs. 5 and 6 (where CS1 andCS2were compared), we can
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Table 2 Scenarios 3: results

Cntr D. CPU B-l E. s. Conf. Gap

1 85s 14 80 F1 0%

200 4 48.43s 24 280 F1 0%

8 99s 35 500 F1 0%

1 265s 23 60 F1 0%

400 4 272s 32 240 F1 0%

8 399s 42 440 F1 0%

1 7200s 42 40 F1 40.24%

800 4 7200s 52 240 F1 44.52%

8 7200s 66 520 F1 41.95%

1 14400s 82 40 F1 34.42%

1600 4 14400s 96 320 F2 79.06%

8 14400s 116 720 F2 85.08%

say that the number of different capacities of bay-locations
strongly affects the proposed model performances. More-
over, it is clear that the number of destinations is another
impacting factor on the capability of the model to solve the
real size instances.However, containers are generally (almost
always) grouped according to their destination, implying that
it is possible to decompose the storage problem. Thus, from
the above considerations we have decided to implement the
solution approach described in Sect. 4. In the next subsection,
we compare the solution obtained by the proposedmodel and
the heuristic approach, with the solution used by the terminal
under investigation for some real instances.

5.3 Some real case instances

As final test, we present a comparison of the results obtained
by model (1)-(13) and the proposed heuristic approach. We
have solved some real instances, belonging to the set of
SS and MS, and one larger instance characterized by 646
containers and 9 different destinations. For one instance of
each size, we are able to compare the obtained solutions
also with the storage strategy adopted by the terminal under
investigation.

Data reported in Table 3 are the average of the results
of three SS and MS instances and permit to compare the
performances of the model and the heuristic method in terms
of empty slots (E.s.) and bay-locations used (B-l). From this
comparison, we can note that the heuristic approach is worst
in terms of empty slots, while almost the some number of
bay-locations is used.

In Table 4, we compare the obtained results with the solu-
tions adopted by the terminal. This comparison shows that
either proposed model or heuristic approach outperforms
the current storage plan of the terminal under investigation

Table 3 Results for SS and MS instances

Model Sol Heuristic Sol

Inst. E. s. B-l E. s. B-l

SS 21.7 7 38 7

MS 44.7 25 84 25.3

Table 4 Comparison among the solutions obtained by the proposed
approaches and the terminal solution

Model Sol Heuristic Sol Terminal Sol

Inst. E s. B-l. E s. B-l. E s. B-l.

SS 14 7 26 7 30 15

MS 39 25 71 25 65 30

Real inst. - - 58 44 134 89

in terms of empty space and bay-locations. The solutions
obtained by using the proposed heuristic approach grant a
saving that ranges from 7% to 56% of empty slots, and from
16% to 53% of bay-locations used.

The proposed approach seems to be promising and helpful
for yard storage managers.

6 Conclusions

In this paper, we have tried to implement a solution approach
for helping yard managers in defining the best storage strat-
egy to use for minimizing the space used. We have shared
the obtained results with the maritime terminal under inves-
tigation that, having lots of problems due to the lack of
space in the yard, have appreciated this approach. The idea
is to solve this problem each time there is a significant
change in the transport demand that can require a change
in the storage strategy. The number of classes and the weight
limitations, defined thanks to the proposed approach, are
inserted as parameters in the TOS (Terminal Operating Sys-
tem) of the terminal that manage the real-time storage of
the flow of containers reaching the terminal by trains and by
trucks. The proposed approach provides maximum freedom
to terminal managers choosing different storage strategies in
accordance with numerous requests. It permits to decide the
most appropriate combination of characteristics and configu-
rations for reorganizing the storage plan granting better space
utilization.

As futurework, it should be interesting to extend this prob-
lem in such a way as to consider it dynamically. A vessel of
a service can visit the terminal for example once a week and
can occur that containers arrive too early at the terminal, and
since they have to be loaded on the vessel of the next week,
they have to wait; thus, it is necessary to manage together
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containers that must be loaded in two different vessels of the
same service. This is the new request of the terminal we are
involved with.
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Appendix A Details on instances and compu-
tational tests

See Figs. 9 and 10.
In Fig. 9, the details of the parameters characterizing each

scenario are reported. The TestID identifies each type of
solved instance, by indicating the status of both the class
configuration and the weight configuration. In the last two
columns, the different classes and the possible weight limita-
tions are shown. In Fig. 10, the results of each solved scenario
are reported.

Fig. 9 Characteristics of different scenarios
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Fig. 10 Results for different scenarios
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