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Modeling & Simulation (M&S) has proved to be a day-to-day highly indispensable tool for complex systems design, management and monitoring.
Therefore, the proposed research study aims to develop a simulation model to recreate the complexity of a medium-sized Mediterranean
seaport and analyse the performance evolution of such system with particular reference to the ship turnaround time. After the input data
analysis, simulation model development, verification and validation, a design of experiments (according to a 24 factorial experimental design)
was carried out in order to evaluate how some critical factors (i.e. inter-arrival times, loading/unloading times, number of cars and trucks to
be unloaded/loaded) may affect the seaport’s performance. To this end an analysis of variance is performed and an analytical input-output

meta-model was created to evaluate the system’s performance.
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0 INTRODUCTION

Despite the economic and financial crisis, statistics
show that merchant fleets are growing: more than
138,000 seagoing commercial ships are currently
in service [1]. These data prove the crucial role of
seaports for both national and international trade. In
this framework, the Mediterranean Sea represents one
of the most strategic areas with 15% of global shipping
activities taking place at mainly western and central
Mediterranean ports [2]. Therefore decision making
in seaports requires the support of powerful tools
allowing performance measurement and analysis.
To this end, the main goal of this research work is
to propose a simulation-based tool of a medium-
size Mediterranean seaport that could be used by
the main port administrators (i.e. port managers, the
port authority, etc.) to support decision making and
process management. Indeed, all port stakeholders
need to monitor their performance taking into account
quantitative and qualitative aspects, determining
whether their strategies produce the desired outcomes,
and correcting any misallocations and malfunctions
[3].

Performance measurements can be considered
in terms of three kinds of indicators: key result
indicators (KRIs), performance indicators (PIs), and
key performance indicators (KPIs) [4]. As reported
in [3], port performance measurements — usually
recommended to the port community stakeholders
— are divided into five categories: market trends and
structure; socio-economic impact; environmental
performance; logistic chains; and operational
performance and governance. In such a context,
modeling and simulation (M&S) has proved to be a

valuable methodology for performance assessment,
as well as enhancement and monitoring activities
in complex systems. Indeed its first applications in
industry and logistics dates back to 1980 [5] to [7].
Among others, discrete-event simulation (DES) is a
leading simulation paradigm used to study operational
and planning processes within domains like industry
[8], logistics and supply chains and more specifically
within seaports. In effect, DES is able to capture and
recreate the highly dynamic evolutionary processes
that are typical of complex real systems. A simulation
model of an inland port can be found in [9], whereas
[10] and [11] propose simulation models devoted
to evaluating logistical and operational processes
in marine terminals. Considering the port terminal
capacity, [12] and [13] propose simulation models
to investigate the capacity increment that can be
achieved through new management strategies
applied to the devices and equipment available, while
avoiding additional capital costs. With reference to
security issues in marine ports, namely inspection
procedures within container terminals, it has been
proved that simulation can be an effective tool for
supporting decision, which can be easily integrated
into the day-to-day container terminal operations
[14] and [15]. Furthermore, in this field, simulation
has been successfully applied in conjunction
with artificial intelligence techniques for systems
performance optimization [16] to [19]. Although it
has been proven that M&S is able to support seaport
management at various levels (even when combined
with agent based approaches [20] such as multi-
agent systems [21] or when the simulation model is
designed to reproduce the microscopic, stochastic,
real-time environment of a part of the container
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terminal i.e. a multiple-berth facility [22]), it is also
important to consider that decision-making processes
imply different planning horizons. To this end, [23]
this study develops different microscopic DES models
for a container terminal, focusing on the best approach
to simulate container handling activities and their time
duration. In addition, it is worth mentioning that when
applied to marine ports M&S is also a very powerful
methodology for supporting advanced and cooperative
training, exercise and education [24] and [25].

The above brief state of the art overview shows
that M&S can provide valuable support within
seaports. Therefore the main aim of this research work
is to develop an advanced simulation model able to
recreate the main processes and activities of a medium
size Mediterranean seaport in order to analyse the
evolution of the turnaround time of certain types of
ships (i.e. Roll-on Roll-off, Ro-Ro ships) when the
ships inter arrival time, the duration of the loading/
unloading activities and the number of cars and trucks
loaded/unloaded change. The paper is structured
as follows: Section 1 presents the simulation
methodology, Section 2 describes the simulation
model development, Section 3 deals with the
validation of the simulation model, Sections 4 and 5
propose the design of experiments and the simulation
results analysis, while the last section summarizes the
conclusions.

1 SIMULATION METHODOLOGY

As stated before, DES is one of the most common

simulation paradigms used to investigate real complex

systems. Through DES, in fact, it is possible to

model the system behaviour over time as a series of

events that change the system status [25]. Therefore

the methodological approach applied in this research

work relies on M&S fundamentals in order to explore

the operating procedures in a seaport, as well as to

obtain a greater understanding and to analyse their

performance evolution over the time. To this end, the

key processes of this simulation study comply with

the approach well-established in the literature (see

[26] to [29]):

*  objectives and overall project plan setting;

*  model conceptualization;

* data collection and input data analysis;

* simulation model development);

* simulation model validation and optimal run
length;

*  design of experiments;

*  simulation results analysis.

1.1 Port Conceptual Model

It is widely recognized that conceptual models are
used to document those aspects of a real system that
need to be represented in computerized models as well
as the ones that need to be omitted. The system studied
in this research work is a medium-sized Mediterranean
seaport (the port of Salerno) with a strategic logistic
position in the middle of the Mediterranean sea and
a primary role in trade exchanges involving southern
Italy. Its strategic position led us to consider this
seaport as one of the main Italian ports of call for
the ‘motorways of the Sea’ that are part of the trans-
European transport network (TEN-T) and Marco
Polo II program. In this study, the commercial
seaport has been considered as a system where seven
physical zones are distinguished: the West Pier, the
Red Quay, the Trapezio Pier, the Ligea Quay, the 3
January Pier, the Manfredi Pier, and the Levanter
Pier; the layout of the seaport is shown in Fig. 1. The
seaport offers regular Ro-Ro and passengers (Ro-
Ro/Pax) connections to the ports of Valencia, Malta,
Tunis, Messina, Palermo, Tripoli, Termini Imerese,
and Cagliari. The Ro-Ro/Pax macro-activities, the
container handling operations, ferry and merchandise
operations have been included in the conceptual
model. Some of the activities’ conceptual flows
are depicted in Figs. 2 and 3. After arrival the ship
waits outside the port until a berth position becomes
available; mooring operations are in many cases
performed with the help of tugboats (above all for
large vessels that cannot use the side thrusters close
to the berth). After unloading/loading operations the
vessels leave the port. It is important to outline that
due to the physical size of the seaport, ships can only
enter or exit the seaport one by one. In addition, exit
has priority over entry.

Fig. 1. Seaport layout
1.2 Data Collection and Input Data Analysis

Data collection plays a crucial role in simulation
studies and affects the development and use of
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simulation models. The accuracy of the simulation is
affected by the quality of the input data, which is why
special attention should be paid to this step. In effect,
if the data used to design and populate the model are
inaccurate, the results of the model will be inaccurate
as well.

It is worth stating that the random behaviour of
some variables makes a seaport a stochastic system.
As reported in [26], for each element in a system
being modelled, the simulation analyst must decide
on a way to represent the associated variables. The
data collection step takes care of collecting data for
all port processes and activities as well as finding
the most suitable computer representation for such
data. Usually there are three different choices: (i)
data are deterministic or data are considered to be
deterministic, (ii) a distribution probability is fitted to
the empirical data and (iii) the empirical distribution
of the data is directly used in the simulation model
[30] to [31]. In our case the second and the third
choices have been used.

For the purposes of this study, data on actual ship
arrivals from January, 1st, 2010 to December, 31st,
2011 and from January 1t 2012 to May 14th, 2012
were collected and used in the simulation model. In
the case of stochastic variables and distribution fitting,
the procedure for input data analysis is the classical
procedure proposed by many statistics handbooks as
well as implemented in numerous commercial software
applications: (i) starting from a histogram of the data,
one or more candidate distributions are hypothesized,
(ii) for each distribution the characterizing parameters
are estimated, (iii) a goodness of fit test is performed,
and (iv) lastly, the best distribution is chosen. For
any additional information on input data analysis for
simulation studies please refer to [26] and [33]. The
K intervals for each input parameter of the model
were obtained taking into consideration equal-width
intervals and using Scotts’ formula [32] (see Eq. (1)).

K= 115N" N2>25. (1)

Then, the N data collected were fitted into the
probability density functions based on the K intervals.
As an example, the simulation input values for the Ro-
Ro/Pax ships is presented in Fig. 4.
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Fig. 4. Interarrival time of Ro-Ro/Pax ships
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2 SIMULATION MODEL DEVELOPMENT

The translation of the conceptual model into a
computerized model is one of the key steps in a
simulation study. In this research work the simulation
model was implemented using the Anylogic® (6.4)
simulation software. It is a Java-based and general
purpose simulation tool that takes advantage of the
power of Java in any part of the model or in any
library. These features make Anylogic® a suitable
tool for simulating complex systems such as seaports.
Furthermore it allows the simulation of various
domains using different approaches, and also provides
animation, which can be useful in supporting the
decision-making processes of seaport planners. The
authors have extensive experience in developing
simulation models in the field of supply chains [34]
as well as in seaports and container terminals [14].
Therefore the approach used for the development of
the simulation model proposed in this paper follows
the same logics and rules already used in other
research works by the same authors. For the sake
of clarity a description of the port simulation model
development is reported in the remaining part of this
section (according to the same structure used in [14]).

Animation

The container terminal simulation model is in
four parts: (i) the flow chart that recreates the main
port activities; (ii) the transportation networks
that allows the recreation of entities and resources
movements within the port area; (iii) the graphic user
interface and output section for scenarios definition
and performance measures monitoring, respectively;
(iv) the animation main frame recreating a 2D
animation of all the port operations including vessel
arrivals and departures, as well as vessel unloading
and loading operations. Basically, at the beginning
of the flow chart there are different source objects
used to generate different types of vessels. Each
vessel is then re-directed into one of the flow chart
branches according to the type of vessel and berth
position. In each branch the following operations are
simulated: mooring operations, unloading and loading
operations, and detachment operations according to
the resources available. Finally after unloading and
loading operations, vessel detachment operations are
performed and the vessel can leave the port area. As
part of the flow chart, the terminal resources used for
executing the operations described above are of three
different types: autonomous resources (i.e. forklift,
quay cranes, tugboat, trucks etc.), support resources

Performance

Fig. 5. Simulation model animation
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(i.e. a chassis for a truck, a spreader for a forklift,
etc.), or static resources (i.e. a quay crane position, a
parking position, etc.).

Transportation networks (built on the port layout)
are used to handle entities and resources movements
while simultaneously defining the animation main
frame of the simulation model. In effect, defining these
networks requires inserting class objects both into the
simulation model flow chart and into the simulation
model animation. Within the simulation model flow
chart, a network is made up of several objects that
allow entry into the network, taking resources from
the network, moving within the network, freeing the
resources, and exiting the network. For example,
consider the case of a forklift that is supposed to move
a container from the quay crane area to the yard area.
The container enters the network, takes the resource
forklift, waits until the resource forklift becomes
available (then the forklift performs the movement
from the quay crane area to the yard area), frees the
resource forklift, and, if needed, leaves the network.

Within the simulation model animation a network
is made up of rectangles and lines (respectively,
resource locations and trajectories between locations).
A rectangle represents a network entry or exit point,
the idle position for some resource, or a destination
point in the port. A line is the path followed by
an entity moving among rectangles. For example,
consider again the case of the container to be moved
from the quay crane area to the yard area. During
the animation, the container appears in a rectangle
located in the quay crane area, it waits there until the
forklift becomes available and then the forklift moves
the container to the yard area by following the path
specified by the lines connecting the quay crane area
rectangles and the yard area rectangles. Fig. 5 shows
the final animation of the simulation model based on
the transportation network.

In order to develop an advanced interactive tool
for testing scenarios, the most important variables,
analysis and problems solving, are defined as
parameters; each parameter has specific range values
and statistical distribution forms and its values can be
changed by using a dedicated graphic user interface.
Similarly a dedicated output section shows the results
of the simulations, i.e. the simulation model including
information (for each vessel type) about the actual port
traffic, the number of ships as a function of the arrival
time, the empirical distributions (as histograms) for
the average waiting time for a berth position, the
average waiting time for mooring operations, the
average service time, and the average turn-around
time.

3 SIMULATION MODEL VALIDATION
AND OPTIMAL RUN LENGTH

The simulation model validation aims at establishing
whether the simulation model is providing valid and
reliable outputs (close to the real system outputs).
In addition, a seaport is a non-terminating system;
this implies that the duration of a simulation run is
not a-priori fixed therefore the optimal length of a
simulation run has to be defined. For this purpose a
mean square pure error analysis (MSpE) was applied.
The MSpE is a characteristic of the simulation model;
it is related to the overall stochasticity of the real
system that is represented within the simulation model
[35]. The MSpE allows the simulation run length to
be chosen because it is an unbiased estimator of the
error affecting the simulation model results. One
should note that the MSpE is an intrinsic characteristic
of the simulation model, therefore in this case it has
been evaluated in relation to the service time of the
ships arriving at the seaport. This simulation output
has been analysed based on confidence intervals
rather than point estimators, thus providing a realistic
analytical framework (a confidence interval with a
confidence level of 99.75% has been calculated for
the service time but also for an additional performance
measure, the number of ships per week). The MSpE
evolution for the Ro-Ro/Pax ships arriving at the
seaport is a suitable knee curve, as illustrated in
Fig. 6 and the values for the confidence intervals
(in terms of the lower confidence limit (LCL) and
the upper confidence limit (UCL)) are summarized
in Table 1. After a simulation time of 60 weeks, the
value of the MSpE was quite small. At that time, the
effect of the noise produced by a casual overlapping
of the probability density functions related to the
input parameters on the simulation results was
minimized considerably. In addition, the comparisons
between the real values and the confidence intervals
calculated by the simulation model suggest that the
simulation model is able to recreate the real system
with satisfactory accuracy. Under these circumstances
the DES model can be considered a valid support for
decision-making processes.

Table 1. Confidence interval (99.75%)

Simulated confidence interval

Ro-Ro/Pax ships Real value (LCLUCL]
Ships per week 3.46 [3.32, 4.30]
Service time [h] 7.42 [6.58, 7.47]
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Fig. 6. MSpE analysis (Ro-Ro passenger ships per week)

4 DESIGN OF EXPERIMENTS

The design of experiments was used to plan and
execute the simulation runs. In particular, a 24
factorial experimental design was chosen to analyse
the evolution of Ro-Ro/Pax turnaround time given
some input parameter changes. The 24 factorial
experimental design implies that 16 simulation runs
are needed to study 4 factors (input parameters) each
one having two different levels (a minimum and
maximum level). In other words, the simulation runs
are made for all the possible factor level combinations.
Factorial experimental designs are particularly useful
in the early stages of an experimental work [33] to
select or screen out the few important main effects
from the less important ones.

Each simulation run of 60 weeks’ length has been
replicated 5 times. The input parameters and their two
levels are presented in Table 2.

Table 2. Parameters for the 24 experiments design

Factor Var. Level [-1] Level [1]
Inter-arrival time of ships [h] X1 42 60
Unloading/Loading time of
Ro-Ro /Pax [min] % 05 15
Numbers of cars X3 50 100
Numbers of trucks X4 50 100

As only two levels for each input factor were
taken into consideration, only a linear regression can
be carried out to express the response as a function
of the input factors. The simulation results have been
analysed using the Minitab® software taking into
account the influence of the inter-arrival time of the
ships, the loading/unloading time of Ro-Ro/Pax and
the number of cars and trucks over the turnaround
time. For the levels of the inter-arrival times please
refer to the empirical distributions shown in Figs. 7
and 8.

In other words, Figs. 7 and 8 represent two
histograms that are 20% lower and 20% greater than

the real empirical distribution of the inter-arrival
times, respectively.

Frequency [-]
)
>

NI o o o oF
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Interarrival time [min]
Fig. 7. Inter arrival time of Ro-Ro/Pax ships (20% lower than the
real empirical distribution of the inter-arrival times)

‘j h J\.
SN
Inter-arrival time [min]

Fig. 8. Inter arrival time of Ro-Ro/Pax ships (20% greater than the
real empirical distribution of the inter-arrival times)

5 SIMULATION RESULTS ANALYSIS

Since two levels of each input factor have been
taken into account, it is interesting to compare how
changes in these levels impact the turnaround time
using an analysis of variance (ANOVA). The ANOVA
partitions the total variability of the turnaround time
into different components due to the influence of
the change in the inter-arrival time, the Ro-Ro/Pax
unloading/loading time, the number of cars and the
numbers of trucks.

Table 3 and Fig. 9 present the ANOVA results
obtained using the Minitab® software. The column
DF indicates the degrees of freedom of each input
parameter. The adjusted mean squares is a statistical
indicator that allows the total variability for each
factor to be evaluated. Column P is the probability of
accepting as true the hypothesis that a factor has no
impact on the response considered (shown here for
turnaround time: in other words the column P pertains
to the probability of error in accepting the alternative
hypothesis that a factor has no impact on the response
considered). The ANOVA results show that the
factors taken into account as well as their interactions
significantly affect the turnaround time and therefore
cannot be neglected.
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Table 3. Analysis of variance for the turnaround time

Degrees of Adjusted Mean

Source  preedom (DF)  Squares (Adj MS) P
X1, X0, X3, X4 4 0.42 0.00
X1X2, X1X3, X1X4, 6 8.25 0.00
XoX3, XoXa, X5X4 ' '
X1XoX3, XoX3Xy4, 4 8.78 0.00
XiXKa, XiX5Xa ' '
X1XoX3Xq 1 2.83 0.00
Total 15
Main Effects Plot
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Fig. 10. Analysis of variance for the turn-round time

Based on the ANOVA results, shown graphically
in Fig. 10, and on the mean value of the turnaround
time (8.42 hours), it is possible to conclude that:

e if the inter-arrival time increases, the turnaround
time of the ship Ro-Ro/Pax will decrease from 11
to 10.5 hours;

* if the number of cars unloaded/loaded increases
from 50 to 100, the turnaround time will increase
from 8.8 to 12.5 hours, while increasing the
number of trucks unloaded/loaded from 50 to

100, the turnaround time increases from 9.5 to 12

hours;

* and, if the unloading/loading time of the cars and
of the trucks increases from 0.5 to 1.5 minutes,

the turnaround time will decrease from 11 to 10

hours.

ANOVA allows us to evaluate a meta-model of
the simulation model that expresses the response
as an analytical function of the factors considered.
Consequently, the general form of the linear model
that relates the turn-around time (Y) to the four input
factors (xy, x5, X3, x4) is expressed by Eq. (2).

j=4 i=3 j=4
Y= ﬂjxj+22ﬂijxixj+

Jj=1 i=1 j=i+l
I

BiXiX XX, + €. 2)

Table 4 reports the main effects and interaction
effects (up to order 4) as well as the coefficents of Eq.
(2). The main effects and interaction effects express
the variation in the average turnaround time when
the factors change from their minimum levels to their
maximum levels.

From Table 4 we can observe that the three
largest effects on the turnaround time are the
interactions between x,x3_x,x3 x1x,x3, that correspond
to the interactions between inter-arrival time and
the number of cars, unloading/loading time and the
number of cars, inter-arrival time, unloading/loading
time and number of cars, respectively. In addition,
Table 4 shows the §; and f; coefficient to be inserted
in Eq. (2). Therefore, by using such coefficients the
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analytical meta-model can be expressed in explicit
form (see Eq. (3)).

Table 4. Residuals from the 24 design

Source Effect Coefficient
Constant 10.70
X1 0.12 0.06
Xo 0.49 0.24
X3 -0.24 -0.12
X4 -0.34 -0.17
XiXp -1.35 -0.68
X1X3 2.49 1.25
XiX4 0.79 0.39
XoX3 1.41 0.70
XoXy 0.92 0.46
XaXy -0.94 -0.47
X1XoX3 2.04 1.02
XiXoX4 -1.93 -0.97
XXXy -0.44 -0.22
XoX3X4 -0.82 -0.41
X1XoX3X4 0.84 0.42

Y =0.06x, +0.24x, —0.12x, —0.17x,
—0.68x,x, +1.25x,x; +0.39x,x, +
+0.70x,x, +0.46x,x, —0.47x;x, +
+1.02x,x,x; = 0.97x,x,x, — 0.22x,x,x, —
—0.41x,x,x, +0.42x,x,x,x, +10.70 . 3)

Eq. (3) can be seen as an additional outcome of
the simulation model; indeed the estimated values
that have been used to build this metamodel are the
simulation outputs. It can be used (apart from the
simulation model) for evaluating the port performance
(in terms of vessel turn-around time) depending on
the values of some well-established critical factors.
Therefore it is a decision support tool that port
managers can use to understand seaport behaviour
or to investigate different operative scenarios when
the factors under consideration change. It is worth
pointing out that the analysis proposed above is only
an example of an application in order to highlight the
simulation model potential as a tool for supporting the
port manager’s decision making process. In fact, the
simulation model can be used to carry out additonal
analysis considering multiple performance measures
(i.e. average time spent by all the ships in the port
areas, container handling equipment efficiency, etc.)
and all those input factors that may have an inpact on
the port’s performance.

6 CONCLUSIONS

The developed DES model allows the macro activities
carried out in a Mediterrenean seaport to be explored.
The reliability of the simulation model was ensured
by applying the MSpE technique for validation
purposes. The validation process was a crucial step
in the simulation study and was indispensable for
considering the seaport DES model as a valid support
tool for decisions-making. Preliminary simulation
experiments were carried out following a 24 factorial
experimental design and the simulation outputs
were investigated by applying the ANOVA. This
methodology has clearly shown that inter-arrival time,
Ro-Ro/Pax unloading/loading time, number of cars,
and number of trucks are crucial factors for seaport
performance in terms of turnaround time. In addition,
an analytical meta-model relating the turn-around time
to the input factors was evaluated. The meta-model is
an additional tool that can be used apart from (or even
jointly with) the simulation model to investigate how
the input factors affect the seaport’s behaviour.
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