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Abstract

The proper selection of statistical distributions is important for modeling port operations using simulations or
queuing theory. The aim of this study was to determine the appropriate statistical distributions for modeling
random processes related to ship operations in ports, including ship arrivals, berthing maneuver processes,
service processes, and unberthing maneuver processes. A literature review was performed on the statistical
distributions used in these random processes. In addition, the port data on ship operations gathered from three
different ports in Turkey were examined. Goodness of fit tests were conducted to determine the appropriate

distribution for each process.

Introduction

The ship operation processes in a port begin
with an entry request upon the arrival of a ship.
Ships with the permission of port authorities may
enter the port; otherwise, they wait at anchor until
permission is granted. The ships are allowed to sail
at a specific berth through the approach channel or
entrance waterway, and then berthing occurs, and
the loading/unloading operations begin. When the
loading/unloading operations are completed, ships
are allowed to leave the port once they are granted
permission (Olba et al., 2018).

A ship’s arrival date/time, service time, idle time,
and departure date/time affect the port capacity (Kia,
Shayan & Ghotb, 2002). UNCTAD states that the
berth occupancy rate and number of berths depend
on the probability distributions of ship arrivals and
service times at berth (Tang et al., 2016).

The interarrival time is defined as the time
between the arrivals of two consecutive ships at
a port area (Shabayek & Yeung, 2001). The arrival
distribution of ships is vital for port planning; thus,
simulations are used to develop theoretical queuing
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models for port capacity analysis and for distribution
selection models (Kuo et al., 2006).

Service time is related to the time that ships spend
at berth for loading/unloading operations (Lee, Park
& Lee, 2003; Shabayek & Yeung, 2001). The aver-
age service time and statistical distribution of service
time reflect the components of cargo handling and
storage facilities in a port system (Agerschou, 2004).
The service time of a ship depends on the amount of
cargo that the ship carries and determines the wait-
ing time of ships in the queue (Layaa & Dullaert,
2014). Table 1 provides a summary of the literature
related to the statistical distributions used in studies
for interarrival times and the service times of ships,
as well as the types of terminals examined.

The simulation method has most often been
used in port operation studies. Table 1 reveals that
the majority of studies have focused on container
terminal operations, but no research on liquid bulk
terminals has been conducted by statistically ana-
lyzing processes. Lai and Shih (Lai & Shih, 1992)
focused on berth assignment problems in container
terminals and used heuristics and computer simula-
tions to measure different assignment strategies for
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Table 1. Literature review

Interarrival time

Service time

Author(s) Terminal / Port Method(s) used distribution distribution

Lai and Shih (1992) Container Heuristics, Exponential -
Simulation

Groenveld and Wanders (1999) Container Simulation Exponential -

Kia, Shayan and Ghotb (2002) Container Simulation Exponential Erlang

Demirci (2003) Port (multipurpose)  Simulation Exponential Exponential

Lee, Park and Lee (2003) Container Simulation Erlang Beta

Imai et al. (2005) Container Heuristics Exponential Uniform

Dragovic, Park and Radmilovic (2006)  Container Queuing theory, Exponential Erlang
Simulation

Bugaric and Petrovic (2007) Bulk cargo Simulation Exponential -

Huang et al. (2008) Container Simulation Exponential -

Esmer, Yildiz & Tuna (2013) Container Simulation Gamma Erlang, Beta

Nas (2013) Port (multipurpose)  Simulation Exponential -

Layaa and Dullaert (2014) General cargo, Queuing theory, Gamma, Weibull Log-normal,

Container Simulation Log-normal
Tang et al. (2014) Port (multipurpose)  Simulation Exponential Exponential
Tang et al. (2016) Container Simulation Exponential Erlang

a container terminal operator in Hong Kong. In their
study, data were examined, and according to the
chi-square goodness of fit test, the interarrival times
of ships fitted an exponential distribution. Groen-
veld and Wanders (Groenveld & Wanders, 1999)
conducted simulations to determine the capacity of
a container terminal, and they assumed that the inter-
arrival times of ships were exponentially distributed.
Kia et al. (Kia, Shayan & Ghotb, 2002) examined
the role of computer simulations in assessing the
performance of a container terminal with respect
to handling techniques and their effects on terminal
capacity. Container terminal data were examined,
and a chi-square test showed that the interarrival time
followed an exponential distribution. The Erlang
distribution (K = 4) was used for service time, i.e.
the time that ships spent at berth. Demirci (Demirci,
2003) used simulations to examine the bottlenecks
of a port in Turkey and the investment required to
correct them. According to the data analysis, the
interarrival time and service time fitted an exponen-
tial distribution. Lee et al. (Lee, Park & Lee, 2003)
used simulations to apply a supply chain modeling
and analysis framework to a port industry supply
chain. Analyzing the data from a container terminal
in South Korea showed that the interarrival time of
ships followed an Erlang distribution, and the ser-
vice time of ships followed a beta distribution. Imai
etal. (Imai et al., 2005) focused on berth assignments
in container terminals and developed heuristics. An
exponential distribution was used for the interarrival
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times of ships, and a uniform distribution was used
for the handling time of ships at berth.

Dragovic et al. (Dragovic, Park & Radmilovic,
2006) proposed two models based on simulations
and queuing theory to evaluate the performance of
ship-berth links at ports. They evaluated the effec-
tiveness of the models for a container terminal in
South Korea. It was determined that the interarrival
time of ships followed an exponential distribution
and that service time of ships followed an Erlang
distribution. Bugaric and Petrovic (Bugaric & Petro-
vic, 2007) examined methods to increase the capac-
ity of bulk cargo terminals by developing a strategy
related to the operation of handling equipment. They
developed simulation models using an exponen-
tial distribution for the interarrival times of ships.
Huang et al. (Huang et al., 2008) developed a sim-
ulation model that integrated all activities in a con-
tainer terminal. According to the data obtained from
a terminal, the interarrival times of ships followed
an exponential distribution. Esmer et al. (Esmer,
Yildiz & Tuna, 2013) developed a simulation mod-
eling approach for the continuous berth allocation of
a container terminal in Turkey. According to the chi-
square goodness of fit test, the interarrival time of
ships followed a gamma distribution. In their study,
ships were divided into 5 classes according to their
lengths, and service time distributions were deter-
mined using this classification. It was determined
that the service times of the first 4 ship classes fol-
lowed an Erlang distribution, and the service time of
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the Sth ship class fitted a beta distribution. Nas (Nas,
2013) conducted a simulation study to determine
the optimum parking locations for tugboats serving
a port area in Turkey. According to the data analy-
sis, it was found that the interarrival time of ships
followed an exponential distribution. Layaa and
Dullaert (Layaa & Dullaert, 2014) developed queu-
ing and simulation models to analyze the capacity of
a port in Tanzania. For a general cargo terminal, the
interarrival time of ships showed a gamma distribu-
tion, and service times of ships showed a log-normal
distribution. They found that the interarrival times
of a container terminal fitted a Weibull distribution,
and that the service time fitted a log-normal distri-
bution. Tang et al. (Tang et al., 2014) proposed the
use of an anchorage for ships to temporarily anchor
to improve performance in ports with very long one-
way entrance channels. They developed a simulation
model and examined the data from a port in China
and found that both the service time and interarrival
time showed an exponential distribution. Tang et al.
(Tang et al., 2016) conducted a simulation study to
examine the effect of entrance channel dimensions
on the berth occupancy of a container terminal. In
their study, exponential and Erlang-3 distributions
were used for interarrival times and service times,
respectively.

Examining the interarrival time distributions
shows that an exponential distribution (Poisson
point process) was used in most studies, as well as
gamma, Weibull, and Erlang distributions (Huang
et al.,, 2008; Tang et al., 2014; Tang et al., 2016).
Even if ship arrivals are planned, when arriving ship
traffic is considered, the interarrival times are ran-
domly distributed and corresponds to an exponential
distribution. Unpredictable weather conditions and
service delays by other ports of call can increase the
randomness of arrivals (Huang et al., 2008).

In the simplest queuing systems, the most com-
mon distribution used for service times is the expo-
nential distribution. In some cases, service time
distributions may have heavier tails than the expo-
nential distribution. Examining the service time dis-
tributions in ports (Table 1) shows that tailed distri-
butions such as Erlang and log-normal are used, as
well as beta and uniform distributions.

Another literature review was performed to
investigate the statistical distributions used in berth-
ing and unberthing maneuver processes. These
processes consist of pilotage and towage services
provided for ship approaches to a port and depar-
tures from a port (Nas, 2013; Ugurlu, Yiiksekyildiz
& Kose, 2014). Most studies used deterministic
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values instead of statistical distributions for the
time elapsed during these processes (Dragovic, Park
& Radmilovic, 2006; Zhou, Guo & Song, 2006; Lin,
Gao & Zhang, 2014; Ugurlu, Yiksekyildiz & Kose,
2014). Nas et al. (Nas, Ozkan & Ugan, 2016) con-
ducted a simulation study to determine the required
number of tugboats in towage service authorization
areas using a normal distribution for both the berth-
ing maneuver time and unberthing maneuver time.

Problem statement

Some studies in the literature review assumed
the statistical distributions that were used in the ship
operation processes. However, in other studies, the
authors analyzed real data from the ports, and they
found and used appropriate distributions for these
processes. Consequently, there is a need to reveal
such differences in the literature regarding the sta-
tistical distributions of ship operations in ports and
to develop suggestions for distributions of ship
operations.

The aim of this study was to determine the statis-
tical distributions that may be used to model random
processes related to ship operations in ports.

Methodology

The examined ship operation processes are ship
arrivals, berthing maneuvers, service process at
berth, and unberthing maneuvers. A literature review
was performed to examine the statistical distribu-
tions used in these random processes. In addition,
port data on ship operations gathered from three dif-
ferent ports in Turkey were examined, whose loca-
tions are shown in Figure 1.

Port A and Port B are multipurpose ports where
various cargoes are handled. The data of Port A con-
sists of ship operation records belonging to five ter-
minals located in the Gulf of Gemlik. Container,
Ro-Ro, general cargo, bulk cargo, project cargo, oil
tanker, and chemical tanker ships are serviced in the
region of Port A. The data of Port B includes nine
terminals located in the Gulf of Nemrut. The ship
types arriving at this port area include bulk cargo,
general cargo, container, oil tanker, chemical tanker,
and LPG tanker ships. Port C is a liquid bulk termi-
nal located near the Gulf of Nemrut. The data of Port
C consists of operation records of oil, chemical, and
LPG tanker ships.

Previous studies have shown that ship operation
processes vary according to the ship size (Esmer,
Yildiz & Tuna, 2013; Nas, 2013, Tang et al., 2016).
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Data of “Port A” for the year of 2018

Figure 1. Port regions

In this study, port data were analyzed according to
four ship size classes depending on gross tonnages
of ships (Table 2). The port regulations in Turkey
were taken into consideration when making this
classification (Ports Regulation, 2012).

Table 2. Ship size classes

Gross tonnage (GRT) Ship size class
Less than 2000 I
2000-5000 I
5001-45,000 I
45,001 and above v

According to the data sets obtained from the
ports, the number of ships arriving at ports annually
according to ship size classes are given in Table 3.

The data of the port regions were examined
for ship arrival, service, berthing maneuvers, and
unberthing maneuver processes. The sequence of
these processes within the time frame is shown in
Figure 2.

Ship size classes were not taken into consideration
when examining ship arrivals. The classifications

Berthing

Arrival Maneuver
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_ I__ . PILOT LEFT

LLLLLLERR LTI ‘II
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Data of “Port B” for the year of 2010
Data of “Port C” for the year of 2017

Table 3. Number of ships arriving at ports

Ship size class Port A Port B Port C
I 419 356 552
I 729 1067 135
I 2009 1247 375
v 299 6 123
Total 3456 2676 1185

specified in Table 2 were taken into consideration
for service, berthing maneuvers, and unberthing
maneuver processes. The StatFit program included
in ProModel simulation software was used to iden-
tify suitable distributions for these processes. Kolm-
ogorov-Smirnov (K-S) and Anderson-Darling (A-D)
goodness of fit tests were conducted.

Findings

The statistical analysis findings of the ship oper-
ation processes were examined under the titles of
“Ship Arrival”, “Service”, “Berthing Maneuver and
Unberthing Maneuver”.

g

Unberthing
Maneuver

== ¢« PILOT of BOARD
==+ PILOT LEFT

__ Service Time

1
i
-1

Figure 2. Ship operation processes in a port
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Ship arrival process

The interarrival time distribution of ships is
the distribution of times between ship arrivals at
a port, and port data were examined to determine
the distribution of times between ship arrival times.
In the ship operation data of Port A and B, the first
time record of a ship arriving at the port area is
the moment when the pilot is on board. Therefore,
when examining the data from Port A and Port B,
the time elapsed between the “POB (Pilot on Board)
times” of each ship were calculated. On the other
hand, in the data of Port C, the first time record is
the “Notice of Readiness” time. Thus, when exam-
ining the data of Port C, the time elapsed between
the “NOR (Notice of Readiness) times” of each ship
were calculated.

The distributions applied for the interarrival
times, the p-values obtained from K-S and A-D test
results of these distributions, and the fitness percent-
ages of the distributions are given in Table 4. No
suitable distribution was found for the data sets of
Port A or Port B. In addition, the data set of Port
C was suitable for various distributions, which are
summarized in Table 4. Additionally, Figure 3 shows
the frequency distributions of the interarrival times
in all ports.
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Table 4. Goodness of fit tests for the interarrival times of
ships

Distribution povalues Fit(? €58
K-S A-D Yo
PORT C
Gamma 0.686 0.772 100
Erlang 0.266 0.330 16.6
Weibull 0.304 0.210 12.0
Exponential 0.273 0.100 5.16
Johnson SB 0.196 0.122 4.51
Inverse Gaussian 0.057 0.038 0.40
Lognormal 0.056 0.027 0.29

Table 4 gives the goodness of fit tests of the inter-
arrival time distribution for Port C, and the follow-
ing hypotheses can be established:

Hy: The data are fitted by a “Gamma” distribution.
Hi: The data does not fit a “Gamma” distribution.

The significance level for the goodness of fit test
was a = 0.05. The null hypothesis cannot be rejected
since the p-values for both K-S and A-D goodness
of fit tests were > a. The StatFit program lists the
appropriate distributions according to their relative
goodness of fit, i.e. fitness percentage. The distribu-
tions that are appropriate for the interarrival times are
listed in Table 4 according to the fitness percentages.
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Figure 3. Frequency distributions of the interarrival times
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The most appropriate interarrival time distribution
for Port C was the “Gamma” distribution, with 95%
confidence.

While the Port C data set was suitably described
by some distributions, no distribution was suitable
for the Port A and B data sets, likely due to differenc-
es in time references accepted for ship arrival times.
The arrival times were accepted as NOR times in
Port C; on the other hand, the POB times were used
as a reference in Port A and B. The POB times are
based on constraints such as the berthing permission
of a ship, the availability of a maritime pilot, and
the time for a maritime pilot to reach the ship. NOR
times are unaffected by the above-mentioned con-
straints, indicating the randomness of ship arrivals
in a port area.

Service process

The service time distribution refers to the distri-
bution of times spent by ships at berth to perform
loading and unloading services. Port data were
examined to determine the distributions that may be
appropriate for the service time. When examining the
data sets, the time elapsed between “End of Pilotage
for Berthing” and “Start of Pilotage for Unberthing”
was calculated for each size class of ships.

The investigated distributions for the service time
of class I ships, the p values obtained from K-S and
A-D test results of these distributions, and the fitness
percentages of the distributions are given in Table
5. No suitable distribution was found for the Port C
data. The results of Port A and B data sets are sum-
marized in Table 5.

Table 5. Goodness of fit tests for the service times of class I
ships

Distribution p-values Fit(? ©ss
K-S A-D %0
PORT A
Weibull 0.153 0.079 39.3
Pearson 6 0.071 0.056 12.8
PORT B
Inverse Gaussian 0.913 0.932 100.0
Johnson SB 0.853 0.918 92.1
Log-normal 0.765 0.879 79.1
Pearson 6 0.469 0.713 39.2
Log-Logistic 0.592 0.490 34.1
Pearson 5 0.445 0.620 32.5
Inverse Weibull 0.356 0.511 21.3
Gamma 0.133 0.279 4.36
Weibull 0.097 0.121 1.38
Beta 0.063 0.169 1.25
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The most suitable service time distributions for
class I ships were the “Weibull” for the Port A data
set and the “Inverse Gaussian” for the Port B data set.

The investigated distributions for the service
times of class II ships, the p-values obtained from
K-S and A-D test results of these distributions, and
the fitness percentages of the distributions are given
in Table 6.

Table 6. Goodness of fit tests for the service times of class II
ships

Distribution p-values Flt(? o5
K-S A-D 7o
PORT A
Inverse Gaussian 0.836 0.783 100.0
Log-normal 0.720 0.744 81.8
Pearson 6 0.647 0.499 493
Pearson 5 0.298 0.409 18.6
Log-Logistic 0.417 0.155 9.87
Inverse Weibull 0.206 0.290 9.14
Gamma 0.105 0.091 1.46
Weibull 0.055 0.022 0.19
PORT B
Log-Logistic 0.209 0.118 96.0
Inverse Weibull 0.101 0.123 48.5
Pearson 5 0.055 0.084 17.9
PORT C
Log-Logistic 0.451 0.560 100.0
Inverse Weibull 0.319 0.359 453
Pearson 5 0.261 0.255 26.4
Pearson 6 0.169 0.173 11.5
Log-normal 0.186 0.146 10.7
Inverse Gaussian 0.129 0.092 4.71
Gamma 0.052 0.028 0.58

The most appropriate service time distributions
for class II ships were the “Inverse Gaussian” for the
Port A data set and the “Log-Logistic” for both Port
B and C data sets.

The investigated distributions for the service
times of class III ships, the p-values obtained from
K-S and A-D test results of these distributions, and
the fitness percentages of the distributions are given
in Table 7. No suitable distribution was identified for
Port A and B data sets. The results of the Port C data
set are summarized in Table 7.

The most appropriate service time distributions
for class III ships was the “Log-normal” for the Port
C data set. The investigated distributions for the ser-
vice time of class IV ships, the p-values obtained
from K-S and A-D test results of these distributions,
and the fitness percentages of the distributions are
given in Table 8. The Port B data set could not be
examined because of insufficient data. The results
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of the Port A and C data sets are summarized in
Table 8.

Table 8 shows that the most appropriate ser-
vice time distributions for class IV ships were the
“Inverse Weibull” for the Port A data set and the
“Weibull” for the Port C data set.

Table 7. Goodness of fit tests for the service times of class
I1I ships

. p-values Fitness
Distribution s AD %
PORT C
Log-normal 0.408 0.330 64.3
Pearson 6 0.439 0.286 60.0
Inverse Gaussian 0.367 0.299 52.5
Erlang 0.361 0.184 31.9
Pearson 5 0.243 0.254 29.5
Gamma 0.262 0.165 20.7
Inverse Weibull 0.184 0.207 18.2
Log-Logistic 0.217 0.096 9.93
Beta 0.124 0.058 3.46
Weibull 0.075 0.019 0.67

Table 8. Goodness of fit tests for the service times of the class
IV ships

Berthing maneuver and unberthing
maneuver processes

Berthing / unberthing time distributions are the
distribution of times spent by each ship for berthing
/ unberthing when in company with tugs and harbor
pilots. The port data were examined to determine the
distributions that may be appropriate for the berth-
ing and unberthing times. For the berthing times,
when examining the data sets of the ports, the time
elapsed between the “Start of Pilotage for Berthing”
times and the “End of Pilotage for Berthing” times
was calculated for each size class of ships. For the
unberthing times, when examining the data set of the
ports, the time elapsed between the “Start of Pilot-
age for Unberthing” times and the “End of Pilotage
for Unberthing” times were calculated for each size
class of ships.

In all datasets, no statistical distribution was
found to be suitable for the berthing and unberthing
times of the ships in class I, II, or III. In Figure 4
and Figure 5, the frequency distribution graphs of
the berthing and unberthing times of class Il ships
are shown as an example.

Figure 4 and Figure 5 show that the berthing and

Distribution p-values Fitness N, \ .
K-S A-D % unberthing times have very high frequencies at cer-
PORT A tain values, which is a similar problem in all ports
Inverse Weibull 0.960 0.925 99.6 whose data were analyzed. The data sets of Port
Pearson 5 0.942 0.929 98.2 A and C were examined for the berthing times of the
Log-normal 0.864 0.871 84.5 class IV ships (Table 9), but the data set of Port B
Log-Logistic 0.751 0.883 74.4 could not be examined due to insufficient data.
Extreme Value [A 0.690 0.856 66.2
Inverse Gaussian 0.740 0.777 64.5 Table 9. Goodness of fit tests for the berthing time of class
Erlang 0.607 0.634 43.2 IV ships
Pearson 6 0.747 0.486 40.8 - p-values Fitness
Gamma 0.555 0.557 34.7 Distribution s D %
Beta 0.552 0.505 31.3 PORT A
Chi Square 0.286 0.338 10.8 Log-Logistic 0.187 0.421 100.0
Weibull 0.161 0.075 1.36 Log-normal 0.053 0.287 19.3
Rayleigh 0.069 0.043 0.33 Logistic 0.073 0.180 16.6
PORT C PORT C
Weibull 0.816 0.902 100.0 Log-normal 0.482 0.604 96.4
Beta 0.750 0.859 87.5 Pearson 5 0.456 0.607 91.7
Gamma 0.552 0.739 55.4 Log-Logistic 0.497 0.529 87.1
Extreme Value IA 0.503 0.534 36.4 Erlang 0.444 0.591 86.9
Erlang 0.497 0.539 36.4 Gamma 0.440 0.591 86.0
Inverse Gaussian 0.438 0.596 354 Beta 0.360 0.538 64.0
Log-normal 0.422 0.555 31.8 Logistic 0.427 0.381 53.9
Pearson 5 0.408 0.517 28.7 Weibull 0.243 0.436 35.1
Rayleigh 0.445 0.443 268 Pearson 6 0.247 0.364 29.7
Log-Logistic 0.392 0.359 19.1 Chi Square 0.222 0.395 29.0
Pearson 6 0.360 0.369 18.0 Extreme Value IA  0.161 0.385 20.5
Chi Square 0.369 0.332 16.7 Normal 0.163 0.252 13.5
Logistic 0.416 0.226 12.8 Inverse Gaussian 0.100 0.248 8.20
Normal 0.323 0.190 8.31 Rayleigh 0.064 0.163 3.46
Zeszyty Naukowe Akademii Morskiej w Szczecinie 62 (134) 77
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Figure 5. Frequency distributions of the unberthing times of class II ships

The most appropriate berthing time distributions
for class IV ships were the “Lognormal” for the
Port C data set and the “Log-Logistic” for the Port
A data set. For the unberthing maneuver distribution
of class IV ships, the data set of Port A did not fit
any distribution, and there was insufficient data from
Port B and C for statistical analysis.

Conclusions
In this study, the time used as a reference for “ship
arrival time” is very important for the interarrival

time distributions of ships. In some data sets, “POB”
times were referenced, while others used “NOR”
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times as the ship arrival time. As a result, no suitable
distribution was found for the data sets in which the
POB value was taken as a reference. The POB times
are based on constraints such as the berthing permis-
sion of ship, the availability of a maritime pilot, and
the time for a maritime pilot to reach the ship. The
NOR times were unaffected by the above-mentioned
constraints, which indicates the randomness of ship
arrivals in a port area.

The literature examination showed that an Expo-
nential distribution was most suitable for the inter-
arrival times of ships. On the other hand, in the port
data sets used in this study, a Gamma distribution
was found to be suitable for the interarrival times
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of tanker ships. In some studies, in which real port
data were analyzed, a Gamma distribution was suit-
able for interarrival times of container ships (Esmer,
Yildiz & Tuna, 2013) and general cargo ships (Layaa
& Dullaert, 2014).

According to the results analysis, heavy-tailed
distributions such as the Inverse Weibull, Inverse
Gaussian, Log-Logistic, and Log-normal were suit-
able for service processes. While it is almost impos-
sible to use such distributions in queuing theory
models, these distributions can be easily used in sim-
ulation models. In addition, if there are outliers in
the data sets, a boxplot can be used to decide wheth-
er to include these values.

Nearly no statistical distribution was found to
be suitable for describing the data of the berthing
maneuver and unberthing maneuver processes of
ships. Frequency distributions of these data were
examined, and it was determined that the berthing
and unberthing times contained excessively high fre-
quencies at certain values. It is thought that this prob-
lem arose due to the recording of minutes in multi-
ples of 5 for ease of calculation in the timesheets of
ship operations. In addition, in the timesheets used
for recording ship operations, the decimal values of
the clock were entered for ease of calculation. To
incorporate a data set that does not fit a certain theo-
retical distribution into the simulation program, fre-
quency distributions of data collected from the field
—1i.e. empirical distributions — can be used.
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