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@ ABSTRACT
@-A The container terminal handling system plays an important role in marine transportation, and

improving its efficiency has become a big challenge. Therefore, this paper proposes an ana-

This work is licensed lytical method that combines a Petri net with simulation tools. Firstly, the container terminal

under a Creative

Commons Attribution 4.0 handling system is abstracted into a Petri net system according to the internal logic of the
International License. handling process. Next, eigenvalues of the correlation matrix are calculated to analyse the
Publisher: effectiveness of the Petri net system. Then, the Petri net system is simulated using the Extend-
Faculty of Transport Sim software. The result suggests that, after optimising, the handling capacity of the berth is
and Traffic Sciences, clearly improved. Using the Petri net and simulation tools together to analyse the container
University of Zagreb

terminal system is the innovation and the most important aspect of this paper. Because the
combination of a Petri net and simulation can not only ensure the reliability of the model but
also optimise the container terminal handling system more intuitively.
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1. INTRODUCTION

With the development of economic globalisation [1], the volume of international trade is gradually in-
creasing. Around 80% of global trade is transported by sea and handled by terminals worldwide [2]. Con-
tainer transportation has become the major mode of maritime transportation, with its advantages of high
freight quality, high transportation efficiency and low transportation cost [3]. The container terminal is a
key node of the global container transportation network. It is the place where container ships dock, load and
unload. It plays an irreplaceable role in container transportation. In recent years, the throughput of global
container terminals has increased rapidly [4—7]. Even affected by COVID-19, the global container through-
put in 2021 was still growing at a rate of 6.5% [8]. The rapid growth of the throughput makes the workload
of container terminals heavier [9]. Therefore, it is of great significance to improve the efficiency of the con-
tainer terminal handling system.

The focus of this paper is to develop an analytical method combining a Petri net with simulation to
improve the efficiency of the container terminal handling system. The following section reviews previous
studies on how to improve the handling efficiency of container terminals. Then, Section 3 discusses how
to analyse the container terminal operating system using a Petri net and ExtendSim. Section 4 shows the
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simulation results. Next, Section 5 focuses on the optimisation of the simulation system. Finally, Section 6
summarises the research findings, points out the shortcomings of this paper, and discusses future research.

2. LITERATURE REVIEW

Improving the handling efficiency of container terminals has become a concern of scholars all over the
world. The most widely used method is to establish a mathematical model. Said et al. [10] considered han-
dling problems at container terminals as NP-hard combinatorial optimisation problems. They built a model
to minimise the handling time and then proposed an optimisation methodology using the genetic algorithm.
Msakni et al. [11] proposed a mixed-integer programming model and a method based on a binary search
to determine the optimal loading and unloading schedule for berthed ships. Dkhil et al. [12] developed an
integrated model to minimise total operating costs considering the storage location and vehicle scheduling
problems during the unloading process and used a tabu search as the solution method. Dik and Kozan [13]
proposed a flexible neighbourhood search strategy based on the tabu search (TS) algorithm framework to
study the quay crane scheduling problem and eliminated the influence of fixed jobs on the generated sched-
uling by dynamically changing TS flexible jobs. Kizilay et al. [14] proposed mixed integer programming
(MIP) and constraint programming (CP) models to study the integrated problems of quay crane allocation,
quay crane scheduling, yard location-allocation and vehicle scheduling operations in container terminals, so
as to maximise terminal throughput. Jonker et al. [15] established a coordinated scheduling model for wa-
terside operations of container terminals in the form of a hybrid flow shop (HFS) and solved the model by a
tailored simulated annealing (SA) algorithm to obtain the optimal scheduling of quay cranes. Zhuang et al.
[16] regarded the integrated scheduling problem of container terminal handling equipment as the blocking
hybrid flow shop scheduling problem with bidirectional flows and limited buffers. They developed a com-
pact mixed-integer linear programming model and used an adaptive large neighbourhood search method to
solve it.

Container terminals are too complex to be modelled mathematically [17]. Therefore, many scholars op-
timise the container terminal handling system by simulation. Sun et al. [18] used an improved multi-agent
system to represent the various operating processes and different equipment of the container terminal based
on the Microport simulation platform, which greatly reduced the modelling work and contributed to the
planning and design of integrated solutions for the container terminal. Clausen et al. [19] used ContSim to
model the container terminal and identify the factors that restrict the efficiency of container terminal opera-
tions, aiming to obtain the best operational strategy to improve efficiency. He et al. [20] proposed a simula-
tion optimisation method, which integrates the genetic algorithm (GA) searching and simulation to improve
the loading and unloading efficiency of container terminals by sharing inner cards among multiple container
terminals. Schroér et al. [21] studied the efficiency of outer truck transportation between container terminals
in Rotterdam, and they proposed an object-oriented and discrete simulation model to analyse how delays
due to traffic would affect system performance. Abourraja et al. [22] proposed a multi-agent simulation
model including an improved crane scheduling strategy inspired by the ant colony algorithm, which reduces
the working time of quay cranes. Castilla-Rodriguez [23] proposed an intelligent system that integrates ar-
tificial intelligence techniques and simulation tools to generate a high-quality crane schedule so that cranes
can be reasonably scheduled and the handling efficiency of container terminals can be improved. Muravev et
al. [24] used AnyLogic to optimise the main parameters of the multi-modal terminal in two stages, and took
Zhoushan port, one of the busiest ports in China, as an example to prove the sufficiency and effectiveness of
the simulation model established. Rozi¢ et al. [25] combine mathematical models and simulations to study
the location assignment of the container terminal. They developed a network-based mathematical model and
then validated the model within the FlexSim CT simulation environment.
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Because the container terminal handling system is discrete and dynamic, some scholars use a Petri net
to study it. Kemper and Fischer [26] applied a stochastic Petri net to model a cargo terminal to determine
the waiting space of the set card, thus improving the operational efficiency of the terminal. Fu and Zhong
[27] used the CPN Tool, a coloured Petri net modelling tool, to conduct container terminal simulation mod-
elling, so as to obtain data in the simulation process and analyse the maximum queue length and average
waiting time. Cavone et al. [28] applied a timed Petri net and cross-efficiency data envelope analysis (DOA)
multi-criteria optimisation techniques to terminal resource management, thus helping decision-makers solve
problems, such as how to determine berth capacity and ship schedule to cope with cargo flow increase.

At present, container terminal handling system research mostly focuses on the establishment of mathe-
matical models and the use of simulation methods. Only a small part of the literature has applied Petri nets
to this field. Therefore, using a Petri net to analyse the container terminal handling problem needs more
in-depth research. In this paper, the simulation technology and Petri net idea are combined to analyse the
container terminal handling system. First, the handling process of the container terminal system is described
logically by Petri net. Next, a mathematical method is used to calculate the reliability of the Petri net sys-
tem, then, on this basis, the container terminal handling system is simulated. In this way, the feasibility of
the simulation is guaranteed, and the container terminal handling system can be optimised more intuitively.

3. METHODS

The container terminal handling system is composed of three modules — the ship entry module, the ship
operating module and the yard operating module [29, 30]. The ship entry module is mainly concerned with
the docking and berthing of ships, while the ship operating module is made up of two parts — ship loading
and ship unloading. The yard operating module mainly includes inner truck transportation and outer truck
transportation. The structure of the container terminal handling system is illustrated in Figure 1.

The container terminal handling system

Ship entry module Ship operating module Yard operating module
| | \ |
. . . . Inner truck Outer truck
Slifp loriin Slitp e o transportation transportation

| | | | | |

Figure 1 — The structure of the container terminal handling system

The examination of the literature shows that Petri net and simulation are applied separately to improve
the efficiency of the container terminal handling system. However, Petri net and simulation are combined in
this study. The terminal handling system is described by a Petri net, and eigenvalues of the correlation ma-
trix are used to calculate the reliability of the Petri net process. The ExtendSim software is used to simulate
and optimise the system terminal handling more intuitively based on the Petri net system. A brief description
of the methods used is given in Figure 2.
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3.1 Petri net

Analysis of container terminal composition

.

Description of container terminal system by Petri net

.

Effectiveness analysis of the Petri net system by
eigenvalues of the correlation matrix

l

Simulation of the Petri net system by ExtendSim

.

Analysis and optimisation of the simulation result

Figure 2 — Flowchart of the study

A Petri net can not only describe the structural characteristics of the system but also simulate the state
changes in the actual system operation process. At the same time, a Petri net can also reflect the sequence,

synchronisation, asynchrony, concurrency and conflict relations of each component in the system. A Petri
net has no global control flow and no central control. It only describes dependencies of things, including the
causality and the control mechanism objectively existing in the physical system [31-35].

This paper uses the basic network system, which can be described as follows: Y =(P,T;F,M,), where P
is the nonempty finite set of places, 7 is the nonempty finite set of transitions, F is the directed arc set, and

M, is the initial mode.

Place is used to describe the local state, resources, conditions or information of the system. It is generally
represented by circles. Transition is used to describe an event that changes the state of a system. It is usually
represented by rectangles. F is the directed arc set, which is the set of input and output arcs of transition.

Inner truck module

Ship entry module

Outer truck module

Inner truck module

Figure 3 — The Petri net system of container terminal handling operations
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The main research object of this study is the container terminal handling system. Its process is discrete,
dynamic, complex and uncertain, which meets the requirements of a Petri net. Therefore, a Petri net is used
in this paper to describe the handling process of the container terminal.

According to the composition of the container terminal handling system [36], a Petri net is used to model
the container terminal handling system in blocks. The whole system is divided into four blocks, which are
the ship entry module, the ship operating module, the inter truck operating module and the outer truck op-
erating module. The specific Petri net system is shown in Figure 3, and the meaning of places and transitions
involved in it is shown in Table 1.

According to the Petri net system shown in Figure 3, the process of container terminal handling operations
can be seen intuitively. First, vessels arrive at the port. Then they load or unload depending on vessel type,
which involves the horizontal transportation of containers between the front edge of the wharf and the rear
yard by the inner trucks and the collecting and dispatching operation between the yard and the dock gate by
the outer truck.

3.2 Eigenvalues of incidence matrices

A Petri net with one output arc at most for each place is called a choice-free net (CF net for short), and
there is no conflict structure in a CF net. A Petri net with one output arc at most for each transition is called
a link-free net (LF net for short), and there is no concurrency structure in an LF net [37].

The matrices U and V are defined as follows:

1, pie’t;
U=Lushscn ””:{o, ftherwijse M
V=[ilusn Vi/:{l’ pieﬁ. (2)
‘ ‘ 0, otherwise
Assuming that H is the incidence matrix in the Petri net:
-1, pi € *l“,‘
H=[hilyn hi=11, pi€l (3)

0, otherwise

In a CF net and an LF net, let

W=H"U (4)

Z=HV" (5)

For non-CF net and non-LF nets, matrices W and Z need to be transformed into W and Z, and the trans-
formation process is as follows:

_ max (0,wy), i #J
W =[Wijlxn w,«,:{ . 7 (6)
Wij, 1=]
_ min(0,zy), i #J
Z:[Zij]mxm ZU:{ P j (7)
Zijy 1=

There are 5 theorems [38] based on the eigenvalues of matrix M to judge the structure boundedness,
structure repeatability and coordination of a Petri net.

Theorem 1: If the Petri net is a CF net and all real eigenvalues of W are non-positive, then the Petri net
is structurally bounded.

Theorem 2: If the Petri net is an LF net and all real eigenvalues of Z are non-negative, then the Petri net
is structurally repeatable.
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Table 1 — The meaning of places and transitions that are involved in the Petri net system of container terminal handling operations

)2 The ship arriving at the port §25 No incoming ships in the channel

P, The ship waiting at an anchorage outside the harbour )29 Meet the safe distance from the departing ship

D5 The anchorage in the harbour is free Pys The outbound ship in the channel

Dy The ship entering an anchorage in a harbour Do The ship leaving the port

Ds No outbound ships in the channel DPyy The inner truck with export containers

D Meet the safe distance from the incoming ship Do The ship finished the loading operation

)2 The ship entering the channel Dye | The inner truck completed the container loading operation
Dy The berth is free Do | The inner truck not participating in the loading operation
)2 The ship that has finished berthing )2 The inner truck participating in the loading operation
Pio The ship waiting for free berth Py The inner truck not E));it;;?;img in the unloading

Py The ship that needs to be unloaded Py Ship arrival plan

Py The inner truck for unloading the ship 2 The terminal received the plan

)28 The ship finished unloading operation Ps3s The outer truck :: ltt}lllet?;;ﬁzft g(:i(t): fainers arriving
Dis The inner truck with import containers Dag The outer truck that has been checked out

Dys The inner truck with the containers arriving at the yard | p,, The Control Centre gets the message

Pig Import containers that are unloaded Pis The outer truck arriving aty t;;z designated location in the
Py The inner truck that CO;%LE:EZ;M container unloading P3o The export container placed in designated locations
Dis The outer truck for the container loading operation D4y | The outer truck that finished the container unloading task
Dig The outer truck with imported containers Dy The ship loading plane

J29 The ship that needs to be loaded P The outer truck not participating in vanning

Doy The ship that does not need to be loaded DPay Containers stacked on the shore

Dy The ship waiting to depart

Transitions

The ship in port waits to berth in the anchorage outside
the harbour

The ship leaves the port

The ship enters the anchorage in the harbour

The quayside container crane is loading the ship

The ship enters the channel

Determine whether the inner truck will continue to
participate in the loading operation

The ship berths

The inner truck returns to the parking lot

The ship waits for free berth

Make the container concentration plane and send it to the
terminal

The Centre determines the type of ship

Arrange for the outer truck to transport export containers
to the yard at a specific time

The quayside container crane unloads the ship

The outer truck enters the gate and for inspection

The inner truck delivers the container to the yard

Send the arrival information about export containers and
outer trucks

he container yard crane carries out the unloading
operation

The Centre makes the plan about transporting containers
and tells drivers

Determine whether the inner truck will continue to
participate in the unloading operation

The outer truck arrives at the yard

The container yard crane is loading containers

The container yard crane is unloading containers

The outer truck leaves the port

Determine whether the outer truck will continue to
participate in the loading operation

Determine whether the ship needs to be loaded

The container yard crane places containers into the inner
truck

The ship is waiting to leave the port

The quayside container crane unloads containers on the
shore

The leaving ship enters the channel
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Theorem 3: If the Petri net is an LF net and 0 is a simple eigenvalue of Z, and all other real eigenvalues
are positive, then the Petri net is compatible.

Theorem 4: If the Petri net is a non-CF net and all the real eigenvalues of /W are non-positive, then the
Petri net is structurally bounded.

Theorem 5: If the Petri net is a non-LF net and all the real eigenvalues of Z are non-negative, then the
Petri net is structurally repeatable.

The whole Petri net system for the container terminal handling operation involves a large number of plac-
es and transitions, and its structure is relatively complex. It is difficult to directly analyse the eigenvalues of
incidence matrices. Therefore, the whole system is analysed into modules.

Ship entry module

By analysing the Petri net of ship entry module in Figure 4, it can be seen that there is one output arc at
most for each place and one output arc at most for each transition. Therefore, the ship entry module belongs
to both a CF net and an LF net.

'y
| ry
v v . ]
. ’- b. b. >' b. b. ’.
[ A

Figure 4 — The Petri net of ship entry module

'y
b.

First, the incidence matrix 4 of the ship entry module is calculated according to Formula 3. Then U(A)
and V(A) are calculated according to Formulas 1 and 2, respectively. Finally, W(A4) and Z(A4) are calculated
according to Formulas 4 and 5:

(0 -1 0 0000O0O0 O

01 0-100O0O0O0O0

-1'1.0 0 00 000-100O0O0O0O0
0-21000 000100-1000

o 10 03110 R 1000 000-100 0
WA =T =1 g g g 3o 1 [AA=AVA=10 6 60 00-100 0
00 0 O0-10 0000O0OO0TO-1-1

L0 0 0 0 0 -1 0000O0OO0O0OO0O-10
0000O0OO0OO0OOT1O

000O0O0OO0O0GO-1T1]|

After calculation, (4) has 6 eigenvalues, which are respectively: 4, 5 =1, 1,=-2, 4, ,/=-3.

Z(A) has 10 eigenvalues, which are respectively: /11,3,5’6’8:0, /12,4,7,9’10:1.

All eigenvalues of W(A) are non-positive, so it can be known that the Petri net of this module is struc-
turally bounded according to Theorem 1. All eigenvalues of Z(4) are non-negative, so the Petri net of this
module is structurally repeatable according to Theorem 2. At the same time, there is 0 as an eigenvalue of
Z(A), so Theorem 3 shows that the Petri net of this module is compatible.

Ship operating module

By analysing the Petri net of ship operating module in Figure 5, it can be seen that in this module there is
one output arc at most for each place, but there are two output arcs for transition of .. Therefore, the ship
entry module is a CF net and a non-LF net.
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Cememedon

Figure 5 — The Petri net of ship operating module

Firstly, the incidence matrix B of the ship operating module is calculated according to Formula 3. Then,
U(B) and V(B) are calculated according to Formulas I and 2, respectively. Finally, W(B) and Z(B) are calculat-
ed according to Formulas 4 and 5:

(1-1 100000 0 0]
-1 -l
01 0000 1] ’ cooo ot
10210000 0 -1
0-1 10000
001 1-100000
0.0 -1 1001 0000100-200
W(B)=B"UB)=10 0 0 -2 1 0 0|ZB)=BV'(B)=| 0 6 0 000-10 0
0000310 0000000-100
0000 0-10
coa ot 00000001 -10
- - 0000000010
000 0-1000 0 1.

Since the ship operating module is a non-LF net, Z(B) needs to be transformed according to Formula 7,
and Z(B) can be obtained:

(1 -1 00 0000 0 0]
01-1-100000 0
00200000 0 -1
0001-1000U00

., . 10000 100-100

Z(B)_OOOOOOO-IOO
0000O0O00-100
0000O0O00T1-10
0000O000O0T1 0
00 00-10000 1]

After calculation, W(B) has 7 eigenvalues, which are, respectively: 4,=0, 4, 5, ,

Z(B) has 10 eigenvalues, which are, respectively: 4, , , 5 6010~ 1> A5=2, /17’8’2’0i

All eigenvalues of W(B) are non-positive, so it can be known that the Petri net of this module is struc-
turally bounded according to Theorem 1. All eigenvalues of Z(B) are non-negative, so the Petri net of this
module is structurally repeatable according to Theorem 5.

The coordination of the Petri net of this module is analysed by solving the p-invariant: calculate B7X=0,
x,=(0,0,0,0,0,-1,1,0,0,0)", x,=(0,0,0,0,0,1,0,1,1,0)”, x,=(-1,-1,1,-2,-1,1,0,0,0,1) .

It can be seen that three P invariants are supporting all transitions, so the Petri net of the ship operating
module is coordinated.

=1, =2, 2 =-3.

Inner truck operation module

By analysing the Petri net of inner truck operation module in Figure 6, it can be seen that in this module
there is one output arc at most for each place, but there are three output arcs for transitions #,, ,, and 7,,.
Therefore, the inner truck operation module is a CF net and a non-LF net.
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Figure 6 — The Petri net of inner truck operation module

Firstly, the incidence matrix C of the inner truck operation module is calculated according to Formula 3.
Then, U(C) and V(C) are calculated according to Formulas I and 2, respectively. Finally, W(C) and Z(C) are
calculated according to Formulas 4 and 5:

10000000010
10000000 00-100000000
0110000 0 001 -1-1000000
00110000 00011000000
1 0010010 1001 10000-10

WC)=CTUO) =0 0 0 0 1 0 oA©=CV(C)={0 0000 1-10000
00000 -11-1 0000 00T -1-100
000000O0T1T100

000000-20
00001000 00000-101T1200
’ 10000000O0TO0
00000-100000

Since the inner truck operation is a non-LF net, Z(C) needs to be transformed according to Formula 7, and
Z(C) can be obtained:

100 0O

oo o oo
c o oo oo
c o ocoococo

L oo oo

1
—_

Z(0) =

S O = O O O O O
1
—_
1
—_

S OO O OO o O
S O OO O oo =
o 4L

SO O =

SO =

S = O
_0 O O O

S OO O OO OO O oo

S OO O O OO -

[e)
o
o

0-102000

After calculation, W(B) has 8 eigenvalues, which are, respectively: 4,=-0.1226+0.7449i, 1,=-0.1226-0.7449i,
4;=-1.17549+0.0000;, 7, 5 ( =-1.000+ 0.0000;, 2;=-2.000+ 0.0000:.

Z(C) has 11 eigenvalues, which are, respectively: /11’2)5=0, 4,=1.5000+0.8660i, 4,=1.5000-0.8660;,
6.7.89.10,11—-1-0000+ 0.0000:.

All eigenvalues of W(C) are non-positive, so it can be known that the Petri net of this module is struc-
turally bounded according to Theorem 1. All eigenvalues of Z(C) are non-negative, so the Petri net of this
module is structurally repeatable according to Theorem 5.

The coordination of the Petri net of this module is analysed by solving the p-invariant:
Calculate CTX=0,
x,=(0,-0.2074,-0.2074,-0.4059,0.1986,0.3679,0.3679,-0.1986,0.5664,0.1986,-01986)"
x,=(0,0.5514,0.5514,0.4187,0.1327,0.1674,0.1674,-0.1327,0.3002,0.1327,-0.1327)"
x,=(0,-0.0844,-0.0844,0.2768,-03612,0.4368,0.4368,0.3612,0.0756,-0.3612,0.3612)"

2
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It can be seen that three P invariants are supporting all transitions, so the Petri net of the inner truck op-
eration module is coordinated.

Outer truck operation module

By analysing the Petri net of outer truck operation module in Figure 7, it can be seen that in this module there
are two output arcs for place p., and two output arcs for transitions ¢,, ,,. Therefore, the outer truck operation
module is neither a CF net nor an LF net.

6°

BAeopAaA Pie @aonm
eaoADAMAQ®A @ @

Figure 7 — The Petri net of outer truck operation module
Firstly, the incidence matrix D of the outer truck operation module is calculated according to Formula 3.
Then U(D) and V(D) are calculated according to Formulas I and 2, respectively. Finally, W(D) and Z(D) are
calculated according to Formulas 4 and 5:

-1
001000000000
0-20000000°00 0010000O0O0O0TO0O0
001100000700 0000-100000T00
00 0-1"1-1000°00 00001-10000U00
000 0-1-1"0"1000 00000 1-1-102000

W(D):DTU(D):OOOO-I—II00OOZ(D)ZVT(D):00000020_1000
00000 0-110700 00000O0-1120000
000000011700 00000O0O0O0 2 -1-11
00000000111 000000O0OO0O0OT1T10
010000001'1% 000000O0O0-111 -1
0000000000 - 00000O0O0O0OT1O0O0°1

Since the outer truck operation module is a non-CF net and a non-LF net, W(D) and Z(D) need to be
transformed according to Formulas 6 and 7 and W(D) and Z(D) can be obtained:

210000000000 0T 00000
02000000000
001000000000
00-110000000
0000-10000000
000-11100000 00001-100000 0
0000-1001000 000001 110000
W(D)=[0 0 00 0-1 1000 0ZD)=\y 0 0 00020-.100 0
000000-11000 00000 0-11000 0
0000000-100
00000000 2-1-10
0000000011 00000000O0T100
01000000T1-10
CL00 00000 00000000101 -1
| - 00000000000 1
After calculation, (D) has 11 eigenvalues, which are, respectively: /11,2,3,4,5,6,11:_1’ 4770, /18,9,10:_2 :

Z(D) has 12 eigenvalues, which are, respectively: 11’8’():0, /12’3’4’10,11,1;1, As=2, 4,=0.382, 1,=2.618.

All eigenvalues of W( D) are non-positive, so it can be known that the Petri net of this module is struc-
turally bounded according to Theorem 4. All eigenvalues of Z(D) are non-negative, so the Petri net of this
module is structurally repeatable according to Theorem 5.

The coordination of the Petri net of this module is analysed by solving the p-invariant:
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Calculate DTX=0,
x,=(-0.4826,0.4826,0,-0.2762,-0.2762,-0.2762,-0.2762,-0.2762,-0.2762,0,-0.2762,0)"
x,=(0.5168,-0.5168,0,-0.2580,-0.2580,-0.2580,-0.2580,-0.2580,-0.2580,0,-0.2580,0)”

It can be seen that two P invariants are supporting all transitions, so the Petri net of outer truck operation
module is coordinated.

3.3 Simulation by ExtendSim

The ExtendSim software is used to simulate the container terminal handling system. ExtendSim is a
visual simulation software with high flexibility and scalability. It can simulate discrete event systems and
continuous systems. At the same time, it adopts a modular structure, which can greatly improve the efficien-
cy of modelling [39].

ExtendSim is used to simulate the whole process of the container terminal handling system in this study.
The construction of the simulation model for the container terminal handling system is mainly divided into
the following steps: firstly, determine initial data, including the number of berths, quayside container cranes,
container yard cranes, and container trucks, the ratio of the inner and outer trucks and other data. Then, the
Petri net system of container terminal handling operation is used as the main logic to design the specific
contents of each module according to the arrival, berthing, loading, and unloading of ships and the flow
direction of containers. The construction framework of the simulation model is shown in Figure 8.

Types of vessels |< - =

Framework design ! Ship entry
module
of simulation model — .

l Ratio between vessels
s i i Petri net
Determine initial data —% PO [ e i)
module system

N Yard operating
module

Outer truck operating (4 —

Figure 8 — Framework design of simulation model

Design of ship entry module

In the ship entry module, the Create is used to generate vessels, whose arrival time is by the exponential
distribution with a mean of 240 min. The Equation is used to define the type of vessels. There are three
types of vessels: large ships, medium ships and small ships. The detailed numbers of each type are shown
in 7able 2 [40].

Table 2 — Vessels carrying capacity

Type of Average number of Standard deviation of Average number of | Standard deviation
vessels unloading containers unloading containers loading containers of containers
90 20 100 20

Small
Medium 180 40 200 40
Large 360 80 400 80

Meanwhile, the Set is used to make the number of ships, shipping capacity, and other relative attributes
attached to the flow of ships. Then set the delay time to 60 min in the Activity, which means that the prepa-
ration time for ships from the port into the berth is 60 min. The design of this module is shown in Figure 9.
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Figure 9 — Ship entry module

Design of ship operating module

When the ship is berthed, the Unbatch is used to release the container resources in the ship. Then vessels
will be loaded or unloaded, and the handling quantity is up to the type of ship.

The unloading process is to read the number of ship unloading containers first, then line up and deter-
mine whether there are any quayside container cranes available. The Batch helps inner trucks load with
containers. The inner trucks carry containers to the yard. Then the inner trucks without containers return to
the wharf apron and keep working. The design of this part is just as shown in Figure 10.

Figure 10 — Unloading containers module

The loading process is to read the number of containers required for the ship first. Then get a Gate as a
switch. When it is on, the Batch packs containers and trucks up. When the trucks with containers arrive at
the wharf apron, the quayside container cranes start to work until the ship is fully loaded. The design of this
part is just as shown in Figure 11.

Ioadnum

esseliuul
2 = 5 = =
- 68

nner_truckout2

Figure 11 — Loading containers module
There is a switch module that links up the unloading process and the loading process. When the length
of the queue in the loading process is 0, which means that the ship has already been fully loaded, the Gate
opens. Then the number of the containers the ship needs is read. It determines whether there is a need for
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loading. If there is, the Set makes attributes attached to the container, which is flowing to the loading part. If
not, the ship leaves from the container terminal. The design of this part is just as shown in Figure 12.

Figure 12 — Switch module

Design of yard operating module

In this module, we make the following assumptions:

1) The number of container yard cranes is sufficient, and loading and unloading operations can be carried
out immediately as long as there is demand.
2) The capacity of the yard is sufficient, and there is no competition for storage space.

The Resource Item is used to simulate the initialisation of the resource on the yard. Containers in the
yard include two categories. One will stay in the yard, the other will be carried away. To count the number
of containers that remain to be transferred, the Plotter is set here. The design of the module is just as shown
1N Figure 13.
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[ — = ——container
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Figure 13 — Yard operating module

4. RESULTS

The statistical data of the ship entry module include the average waiting time, the longest waiting time,
the longest queue and the average queue length of the ship. As shown in Tuble 3, the average waiting time
is 1210 min, about 20 hours, and the average queue length is 4 ships, which indicates that there is a certain
degree of congestion in the wharf apron. Congestion may be due to the lack of quayside container cranes,
its low efficiency, or the lack of inner container trucks, or may be due to the low efficiency of the container
yard crane. Those are all points where we search for ways to improve.

Table 3 — Statistics on ship entry module

Average waiting time [min] 1210

Maximum waiting time [min] 2210
Average queue length (ship) 4
Maximum queue length (ship) 6
Quantity of vessels handled (ship) 20
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The physical flow of berths 1, 2, 3 and 4 consists of two categories, one is the imported containers, and
the other is export containers. The specific data is shown in Figure 14. Berth 2 handles far more containers
than the other three berths, and berth 4 handles far fewer than other berths. Although the four berths are
equipped with the same machinery, there is a gap in handling capacity between the four berths which ex-
plains the port congestion to a certain degree. In fact, the quayside container cranes in the terminal will not
be the same type, and the handling capacity of each quayside container crane is different. Therefore, the
handling capacity of the berth corresponding to each quayside container crane is also different. But this
paper simplifies this point.

In the yard operating module, the quantity of containers in the yard is dynamic. Initially, there are 100
containers, the curve in Figure 15 vividly shows the dynamic change of containers. It can be seen that the
number of containers in the container yard changes dynamically. The initial number of containers is 80 box-
es. With the operation of the model, the number of containers shows a rising tendency and reaches the peak
of 1800 at 3200 min. In this model, there is no way to know the utilisation of yard space, because the yard
capacity is unavailable. Concerning the dynamic change curve of the container quantity, the capacity design
and space planning of the yard can be made more reasonable.

-1 2000
berth 4
328 1500
688
berth 3
667 1030 1000
berth 2 = 1754
500
870
berth 1 737 0
0 200 400 600 800 1000 1200 1400 1600 1800 0 1000 2000 3000 4000
Import Export
Figure 14 — The physical flow of berth Figure 15 — Quantity of containers in the yard

5. DISCUSSION

The simulation results in the previous chapter show the average waiting time of ships is 1210 min,
and the average queue length is 4 ships, with a certain congestion phenomenon in berths. Therefore, we
optimised the model from three aspects. After optimisation, the berth handling capacity of the model was
increased, and the average waiting time and average queue length of ships were reduced. The following is
the specific optimisation process.

Modify the entity parameters. Both reducing waiting or moving times of the container trucks on the
yard or improving the loading and unloading speed of the quayside container cranes and the container yard
cranes can improve the work efficiency of the harbour. High speed and stability is the developmental trend
of container terminal handling machinery.

In the new model, the running speed of container trucks is improved to reduce the moving time in the
yard. Since the number of container yard cranes is assumed to be sufficient, container trucks can be loaded
or unloaded directly at the yard. The waiting time for container trucks in the yard will not be longer with the
increase in speed. Therefore, we increased the speed of container trucks by 16.7% to reach the maximum
allowed speed in the container terminal. The comparison of simulation results between the original and the
new model is shown in Figure 16 and Table 4.

It can be seen that the average queuing time of vessels is reduced by 47.2%, the average queue length is
reduced by 17.5%, and the handling capacity of the berth is improved by 9.9%. In other words, when the
speed of the container truck is increased, the average waiting time of the ship is reduced greatly and the av-
erage queue length is reduced, which effectively alleviates the congestion at the berth and makes the system
run more smoothly.
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Figure 16 — Comparison 1

Table 4 — Comparison 1 of queuing data

Average waiting time [min] 1210 637.9

Average queue length (ship) 4 33

Change the number of entities. Examples are increasing the quantity of quayside container cranes and
inner trucks or changing the ratio of inner trucks to outer trucks. The ratio of quayside container cranes to
inner trucks, and the ratio of the inner truck to the outer truck both are key points of the problem.

In the new model, we try to improve the handling speed and reduce the average waiting time of ships
by adjusting the number of inner trucks. The initial number of inner trucks was 20, and we recorded the
processing data of the berths after adding 5, 10, 15, 20, 25 and 30 inner trucks, respectively. As can be seen
from the data in the Figure 17, when the number of inner trucks is increased by 20, the physical flow of the
berth is significantly increased, but if the number of inner trucks continues to be added, the physical flow of
the berth is difficult to be improved due to the limitations of the number and operating efficiency of quayside
container cranes. So, the optimal scenario is to add 20 inner trucks. The comparison of simulation results
between the original and the new model is shown in Figure 18 and Table 5.
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Figure 17 — Comparison about physical flow of berth Figure 18 — Comparison 2

Table 5 — Comparison 2 of queuing data

Average waiting time [min] 1210 968.2

Average queue length (ship) 4 3.1

It can be seen that the average queuing time is reduced by 36.5%, the average queue length is reduced
by 22.5%, and the handling capacity of the berth is improved by 15.9%. In other words, at the same time,
the total amount of containers handled in the harbour has increased significantly and the efficiency has been
greatly improved.
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Change the mode. The mode of allocation of the quayside container cranes could change from flexible
assignment to rigid assignment. Meanwhile, the mode of operation of container trucks could change from a
cross-running mode to a non-cross-running mode.

In the new model, quayside container cranes are assigned rigidly, which is different from the model in
the old model. The comparison of simulation results between the original and the new model is shown in
Figure 19 and Table 6.
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Figure 19 — Comparison 2

Table 6 — Comparison 3 of queuing data

Average waiting time [min] 1210 409.5

Average queue length (ship) 4 2.0

It can be seen that the average queuing time and the average queue length of vessels significantly de-
crease, but the handling capacity of the berth has decreased by 3.2%. That is, when the quayside container
cranes adopt a rigid distribution mode, the waiting time of ships decreases, but the handling capacity of the
port declines slightly.

6. CONCLUSION

This paper analyses the container terminal handling system. In the early stage of modelling, relevant lit-
erature was perused to acquaint with the conditions of correlation studies at home and abroad. Next, a Petri
net was used to describe the process of the container terminal handling and the Petri net system was verified
to ensure the rationality and feasibility of the loading and unloading process. Then the ExtendSim model of
the container handling system was built and run. In the end, by analysing the simulation result, the following
conclusions were obtained.

1) Improving the velocity of container trucks and reducing their running time can effectively alleviate the
operating pressure in the wharf apron, which improves system operation fluency and the efficiency of
container terminal handling operations.

2) The efficiency of the container handling system is affected by the ratio of quayside container cranes
and inner trucks. When the quantity of quayside container trucks is certain, the quantity of inner trucks
increases within a certain range, the average staying time of vessels decreases, and what is more, the
efficiency of the container handling system improves.

3) Equipping berths with a different type of handling machinery corresponding with the handling capacity
of berths can improve the efficiency of the container handling system, making the most use of handling
machinery and reducing port operating costs.
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In this paper, Petri net and ExtendSim are combined in an innovative way to design the simulation model of
the container terminal handling system. However, this is based on some ideal conditions. The number of con-
tainer yard cranes and yard capacity are not limited, so the problem of container storage is ignored. In the future,
it is possible to make a progressive study on container location assignment in the yard and container yard crane
assignment.
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