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Abstract: During the process of container ship transportation, the berthing time cost of the ship
in port is extremely important. Container allocation and quay crane (QC) operation greatly affect
the berthing time. Currently, few scholars have combined import/export container allocation and
QC operation, making it urgent to study ship stowage and QC collaboratively. In this paper, a
mixed-integer programming model is established for the ship multi-port master bay plan problem
(MP-MBPP), based on the operation of twin 40-foot QCs. The aim of this model is to minimize
container rehandling and the time required for twin 40-foot QCs operation movement. A variety of
new stowing strategies have been designed, and the improved coded particle swarm optimization
algorithm (PSO) is used to optimize the position of double-bays, reducing the number and distance
of QC movements and minimizing ship berthing time. By comparing the impact of different stowage
rules on ship berthing time through examples, verification shows that the proposed stowage model
and solving algorithm can obtain optimized solutions. Under the same initial conditions, the double-
bay stowage based on the twin 40-foot QCs can improve operation efficiency by at least 20.3%,
compared to the single-bay with ordinary QC, verifying the effectiveness of the proposed method.

Keywords: container ship; master bay plan problem; twin 40-foot QC; double-bay

1. Introduction

With the rapid development of international trade, maritime transport has become
the primary mode of transportation, expanding in scale [1]. In 2022, the shipping industry
faced numerous challenges, such as high prices and container shortages. Factors such
as the COVID-19 pandemic, supply chain crisis, and geopolitical issues led to varying
degrees of congestion in international container hub ports, highlighting their status as
global logistics hubs [2-10]. Container terminals are the primary sites for the sea-land
transfer in the container transport process, and developing efficient vessel stowage plans
with the scheduling of quay cranes (QCs) is an important factor for terminals to ensure
their competitiveness [11].

One of the main factors for evaluating the efficiency of container terminals is the
berthing time, which is composed of the loading and unloading time of container ships and
the moving time of quay cranes (QCs). Among them, the shift of containers is composed of
the number of loading and unloading and the number of rehandling, which is also called
overstowage. The moving distance and frequency of QC operation affect the moving time
of cranes. These two factors belong to the stowage planning problem (SPP) and crane split
problem (CSP), respectively, and are highly related, making them of great significance in
improving the productivity of container terminals. In the SPP, QCs are used to transfer
containers from container ships, and they are one of the most expensive equipment at
container terminals. The SPP can determine the distribution of containers on the ship,
which directly affects the utilization of QCs. Conversely, the use of QCs also affects the
berthing time, which is one of the objectives of the SPP [12].
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In some cases, container ships may have up to 10 cranes allocated to a single port.
However, berthing time can still be long due to underutilized cranes. Therefore, the SPP
must consider the configuration of QC for each visiting port and take into account the
utilization of QC, aiming to minimize the time of loading and unloading and reduce
berthing time as much as possible [13]. The integration of SPP and CSP can improve the
efficiency of operational instructions and ultimately increase the efficiency of container
terminals. Ideally, minimizing berthing time relies on maintaining stable QC operational
efficiency, which requires cranes to avoid idle states as much as possible and to have
fewer moving frequencies and shorter moving distances. Therefore, developing an optimal
stowage plan to reduce berthing time is crucial. In this paper, we optimize the master bay
of container vessels based on twin 40-foot QCs operations to minimize berthing time.

This paper investigates the master bay plan problem for container ships, taking into
account the influence of twin 40-foot QCs equipment on the shipping route. The research
employs standard container sizes of 20-foot and 40-foot for loading, with the objectives
of minimizing the number of containers rehandled and the QC movement time for each
port in the shipping route while adhering to constraints for container ship loading and
QC operations. Several double-bay allocation strategies and loading rules based on twin
40-foot QCs are proposed, and a new encoding mode for particle swarm optimization (PSO)
is designed to optimize double-bays.

2. Literature Review

There have been many research studies on ship stowage conducted by numerous
scholars. Iris [14] reviewed the literature studies on ship loading, which combined loading
sequence and scheduling to improve the efficiency of ship loading and unloading. The
review contains most of the relevant literature before 2015, which provided a theoretical
basis for subsequent research by scholars.

In this section, we analyze existing research related to the content of this paper. The
research can be divided into two categories: the master bay plan problem and ship stowage
with QC operations.

2.1. Master Bay Plan Problem

In terms of the master bay plan problem (MBPP), the following scholars have con-
ducted relevant research on the stowage problem.

Wilson [15] proposed a staged approach to efficiently develop a stowage plan for the
entire ship’s route. By adding heuristic rules to the objective function, optimal stowage
solutions were obtained. However, due to the low efficiency of mathematical programming,
only local optimal results were obtained. Pacino [16] proposed a two-stage method to
generate an approximate optimal stowage with the objective of minimizing the number of
rehandling. The study used the CPLEX solver to solve the master bay plan problem (MBPP)
under a mixed loading strategy. Ambrosino [17] solved the container loading problem by
evaluating an exact 0-1 linear programming model in his research. The author proposed a
method to improve this method, which included heuristic pre-processing and pre-filling
processes, and also allowed some constraints of the exact model to be relaxed, while
ensuring that the important maritime performance indicator of loading and unloading
efficiency is minimized as the goal of the stowage plan. In a subsequent study [18,19], the
author proposed that the effectiveness of the stowage plan is related to the order of loading
and unloading operations; the author expanded the MBPP to the multi-port main berth
plan (MP-MBPP) problem, which considers the impact of hatch covers on stowage. A new
hybrid integer programming model was established with the objective of minimizing the
time that the ship stays in port, and this model can solve the stowage plan for ultra-large
vessels in a short time.

In addition, Ting [20] proposed a container bay allocation model that considered the
conflicting goals of carrier capacity contribution and agent satisfaction, as well as the fuzzy
constraints of cargo transportation demand and weight uncertainty. A fuzzy multi-objective
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programming method was used to establish a model for allocating container slots on ocean-
going liner container ships, and an interactive fuzzy multi-objective linear programming
with fuzzy parameters was used to solve this problem. Bilican [21] considered the master
bay planning phase of the container stowage problem (CSP) and developed a mixed
integer linear programming (MILP) formulation that maximizes the reduction in total
costs associated with the overloading count and the bending moment, while keeping
the stress factors within permissible limits during multi-port navigation. Li et al. [22]
studied the container liner shipping stowage planning problem, focusing on 20-foot and
40-foot general containers, and solved the MBPP problem using a greedy random adaptive
search algorithm based on heuristic algorithms. Ambrosino [23] addressed the problem of
stowage planning for container ships in the presence of hazardous containers. The author
proposed a new procedure based on the principles used in the International Maritime
Dangerous Goods (IMDG) code for loading containers in ship services, which aimed to
assist shipping line coordinators (SLCs) in optimizing the available space allocated to each
alliance member.

The above-mentioned scholars simply studied the MBPP of container ships, considered
the structural constraints of ships, and established the MBPP model with the goal of
minimizing the number of rehandling containers or the shortest berthing time. However,
they neglected the influence of QC operation and did not maximize QC efficiency to
minimize berthing time.

2.2. Collaborative Scheduling of Ship Stowage and QC

During the process of container ship loading and unloading, ship stowage and QC are
closely related. The following scholars have studied these two problems.

When it comes to quay crane scheduling, many scholars study it together with berth
allocation, such as Iris. Iris [24] proposed novel set partitioning models to improve the
performance of the set partitioning formulations, and introduced several variable reduction
techniques. Furthermore, the study analyzed the effects of different discretization schemes
and the impact of using a time-variant or invariant quay crane allocation policy. Another
study [25] aimed at developing a recoverable robust optimization approach for the weekly
berth and quay crane planning problem. In order to build systematic recoverable robustness,
a proactive baseline schedule with reactive recovery costs has been suggested. Moreover, a
mathematical model and an adaptive large neighborhood-based heuristic framework are
presented to solve the novel problem.

Wilson [26] proposed a method for generating a multi-port transportation container
ship stowage plan while considering the maximization problem of the number of ordinary
QCs that operate in parallel at each port. Sciomachen [27] proposed a heuristic algorithm
based on the relationship between the MBPP and the three-dimensional packing problem
to solve an optimization model with the objectives of minimizing loading and unloading
time and maximizing the utilization rate of QCs. Lee [28] considered the loading and
unloading priority of each bay to determine the loading and unloading sequence of the
QC assigned to a container ship. A mixed integer planning model was provided for the
considered problem and a genetic algorithm (GA) was proposed to obtain an approximate
optimal solution. Shen [29] developed a container group-bay allocation planning model
based on advances planning to optimize terminal costs in order to minimize rehandling,
crane movement, and target weight gaps while satisfying both shipowners and container
terminals. To solve this problem, a GA-A* hybrid algorithm was used.

Iris [30] presented the loading problem of flexible container ships in port container
terminals and proposed various modeling enhancements and mathematical models to
obtain strong lower bounds. An improved greedy random adaptive search program was
proposed to solve this problem. Pacino [31] focused on stowage planning and the problem
of assigning containers to positions in a vessel, and presented a new variation of the
stowage planning problem, which includes block stowage and crane intensity strategies. A
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new algorithm based on the large neighborhood search was proposed, which can solve all
cases in a short time.

Azevedo [32] proposed a framework for solving the 3D stowage planning problem for
container ships in combination with the QC scheduling problem. The two problems are
interrelated and combined, demonstrating the application of the metaheuristic. Chang [12]
combined the load planning and crane assignment problems to minimize the total berthing
time for each port visited during the voyage. A new mathematical model was developed
to cover a wide range of operational and structural constraints for both allocation planning
and crane operations. An improved genetic algorithm based on a new allocation strategy
encoding model, which includes container grouping and operation strategies, was designed
to solve the problem. Penalty operations were also introduced to solve infeasible solutions.

Research on MP-MBPP has rarely considered the operation of twin 40-foot QCs for
loading and unloading, and the container types are relatively limited, making it difficult to
adapt to the trend of updating and upgrading large port handling equipment.

This paper constructed a novel double-bay stowage model and various strategies
by considering the requirements of twin 40-foot QCs for loading and unloading, while
minimizing the number of rehandling containers and the QC moving time as the overall
objectives. An improved encoding of particle swarm optimization (PSO) is designed to
optimize the position of double-bays to reduce the number and distance of QC movements
and minimize ship berthing time. The feasibility of loading strategies that satisfy the
requirements of twin 40-foot QCs is verified through a stowage algorithm based on heuristic
rules. The effectiveness of the model is also validated.

2.3. Problem Description
2.3.1. Master Bay Plan Problem

The Master Bay Plan Problem (MBPP) refers to a pre-stowage plan that involves the
allocation of containers on board a vessel for the entire voyage. It is created by the shipping
company. Containers to be shipped are grouped into similar container groups based on
size, destination port, and cargo type, and then distributed to different bays according
to certain stowage principles and optimization objectives to achieve an optimal layout of
containers on the ship [33]. The main purpose is to ensure that all export containers at
each port on the route can be loaded so that loading areas can be assigned in advance for
export containers at each port. This can minimize or reduce the handling of containers at
intermediate ports during the voyage, shorten the berthing time of container ships, and
improve operational efficiency. The pre-stowage plan does not specify the exact location of
a specific container, as this is done by the terminal during SPP.

2.3.2. Container Ship

Container ships are vessels designed for container transportation; the layouts of ships
vary due to differences in their engine rooms, accommodations, and hull shapes [34].
Figure 1 shows the structure of a sample container ship, which is divided into equally
sized sections called bays. Odd-numbered bays are generally denoted by consecutive odd
numbers (e.g., 01, 03, 05, etc.), while even-numbered bays are denoted by even numbers
located between odd-numbered bays (e.g., 02, 06, 10, etc.). Each bay consists of rows and
tiers separated by hatch covers between the hold and the deck. To describe the location of a
container, a three-dimensional matrix is introduced, where each element corresponds to a
slot in the container ship. One slot represents the capacity of one twenty-foot equivalent
unit (TEU), which is twenty feet long. Two slots can accommodate one forty-foot equivalent
unit (FEU), which is forty feet long, or two twenty-foot containers. These slots are also
called container cells [15].

As shown in Figure 1, 20-foot containers are stowed in odd-numbered bays, while 40-
foot containers are stowed in even-numbered bays. Two consecutive odd-numbered bays
can be combined to form an even-numbered bay. Therefore, if a 40-foot container is placed
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in an even-numbered bay, the two odd-numbered bays together form an even-numbered
bay that cannot be used for 20-foot containers.

Cover Double-bay

46 42 38 34 30 26 22 18 14 10 06 02
47 45 43 41 39 37 35 33 31 29 27 25 23 21 19 17 15 13 11 09 07 05 03 01

!
v T

Single-bay

Figure 1. Schematic diagram of the container ship.

This study uses a double-bay, which consists of two single bays as the basic unit
for container stowage planning. Two 20-foot containers in the same container group
are considered as a 40-foot container, and the 40-foot quay crane (QC) can be used for
simultaneous container loading and unloading operations. Combining two double 20-foot
container groups can meet the requirements for the twin 40-foot QC operation.

2.3.3. Twin 40-Foot QC

Twin 40-foot QCs are designed with two hoists capable of picking up one 40-foot
container, two 20-foot containers, or one 20-foot container (for end-to-end loading and
unloading) by extending the hoist. When the ship’s loading situation is favorable, both
hoists are used simultaneously, allowing two 40-foot containers to be loaded or unloaded
at once, as shown in Figure 2. If the hoist positioning also meets the requirements, up
to four 20-foot containers can be loaded or unloaded at once. In theory, the loading or
unloading of two 40-foot containers or four 20-foot containers can be completed in one
operation, which can significantly reduce ship turnaround time and improve terminal
loading and unloading efficiency. To fully leverage the efficiency of twin 40-foot QCs the
common operating scenarios for the dual hoists should be utilized as much as possible,
while avoiding wasting time by frequently adjusting the hoists for other scenarios [35].
However, due to limitations inherent to twin 40-foot QCs, it cannot simultaneously load
two 40-foot containers into two slots on different tiers of the container ship at the same
time, as shown in Figure 3.

Although twin 40-foot QCs can accelerate terminal operations, they also pose greater
demands on the container ship loading plan. This paper proposes a stowage strategy and
model that is suitable for twin 40-foot QC loading and unloading in multi-port operations,
which can accommodate twin 40-foot QC loading and unloading at ports and is also
compatible with normal QC operations.
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Figure 2. Operation of twin 40-foot QCs with the same tier.
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Figure 3. Operation of twin 40-foot QCs with different tiers.

2.3.4. Rehandling Operation

Figure 4 shows the stowage of a double-bay and the numbers in the chart indicate the
destination port of the containers. When the vessel arrives at Port 2, all of the containers on
tiers 86 and 84 need to be unloaded, but there are containers loaded on top with destinations
at Port 3. In this case, the QC needs to unload the containers for Port 3 first, and then unload
the containers for Port 2. After unloading is completed, the containers for Port 3 need to
be reloaded back onto the container ship. This type of operation is called a rehandling
operation [12].
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Figure 4. Diagram of rehandling.

In general, rehandling is unavoidable, but ports have increasingly focused on how to

effectively reduce it. A high-quality stowage plan can minimize the amount of rehandling
while ensuring the safe navigation of the vessel, thereby maximizing the economic benefits
of all parties involved.

3. Materials and Methods
3.1. MP-MBPP Model
3.1.1. Assumption

The MP-MBPP model is established based on the following assumptions:

1.  The attribute information of the containers to be loaded and unloaded at each port of
call on the route is known, such as the type, size, destination port, and quantity of the
containers.

2. The structure of the container ship is known, including the number of bays, the
capacity of each bay, the bay number, etc.

3. Only standard 20-foot and 40-foot containers are considered, and oversize, refriger-
ated, and dangerous containers are ignored.

4. The ship only loads at the origin port and unloads at the destination port.

5. At any given time, all containers to be loaded on the ship must not exceed the
maximum loading capacity of the ship in terms of weight, and the total quantity of
containers should not exceed the maximum number of container slots on the ship.

6. Starting from the bow, every two adjacent bays form a double-bay, and both can
accommodate 40-foot containers.

7. The average additional loading and unloading time caused by container rehandling
is represented as t,, the time required for the crane to move one bay distance is t;, and
the average time required for the crane to load or unload a container is ..

8.  The cranes are uniform and are twin 40-foot QCs.

3.1.2. Sets

B: Index set of single bays, b € B

F: Index set of double-bays, f € F,F C B

O: Index set of double-bay serial numbers, 0 € O
P: Index set of ports, i,j € P

R: Index set of columns in the bay, r € R
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L: Index set of tiers in the bay, / € L
Li: Subset of tiers in the bay, when cj{b =0

C: Index set of containers in the route, c € C
Q: Index set of QCs, g € Q
T: Index set of ship berthing times, t € T

3.1.3. Parameters

ng: Number of slots in the double-bay f,Vf € F

nsp: Number of slots in the single-bay b of the double-bay f,Vf € F,Vb € B

ng;: Number of slots assigned to the container groups from the origin port i to the
destination port j in the double-bay f,Vf € F,Vi,j € P

n%?j: Number of 20-foot slots assigned to the container groups from the origin port i to
the destination port j in the double-bay f,Vf € F,Vi,j € P

n;f?j: Number of 40-foot slots assigned to the container groups from the origin port i to
the destination port j in the double-bay f,Vf € F,Vi,j € P

nj%% i Number of 20-foot slots assigned to the container groups from the origin port i
to the destination port j in the single bay b of the double-bay f,Vf € F,Vb € B,Vi,j € P
n;%%i it Number of 40-foot slots assigned to the container groups from the origin port i
to the destination port j in the single bay b of the double-bay f,Vf € F,vb € B,Vi,j € P
n;;: Number of containers from the origin port i to the destination port j,Vi,j € P
anjO: Number of 20-foot containers from the origin port i to the destination port
j¥i,jeP

n?jo: Number of 40-foot containers from the origin port i to the destination port
jVi,jeP

agp;: Number of vacant slots of the single bay b in the double-bay f when arriving at
the port j,Vf € F,Vb € BVj€ P

f,;: Denotes the double-bay where the QC g is located at the moment of t,Vt € T,Vg € Q
ng Denotes the number of double-bays where the QC g is located at the moment of
tNte TVqe QVf eF

opt: Denotes the serial number of the double-bay where the QC g is located at the
moment of t,Vt € T,Vqg € QVf € FoeO

ng: Denotes the number of containers that the QC g is loading or unloading at time
LYt e TNqgeQ

3.1.4. Variables

Xt Xifij = 1, if the double-bay f is assigned to containers from the origin port i to
the destination port j at moment ¢, otherwise Xtfij = Ovte TVfeFVijeP

Xifpijt  Xifpij = 1, if the single bay b in the double-bay f is assigned to containers
from the origin port i to the destination port j at moment ¢, otherwise x;7;; = 0,Vt €
TNfeFYbeBYijeP

Xtfprijt  Xifprij = 1, if the column r of the single bay b in the double-bay f is assigned
to containers from the origin port i to the destination port j at moment ¢, otherwise
Xtfbrij = Ovte TVfe FVbe BVre RVi,je P

Xtfpr1: Xtfprr = 1, if the tier [ in column r of the single bay b in the double-bay f is
assigned at moment ¢, otherwise Xtforl = Ovte TVfe FYbe BVre RVle L
Xtfprlij: Xtporiij = 1, if the tier [ in column 7 of the single bay b in the double-bay f
is assigned to containers from the origin port i to the destination port j at moment f,
otherwise Xt fbriij = Ovte TVf e FYbe BVre RVl e LVi,jeP

Xtfpric:  Xtpbrle = 1, if the tier [ in column r of the single bay b in the double-bay f
is assigned to a container ¢ at moment ¢, otherwise x;,,;c = OVt € T,Vf € F,Vb €
BNre RVl € LVceC
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. %})brl o xtzjg]rlc = 1, if the tier | in column r of the single bay b in the double-bay f is
assigned to a 20-foot container c at moment ¢, otherwise xff%m =0Vte TVfeFNbe
BNre RVl e LNceC

. xf}?brl o xffobrlc = 1, if the tier | in column r of single-bay b in the double-bay f is
assigned to a 40-foot container c at moment ¢, otherwise xﬁgrlc =0Vte TVfe€FYbe
BVreRVleLVceC

. fbrl fbrl—l 1fl>l&z>z&]<] otherw1sedfbl—OVfGFVbEBWE

RV € LVi,i ,],] epP

3.1.5. Objective & Constraints

The pre-stowage plan is aimed at minimizing the amount of rehandling and the
time taken for QC movements, which are represented as additional costs in the functions
associated with the loading and unloading process of the vessel.

min y =3, 3,3, 3 dp-Fpnctet 3 Y (o= f )20ty @

feFbeBreRIleL—1, qeQteT

Enﬁ] xtﬁ]—n 042. nZ],VteTfEFzJEP ()
feF
nZ]:n +nl],V1]EP 3)
aflznf,erF 4
afj:nf— Z Z nfij"~xtfl-]-~,vt€T,fEF,jEP,j>1 (5)
i<ji€Pj">ji"€P
agj + ‘ Z Mg+ Xtfij > Z Vlf]]’ 'th]-]-”,vt S T,f S F,] € P,] >1 6)
i<jieP j<j’,jepP

Xifort > Xypp VEET, fEFbEBreRI<] €L @)

if X} re =LAt =1LVt €T, fEFbEBreR1<I<j €LceC (8)

Y X <LVEeT,feFbeBreRIlel )

ceC
if Xt = L X}y =0Vt €T, f €FreRI€Lcc €C (10)
ifXiforic = 1 %y, = LV ET,fEFr€RIELCEC (11)
X{fprie <2Vt € T,c€C (12)

fEeF,beB,reR,leL

Xy S1VEET,c€C (13)
feF,beB,reR,leL

|Ofut71 —of52|>4,Vt €T, feFq,2€Qo0€0 (14)

Of»ﬁl < 0f$2+1,1f0fqtl < ofqtz,otherwzseofgl > qut;rl,vt €T, feFq1,92€Qo0€0 (15
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n <1,VvteT,qeQ (16)

Mg = Xifortij + Xigyp1ij + Xepp(ee)ii + Xepporryip EE T, f € FreRIE€LijeP (17)

Constraint (2) ensures that all containers in the route can be loaded onto the ship;
constraint (3) indicates that containers from the origin port i to the destination port j are
composed of 20-foot and 40-foot containers; constraint (4) indicates that the ship is empty
when it arrives at port 1; constraint (5) calculates the number of vacant slots in the double-
bay of the vessel after departure from port j — 1; constraint (6) states that the number of
loaded containers in the double-bay at port j cannot exceed the remaining slots in the
bay after unloading containers; constraint (7) ensures that there is no suspended loading
area during the loading process; constraint (8) ensures that the loading area for 20-foot
containers is not above that for 40-foot containers. As there are no slots available in the
center of a 40-foot container to secure containers, 20-foot containers cannot be placed on
top of 40-foot containers to avoid container tilting. However, a 40-foot container can be
loaded on top of two 20-foot containers.

Constraint (9) indicates that only one container can be loaded in any slot on the ship
at any moment; constraint (10) indicates that when a 20-foot container is assigned to the
I column of the r layer of a double-bay f slot at moment ¢, the adjacent single-bay slot
cannot be loaded with a 40-foot container; constraint (11) indicates that a 40-foot container
occupies two adjacent single-bay slots in a double-bay slot; constraint(12) indicates that at
any moment, any one 40-foot container occupies, at most, one double-bay slot; constraint
(13) indicates that, at any moment, any one 20-foot container occupies, at most, one single-
bay slot.

Constraint (14) requires that different QCs operate at least one bay apart from each
other, while constraint (15) represents the non-cross constraint of QCs. Constraint (16)
states that a QC can only perform loading and unloading operations at one double-bay, and
constraint (17) specifies that the twin 40-foot QCs are limited and cannot load and unload
two 40-foot containers simultaneously in two bays on different levels of the container ship.

3.2. Stowage Strategies and Solution Algorithm

This paper proposes an optimized decision-making approach for double-bay allocation
in the master bay plan problem based on the operation of twin 40-foot QCs. To investigate
the impact of loading and unloading port sequences on stowage efficiency, a corresponding
solution algorithm is designed. A heuristic rule-based stowage algorithm is used to verify
the feasibility of the loading strategy for twin 40-foot QCs. Furthermore, a particle swarm
optimization algorithm is introduced to further optimize the allocation of double-bays.
Prior to this, it is assumed that when planning to allocate containers of different sizes to the
same double-bay at different loading or unloading ports, no rehandling will be required
if the upper slots of the double-bay have already been assigned to containers shipped
from Port A to Port B, and any container that meets any of the following conditions can be
planned into the slots without causing rehandling:

—_

The origin of the container is the same as Port A, and the destination is before Port B;
2 The destination of the container is the same as Port B, and the origin is after Port A;
3. Theloading and unloading ports of the container are both before Port B;

4. The loading and unloading ports of the container are both after Port A.

3.2.1. New Strategies of MP-MBPP

In this section, the containers for the entire route are grouped using the master bay
stowage strategy; the allocation of double-bays for different container groups and container
numbers is determined using the following rules and strategies. For the experiments in
this paper, the double-bay structure of the container ship remains consistent. Therefore, the
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container sets can be assigned to non-designated double-bays first, and then the positions
of the double-bays can be optimized using the particle swarm optimization algorithm, as
in strategy S2.

Step 1: Container grouping. The containers at the current port are grouped according
to their destination port and size, with containers having the same destination port placed
in the same group.

Step 2: Container set sorting. The container sets are sorted according to the rules of
“loading ports from near to far, and destination ports from far to near” and “20-foot container
sets first, followed by 40-foot container sets”. Following the sorting rule, it is written as
{(VEL WL, Vv W), (V2 W2, V2, W3, .., (VE~1, WE~1)}, where V denotes the 20-
foot container group, W denotes the 40-foot container group, a is the number of ports, V!
denotes the 20-foot container group with port 1 as the starting port and a as the destination
port, and W} denotes the 40-foot container group with port 1 as the starting port and a
as the destination port. The first rule ensures that container groups further away from
the destination port are loaded earlier. The second rule ensures that, within each sorted
destination port container group, the 20-foot container group is loaded earlier.

Step 3: Double-bay sorting. Two strategies, S1 and S2, are proposed for sorting
double-bays.

e  Strategy S1: Double-bays are selected sequentially, starting from the center of the
ship and moving towards both ends, with non-adjacent bays selected first. After
reaching the bow or stern, the remaining double-bays are selected using the same
rule from the center of the ship, forming the set of twice-selected double-bays, de-
noted as {F[m/Z]r F[m/2}+21 F[m/Z]—2r ..., F1,Fy, F[m/2]+1/ F[m/Z]—l/ R }, where [m/Z} is
the rounded-up value. This strategy prioritizes safety distance for QC operations and
non-crossing constraints by assigning containers with the same destination port to
non-adjacent double-bays. This approach aims to balance the workload of the QCs
and reduce waiting time.

*  Strategy S2: This strategy does not specify the order of double-bays, but assigns a
random number within a certain range to the double-bays where the container group
is located. Then, these double-bays are sorted in descending order based on these
numbers to obtain the latest position of the double-bays on the ship. Particle swarm
optimization is then used for iterative optimization.

Step 4: Container bay allocation. Containers are loaded onto the ship in the order of
the loading port and in reverse order of the unloading port. Moreover, 20-foot containers
with the same destination port are prioritized, and then the allocation of double-bays for
40-foot containers is planned.

The container groups are assembled at the terminal. Containers are loaded onto ship
bays in order using two different rules, R1 and R2.

e  Rule R1: This strategy prioritizes non-empty bays with the goal of minimizing the
number of occupied bays. Firstly, double-bay 1 is used to load container group V..
If the capacity of double-bay 1 is greater than the number of containers in the group
V1, it is used to load container group V!, and then container group W} is selected
according to the order of the container group until its capacity or weight limit is
exceeded. Then, the next sorted ship double-bay set is considered. This ensures that
each double-bay is filled before moving on to the next one.

Figures 5 and 6 illustrate how container groups are loaded into double-bays based on
the double-bay arrangement using Rule R1. The numbers on the containers indicate their
respective destination ports, while Double-bay 1/2/3 does not represent the double-bay
number, but rather the double-bay’s order in the sorted double-bay set. In the loading plan
of starting port 1, the first double-bay position gives priority to the loading of the 20-foot
and 40-foot container sets of the last destination port 5. According to rule R1, when there
is an empty slot in the double-bay position, the container sets of destination port 4 will
continue to be selected, and then the corresponding container sets are loaded in reverse
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order of the destination ports in turn. When the ship arrives at port 2, the QC first unloads
the container sets that need to be unloaded at that port; after unloading the containers, the
export containers are loaded according to the same stowage rules.

YT IS NS PN

(G0 (O (O 1 (O 1 N Y SN R SN SN N N
(O (O (O (O SN N S N N
(U0 (O (O (O SN N S N N
(O O N (VN O 8 BRI E N P PN

(O N (N N R EE N o

W

W

W

4
4
4
4
4
5
5
5
5
5

Double-bay 1

YIS ISININES

o oo ||| [ [ o o |V

W (W W W[ |

B[00 W [NW (W | [N [
B[00 W ] [ (W | [N [
B[00 W ] [ (W[ [N [N
BB [0 W ] [W L [ [N o

BB [0 [w ([ |w (v (Mo o o

2
2
2
3
3
3
3
4
4
4

~
~
~

Double-bay 2

2

2

2(2

2

2

2

2|2

2

2

2

2

Double-bay 3

OO 0O O O

Figure 5. Stowage results in port 1 with rule R1.
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*  Rule R2: Due to the consistent berthing structure of the selected vessel in this paper,
the double-bays of the vessel are not sorted before loading the container groups.
Instead, specific double-bays are designated for each container group, and the number
of containers to be loaded throughout the entire route is determined in advance.
According to this rule, the double-bays are loaded in sequence based on the sorting
of container groups. Once a double-bay is loaded with a container group, the next
double-bay in the set of double-bays on the vessel is considered for other container
groups, i.e., ensuring that the 20-foot containers of the destination port can be loaded.
In addition, when the destination port of a group of containers is close to the current
port in the ranking (under the condition that the loading constraints are satisfied for
the empty container slots in the loaded container double-bay), the 40-foot container of
the destination port closer to the current loading port is given priority to be loaded.

Figures 7 and 8 illustrate how rule R2 loads container groups (layer by layer from left
to right) into the current double-bay.

At port 1, the container set for the last destination port 5 is loaded first. Even if that
double-bay is not filled, the next double-bay is selected to load containers for destination
port 4. Containers for destination port 3 and destination port 2 are then loaded according to
rule R2. If destination port 2 is adjacent to the current port in the port sorting, the containers
for port 2 are given priority and unloaded at the next port. At this point, if the number
of containers destined for port 2 is less than or exceeds the capacity of a double-bay, the
remaining containers will be assigned to any double-bay with available space. If this can be
done without requiring the re-handling of containers by the loading and unloading vessel
and while satisfying other constraints, containers for other destination ports will also be
loaded in the same double-bay to balance the workload of QC operations. The priority
is to mix and load containers with the same destination port with containers from other
destination ports into the same double-bay position, in order to reduce the time needed to
move the QC at the current port.

In port 2, containers with the same destination port are assigned to the same double-
bay, with priority, under the condition that the constraints are satisfied, and the rest of the
containers are assigned according to rule R2.
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Figure 7. Stowage results in port 1 with rule R2.



J. Mar. Sci. Eng. 2023, 11, 807

14 of 25

/| 414
o7 [alalalalalaldla] L
L 4]4]4]4al4]4]4]4
7 4]4]4]ala]4]a]4
e 4l4]4)al4]4]a]4
,
) [4]4T4]al4]al4]4]
- [4]4]4]4l4a]a]4]
L L7 [4]4a]4]4]4]4
2 ( 4]4]4la]4]4
y
/333333:/§ 44124
e 3 3
// 3131305151555 Double-bay 5
e s[5[5]s[5]5]5]5
e slslsk5[5[sl5]s
.
- [5[5]5[5]5[5]5]5]
, L515[5]5]5]5[5]s5]
e ,/ 515]5]5]5]5]
’ 7 5|5[5|5]5]5
/\333333;5 5]5[5[s
/7 [3]3]3[3[3]3]3]3 D
ouble-bay 4
. 313[3[3[3]3]3]3 Y
3[3[3[3]3]3[3[3
3[3[3)3]3]3[3[3
[3]31313[3[3[3]3]
, 313[3[3[3[3[3[3
/ ~713]3]3]3]3]3
/ ,
7 L 3[3[3[3]3[3
_Talala]a]aTalal4 3131313
L 414|4|4/4|4|4)|4 Double-bay 3
7/ 4]4]4lal4]a]a]a
7/ 4]4]4]4l4]4]4]4
/ 4[44l414]a]4]4
L [4]al4]a]4]4]a]4]
P [4]4l4]ala]4]4]4]
e .~ l4lalalalala
s[5[5[5]5[5[5]5 432334
5|5[5|5|5|5[5]5 D ___ 20-foot container sets loaded at the
5|5]5[5[5[5[5]5 Double-bay 2 current port
255515 8] 3|5 D __ 20-foot container sets loaded in the
515[5|5[5]|5[5]5 previous port
[515[5]5]5]5]5]5] D __ 40-foot container sets loaded at the
505[5(5/5/5]5]5 current port
50505]5[5]5 D __ 40-foot container sets loaded in the
505(5[5[5]5] previous port
s[5[5]s ] — Empty slots

Double-bay 1

<

Figure 8. Stowage results in port 2 with rule R2.

It should be noted that, whether in rule R1 or rule R2, there may be a situation where
the previous 40-foot containers are loaded and the double-bay is not yet full. Because the
20-foot containers cannot be placed on the 40-foot containers, the loading of the next 20-foot
container set cannot continue. At this point, there are two ways of allocation:

1. If the lower deck stowage of the previous destination is not fully loaded, the 40-foot
container of the subsequent destination is loaded into the hold first, followed by the
20-foot container of the subsequent destination on the deck. As shown in Figure 9,
after the ship loads containers with destination port 4, the hold is not yet full, so
the 20-foot containers of destination port 3 need to be loaded. However, priority is
given to loading 40-foot containers first to partially fill the hold before loading 20-foot
containers.

2. If the upper deck stowage of the previous destination is not fully loaded, the next
double-bay in the sorted set of ship double-bays is selected. The 20-foot containers of
the subsequent destination are loaded into that double-bay and then loading continues
according to rule R1, as shown in Figure 10. At the current port, priority is given
to loading the 20-foot containers, but if there is an empty space above the previous
double-bay on the upper deck and 40-foot containers have already been loaded on
that deck, the next double-bay is selected for loading.

The above is a specific description of the algorithm for container loading strategy. This
section considers how to improve the efficiency of loading and unloading operations at
berthing ports. Since 20-foot containers cannot be placed on top of 40-foot containers, the
loading area for 20-foot containers was planned first to avoid situations where there is no
space to place 20-foot containers. Secondly, throughout the entire planning process, the
impact of the loading and unloading sequence of ports on the overturning of containers
during the loading and unloading operations is considered to avoid container overturning.

A detailed planning method for the 20-foot container area is proposed, which can be
divided into two parts: (1) placing the idle slots above the hatch cover, and (2) selecting
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unused double-bays and placing them in the vessel’s hold. Finally, during the area planning
process, containers of the same destination port are distributed on the vessel in a scattered
manner, so that multiple QCs can be arranged to operate synchronously during loading
and unloading operations at berthing ports, thereby improving the unloading efficiency of

the vessel at the port.
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3.2.2. Operation of Twin 40-Foot QCs

When loading and unloading containers on container ships, improper QC scheduling
can lead to ship mid-ship deflection. Mid-ship deflection occurs when there are more or
heavier containers at the ends of the ship than in the middle, which can result in stress
problems for the container ship. To prevent mid-ship deflection, this paper proposes a
uniform loading and unloading rule:

1. Loading rule: When only loading operations are required at the current port, the
assigned QCs will load containers from the center of the ship to the sides.

2.  Loading and unloading rule: When both loading and unloading operations are

required or only unloading operations are required at the current port, one crane will
load and unload containers from the bow to the stern of the ship, while another crane
will load and unload containers from the middle to the stern of the ship.
At the same time, the "Load as you unload” rule is used. Specifically, twin 40-foot QCs
are assigned to the double-bays that require unloading; after unloading the imported
containers in the double-bay, they will continue to load the exported containers
allocated to the same double-bay. After completing the loading and unloading tasks
in the double-bay, the twin 40-foot QCs will move to the nearest double-bay to
continue loading or unloading operation.

3.2.3. Particle Swarm Optimization

The particle swarm optimization (PSO) algorithm originated from the foraging behav-
ior of birds. It assumes a group of birds searching for food in a random manner within a
search area containing only one food source. Initially, all birds are unaware of the location
of the food source, but they can estimate the distance to the food source and remember
the nearest position to the food source in their flight path. Additionally, they are aware of
the closest position to the food source that all birds in the group have passed during their
flight paths. Based on both their own experience and the experience of the group, each bird
makes a decision on which direction to fly next. Specifically, each bird considers the nearest
position to the food source in its own flying path and in the flying path of the entire group
to decide where to fly next. This is the fundamental principle of the PSO algorithm, and its
basic formulas [36,37] are as follows.

of (t+1) = w-of (1) +er -y - (pf =« (1) + 22 (p — (1) (18)

t+1) =2 () +a-of(t+1) (19)

In the formulas, i = 1,2,3,..., N represents the particle number; d = 1,2,3,...,D
represents the dimension number of the particle; t represents the iteration number; w
is the inertia factor, whose value linearly decreases from 0.9 to 0.4 with the increase in
iteration times; c1, c; are the acceleration constants, which are generally equal to 2; rq, 12
are random numbers in the range of 0 to 1; a is the constraint factor used to control the
weight of velocity, which is usually 0.729; v;(t) = {v}(t), v?(t),v3(t),...,vP (t)} represents
the flying speed of particle i at iteration #; x;(t) = {x](t), x?(t), x3(t),..., xP(t)} represents
a solution to the optimization problem in a D-dimensional space, corresponding to the
position of the ith particle in the tth iteration of the particle swarm; p; = {p}, p?, p3,..., pP}
represents the best position of the ith particle on all the paths it has traversed, i.e., the
position closest to the optimal solution of the objective function during its flying process;
pg = {pé, pé, pfg’,. o p? } represents the best position in all paths experienced by all particles
(which can be regarded as the best position among all individual best positions).

After assigning the double-bays to different container groups, the optimization of the
positions of all double-bays on the ship is performed using particle swarm encoding.

Assuming that the ship has 18 single bays with identical structures, the bay numbers
are 01, 03, 07, ..., 35. The bays are paired up to form 9 double-bays from bow to stern,
numbered as 02, 06, 10, ..., 34. In the particle swarm algorithm, the double-bays are en-
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coded as shown in Table 1, all double-bays are sorted from the bow to stern. By comparing
the priority of the double-bays in descending order, the set of double-bays in priority order
is obtained, as shown in Table 2.

Table 1. Bay priority assignment.

The number of Double-Bay 02 06 10 14 18 22 26 30 34
The priority of Bay 343 —-251 033 137 978 —-532 8.67 6.65 —7.34

Table 2. Bay position sorting.

The number of Double-Bay 18 26 30 02 14 10 06 22 34
The priority of Bay 9.78 8.67 6.65 343 137 033 —-251 -—-532 -7.34

From the above table, it can be seen that before using the particle swarm optimization,
the ship’s double-bays positions are ordered as {02, 06, 10, 14, 18, 22, 26, 30, 34}, and the
container groups are loaded from double-bay position 02 at the bow to double-bay position
34 at the stern in order. After optimization, the order of double-bays is {18, 26, 30, 02,14, 10,
06, 22, 34}, and according to the optimized sequence, containers are loaded from double-bay
18 to double-bay position 34.

The particle position is used to obtain the prioritized set of double-bays, which de-
termines the new position of the container groups in the ship. The objective function is
then calculated to obtain the berthing time for the entire shipping route after loading. The
particle swarm algorithm is used to find the optimal solution through the iteration, and the
result of the optimal solution is the double-bay position that produces the shortest total
berthing time.

4. Computational Results

This paper takes the container loading process at a large container terminal as an
example, in which the container ship carries out loading and unloading tasks at seven
ports. The ship only loads containers at the first port and unloads containers at the last
port, while both loading and unloading operations are conducted at the remaining ports.
All tests were conducted on an Intel Core i7-11800H 2.30 GHz processor and 16 GB RAM.

The strategies and rules in the loading algorithm are denoted as S1-R1, S1-R2, 52-R1,
and S2-R2. Strategy S2 is implemented using the particle swarm optimization algorithm in
PyCharm, and the results generated by rules R1 and R2 are used as input data to obtain the
optimal double-bay positions through the iteration with the particle swarm optimization
algorithm. The single-bay loading rule is denoted as S. The effectiveness of the double-bay
loading rule was verified by comparing four different combinations of strategies and rules,
as well as the single-bay loading rule.

4.1. Instance of Shipping Line

The vessel has 28 double bays numbered from 01 to 28, each consisting of two single
bays, all with the same structure, a container capacity of 98 TEUs, and a total capacity of
2744 TEUs. The total cargo volume for the entire voyage of the vessel is 3540 TEUs. The
number, size, and type of export containers to be loaded at each port of call for berthing are
shown in Tables 3 and 4.
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Table 3. Number of 20-foot export containers in each port (unit: TEU).

Destination Ports
B C D E F G Total

Cargo Volume (20ft)

A 214 303 210 98 139 244 1208
B - 58 291 125 126 210 810
. C - - 48 290 330 80 749
Starting Ports D ) . . 20 5) 34 106
E - - - - 120 0 120
F - - - - - 165 165

Table 4. Number of 40-foot export containers in each port (unit: FEU).

Destination Ports
Cargo Volume (40ft)

B C D E F G Total
A 13 11 0 0 6 15 45
B - 10 16 18 0 0 44
. C . _ 4 6 20 10 40
Starting Ports D } ) _ 0 40 0 40
B ] _ ] ) 8 10 18
F i i . - - 8 8

The units in the above tables are expressed in TEU, which stands for twenty-foot
equivalent unit, representing a standard 20-foot shipping container. FEU denotes a standard
40-foot container, with 1 FEU equal to 2 TEUs.

4.2. Analysis of Results

In the experiment, the number of QCs is initially set to 2, and the operating efficiency of
each QC is constant and the same. The time required for loading or unloading a container
by a single QC is 1 minute, and the time required for the crane to move a double-bay
distance is 4 minutes. The results of comparing the traditional single-bay stowage with
different strategies of stowage planning using double bays as the unit are as follows.

4.2.1. Different Strategies for Double-Bay

In Table 5, max, min, and avg represent the maximum, minimum, and average values
of the objective function over 20 consecutive experiments (in minutes), respectively, and gap
represents the difference between the results obtained using the four different strategies.
The berthing time results for the four different strategy rules are 1129.5 min, 1164.5 min,
1210 min, and 1122 min, respectively.

Figure 11 shows the bar chart of the number of rehandling containers, the time differ-
ence between the completion of all QCs along the full route, and the total QC movement
times, which are three evaluation indicators produced by the double-bay stowage strategies.
The number of rehandling containers represents the number of containers that obstruct
the loading or unloading of containers by QCs along the full route. The results show that
rehandling containers still occur when using strategy S1 for stowage, and the occurrence
of rehandling containers and QC movement increases the completion time of QCs, which
in turn increases the berthing time of the ship. Among these, the results obtained using
Strategy S2 combined with rule R2 were better and had certain advantages in improving
QC efficiency, with less QC movement, 0 rehandling containers, and a more balanced QC
workload.
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Table 5. Results of different stowage strategies.
Strategies S1-R1 S1-R2 S2-R1 S2-R2
Max/min 1131 1195 1214 1145
Min/min 1128 1134 1206 1119
Avg/min 1129.5 1164.5 1210 1122
Gap/% — 3.1% 7.13% —0.66%

300

Time of operation
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o
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Figure 11. Evaluation index of MP-MBPP.
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By comparing strategies S1 and S2, it was found that strategy S1 has an advantage in
berth planning when the number of containers is high; that is, the overall occupancy rate of
container berths is low, as shown in Figure 12. However, the results generated by strategy
S1 show that a single destination port container occupies more bays, which increases the

unloading time of the QC.
120.00%
100.00%
80.00%
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M S1 Bay occupancy of containers at the next destination port

W S1 Bay occupancy of total containers

W S2 Bay occupancy of containers at the next destination port

S2 Bay occupancy of total containers

Figure 12. Occupancy in bays of strategy S1/S2.

4.2.2. Stowage of the Double-Bay and Single Bay
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To demonstrate the performance of the proposed algorithm, a comparative experiment
between the 52-R2 method and the traditional single-bay method was conducted using all
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of the data from the previous section. The productivity of all the port cranes was assumed
to be the same. Tables 6 and 7 present the results of the double-bay 52-R2 rule and the
traditional single-bay loading. In the double-bay loading results, the crane movement time
accounted for 13.67% of the total berthing time, indicating that crane movement has a
certain impact on the berthing time. Table 8 shows that compared with traditional 40-foot
crane operations and single-bay loading, using twin 40-foot QCs for double-bay loading
of containers improves the efficiency by approximately 58.89%, effectively enhancing the
port’s operational efficiency.

Table 6. Results of the double-bay rule allocation.

QC M(.)vement Time Lo?ding/Unloading Time Co.mpletion Time Befthing Time
/min /min /min /min
Pota g 198 215 219
PrB g 155 01 201
PortC g 156 150 150
PortD 5 o8 140 140
PortE y a7 o 107
Prtf 136 144 160
PortG 12 }85 ﬁ)g 134
Table 7. Results of the single-bay rule allocation.
QC M(.)vement Time LO?ding/Unloading Time Co.mpletion Time Be{'thing Time
/min /min /min /min
Path 5 119 I w
PortB 2 27 207 488
PrtC g 1 1 2
PatD ) 172 198 254
Pt 5 294 31d o
Pt g g 102 w0
PortG % 201 0 304




J. Mar. Sci. Eng. 2023, 11, 807

21 of 25

Table 8. Comparison of the berthing times between the single bay and double-bay.

Ports A B C D E F G Total

Single bay/min 441 488 542 284 314 402 304 2775
Double-bay/min 219 201 180 140 107 160 134 1141

Difference ratio/%  50.34 5881 66.79 50.7 6592 60.2 5592 58.89

In traditional master bay stowage, container loading is mainly based on single-bay
allocation, which increases the scattering of containers with the same destination port.
When the QC performs loading and unloading operations, the twin 40-foot QCs cannot
handle adjacent bays with containers for different destination ports, resulting in low uti-
lization of the twin 40-foot QCs and a significant increase in vessel berthing time. However,
the double-bay stowage rule in this paper partially compensates for the shortcomings of
single-bay stowage. In double-bay stowage, 20-foot containers are paired and allocated to
two adjacent single bays to form a double-bay. This is beneficial for ensuring the working
conditions of the twin 40-foot QCs, fully exploiting their working efficiency. Compared to
single 40-foot QCs and single-bay stowage, double-bay stowage reduces berthing time by
50.34% to 66.79% at various ports.

Figures 13 and 14 show the variation of QC movement times when strategy S2 uses
PSO to optimize the bay position. Figure 13 shows the results of double-bay position allo-
cation and Figure 14 shows the results of single-bay position allocation. The effectiveness
of the PSO in the bay position allocation is demonstrated. In the figure, after 100 iterations,
the result of the total movement time of the QC tends to a fixed value, which proves that
the method in this paper has convergence and conforms to the convergence law of the
PSO, and the new bay position ranking is obtained for both single-bay and double-bay
placements, respectively. By reducing the movement time of the QC, the berthing time of
the ship in the port is further reduced and the terminal operation efficiency is improved. In
the case of this paper, the total movement time of the twin 40-foot QCs in the double-bay
algorithm is 156 min, and the total movement time in the single-bay algorithm is 136 min.

However, there are also some issues in the process of double-bay allocation. From the
above, it is clear that the time for the QC to move in the double-bay algorithm is greater
than that in the single-bay algorithm for the same stowage requirements. This is because,
when the number of containers is small, using the double-bay concept, a container will
occupy two single bays, which will increase the occupancy rate of the bays. As shown in
Table 9, after double-bay allocation, containers occupy more bays. Starting from Port C,
double-bay allocation occupies 1-3 more single bays than single-bay allocation.

Table 9. Comparison of bay occupancy.

Ports A B C D E F
Single Bay 19/28 24/28 27/28 22/28 18/28 9/28
Double-bay 16/28 22/24 28/28 24/28 20/28 12/28
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Figure 13. The convergence graph of double-bay.
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Figure 14. The convergence graph of the single bay.

In addition to the aforementioned experiments, this paper increased the number of
QCs for traditional single-bay stowage to four, denoted as S-1. The new objective value
was obtained and compared again with double-bay stowage based on two twin 40-foot
QCs, as shown in Table 10. It can be seen from the table that the efficiency of traditional
single-bay stowage significantly improved by increasing the number of QCs. However,
double-bay stowage still improved the operational efficiency by at least 20.3%.

Table 10. Results after increasing the number of QCs.

Strategies S-1 S1-R1 S1-R2 S$2-R1 S$2-R2
Max/min 1532 1131 1195 1214 1145
Min/min 1506 1128 1134 1206 1119
Avg/min 1519 1129.5 1164.5 1210 1122

Gap/% - —25.6% —23.33% —20.3% —26.13%
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5. Conclusions

Based on the operational requirements of twin 40-foot QCs, a double-bay stowage
model was established; various master bay strategies were proposed for the first time. In
this paper, we studied the effect of QC movement on total berthing time and designed a
new encoding method of PSO to optimize the double-bay position. Firstly, we analyzed
the operating environment and requirements of twin 40-foot QCs and explored the impact
of different containers and cranes on berthing time. Secondly, based on the twin 40-foot
QCs operation, we established a mixed integer planning model for multi-port double-bay
stowage of ships with the objective of minimizing the number of container rehandling
on the route and the time required to move the twin 40-foot QC operation. Finally, we
proposed the optimal allocation decision of the double-bay position, designed various new
double-bay allocation strategies, and used PSO with a novel encoding mode to optimize
the double-bay position where the container group is located to reduce the number of QC
movements and distances and minimize the ship berthing time. This improves the loading
and unloading efficiency of QC and reduces berthing time. Additionally, we compared
the effect of different stowage strategies on ship berthing time by example to verify the
effectiveness of the strategies.

The results show that the proposed model and algorithm can provide effective solu-
tions for practical cases. Compared with different stowage strategies, S1-R1 showed better
stowage results, respectively, 0.66%, 3.65%, and 7.27% ahead of the other three strategies.
When the number of QCs is the same, the difference between double-bay with twin 40-foot
QCs and single-bay is 58.89%. This paper has the following main conclusions: (1) The
loading scheme solved by the loading model and algorithm can meet the requirement of
equipping twin 40-foot QCs. Equipping twin 40-foot QCs for loading and unloading can
improve the working efficiency of QCs by at least 20.3% compared to that of ordinary QCs
under the same conditions. (2) Optimizing the position of double-bays can further reduce
berthing time by reducing the movement time of QCs. (3) When the number of QCs is
sufficient, the efficiency of traditional single-bay loading is significantly improved.

In future research, we will consider more strategies in heuristics to provide greater
flexibility for improving vessel stability. Additionally, this study only considers the master
bay stowage of single structure vessels, while in practice, large container ships have
multiple structures and transport requirements for special containers, such as refrigerated,
dangerous goods, and out-of-gauge containers. Multiple factors can make the method more
suitable for actual shipping requirements. The stowage planning problem addressed in
this study will be extended by considering uncertain factors (such as container weight) to
more closely reflect actual transport scenarios. Moreover, further research is needed on the
specific container stowage and container loading and unloading sequences in combination
with yard operations.
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