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1 Introdution

Over the past three decades, with the continuous development of economic integration
and the deepening of trade globalisation, the port and logistics industry has developed
rapidly worldwide (Zhou and Kim, 2020; Zhou et al., 2024b). As an essential transit
facility for sea transport and inland transport, ports play a pivotal role in the global
logistics system and have become the critical pivot to support the operation of the
global supply chain network and the main hub to serve various countries’ import and
export trade, and port planning has a far-reaching impact on carbon emissions (Feng
et al., 2025). Container transport, as one of the most important modes of maritime
transport, is characterised by easy operation, high efficiency, and convenient operation.
Therefore, the management of container transport, storage, loading, and unloading
in port management has attracted more and more attention from the business and
theoretical communities.

Congestion both at the seaside and yardside will significantly increase the vessel’s
turnaround time. Improving the operation efficiency of port facilities, such as quay
cranes (QCs) and yard cranes, will reduce the vessel turnaround time (Feng et al., 2022).
The previous studies focused on the QC and AGV/straddle carrier (SCs) assignment
for reducing congestion at the seaside in a high level of planning. The synchronous
relationship between the QC and SCs is also essential, which has been omitted by
previous studies. Without considering the synchronous relationship between the QC and
SCs, congestion along the seaside area of the container terminal will also be generated.
Hence, this study investigates the problem of simultaneous operation of frontline SCs
and QCs at container port terminals to synchronise the SCs and QCs. The contributions
of this paper are summarised as follows.

To formulate the synchronous relationship between the QC and SCs, a mixed-integer
planning model is constructed. The proposed mathematical model, which is used to
analyse the problem theoretically and explore the mechanism of the influence of
different parameters on the complexity of the problem, could obtain optimal solutions
for the small-scale problem. The studied problem is an online optimisation problem
and the proposed mathematical model could be used to solve small-scale instances.
As the studied problem is a real-time decision problem, the decision should be made
quickly. To handle large-scale size problems, this paper proposed a dynamically adjusted
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heuristic algorithm with a greedy strategy that could solve large-scale problems within
an acceptable time. To verify the performance of the proposed algorithms, various
experiments are conducted. The experimental results verified the correctness of the
proposed mathematical and showed the proposed algorithm could solve large-scale
instances. Finally, a sensitive analysis is performed to evaluate the proposed algorithm.

The rest of the work is organised as follows. Section 2 summarises and discusses the
related literature. The problem is described in Section 3. Section 4 presents a two-layer
genetic algorithm based on a dynamically tuned greedy strategy. The experimental
results are presented in Section 5. Conclusions are outlined in the last section.

2 Literature review

This section presents previous studies related to the problem studied.

2.1 QC related studies

Fu and Diabat (2015) introduced a Lagrange relaxation and heuristic algorithms to
solve the assignment and scheduling of QCs. Shang et al. (2016) considered the setting
time of the QC moving along the wharf and established a deterministic model for
joint scheduling optimisation of berth and QC. Considering the constraint that the QC
cannot cross, Zhang et al. (2017) set up a mixed integer programming model for
the QC scheduling problem to minimise the working time of container ships in port.
Liang et al. (2018) studied the scheduling problem of QCs from task scheduling and
quantity allocation. A coupling model was established by analysing the relationship
between the two problems. Sun et al. (2019) introduced a new QC scheduling problem
model and developed a method to deal with non-cross constraints more easily by
dealing with the structure of workload distribution. Kenan et al. (2022) address the
integrated QC assignment and scheduling problem while considering carbon regulations
and formulating two mixed integer programming models to analyse the effects of carbon
taxation and cap-and-trade. Li et al. (2024a) studied the unidirectional QC scheduling
problem-based on the uncertainty of container terminal loading and unloading time
and established a two-stage robust optimisation model. Wang et al. (2025) introduce a
scheduling problem for automatic yard cranes and propose two heuristic methods based
on the greedy randomised adaptive search procedure to address this issue.

Ji et al. (2023) tackle the BACAP with stochastic vessel arrival times to create an
effective scheduling method, introducing a scenario generation technique to simulate
these arrivals and developing a mixed integer linear programming model aimed at
minimising vessels’ total stay time in port. Chargui et al. (2023) consider the problem
of berth and quayside assignment and scheduling with uncertainty and energy efficiency
by using a new robust exact decomposition algorithm. Wang et al. (2024b) analysed
the allocation of berths and quaysides under the onshore power distribution of container
terminals. Zheng et al. (2024) examine berth allocation and QC assignment with shifting
strategies using an adaptive large neighbourhood search algorithm. Computational
results show the effectiveness of both the model and the ALNS across various instance
sizes. Wang et al. (2024a) are the first to introduce a distributed robust chance constraint
(DRCC) optimisation model to solve the problem of integrated berth allocation and QC
allocation in container terminals.
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Based on dual-cycling, El-Abbasy et al. (2021) considered optimising container
handling multi-stage fleet size. Yue et al. (2023) explored the block allocation and
loading and unloading equipment scheduling of automated container terminals. Based
on dual-cycling, Li et al. (2024b) explored the precise algorithm of multi-equipment
integrated scheduling for automated container terminals. Zhou et al. (2024a) consider the
problem of continuous loading and unloading of uncertain ships and offshore platforms,
and establish a Markov decision process model. The results show that the strategy
considering double-cycle operation is superior to other strategies.

2.2 Horizontal transportation equipment related studies

Klerides and Hadjiconstantinou (2011) studied the AGV scheduling problem that
can transport multiple containers simultaneously and built a model to minimise the
allocation cost. Nossack and Pesch (2013) studied the truck scheduling problem in
multimodal container transportation, considered the empty container call, and established
a truck-loading task allocation model with a time window to minimise the truck-loading
running time and solved it by the two-stage heuristic method. Cai et al. (2014)
studied the re-planning strategy when new tasks arrived. Kavakeb et al. (2015) studied
the impact of a new intelligent vehicle technology on the performance and cost
of a European port. Cao et al. (2023) explored the AGV scheduling and two-way
conflict-free path of automated container terminals. Gong et al. (2024) explored
the real-time AGV scheduling optimisation method of container terminals based on
deep reinforcement learning. Based on the problem of ship loading and unloading,
Fereidoonian et al. (2024) build a timely, efficient, and multi-objective truck-sharing
integrated scheduling model for container terminals, which has made remarkable
progress in reducing emissions.

Wang et al. (2017) combined vehicle scheduling with yard crane scheduling and
storage allocation, simultaneously considering loading and unloading tasks. Zhu et al.
(2022) mainly discussed the comprehensive optimisation of AGV and double yard crane
in an automatic container terminal, aiming at improving the working efficiency of the
terminal by coordinating multiple sub-operations. Xu et al. (2024) explored the influence
of critical factors such as the speed, acceleration, and quantity of AGV on the horizontal
transportation efficiency of automated container terminals.

2.3 Summary

SCs will be affected by the loading and unloading operations of QCs. In the container
terminal, SC operation and quayside loading and unloading operation of the same
container are two separate and independent operations, which make it possible for
the SC and quayside to interact with each other, resulting in additional delay costs.
However, previous studies regarded the disembarkation of the QC as a whole buffer
zone and considered the capacity of the buffer zone to be a constraint for straddle
truck operation. Considering the above practical constraints, this paper will study the
optimisation of synchronous operation of the QC and SC to reduce the delay time caused
by the conflict between the QC and SC. This paper will provide a theoretical basis for
practical operation optimisation.
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3 Mathematical model

3.1 Problem description

This section discusses the problem of synchronised ship loading operations for QCs and
SCs. It includes multiple adjacent QCs and their container loading tasks, divided into
two main parts: the unloading operations for SCs and the ship loading operations for
QCs. Figure 1 shows an example of the studied problem.

Figure 1 An example of the studied problem (see online version for colours)

Water Side

Land Side

SC Waiting Area

Lane 1

Lane 2

Lane 3

Lane 4

QC 3 QC 2 QC 1

In container terminals where SCs serve as the primary means of horizontal
transportation, the simultaneous loading of the QCs and SCs is as follows: upon the
arrival of the container carrier at its designated berth, the assigned QC begins its
operations. The yard crane grabs the containers to be loaded and drops them at the
selected location in the yard, and then the unloaded SC picks up the containers by
itself and transports them to the operation area of the QC. There are several lanes
under the QC for the SC to travel and drop off containers, but each lane has only
one drop-off position under each QC. The drop-off position of the SC refers to the
intersection of a vertical area of the QC and a lane, which has the same shape and
location as a standard container, i.e., only one container can be placed. After arriving
at the front of the terminal, the SC must choose a lane for unloading. Only when the
target drop-off location is unobstructed, and no QC is operating in the adjacent lane, can
the SC proceed. The SC’s travel route must be clear of any obstructions, enabling it to
reach the drop-off location and initiate the unloading operation. Furthermore, when the
SC exits the lane, it must ensure that its departure path is also free from any obstacles.

The QC loads containers on the lane. For large container carriers, due to the large
number of containers to be loaded and unloaded, several QCs are often required to
carry out loading and unloading operations to ensure that the ship can complete the
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loading and unloading tasks within a certain period. The QC first grabs a container in
the operation area according to the operation plan, unloads it to the designated position
on the ship, then leaves and continues carrying out the next container’s loading and
unloading task. If there is a SC operating in the path of the QC with containers, the
QC must wait for the SC to complete its operation and leave before continuing with the
loading operation. When all containers are loaded, the simultaneous loading of the QC
and SC is complete.

It can be found that although the QC operation and the SC are not connected in
terms of hardware equipment, there is a strong mutual influence relationship between
their operations. The aim of this paper is to synchronise the loading operation of QC and
SC, considering various constraints while minimising the QC and SC operation time.

3.2 Mixed integer programming model

The assumptions used in this paper are summarised as follows:

1 the arrival time of all containers and their SCs are known, and the SC can be
parked in the temporary waiting area, which is shown at the bottom of Figure 1

2 the travel time of the SC at the lane can be ignored

3 the time required to release one container for each SC is fixed

4 the time required to pick up one container for each spreader of the QC is fixed.

This paper aims to optimise the simultaneous operation of QCs and SCs to improve
quay loading efficiency. For the ship loading operation of a QC, completing all container
loading tasks as soon as possible is one of the goals pursued during port operations.
This goal can be converted into minimising the completion time of the last task of
the QC. At the same time, reducing their waiting time at the QC front for SCs
can improve efficiency and reduce costs. Therefore, this paper constructs a weighted
objective function and assigns different weight values to the completion time and total
waiting time of SCs. Equation (1) shows the objective function. The notations and
decision variables used in this paper are shown in Tables 12 and 13 of Appendix A.

min a×
∑
k∈K

max
i∈Nk

(F q
ik + eik) + b×

∑
k∈K

∑
i∈Nk

Wik (1)

subject to

Ss
ik ≥ Aik ∀k ∈ K, ∀i ∈ Nk (2)

Wik = F s
ik −Aik − ts ∀k ∈ K, ∀i ∈ Nk (3)∑

j∈Mk

Dijk = 1 ∀k ∈ K, ∀i ∈ Mk (4)

∑
i∈Mk

Dijk = 1 ∀k ∈ K, ∀j ∈ Mk (5)

Rik −Rjk + nk ×Dijk ≤ nk − 1 ∀k ∈ K, ∀i, j ∈ Nk (6)
Rjk > GijkRik ∀k ∈ K, ∀i, j ∈ Nk (7)
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Ss
ik + ts ≤ F s

ik ∀k ∈ K, ∀i ∈ Nk (8)
Sq
ik + tq ≤ F q

ik ∀k ∈ K, ∀i ∈ Nk (9)
F s
ik ≤ Sq

ik ∀k ∈ K, ∀i ∈ Nk (10)
F q
ik + eik ≤ Sq

jk + (1−Dijk)×M ∀k ∈ K, ∀i, j ∈ Nk (11)
Sq
jk − F s

ik < M × Zsq
ijk ∀k ∈ K, ∀i, j ∈ Nk (12)

F s
ik − Sq

jk ≤ M ×
(
1− Zsq

ijk

)
∀k ∈ K, ∀i, j ∈ Nk (13)

Ss
jk − F q

ik < M × Zqs
ijk ∀k ∈ K, ∀i, j ∈ Nk (14)

F q
ik − Ss

jk ≤ M ×
(
1− Zqs

ijk

)
∀k ∈ K, ∀i, j ∈ Nk (15)

Xjl −Xik ≤ M × Lijkl ∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (16)
Xik −Xjl < M × (1− Lijkl) ∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (17)

F q
jk − F s

ik ≥ M ×
(
Lijkk − Zsq

ijk − Zqs
jik − 1

)
∀k ∈ K, ∀i, j ∈ Nk (18)

2−Xik +Xjk > −M × Uijk ∀k ∈ K, ∀i, j ∈ Nk (19)
2−Xik +Xjk ≤ M × (1− Uijk) ∀k ∈ K, ∀i, j ∈ Nk (20)
1− Uijk − Ujik ≤ Zsq

ijk + Zqs
jik ∀k ∈ K, ∀i, j ∈ Nk (21)

Xjk −Xik < M × Lijkk +M ×
(
Zqs
ijk + Zqs

jik

)
∀k ∈ K, ∀i, j ∈ Nk, i ̸= j (22)

Ss
jl − Ss

ik < M × Zas
ijkl ∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (23)

Ss
ik − Ss

jl ≤ M ×
(
1− Zas

ijkl

)
∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (24)

Ss
jl − F q

ik < M × Zqa
ijkl ∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (25)

F q
ik − Ss

jl ≤ M ×
(
1− Zqa

ijkl

)
∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (26)

Ss
jl − F s

ik < M × Zds
ijkl ∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (27)

F s
ik − Ss

jl ≤ M ×
(
1− Zds

ijkl

)
∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (28)

F s
jl − F q

ik < M × Zqd
ijkl ∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (29)

F q
ik − F s

jl ≤ M ×
(
1− Zqd

ijkl

)
∀k, l ∈ K, ∀i ∈ Nk, ∀j ∈ Nl (30)

1 ≤ Lijkl + Ljilk + Zas
ijkl + Zqa

jilk ∀k, l ∈ K, k > l, ∀i ∈ Nk, ∀j ∈ Nl (31)
1 ≤ Lijkl + Ljilk ∀k, l ∈ K, k < l, ∀i ∈ Nk, ∀j ∈ Nl (32)
Zqs
ijk, Z

sq
ijk, Uijk ∈ {0, 1} ∀k ∈ K, ∀i, j ∈ Nk (33)

Lijkl, Z
as
ijkl, Z

qa
ijkl, Z

ds
ijkl, Z

qd
ijkl ∈ {0, 1} ∀k, l ∈ K, k ̸= l, ∀i ∈ Nk,∀j ∈ Nl (34)

Xik ∈ {1, 2, ...,m} ∀k ∈ K, ∀i ∈ Nk (35)
Rik ∈ {1, 2, ..., Nk} ∀k ∈ K, ∀i ∈ Nk (36)

Constraint (2) means that SC could start its releasing operation only after it arrives
at the apron. Constraint (3) calculates the waiting time of SCs for each container.
Constraints (4)–(7) ensure that one container can be loaded on the vessel until the
container below has been loaded. Among them, (4) and (5) determine the operation
sequence of the QC handling containers; constraint (6) ensures that the sub-loop does
not appear in the sequence. Finally, the constraint (7) indicates that the container located
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below has higher priority in the sequence. Constraint (8) ensures that the finishing time
of the SC release operation is larger than the starting time of the same operation plus the
required release time. Constraint (9) ensures that the finishing time of the QC pickup
operation is larger than the starting time of the same operation, plus the required pickup
time by QC. Constraint (10) means that the QC can start its pickup operation only
after the completion of the SC releasing operation for the same container. Constraint
(11) means that the QC starts its pickup operation after it finishes the entire job for
the previous container. Constraints (12) to (17) are definitions of some (0, 1) variables.
Constraint (18) ensures that the QC pickup operation for the jth container should be
delayed until the SC deliver operation for the ith container finishes when these two
handling times are overlapped with each other and the ith container is located closer to
the waterside. Constraint (19) and (20) indicate the meaning of U ijk. Constraint (21)
means that the QC pickup operation for one container and the SC release operation for
another container cannot be performed in an overlapped time when these two containers
are assigned to adjacent lanes. Constraint (22) guarantees that no two containers can be
planned to be put down during the overlapped periods at the same lane. Constraints (23)
to (30) are definitions of some (0, 1) variables. Constraint (31) ensures that the road is
clear when the SC is going to the destination lane. Constraint (32) ensures that the road
is clear when the SC leaves the lane. Constraints (33) and (34) limit the range of values
for the (0, 1) variable. Constraints (35) limit the lane selection of the container.

3.3 Model analysis

From the mathematical model, we can find that the number of continuous decision
variables in the model is 5

∑
k∈K |Nk|; the number of integer decision variables is equal

to 2
∑

k∈K |Nk|+ 4
∑

k∈K |Nk|2 + 5
∑

k∈K

∑
l∈K |Nk| |Nl|, in which the number of

(0, 1) variables is equal to 4
∑

k∈K |Nk|2 + 5
∑

k∈K

∑
l∈K |Nk| |Nl|, and the number

of artificial virtual integer variables is equal to
∑

k∈K |Nk|. The number of constraints
is equal to 6

∑
k∈K |Nk|+ 2 |K|+ 15

∑
k∈K |Nk|2 + 10

∑
k∈K

∑
l∈K |Nk| |Nl|.

4 A two-stage algorithm

Solving the above mathematical model is very time-consuming, especially with the
increase in the problem size. The studied problem needs an online decision. Hence,
a real-time decision algorithm is required. Meta-heuristics are usually faster than the
mathematical modelling approach and have been used to solve many engineering
optimisation problems (Shi et al., 2022, 2023; Gao et al., 2017).

4.1 Framework

In this paper, the synchronous loading operation of QCs and SCs can be categorised into
three parts: the loading sequence of the QC, the order of decision-making of the SC and
its container, and the lane allocation problem of the SC. The loading sequence of the
QCs is determined flexibly, taking into account the pre-established stowage plan as well
as the container storage conditions in the lane. The order of decision-making, that is, the
priority of the SC to select lanes, is one of the factors affecting the allocation of the SC.
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Varying decision-making sequences lead to different allocation outcomes. The problem
of lane allocation is selecting an optimal lane based on the SC’s known information and
its container.

Algorithm 1 Pseudocode of double-layer genetic algorithm

input : max gen U , iteration times of upper population; max gen L, iteration times
of lower population.

output: Optimal individual.
Generate upper initial population;1
for i← 0 to max gen U do2

Converted into the loading and unloading sequence of the quay crane;3
Genetic operation (selection, crossover and mutation);4
Produce a new upper population;5
Generate lower initial population;6
for j ← 0 to max gen L do7

Genetic operation (selection, crossover and mutation);8
Regeneration of lower population;9
Straddle lane assignment;10
Fitness calculation;11

Output lower-level individuals and their fitness.12

Thus, this paper proposes a two-layer based genetic algorithm (TLGA). The first stage
determines the loading sequence of the QC, and the second stage determines the SC’s
decision order. Finally, we need to determine the lane allocation when calculating the
objective function. Algorithm 1 shows the pseudo-code of the two-stage algorithm.

Step 1 Generate the initial population of the upper layer TLGA. The initial
population is randomly generated, and the unqualified chromosomes are
repaired so the corresponding QC operation sequence can satisfy the known
ship stowage plan.

Step 2 Generate the initial population of the lower layer TLGA. Based on a
chromosome encoding of the upper layer, a lower layer chromosome that
meets the requirements is generated; that is, the decision order of the SCs is
determined based on the sequence of the QC operation.

Step 3 Based on the QC operation sequence and the SC decision-making sequence,
a heuristic algorithm generates a specific lane allocation scheme and
computes the objective function value. The fitness of the chromosome
combination is then determined using the fitness function, and the resulting
fitness value is recorded.

Step 4 The lower layer algorithm iterative termination test. Determine whether the
maximum number of iterations has been reached. If yes, go to step 6; If not,
go to step 5.

Step 5 Perform the lower layer algorithm genetic operation. Genetic operations such
as selection, crossover, and mutation generate a new population of the lower
layer algorithm. Go back to step 3.
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Step 6 Output the optimal chromosome and its corresponding fitness value from the
lower algorithm, and record it as the combined chromosome and fitness
value associated with the upper chromosome.

Step 7 The upper layer algorithm iterative termination test. Determine whether the
maximum number of iterations has been reached. If yes, go to step 9; If not,
go to step 8.

Step 8 Perform the genetic operation of the upper layer algorithm. Genetic
operations such as selection, intersection, and mutation generate a new
population of the upper algorithm. Go back to step 2.

Step 9 Output the optimal individual, the QC operation sequence, and the objective
function value. Then, record the SC decision sequence, lane allocation plan,
and end.

After multiple generations of populations, the individuals in the population tend to be
consistent, and the algorithm easily reaches the local convergence state, which may be
detrimental to the global optimal solution. Therefore, the restart mechanism is set. When
the difference between the optimal fitness and the average fitness within the population
is smaller than a certain ratio, the restart mechanism is triggered, and individuals
with lower fitness within the population are reinitialised. The restart mechanism can
increase the diversity of the population while preserving good. Individuals, avoiding
the prematurity of the algorithm and falling into the local optimum. We can get the
QC operation sequence and the lane allocation scheme of all SCs and their containers
through the above algorithm flow.

4.2 Encoding and decoding of a solution

The following contents introduce the encoding and decoding of a solution for the first
stage and the second stage, respectively.

4.2.1 First stage

4.2.1.1 Encoding for the first stage

In the first stage, a chromosome is encoded as an integer array with length n (n is
the number of the containers), indicating the loading sequence of the QC. Firstly, we
generate a basic chromosome with ascending genes and randomly exchange the positions
between genes to generate the initial chromosome of the first stage. 15 containers are
going to be loaded by two adjacent QCs, among which containers no. 1 to no. 8 belong
to the working range of the first QC. The remaining containers belong to the working
range of the second QC. According to the chromosome in Figure 2, the loading sequence
of the first QC is i1, i3, i2, i6, i8, i4, i5, i7, and the loading sequence of the second QC
is i10, i9, i12, i13, i11, i14, i15.

4.2.1.2 Decoding for the first stage

In the decoding process, the gene sequence within the chromosome is employed to
represent the operational sequence of the QC when loading containers, with each gene
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value corresponding to a specific container number. The relative order of the genes
dictates the sequence in which containers are loaded, thereby influencing the efficiency
and coordination of the overall loading plan. In the case of cooperative loading involving
multiple QCs, chromosome decoding must not only determine the loading order for each
container but also allocate these containers to different QCs in a manner that aligns with
the loading strategy. This ensures the cooperative optimisation of the QCs operations.

Figure 2 Encoding for the first stage (see online version for colours)

In this way, the decoding not only realises the transformation of chromosomes into
the actual loading sequence and the allocation scheme of QCs but also ensures that
high-quality solutions can be generated in multi-QCs collaborative optimisation. The
effectiveness of the decoding strategy is directly related to the overall efficiency of the
loading task of single-QC or multi-QCs and the convergence speed of the algorithm.
Therefore, designing the container sequence and QC allocation in the decoding process
is very important.

4.2.2 Second stage

4.2.2.1 Encoding

The second stage’s chromosome represents the SC’s decision order and the container’s
decision order. As shown in Figure 3, the first gene 1 of the chromosome indicates that
the algorithm prioritises the SC to which the first container belongs, and the second
gene 3 indicates that the third container is arranged according to the known relevant
time information after the first container is allocated. Based on the chromosome order,
a lane allocation scheme is generated. The initial lane assignments are made according
to the first-come, first-served principle, thereby constructing an initial feasible solution.

Figure 3 Container lane assignment (see online version for colours)

݅ଵ ݅ଷ ݅ଶ ݅଺ ݅ସ ଼݅ ݅ହ ݅ଵ଴ ݅଻ ݅ଽ ݅ଵଶ ݅ଵଷ ݅ଵଵ ݅ଵସ ݅ଵହContainer: ݉ଵ ݉ଶ ݉ଷ ݉ସ ݉ଵ ݉ଶ ݉ଷ ݉ସ ݉ଵ ݉ଶ ݉ଷ ݉ସ ݉ଵ ݉ଶ ݉ଷLane:

4.2.2.2 Decoding

Figure 4 shows the structure of variables, where i stands for container, k stands for
QC, and the value of Xik stands for lane number for the ith container loaded by the kth

QC. In the decoding process, the gene sequence in the chromosome is used to represent
the order of loading containers by SCs, in which the value of each gene represents the
lane currently allocated by SCs, that is, the value of variable Xik. The gene sequence
not only determines the sequence of loading tasks performed by SCs but also directly
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reflects the lane assignments used by SCs at each time node. Through the decoding
process, the system can convert the abstract genetic information in the chromosome into
the actual SC scheduling plan, including the order of transporting containers by SCs and
their lane assignment during the operation, thus ensuring that SCs can make rational use
of available lane resources in different periods and avoiding the conflict and waste of
lane resources.

Figure 4 Structure of variable Xik (see online version for colours)
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4.3 Greedy-based local search

This paper proposes a heuristic algorithm based on a greedy strategy to solve the lane
allocation problem. The specific process is as follows:

Step 1 Obtain the upper and lower TLGA’s chromosome combinations and solve the
lane allocation problem.

Step 2 Arrange the next SC and its container according to the decision order, which
is decided by the chromosome of the lower layer TLGA.

Step 3 Put the lanes in which the operation time can be estimated into the list P1
(i.e., the empty time of the target lane is known, including the emptying
times of positions under all the QCs). If there is no such lane, then a
tremendous objective function value OB is obtained directly, going to step 9.

Step 4 Consider the remaining lanes in the list P1 and calculate the estimated
operation time after the SC selects the lane. The time when the SC enters the
target position is the maximum time of the time when the SC arrives at the
apron and the emptying time of the target position and the road to the
position; the time when the SC leaves the lane is the maximum time of the
completion time for the SC releases the container and the emptying time of
the road the SC passes by when it leaves.

Step 5 Through the dynamic adjustment algorithm, conflicts between the QC and
the SC are effectively addressed. The adjusted operation times for the current
QC and its associated SCs, as well as the emptying times of the relevant
lanes, are recorded. Additionally, the value of the objective function is
calculated and updated accordingly.

Step 6 Move this lane from the list P1 and put it in the list P2. If there are other
lanes in the list P1, return to step 4; otherwise, go to step 7.

Step 7 Find one lane in the list P2 with the most minor added objective function
value, and assign this lane to the SC and its container. Update the operation
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time of the SCs, the QC, and the relevant lane’s emptying time according to
the dynamic adjustment algorithm data.

Step 8 If the container is not the last in the chromosome code, return to step 2: if
all the SCs have been assigned, calculate the total objective function value
OB and go to step 9.

Step 9 Return the value of the objective function, end.

Algorithm 2 The dynamic adjustment algorithm (see online version for colours)

if SC operation interrupting the current QC then1
OB1← 0;2
for conflicting QC operation to all known QC operations afterward do3

Temporarily delay this QC operation;4
OB1 ← OB1 + Increased objective value for QC delays;5
if this QC operation conflicts with known operations of other QCs then6

OB1←M ;// M is a great number.7
Break// Jump out of the cycle.8

else if this QC operation conflicts with other SC operations at the same QC9
then

ob1← ob2← 0;10
if there is still a conflict after delaying the QC operation again then11

ob1←M ;12
else if it conflicts with the known operations of other QCs after delaying13
then

ob1←M ;14
else15

ob1←Increased objective value for QC delays again ;16

if it conflicts with known operations of other QCs after delaying other SCs17
then

ob2←M ;18
else19

ob2 ← Increased objective value for delaying other SCs20

if ob1 < ob2 then21
OB1 ←OB1+ob1;22
QC operation is delayed again;23

else24
OB1 ←OB1+ob2;25
Other SC operations are delayed;26

if OB1 ≥M then27
Break28

OB2 ← Increased objective value for delaying the current SC;29
if OB1 < OB2 then30

Adjust the operation time of QCs and SCs according to the cycle scheme.31
else32

Cancel the adjustment in the cycle, and then delay the SC operation33
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The dynamic adjustment algorithm dynamically adjusts the operation time of the current
QC and its SCs to reduce the waiting time of the QC and SC as much as possible while
avoiding affecting the scheduled work of other QCs. Algorithm 2 shows the specific
pseudo code of the algorithm.

Since the QC continuously loads the container according to a given sequence of
operations, delaying a specific QC operation will significantly impact its subsequent
operations. Therefore, the algorithm adjusts all affected QC operations through a cycle
from code 3 to code 34. Among them, we avoid conflicts with the scheduled operations
of other QCs by adding a large objective value to those adjustment schemes. The
time required for the SC to release the container is much less than the time when the
QC spreader leaves the apron to ship to load the container and return to the apron.
Therefore, codes 18 to 22 calculate the increased objective value for delaying SC
without considering the impact on other operations of the current QC.

The emptying time of the lane includes the emptying time of all the positions under
the QC of this lane; it is the time when the last container at the position leaves the apron.
If another container preceding one container in the QC operation sequence has not been
released by SC, the emptying time of the lane where the container is located is unknown.
At the same time, the emptying time of the position in which the current SC passes at
the same lane is when the SC passes; that is, the subsequent decision should prioritise
ensuring that the current SC can reach the target position. The estimated operation time
of the current SC is calculated according to the emptying time of the same lane, so the
delay of this SC will not affect the scheduled operations of other QCs. So, we can delay
the current SC without considering the impact on the operations of other QCs.

We obtain the scheduling plan and operation time of QCs and SCs using the heuristic
algorithm under the current chromosome combination and get the objective function
value.

4.4 Genetic operation

4.4.1 Population initialisation

4.4.1.1 First stage

The upper chromosome represents the specific sequence of loading containers on the
QC, and its population initialisation process is to generate a basic chromosome with
ascending genes and, on this basis, randomly exchange the positions between genes
to generate a completely random chromosome. This random method generates an
initial population of chromosomes, enhancing population diversity to prevent premature
convergence to local optima and improve global search capability. However, because
chromosomes are randomly generated, they do not necessarily meet the requirements of
ship stowage, so it is necessary to repair illegal chromosomes in the initial population.
Figure 5 shows the initialisation of the upper chromosome. First, the first chromosome
arranged in ascending order is generated, and then some genes are randomly exchanged
to get the second chromosome. In the figure, gene 2 and gene 5, gene 4 and gene 8,
gene 10 and gene 13 are exchanged respectively. And Figure 6 shows the stowage plan.

The repair algorithm is as follows: each gene in the chromosome is sequentially
checked from the first gene of the chromosome. If the first container is directly below
the second container in the stowage plan, and the gene represents the first container
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is behind the gene, represents the second container, the positions of the two genes are
exchanged. Taking Figures 5 and 6 as an example, when the repair algorithm detects the
fourth gene of the chromosome, the gene represents the fourth container located after
the gene represents the eighth container, and the positions of the two genes need to be
exchanged. After the exchange, the repair algorithm will continue to check from the
fourth gene.

Figure 5 Initial generation and repair of the upper chromosome (see online version
for colours)
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Figure 6 Stowage plan (see online version for colours)
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After the chromosomes of the upper algorithm are genetically manipulated or restarted,
the repair algorithm will also be applied to obtain legal chromosomes.

4.4.1.2 Second stage

The lower population’s chromosome represents the lane assignment scheme for SCs,
generated based on the loading order of the upper chromosome. Thus, the design of
the lower chromosome must align with the upper chromosome’s loading order while
ensuring that assigned lanes meet the SC’s operational requirements and constraints.
To achieve system coordination and effectiveness, the initial feasible chromosome is
generated using the first-come, first-served (FCFS) principle. In this method, SCs are
assigned available lanes sequentially according to their arrival order. The algorithm
prioritises the nearest free lane upon each SC’s arrival, ensuring optimal lane resource
utilisation and minimising delays due to waiting for lane availability.
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The FCFS principle in lane assignment quickly generates an initial feasible
chromosome, ensuring it meets the problem’s basic constraints. While it does not
guarantee a globally optimal solution, it provides a reasonable starting point for the
genetic algorithm’s optimisation process. This reduces the complexity of subsequent
optimisation and facilitates crossover and mutation operations. By generating a feasible
lower population early on, this approach accelerates algorithm convergence.

Figure 7 Schematic diagram of the crossover operator (see online version for colours)
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4.4.2 Chromosome evaluation and selection operator

When the two layers of chromosomes are determined, a heuristic algorithm can be run
to obtain a plan of synchronisation operations of the QCs and SCs. Let the objective
function value of a chromosome combination be OB. Since the model aims to minimise
the waiting and completion times, equation (37) is used as the fitness function.

fitness = 1/OB (37)

The ‘champion selection algorithm’ is used as the selection operator. This method is
easy to implement, but at the same time, the method does not quickly converge to
the local optimal. The selection method strategy is very intuitive. A certain number
of individuals are randomly selected from the whole population, and individuals with
high fitness values are chosen to enter the temporary population. If multiple individuals
have the highest fitness, one is randomly selected to enter the temporary population.
After multiple screenings, until the number of temporary populations reaches the
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specified population, the individuals in the temporary population are subjected to genetic
operations such as crossover and mutation to generate a new generation of genetic
algorithms.

4.4.3 Crossover operator

In practical applications, the crossover operation must employ appropriate strategies to
ensure that the offspring individuals generated not only exhibit diversity but also adhere
to the problem’s constraints and the legitimacy of the chromosomes. This paper uses
the two-point crossover method as the crossover operator. Take Figure 7 as an example.
The specific steps are as follows:

Step 1 According to the crossover probability, select the chromosomes that need to
be crossed, taking the two chromosome parents p1 and p2 as examples.

Step 2 Randomly select the gene segments that need to cross, as the dark part
shown in the figure, and copy the dark gene segments in p2 to the same
position in c1.

Step 3 Knock out the gene in p1 that is duplicated with the dark gene segment in
p2.

Step 4 Copy the remaining genes of p1 to c1 except for the dark areas.

According to the same method, we can generate c2.

4.4.4 Mutation operator

In this paper, exchange mutation is used as the mutation operator. Figure 8 shows the
specific operation:

Step 1 Screen the chromosomes that need to be mutated based on the set mutation
probability.

Step 2 Randomly select two genes in the parent chromosome, exchange the
positions of the two genes, and generate the offspring.

Figure 8 Schematic diagram of the mutation operator (see online version for colours)
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5 Experiments

5.1 Experimental environment

5.1.1 Computation environment

This paper uses Java programming language to program and realise the double-layer
genetic algorithm in the previous chapter to verify its effectiveness in solving the
problem of synchronous loading of QCs and SCs in container terminals. It compares
the solution with that obtained by the optimisation software CPLEX (12.8.0). All
experiments are run on a computer with an Inter(R) Core(TM) i7-12650H CPU
@2.30 GHz and 16.0 GB of RAM. Because the model of the problem is complex,
CPLEX software is prone to memory overflow after running large-scale problems or
operations for more than a certain period, so this paper sets an upper limit of 2 hours
of running time.

5.1.2 Benchmark instance environment

5.1.2.1 Single QC

We generate multiple sets of examples, ranging from 5 containers to 20 containers,
to test the algorithm’s performance at different scales. The time when the SC and
its container arrive at the terminal’s apron is randomly generated based on the ship’s
stowage plan. Among them, the operation scale of some examples is the same as other
examples. Still, the SCs arrive in a concentrated manner, and the density of the SCs is
higher in a certain period. The number of lanes under the QC is 4, and the operation
time of releasing a container by SC and picking up a container by spreader are 30
and 30, respectively. The operation time of loading a container on the ship by QC
after grabbing the container is a random number between [100, 140]. Based on the past
industry experience, considering the influence of the setting of the weighting factors on
the overall optimisation goal of the system, the weighting factors a and b are set to
0.6 and 0.4 respectively, which reflects a balance, that is, giving priority to shortening
the completion time without excessively ignoring the influence of the waiting time.
The specific size is shown in Table 1. And each instance is set to run 10 times in the
experiment.

5.1.2.2 Multiple QCs

Set multiple sets of different scale examples to test the algorithm. The specific size
is shown in Table 2. The other parameters are as follows: the number of lanes under
the QC is 4, and the operation time of releasing a container by SC and picking up
a container by spreader are 30 and 30, respectively. The operation time of loading a
container on the ship by QC after grabbing the container is a random number between
[100 and 140]. The weighting factors a and b are 0.6 and 0.4, respectively. And each
instance is set to run 10 times in the experiment.



346 X. Feng et al.

Table 1 Instance parameters of single QC

Instance QC number Task number Arrival density of SCs

S-1-5-d 1 5 dispersive
S-1-5-c 1 5 concentrated
S-1-7-d 1 7 dispersive
S-1-7-c 1 7 concentrated
S-1-10-d 1 10 dispersive
S-1-10-c 1 10 concentrated
S-1-15-d 1 15 dispersive
S-1-15-c 1 15 concentrated
S-1-20-d 1 20 dispersive

Table 2 Instance parameters of multiple QCs

Instance QC number Task number Arrival density of SCs

M-2-5-5-d 2 5+5 dispersive
M-2-5-5-c 5+5 concentrated
M-2-7-7-d 7+7 dispersive
M-2-7-7-c 7+7 concentrated
M-2-10-8-d 10+8 dispersive
M-2-10-8-c 10+8 concentrated
M-3-5-5-5-d 3 5+5+5 dispersive
M-3-5-5-5-c 5+5+5 concentrated
M-3-7-7-7-d 7+7+7 dispersive
M-3-7-7-7-c 7+7+7 concentrated

5.2 Parameter tuning

The Taguchi method aims to select the parameter combination that makes the
experimental results stable and fluctuate slightly and has been adopted by many previous
studies (Zhou and Lee, 2020; Xin et al., 2024). The orthogonal table is used to choose
experimental parameters and arrange experiments. To apply the Taguchi method, seven
parameters of our interests are chosen to be tuned. They are upper population size (P1),
upper maximum generation (P2), lower population size (P3), lower maximum generation
(P4), crossover probability (P5), mutation probability (P6) and reinitialisation probability
(P7). Four different levels are chosen as potential optimal levels for parameters. Those
levels are summarised in terms of parameters in Table 14 of Appendix B.

The L32.4.7 orthogonal array of the Taguchi method is adopted to design the
experimentation. The L32.4.7 orthogonal array with corresponding parameter settings is
shown in Table 15 of Appendix B.

Ten experiments were carried out for each orthogonal number to ensure the
experiment’s effectiveness. To determine the optimal levels of the parameters, the
signal-to-noise (S/N) ratio with the bigger-the-better rule is adopted for the Taguchi
method. The S/N ratio is defined in the following:
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S/N = −10 log10
(∑n

i=1 f
2
i

n

)
(38)

where n denotes the number of experimental runs for each orthogonal number and f2
i

denotes the objective function value at ith experimental run. And we take 15 containers
of three quaysides as an example to experiment. The experimental data and S/N ratio
are shown in Table 3.

Figure 9 shows the S/N ratio plot for different levels of the parameters. When the
same parameter has multiple maximum S/N ratios, we choose the low-level parameter
value as the optimal parameter value due to the experimental running time. Therefore,
the optimal parameter values of the seven parameters are 80, 40, 50, 30, 0.85, 0.35 and
0.1, respectively.

Figure 9 The S/N ratio plot for different levels of the parameters

5.3 Comparsion between mathematical model and proposed algorithm

5.3.1 Single QC synchronisation operation

For small-scale problems, both CPLEX and genetic algorithms can obtain optimal
solutions quickly, as shown in S-1-5-d through S-1-10-d in Table 4, where the CPLEX
solving time is shorter; still, the running time difference between them is within half a
minute. As the scale and complexity of the instance continue to expand, the advantages
of the TLGA begin to manifest. The TLGA is much more efficient than CPLEX. From
S-1-10-c to S-1-15-c, the solution time of TLGA is between half a minute and one and
a half minutes, while the solution obtained by CPLEX after two hours of operation is
not better than that obtained by TLGA. It can be seen that the TLGA is far superior
to the CPLEX solver in terms of solution quality and solution time in the single QC
examples, especially when the scale of the problem is large.

For S-1-5-c, S-1-7-c, S-1-10-c, and S-1-15-c, the arrival time distribution density of
the SC is higher, and the complexity of the problem is correspondingly increased. For
small-scale instance, the increase in complexity has a lower impact on the computational
time of CPLEX. As the scale of the instance rises, the complexity of the problem will
significantly increase the computation time of CPLEX, such as in S-1-10-d and S-1-10-c.
For the TLGA, the increasing of the complexity of the problem has little effect on the
algorithm’s efficiency. The TLGA can still obtain a satisfactory solution in a very short
time, indicating that the algorithm has better performance.
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Table 3 Experimental data and signal-to-noise ratio (S/N)
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Table 4 Comparsion between Cplex and TLGA for single QC instances
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Table 5 Comparsion between Cplex and TLGA for the multiple QCs instances
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Figure 10 Upper layer and lower layer algorithm objective value convergence graph
(see online version for colours)
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For S-1-15-c, the complexity of the problem is high, and CPLEX software has not found
the optimal solution within 2 hours. Due to the congestion of SCs, the waiting time is
also high, which makes the objective function value much larger than the problem of the
same scale. The solution obtained by the TLGA is better than the best set of solutions
obtained by CPLEX. The convergence of the TLGA is shown in Figure 10, which is
the convergence of the upper-layer and lower-layer TLGA of S-1-15-c, which indicates
that the TLGA can converge well when the problem is complicated.

5.3.2 Multiple QCs synchronisation operation

Both CPLEX and TLGA can get the optimal solution quickly for small-scale
synchronous loading operations under the interference of multi-shore cranes. With
the increase of the scale of the problem, the time required for CPLEX operation
increases rapidly. The TLGA can get the optimal solution in a reasonable time, such as
M-2-10-8-d and M-2-10-8-c. In addition, it is worth noting that the running time of the
CPLEX solver varies significantly in different instances. In contrast, the running time
of the TLGA algorithm is positively correlated with the complexity of the example, and
the growth rate is small, which has a certain robustness.

In addition, it is worth noting that the complexity of the same scale problem
significantly affects the solution time of CPLEX, and the running time of the CPLEX
solver varies greatly in different examples. In contrast, the population number and
iteration times mainly affect the TLGA operation time. The running time of the TLGA
algorithm is positively correlated with the complexity of the example and has a small
growth rate, which has a certain robustness. Although the solution obtained by TLGA in
M-3-7-7-7-c is slightly worse than that obtained by CPLEX, the running time difference
between them is 80 times. The GAP value difference is very small. Considering the
quality of the solutions and time, TLGA still has significant advantages over the CPLEX
solver and can solve complex problems quickly.
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The convergence of the objective value when the TLGA solves the multiple
QCs problem is shown in Figure 11(a) and 11(b). M-2-10-8-d and M-2-10-8-c are
problems with different complexity at the same scale. The information in the figure
indicates that the complexity of the problem will slightly affect the convergence of the
genetic algorithm. Therefore, for the more complex problem, the population size and
the maximum number of iterations can be appropriately increased to obtain a better
approximate optimal solution.

Figure 11 Convergence analysis of the TLGA for M-2-10-8-d and M-2-10-8-c, (a) upper
layer (b) lower layer (see online version for colours)

.

.

.
.0 .10 .20 .30 .40

.1,690

.1,700

.1,710

.1,720

.1,730

.

.Number of iterations

.O
bj
ec
tiv
e
va
lu
e(
s)

.

. ..M-2-10-8-d

. ..M-2-10-8-c

(a)

.

.

.
.0 .5 .10 .15 .20 .25 .30 .35

.1,800

.2,000

.2,200

.2,400

.2,600

.2,800

.

.Number of iterations

.O
bj
ec
tiv
e
va
lu
e(
s)

.

. ..M-2-10-8-d

. ..M-2-10-8-c

(b)

5.4 Algorithm analysis

5.4.1 Encoding and decoding

Different encoding and decoding methods affect offspring generation, significantly
influencing solution quality and efficiency. The encoding mode defines the solution’s
representation, while decoding affects the transformation from code to concrete solution.
These methods impact population diversity, search space exploration, convergence
speed, and global optimisation efficiency.

We compare and analyse two coding and decoding methods to discuss these
differences and their influence on the algorithm’s performance. The first method is an
encoding and decoding method that generates natural number permutation and realises
mutation through random exchange. The second is the random key coding decoding
method, which encodes the solution by floating point number and generates permutation
using sorting rules.

Figure 12 shows random keys’ encoding and decoding process. Taking a
chromosome with a length of 10 as an example, when encoding, ten random numbers
from 0 to 1 are randomly generated. Each random number represents a gene, and the
sequence numbers of these genes are in ascending order from 1 to 10. Then, the genes
are arranged in ascending order according to the size of random numbers. Finally, the
corresponding serial numbers are matched. The newly generated serial number sequence
is the decoded chromosome.
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Table 6 Comparison of running results under different coding methods
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Table 7 Comparison of running results of different crossover operations
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Figure 12 Coding and decoding process of the random key method for the studied problem
(see online version for colours)
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Table 6 shows the running results under different coding methods. It can be found
that the quality and running time of the solution in random key coding mode are not
better than those in ordinary coding mode for both single-shore and multi-shore crane
instances. Compared with ordinary natural number permutation coding, the random
key coding decoding method involves processing floating-point numbers and sorting
floating-point numbers into the final solution. This process is relatively complicated,
which may increase the overall solution time, especially in large-scale problems that
require frequent coding and decoding. To sum up, although the random key coding
decoding method has high flexibility and adaptability in some aspects, it may be too
complicated, leading to a waste of computing resources, thus affecting the efficiency
and effectiveness of the algorithm.

5.4.2 Crossover

Figure 13 shows the process diagram of single-point crossing. And the experimental
results in Table 7 compare different crossover operations and show the difference
in solution time and quality between single-point crossover and two-point crossover.
Specifically, although there is little difference in the computational time between the
two crossover operations. There is almost no difference in the quality of the solution,
but the two-point crossover is better than the single-point crossover.

The nature of crossover operation can explain this difference. Single-point crossover
may not be able to break some unfavourable genetic structures in chromosomes because
it only exchanges genes in one position, thus limiting the quality of understanding. In
contrast, the more flexible recombination mode of two-point intersection enables the
algorithm to explore more areas in the search space, thus improving the quality of the
solution. Therefore, the experimental data in this paper show that although different
crossover operations have little influence on computational efficiency, two-point
crossover has advantages in solving quality, especially in problems with large and
complex solution space. The two-point crossover is helpful to improve the overall
performance of the algorithm.
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Table 8 Comparison of running results of different mutation operations
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Figure 13 Single-point intersection process diagram (see online version for colours)

2 1 3 5 4 6 8 7 9 10p1

1 3 2 6 4 7 8 5 10 9

1 3 2 6 4 7

2 1 3 5 4 6

5 8 9 10

1 3 2 6 4 7

1 3 2 6 4 7 5 8 9 10

2 1 3 5 4 6 7 8 10 9

p2

c1

c2

p1

c1

c1

c2

Cross over point

5.4.3 Mutation

Figure 14 shows a schematic diagram of insertion mutation, defined as inserting the
first gene after the last gene to generate a new individual. This mutation operation can
significantly increase the diversity of individuals while retaining most of the genetic
information.

Figure 14 The process diagram of insertion mutation (see online version for colours)
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Table 8 compares the running results of different mutation operations. Due to the simple
operation, insertion mutation has low complexity and shorter running time. However,
the degree of variation is low; most of the parent’s information is retained, and it is
easy to fall into the local optimum. The quality of the solution is worse than that of the
exchange variation.
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5.5 Sensitive analysis

Through the sensitivity analysis, the effects of the parameters on the synchronous
operation of the QC and the SC are studied, such as the container pick-up time of the
QC, the release operation time of the SC, and the number of lanes. We found that the
pick-up operation time of the QC and the number of lanes have a more significant
impact on the objective value, while the release operation time of the SC has less effect.
This is because the SC’s container dropping time is shorter than the overall operation
time of the QC. At the same time, the collision between the SC and the QC is less after
the scheduling of the algorithm, which makes the impact of the SC’s container dropping
on the QC’s operation less. In addition, only the waiting time of the SC is considered
in the objective function. The impact of the SC’s container dropping time on the target
value is much less. However, the time of container grabbing and the number of lanes
directly affect the completion time of the QC and the waiting time of the SC, and they
have a significant influence on the target value.

Figure 15 Sensitive analysis for container pick-up times (see online version for colours)
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5.5.1 The impact of the pick-up operation time of the QC

In this section, two medium-scale examples (18 container tasks, 2 QCs) are set up, and
the distribution density of the SC arrival time of M-2-10-8-c is higher. The impact on
the synchronous loading operation efficiency and algorithm performance was tested by
changing the pick-up operation time. The experimental results are shown in Table 9.
And Figure 15 shows the running results under different examples. As can be seen from
the figure, with the increase of container grabbing time of the QC, the objective function
values of the two examples show an increasing trend, and the increase rate is gradually
increasing. It is worth noting that the increase of the target value of M-2-10-8-c is more
significant than that of M-2-10-8-d, which indicates that the rise of the grabbing time of
the QC has different effects on different operation scenarios. Specifically, the extension
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of the container grabbing time of the QC not only has a significant negative impact on
its working efficiency, resulting in a significant decrease in its working efficiency, but
it also further aggravates the SC’s waiting time. The scheduling of SCs depends on the
grab operation of the QC, so the idle waiting time of SCs increases with the extension
of the operation time of the QC, which affects the overall operation efficiency. It can
be inferred that optimising the operation time of the QC is of great significance for
improving the overall efficiency of the system and reducing the waiting time.

Figure 16 Sensitive analysis for release operation time (see online version for colours)
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5.5.2 The impact of the release operation time of the SC

A medium-sized task (18 container tasks and 2 QCs) is also set up, and its influence
on the algorithm’s performance and the efficiency of synchronous operation is tested
by changing the time when the SC falls into the container. The experimental results
are shown in Table 10, which clearly shows the influence of the change of SC’s
container dropping time on the target value and running time of two examples. It
can be observed that the target value and running time of the two examples show
an increasing trend with the increase in the time for the SC to drop the container.
Figure 16 further shows the specific situation in which the target values of different
examples change with the time the SC falls into the container. As can be seen from
the figure, the increase of the target value of the two examples is similar, which
indicates that the change in the container-dropping time of SCs has little influence
on the efficiency of synchronous operation. That is to say, although the increase in
the SC’s container-dropping time has a certain impact on the target value and running
time, compared with the significant effect of the grab time of the QC on the operation
efficiency, the impact of the SC’s container-dropping time on the overall synchronous
operation efficiency is relatively small. It can be inferred that under medium-scale
tasks, optimising the container-dropping time of SC will not significantly improve the
overall efficiency of synchronous operation. On the contrary, more remarkable efficiency
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improvement may come from optimising the operation time of the QC. This shows that,
in practice, the scheduling of SCs should be controlled within a reasonable range, and
the improvement of operation efficiency mainly depends on the optimal management of
critical links, such as the operation time of QC.

5.5.3 The impact of the lane number

The number of lanes, that is, the size of the buffer zone under the QC, is an index to
measure the QC’s ability to solve special situations (a large number of SCs arrive at
the wharf front in a short time). Two sets of SC examples (18 containers and 2 QCs)
with different time distribution densities are also designed for comparative experiments
to study the influence of the number of lanes on the efficiency of wharf front work.
This experiment aims to evaluate the correlation between the number of lanes and the
efficiency of synchronous operation.

The experimental results are shown in Table 11, which shows that with the increase
in the number of lanes, the efficiency of wharf operation is gradually improved, and
the target values of the two groups of examples show a downward trend. Figure 17
shows the specific influence of the number of lanes on the target value. It can be
observed that with the increase in the number of lanes, the synchronous operation
efficiency is continuously improved, and the objective function value is gradually
reduced, reflecting the optimisation effect of the algorithm. Specifically, M-2-10-8-d
and M-2-10-8-c achieved their optimal target values when using four and five lanes,
respectively, indicating that the number of lanes in these two examples can achieve the
best resource scheduling and utilisation effect.

To sum up, rationally allocating the number of lanes in the buffer zone under the
QC is crucial for optimising the wharf front’s operation efficiency. Especially in a
scene with a large time distribution density of SCs, increasing the number of lanes
can significantly improve the efficiency of synchronous operation and reduce the target
value, thus improving the overall operation performance.

Figure 17 Sensitive analysis for line number (see online version for colours)
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Table 9 Experimental results under different container pick-up times of the QC
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Table 10 Experimental results under different release operation time.
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Table 11 Experimental results under different lane numbers
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6 Conclusions

The QC, which is the most critical equipment at the container terminal, affects the
efficiency of the loading and unloading operation of container vessels. This paper
considers studying the QC and SC in cooperative operation. The contributions are
summarised as follows.

1 An optimisation model for the simultaneous loading of QCs and SCs under
flexible loading and unloading sequences is established to minimise QC
completion time and SC waiting time. The model takes into account several
practical constraints in the operation of QCs and SCs, including QC trolleys
cannot cross SCs with boxes, QCs and SCs cannot work in adjacent lanes at the
same time, and the constraints of ship stowage. The effect of containers stored on
the lower lanes of other QCs on the SC when multiple QCs are loading and
unloading at adjacent locations is also considered. An optimal solution to the
small-scale problem can be obtained by solving the model using mixed integer
programming solvers.

2 This paper designed a dynamic adjustment heuristic algorithm combined with a
greedy strategy, which can efficiently solve the simultaneous operation scheme of
the QC and SC under the given container loading sequence and priority. To
optimise the container loading order and priority, a two-layer genetic algorithm is
established to solve the subproblem, in which the upper layer of the genetic
algorithm solves the operation sequence of the QC, and the lower layer of the
genetic algorithm solves the decision-making sequence of the SCs (the priority of
the SCs in choosing the lanes). Then, the heuristic and genetic algorithms are
integrated to construct a two-layer hybrid genetic algorithm to solve the problem
studied in this paper.

3 The combination of genetic algorithm parameters that makes the experimental
results stable and less volatile is selected through the Taguchi test. The comparison
experiments of CPLEX and the two-layer genetic algorithm are carried out. The
experimental results show that the two-layer genetic algorithm has a better-solving
performance on small and medium-sized problems. This paper also analyses the
effects of different coding methods, crossover operations, and mutation operations
on the quality of the solution. The results show that the natural number coding
method outperforms the random key coding method. The two-point crossover
operation yields higher-quality solutions than the single-point crossover operation.
Compared with the insertion mutation operation, the exchange mutation operation
can increase the population’s diversity and the solution’s quality.

4 Sensitivity analyses show that the terminal crane container-grabbing time. The
number of lanes significantly impacts the target value, and the trans-carrier
drop-off time has a minor impact on the target value. Among them, the terminal
crane container-grabbing time not only affects the completion time of the terminal
crane but also increases the waiting time of the trans-carrier because it reduces the
operational efficiency of the terminal crane and makes the container task pile up.
Therefore, priority needs to be given to ensuring the operational efficiency of QCs
under certain circumstances. The transporter’s drop time is shorter than the QC’s
overall operating time. At the same time, after the scheduling algorithm, there are
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fewer conflicts between the transporter and the QC, which makes the drop of the
transporter have less impact on the operation of the QC. The number of lanes
affects the buffer capacity of the QC in the face of the peak period of
trans-shipment trucks, and an increase in the number of lanes reduces the waiting
time of trans-shipment trucks and improves the efficiency of trans-shipment truck
operations. Therefore, in the actual operation, the focus should be on improving
the operational efficiency of the QC to grab the container.

In this paper, the time of the trans-carrier’s arrival at the quay front is considered known,
and the trans-carrier’s scheduling problem can be considered in the future studies. In
addition, the ship unloading operation can be also taken into account in the problem.
It can also be considered in an integrated way with the scheduling problem of the
trans-carrier for the optimisation of the simultaneous operation of loading and unloading
of the container vessel.
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Appendix A

Notations and variables

Table 12 Notations

Set

K Set of all QCs assigned for a vessel
Nk Set of containers planned to be loaded by the kth QC
C A virtual container task
Mk The union of Nk and C

Parameters

a Weighting factor of the objective function
b Weighting factor of the objective function
M A sufficiently large positive number
m Number of lanes under the QC.
nk number of containers needed to be loaded by the kth QC.
tq The time required for the spreader of the QC to pick up a container (s).
ts The time required for the SC to release a container (s).
eik The operation time of the kth QC for the ith container from the lane to the ship,

which is the time required for the spreader to move from the apron to the assigned
slot, put the container into the slot and return from the slot to the apron (s).

Aik The arrival time of the SC with the ith container loaded by the kth QC.
Gijk 1, if the j th container is loaded on the ith container by the kth QC; 0, otherwise.

Table 13 Decision variables

Decision variables

Xik Lane number for the ith container loaded by the kth QC.
Ss
ik Release starting time for the ith container by an SC loaded by the kth QC.

Derived decision variables

Dijk 1, if the kth QC handles j th container after ith container immediately; 0, otherwise.
Rik A variable to make sure there are no sub-loop.
F s
ik release finishing time for the ith container by an SC.

Sq
ik pickup starting time for the ith container by QC.

F q
ik pickup finishing time for the ith container by QC.

Lijkl 1, if the ith container loaded by the kth QC is positioned in a lane closer to the
waterside than the j th container loaded by the lth QC; 0, otherwise. The lane is
numbered in the increasing sequence from the waterside to the landside.

Zqs
ijk 1, if the QC pickup operation for the ith container is finished before the SC release

operation for the j th container starts; 0, otherwise.
Zsq

ijk 1, if the SC release operation for the ith container is finished before the QC pickup
operation for the j th container starts; 0, otherwise.

Zas
ijkl 1, if the SC release operation for the ith container loaded by the kth QC is started

before the SC release operation for the j th container loaded by the lth QC starts; 0,
otherwise.
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Table 13 Decision variables (continued)

Derived decision variables

Zqa
ijkl 1, if the kth QC pickup operation for the ith container is finished before the SC

release operation for the j th container loaded by the lth QC starts; 0, otherwise.
Zds

ijkl 1, if the SC release operation for the ith container loaded by the kth QC is finished
before the SC release operation for the j th container loaded by the lth QC starts; 0,
otherwise.

Zqd
ijkl 1, if the kth QC pickup operation for the ith container is finished before the SC

release operation for the j th container loaded by the lth QC finish; 0, otherwise.
Uijk 1, if the ith container is handled at the lane which is larger than the lane of the jth

container by at least two lanes; 0, otherwise.
Wik the waiting time of one SC when operating the ith container.

Appendix B

Parameter levels

Table 14 Parameter levels

Level Parameters

P1 P2 P3 P4 P5 P6 P7

1 40 20 30 20 0.65 0.25 0.05
2 60 30 50 30 0.75 0.35 0.10
3 80 40 70 40 0.85 0.45 0.15

Table 15 The L32.4.7 orthogonal array of the Taguchi method

Orthogonal
number

Parameters

P1 P2 P3 P4 P5 P6 P7

1 40 20 30 20 0.65 0.25 0.05
2 40 20 50 30 0.95 0.55 0.15
3 40 30 70 50 0.65 0.35 0.15
4 40 30 90 40 0.95 0.45 0.05
5 40 40 30 40 0.75 0.55 0.10
6 40 40 50 50 0.85 0.25 0.20
7 40 50 70 30 0.75 0.45 0.20
8 40 50 90 20 0.85 0.35 0.10
9 60 20 70 50 0.85 0.55 0.10
10 60 20 90 40 0.75 0.25 0.20
11 60 30 30 20 0.85 0.45 0.20
12 60 30 50 30 0.75 0.35 0.10
13 60 40 70 30 0.95 0.25 0.05
14 60 40 90 20 0.65 0.55 0.15
15 60 50 30 40 0.95 0.35 0.15
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Table 15 The L32.4.7 orthogonal array of the Taguchi method (continued)

Orthogonal
number

Parameters

P1 P2 P3 P4 P5 P6 P7

16 60 50 50 50 0.65 0.45 0.05
17 80 20 70 20 0.95 0.35 0.20
18 80 20 90 30 0.65 0.45 0.10
19 80 30 30 50 0.95 0.25 0.10
20 80 30 50 40 0.65 0.55 0.20
21 80 40 70 40 0.85 0.45 0.15
22 80 40 90 50 0.75 0.35 0.05
23 80 50 30 30 0.85 0.55 0.05
24 80 50 50 20 0.75 0.25 0.15
25 100 20 30 50 0.75 0.45 0.15
26 100 20 50 40 0.85 0.35 0.05
27 100 30 70 20 0.75 0.55 0.05
28 100 30 90 30 0.85 0.25 0.15
29 100 40 30 30 0.65 0.35 0.10
30 100 40 50 20 0.95 0.45 0.10
31 100 50 70 40 0.65 0.25 0.10
32 100 50 90 50 0.95 0.55 0.20


