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Abstract

This paper investigates the energy-efficient collaborative scheduling of dual-trolley quay
cranes (DTQCs) and automated guided vehicles (AGVs) in automated container terminals
(ACTs). Considering operational constraints such as mixed bidirectional flows, limited
buffers, precedence constraints, and deadlocks, this complex logistical system is formally
characterized as a blocking hybrid flow shop scheduling problem (BHFSSP-BFLB). To sys-
tematically minimize the total energy consumption, a mathematical framework grounded
in a mixed-integer programming model is developed. To solve the model efficiently, an
improved genetic algorithm (IGA) is proposed featuring a two-layer encoding approach
to respect precedence and mitigate deadlocks. Furthermore, an active scheduling strat-
egy based on machine idle time insertion is incorporated during decoding to shorten the
makespan without increasing energy consumption. Numerical experiments demonstrate
that the IGA can significantly decrease the makespan while reducing total energy consump-
tion: compared with a standard genetic algorithm (GA) without active scheduling, the
proposed IGA reduces the makespan by 32.35% on average. In addition, the makespan
under energy minimization is within 1.5% of that under makespan minimization, indicating
that energy optimization yields an almost minimal makespan. Sensitivity analysis further
evaluates the effects of DTQC-AGV configurations and buffer capacities, offering practical
insights for decision-makers.

Keywords: automated container terminals; collaborative scheduling; energy efficient;
improved genetic algorithm; active scheduling strategy

1. Introduction

Ports are critical nodes in global logistics networks, handling more than 80% of interna-
tional cargo by volume [1]. The rapid growth of containerized trade has placed increasing
pressure on terminals to operate more efficiently, while the International Maritime Orga-
nization (IMO) and leading port operators are promoting a transition toward low-carbon
and intelligent port systems [2]. As major energy consumers, container terminals face
the dual challenge of improving productivity and minimizing environmental impact [3].
Consequently, enhancing energy efficiency through collaborative operations has become a
key pathway for the green transformation of ports.
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In recent years, automated container terminals (ACTs) have emerged as a cornerstone
for achieving both sustainability and high operational efficiency in port logistics. Driven by
automation, intelligent planning, and advanced control systems, ACTs can significantly
improve productivity while reducing labor costs [2]. However, uncoordinated interac-
tions among the components of integrated automated handling systems often lead to idle
waiting, redundant movements, and unnecessary energy consumption [4]. As a result,
enhancing efficiency in ACTs transcends mere throughput maximization; it fundamentally
necessitates a rigorous approach to waste reduction, minimizing energy losses caused by
ineffective scheduling. Motivated by this observation, this study focuses on minimizing
total energy consumption (TEC) as its primary optimization objective, while also examining
how intelligent scheduling strategies can maintain or even enhance operational efficiency.
Accordingly, the main challenge in modern ACTs is therefore no longer the implementation
of automation itself, but rather the coordination of heterogeneous equipment.

Figure 1 delineates the layout of an ACT, dividing it into three functional zones: the
quayside interface, the horizontal transit area, and the yard storage blocks [5]. Among
various ACT subsystems, dual-trolley quay cranes (DTQCs) play a pivotal role in linking
seaside and landside operations [6]. Each DTQC integrates a main trolley, a transfer plat-
form, and a portal trolley, and requires precise synchronization with AGVs to ensure a
continuous flow of containers. The DTQC-AGYV collaboration, however, remains a critical
challenge due to the timing mismatches that result in idle waiting and redundant move-
ments, ultimately affecting operational efficiency and energy consumption [7,8]. Optimiz-
ing the collaborative scheduling of DTQCs and AGVs to reduce inter-equipment waiting
time remains a significant research challenge and a hot topic in the field of ACT operations.
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Figure 1. The layout of an automated container terminal.

Recent studies on equipment scheduling in ACTs provide valuable insights into oper-
ational optimization. However, the majority of existing studies make simplifying assump-
tions about several practical constraints present in ACT operations. Specifically, the existing
literature often refers to constraints such as dual cycling, buffer limits, or blocking; these
factors are often examined in isolation rather than as part of an interacting system [7,9,10].
In contrast, this paper jointly accounts for mixed loading and unloading bidirectional
flows, the limited buffers of DTQCs, container precedence constraints, and blocking and
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deadlocks observed in real ACTs. Meanwhile, numerous studies have demonstrated that
reducing empty travel, idle waiting, and blocking not only significantly decreases energy
consumption but also simultaneously enhances operational efficiency; these two objectives
are not conflicting but strongly and positively correlated [8,11,12]. On this basis, we for-
mulate a mixed-integer programming model with the objective of minimizing total energy
consumption and propose an improved genetic algorithm (IGA) that incorporates an active
scheduling strategy based on machine idle time insertion during decoding. This strategy
helps shorten the makespan without increasing energy consumption, thereby achieving
energy-efficient scheduling.

To address the aforementioned challenges, this paper investigates the collaborative
scheduling problem of DTQCs and AGVs in ACT by explicitly considering the opera-
tional characteristics, with the aim of optimizing energy consumption while maintaining
operational efficiency. The main contributions are summarized as follows:

1.  We analyze the energy consumption of equipment in three operational states: loaded,
waiting, and empty. The objective is to minimize total energy consumption while con-
sidering actual operational constraints, including mixed loading and unloading bidi-
rectional flows, the limited buffers of DTQCs, machine eligibility constraints, container
precedence constraints, and issues related to blocking and deadlocks. By adopting a
hybrid flow shop scheduling framework, we map the collaborative scheduling prob-
lem of DTQCs and AGVs into a blocking hybrid flow shop scheduling problem with
bidirectional flows and limited buffers (BHFSSP-BFLB) and develop a corresponding
MIP model.

2. We propose an IGA that can effectively solve the BHFSSP-BFLB model. A two-layer en-
coding method incorporating container precedence constraints is designed to ensure
compliance with the prioritized processing sequence of containers in ACTs while effec-
tively mitigating system deadlocks. During decoding, an active scheduling strategy
based on the insertion of machine idle time is introduced to minimize the makespan.

3. The effectiveness of the proposed BHFSSP-BFLB model and the IGA in solving this
collaborative scheduling problem is validated through numerical experiments. The
results demonstrate that the scheduling solutions generated by the active scheduling
strategy can significantly reduce total energy consumption while simultaneously
decreasing the makespan. Moreover, the numerical experiments reveal the interaction
between makespan and energy consumption optimization, providing a useful theoret-
ical basis and decision-making reference for energy-efficient scheduling in ACTs.

2. Literature Review
2.1. Collaborative Scheduling in Automated Container Terminals

In recent decades, operations research in the maritime sector has increasingly focused
on optimization in terminal logistics, particularly concerning resource allocation. To keep
models computationally tractable, many studies restrict integrated scheduling to only one
or two equipment types [13]. In this context, Stahlbock and Vo8 [14] provided a compre-
hensive survey of operations research methodologies applicable to this specific domain.
Building on these foundations, this section briefly reviews key findings in equipment
scheduling at container terminals.

Quay cranes (QCs) serve as the primary interface for vessel cargo operations, handling
the loading and discharging of containers, and their efficiency strongly influences overall
terminal productivity [15]. Wei et al. [16] addressed the Quay Crane Scheduling Problem
(QCSP) via a linear integer model that rigorously enforces time-window adherence. Abou
Kasm and Diabat [17] introduced an exact solution methodology that integrates a refined
partition heuristic and a branch pricing algorithm for QCSP, considering non-crossing and
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safe spacing constraints under single-ship operation to reduce the movement of quay crane
repositioning. Chang et al. [18] developed a multi-vessel QCSP framework employing
a dynamic rolling horizon approach to address container handling under dynamic ship
arrival time. Functioning as the critical logistic link between the quay and the yard,
AGYVs are essential for fluid cargo transfer, and their efficiency plays an important role in
determining the performance of the entire system. Cao et al. [19] proposed a two-layer
differential evolution algorithm to optimize the two-way transportation mode in the AGV
scheduling problem. Hu et al. [20] devised an IP formulation to specifically resolve conflicts
arising from head-on encounters and node occupation. Focused on AGV navigation, Zhong
et al. [21] developed an MIP model designed to ensure collision-free trajectories based on
path optimization, integrated scheduling and conflict deadlock.

Despite the extensive literature on isolated equipment optimization, the strong opera-
tional interdependence among different resources in ACTs indicates that single-equipment
optimization without coordination may be insufficient for achieving system-level optimal-
ity. Therefore, this paper investigates coordinated scheduling of automated handling units
across operational stages to mitigate inter-equipment interference and enhance overall
terminal performance.

For the collaborative scheduling problem of multiple pieces of equipment, Yue et al. [6]
proposed a two-stage dual-objective mixed integer programming model and an improved
non-dominated sorting genetic algorithm for the DTQCs and AGVs configuration and
scheduling optimization problem. Liang et al. [22] utilized GA to manage the dynamic
scheduling variables of quay cranes and AGVs grouping work surface scheduling formula
for the joint scheduling problem. Hop et al. [23] framed the integrated scheduling task as
an MIP problem, subsequently applying adaptive particle swarm optimization to solve
this model. Duan et al. [24] presented a model that explicitly factors in land-side buffer
constraints during integrated scheduling and optimized it using the improved NSGA-IL

To address integrated scheduling in ACTs, some studies model the problem as a hybrid
flow shop (HFS) scheduling problem and draw on corresponding solution methods. Qin
et al. [25] conceptualized the integrated scheduling workflow as a three-stage HFS problem
and proposed a solution method combining mixed integer and constraint programming.
Furthermore, Qin and Liang [26] built a flexible flow shop model that strictly incorporates
buffer limitations for the integrated scheduling problem; the NEH heuristic algorithm and
GA were designed to solve the problem. Jonker et al. [10] constructed a mixed-flow shop
scheduling model considering characteristics including simultaneous bidirectional traffic
for loading and unloading, job pairing, blocking, and machine-specific constraints, and
designed a simulated annealing algorithm for solving it. Similarly, Zhuang et al. [7] aligned
integrated scheduling with the Blocked HFS model, accounting for buffer constraints, and
designed an adaptive large neighborhood search algorithm to solve it.

While numerous algorithmic approaches exist for multi-equipment collaboration, a
gap still exists in effectively integrating the complex characteristics of ACT, such as mixed
loading and unloading bidirectional flows, limited buffers of DTQCs, machine eligibility
constraints, container precedence constraints, and issues related to blocking and deadlocks.

2.2. The ACT Scheduling Considering Energy Consumption

More recently, the energy consumption of container terminals has emerged as a key
area of scholarly focus, particularly with the rapid development of ACTs.

Regarding the scheduling of individual machinery units, Tan et al. [27] established
an MIP model for QCSP and quantitatively analyzed the relationship between operation
efficiency and energy consumption. Li et al. [28] aimed to simultaneously minimize
vessel turnaround duration and the energy burn rate of quay cranes. This resulted in a
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bi-objective MIP model, solved using branch-and-bound methodologies. Yang et al. [29]
created a model specifically tailored for battery-operated AGVs, factoring in charging
needs, considering recycling demand and battery swapping station capacity constraints.
Xiao et al. [30] investigated the minimization of the sum of energy cost and delay cost
for AGV scheduling in hybrid mode of charging and switching, built an MIP planning
structure and solved it via an adaptive large neighborhood search algorithm.

For multi-equipment collaborative scheduling, Zhao et al. [31] constructed an MIP
model for energy consumption considering the capacity limitation of the transfer platform
and suggested a two-stage tabu search algorithm as the primary solver. Yue et al. [32]
devised a two-stage MIP model centered on minimizing aggregate energy usage of DTQCs
and AGVs, respectively, and proposed a local enumeration strategy and genetic algorithm.
Fan et al. [33] explored scheduling protocols within the context of single-ship operations,
taking into account factors such as the capacity limits of transfer platforms and yard
buffer racks, as well as AGV endurance time. Fontes and Homayouni [9] examined the
coordination between quay cranes and variable-speed transport vehicles under a double-
cycle strategy, developed a mixed integer linear programming model and proposed a
bi-objective multi-population biased stochastic key genetic algorithm. Luo et al. [34]
studied the integrated scheduling problem of the quay cranes and IGVs under loading
operation mode, formulated an MIP model and applied a dimensional mutation sparrow
search algorithm. Sun et al. [11] constructed a multi-equipment integrated scheduling
model with the objective of minimizing the maximum completion time of quay crane and
the energy consumption of AGV transportation and solved it by combining simulated
annealing and genetic algorithm. Xing et al. [8] focused on the tri-partite scheduling
involving QCs, YCs, and AGVs with speed optimization, constructed an MIP model and
designed a three-stage method to solve this problem. Under the layout background of
U-shaped ACT, Niu et al. [35] developed an MIP model for integrated scheduling that
accommodates multi-point transfer operations of quay cranes, IGVs, double-cantilever
yard cranes and outer trucks in multi-point loading and unloading mode and designed a
decision tree learning algorithm based on a heuristic Monte Carlo tree search algorithm.
Considering the uncertain arrival time of the external trucks, Xu et al. [36] investigated
the joint scheduling dynamics between DTQCs, AGVs, double-cantilever yard cranes and
external trucks. To simultaneously curb carbon emissions and reduce the makespan of
loading and unloading equipment, an integrated scheduling model was constructed, and
an improved hybrid genetic cuckoo algorithm was proposed.

Despite the attention paid to energy consumption optimization in ACT collaborative
scheduling, most existing studies focus solely on the single optimization of energy consump-
tion or efficiency, without fully considering the relationship between the two objectives.

2.3. Research Gap

As shown in Table 1, the research on collaborative scheduling of container terminal
equipment has made some progress.

However, there are still the following problems that need to be studied: (1) Most of
the studies only consider a single unloading or loading operation, but in actual operation,
given that loading and unloading frequently occur in tandem, operational complexity
is heightened; (2) For the ACT scheduling process of limited capacity buffers, container
loading and unloading precedence constraints, blocking, deadlocks and other terminal
operation characteristics are usually considered separately, and current frameworks fail to
fully capture the multifaceted constraints of collaborative scheduling of DTQCs and AGVs
for ACT; (3) Most existing studies consider only energy consumption or only operational
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efficiency when addressing collaborative or few studies explore methods to curtail energy
use in multi-equipment ACTs without compromising operational efficiency.

Table 1. Summary of the literature.

. N . e Solution
Equipment Objective Operational Characteristic Method
Literature — -
QC DTQC AGV  YC  Energy Efficiency MLUBF* 'é‘l‘l‘;;te‘;d g:’:oll‘llo"cgk/
Yue et al. [6] vV Vv Vv Vv EA +IGA
Zhuang et al. [7] Vv v Vv V4 Vv V4 Vv ALNS
Xing et al. [8] Vv Vv 4 V4 v Three-phase
Fontes et al. [9] v Vv Vv V4 mp-BRKGA
Jonker et al. [10] v v 4 v V4 vV TSA
Sun et al. [11] Vv V4 Vv Vv v vV SA-GA
Qin et al. [25] v Vv Vv Vv Vv MIP + CP
Luo et al. [34] Vv vV Vv DMSSA
Bish et al. [37] v Vv Vv v Vv TLS
This paper Vv v 4 v Vv vV v IGA

* MLUBF means mixed loading and unloading bidirectional; presence of a checkmark indicates included and its
absence indicates not included.

To address the above challenges, this paper develops a BHFSSP-BFLB model by
considering practical operational constraints, such as mixed bidirectional flows, limited
buffers, precedence constraints, and deadlocks. Meanwhile, an improved genetic algorithm,
combined with an active scheduling strategy based on idle time insertion, is then proposed.
This approach effectively minimizes energy consumption while preserving operational
efficiency, thereby achieving high energy-efficient scheduling.

3. Problem Description and Mathematical Modeling
3.1. Problem Description

ACT workflows can be divided into two directional flows: import (unloading) and
export (loading) logistics. In import operations, the cycle begins when the DTQC’s main
trolley hoists a container from the vessel to the transfer platform. The portal trolley
moves the container from the platform onto a waiting AGV, which completes the cycle by
delivering the container to its assigned block. Conversely, export operations follow the
reverse flow, starting with an AGV retrieving a container from the yard, delivering it to
the DTQC, transferring it via the portal trolley to the transfer platform, and finally loading
it onto the vessel by the main trolley. In ACTs, both loading and unloading operations
are executed concurrently, thereby increasing the complexity of equipment collaboration
and scheduling.

In the collaborative scheduling problem of DTQCs and AGVs, import containers
sequentially pass through four stages: the main trolley, the transfer platform, the portal
trolley, and the AGV, while export containers follow the sequence of the AGV, the portal
trolley, the transfer platform, and the main trolley. At each stage, only one single piece of
equipment is responsible for handling operations. In flow shop scheduling, a job must
pass through multiple processing stages sequentially from start to finish. Thus, the joint
scheduling of DTQCs and AGVs naturally conforms to the BHFSSP-BFLB problem structure
with bidirectional flows and limited buffers. The corresponding mapping between the two
is illustrated in Figure 2.

Key characteristics defining this specific collaborative scheduling problem include:
(1) Mixed loading and unloading bidirectional flows: The simultaneous processing of
inbound and outbound flows. (2) Limited buffers of DTQCs: The transfer platform serves
as a finite buffer zone during the operation process, alleviating deadlocks caused by the
mixed loading and unloading bidirectional flows to some extent. However, the transfer
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platform has a capacity limit, and once the capacity is reached, new containers can no longer
be placed. (3) Container precedence constraints: In actual ACT operations, upper-layer
containers must be unloaded before lower-layer containers, and lower-layer containers
must be loaded before upper-layer containers. (4) Equipment Eligibility: A specific DTQC’s
trolley and platform must exclusively handle assigned containers. (5) Blocking: The
operation processes of ACT equipment are interconnected and tightly dependent. Upstream
equipment can only release completed jobs and proceed to the next task when downstream
equipment becomes available. (6) Deadlock: Simultaneous bidirectional flows may trigger
operational stalemates if the scheduling scheme lacks collaboration. For example, when
an AGV delivering an export container arrives under the portal trolley while the portal
trolley is ready to unload an import container onto the same AGYV, both the portal trolley

and AGYV are unable to process the current container or receive new containers, resulting in
a local deadlock.

Stage 1 Stage 2 Stage 3 Stage 4

Machine 1 Machine 1

Job Machine 2 Machine 2

Machine Machine

M2 M4

Transfer
Transfer

AGV2

Import Platform2 Export
Container p— Container

ransfer
Transfer

Platform4 =L,

Figure 2. Schematic of HFS applied to the collaborative scheduling problem.

3.2. Mathematical Modeling
3.2.1. Assumptions and Notations

The following assumptions are adopted in this study to render the problem mathe-
matically tractable for modeling:
1. All containers and their handling types are known, regardless of new arrivals.
2. All AGVs can be shared by all DTQCs.
3. There is no mutual interference between DTQCs.
4. The release and extraction time of containers at the AGV or transfer platform

are known.
5. The storage locations of the containers on the ship and in the container yard are known.
6.  Once a handling operation has started, it must not be interrupted.

7. Each capacity location on the transfer platform is modeled as a single piece
of equipment.

8. The yard bulffer is set to infinite capacity, and there is no waiting time for AGVs to
hand over containers.

9.  The operation of the transfer platform does not involve significant energy consump-
tion and is only used as a temporary storage point for containers.
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The notations used in the mathematical formulation are shown in Table 2.

Table 2. Definition of parameters and decision variables.

Decision variable

xl-]-m :
Yikj
Zikjm *
ul‘]‘m :
tij :
T’i]' :

Notations Description
Parameters:
ik: Index of container job
0: Index of initial virtual job
0: Index of final virtual job
j: Index of stage
m: Index of equipment
u: Set of import container job
L: Set of export container job
N: Set of container job, N = UUL
No: Set of initial virtual job
Np: Set of final virtual job
H: A sufficiently large positive real number
pij : Processing time of job i at stage j
M Equipment set of job i at stage j
M;(m) Set of equipment available at stage j determined by equipment m
Sikj Adjustment time of switching from job i to job k at stage j
P Set of container job pairs with priority constraints, when (i, k) € P, job i must precede job k
cl. Unit-loaded energy consumption of.equipment at each stage, j = 1,3,4, respectively,
j corresponds to the main trolley, portal trolley and AGV
c2. Unit empty energy consumption of gquipment at each stage, j = 1,3,4, respectively,
J corresponds to the main trolley, portal trolley and AGV
c3 Unit waiting energy consumption of equipment at each stage, j = 1,3,4, respectively,

corresponds to the main trolley, portal trolley and AGV

Binary variable that equals one if job i is processed by equipment m at stage j, and
zero otherwise
Binary variable that equals one if job i is processed before job k at stage j, and
zero otherwise
Binary variable that equals one if job i is processed immediately before job k by equipment
m at stage j, and zero otherwise
Waiting time before processing job i by equipment m at stage j
Start time of job 7 processing at stage j
Release time after processing of job i at stage j

3.2.2. Mathematical Model

The core objective of our mathematical formulation is to minimize the total energy
consumption of the AGV and DTQC fleets. Operational energy expenditure is calculated
across three states: loaded, empty, and waiting.

The loaded energy consumption primarily depends on the storage location of the
container on the vessel and within the yard block. It is calculated as the product of
the equipment’s operating time and its unit-loaded energy consumption, as shown in

Equation (1):
TECl = Z Z Z C/l X xi]-m X pl] (1)
i€N je{1,3,4} meM;;

The empty energy consumption is primarily influenced by the terminal scheduling
scheme. It is determined by the transfer time of the equipment between containers. Specifi-
cally, it is defined as the product of the empty load time and the empty energy consumption
rate per unit time. This energy consumption occurs during the interval between completing
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the current container and moving to the starting point of the next container, as shown in

Equation (2):
TEC, = Z E Z Z C]2 X Zz‘k'm X Sikj @
iENKEN je{1,3,4} mEM;; !

The waiting energy consumption occurs when the current-stage equipment has com-
pleted processing a container but must wait because the next-stage equipment is still
occupied or the previous-stage equipment has not yet finished processing. Both situations
can be generalized as follows: before processing the next container, the equipment must
complete the current job and then pass through the empty load time and waiting time
(which can be zero). The waiting energy consumption is calculated as the product of the
waiting time before the equipment processes the next container job and the unit waiting
energy consumption value, as shown in Equation (3):

TEC=1Y, Y, Y, C xuy, 3)

iENj€{1,3,4} mEMij

The BHFSSP-BFLB model is designed to minimize the total energy consumption of
DTQCs and AGVs during operation with the following objective function and constraints:

min TEC = TECy 4+ TEC; + TEC3 (4)
Subject to

tij + pij < ti1),  Vie U,Vje€{1,2,3} ®)

ti+ pij < tig—1), Vi€ LVje {234} (6)

rij = tiger), Vi€ U, Vj € {1,2,3} @)

rj=ti+tpg  VieUVje {4} ®

rij = tij—1), Vi€ LVje {234} )

rij =tj_1y, VieLVje {234} (10)

The objective function (4) minimizes the total energy consumption. Constraint (5)
specifies that for any import container, the start time of the next stage cannot be earlier
than the sum of the start time and processing time of the current stage. Constraint (6)
indicates that for any export container, the start time of the next stage cannot be earlier
than the sum of the start time and processing time of the current stage. Constraints (7)
to (10) are used to calculate the release time of the container at any stage. Specifically,
Equation (7) defines the release time of the import container at stage j = 1,2, 3 as the start
time of the next stage. Equation (8) defines the release time of the import containers at
stage j = 4 as the completion time of the current stage. Equation (9) defines the release time
of the export container at stage j = 2, 3,4 as the start time of the next stage. Equation (10)
defines the release time of the export container at stage j = 1 as the completion time of the
current stage.

tij — (rkj +Skij) + H(2 + Yikj — Xijm — xk]'m) >0,Vie N, ke N, Vje{1,2,3,4},Vm € Mij (11)

tkj — (7”1']‘ +Sikj> + H(3 — Yikj — Xijm — xk]‘m) >0,Vke N,ieN, V] S {1,2,3,4},Vm S Mi]' (12)

Equation (11) represents the blocking constraint by equipment m at any stage when any
container job i is later than any container job k. Specifically, when x;;;, = 1, x4j,, = 1and

Yixj = 0, constraint (11) becomes t;; — (rkj + ski]-> > 0, which indicates that when job i and
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job k are processing by equipment m at stage j, and job i is later than job k, the start time #;; of
job i can not be earlier than the sum of the release time ry; of job k at the current stage and the
adjustment time s;;; of switching from job k to job i at current stage. Equation (12) represents
the blocking constraint by equipment m at any stage when any container job i precedes
any container job k. Specifically, when x;j,, = 1, xkj,, = 1 and yj; = 0, constraint (12)
becomes #;; — (rij + sik]-) > 0, which indicates that when job i and job k are processing by
equipment m at stage j, and job i precedes job k, the start time #;; of job k can not be earlier
than the sum of the release time r;; of job i at the current stage and the adjustment time s;
of switching from job i to job k at current stage.

tij < tkj/ Vi, k € P,V] € {1,2,3,4} (13)
Y. xjm=1 VieN,Vje {1,234} (14)
mGMi]'
Y. Xijw = Xim, Vi€ N,Vje{2,3}, Vm e My (15)
m' € M;(m)
Y. Xijw =Xim, Vi€ N,Vje{2,3}, Vme My (16)
m'€M;(m)
Y Zkijm = Xkjm, Yk € N,Vj € {1,2,3,4}, Vm € My; (17)
iENUNg
Y. Zkijm = Xkjm, Yk € N,Vj € {1,2,3,4},Vm € My; (18)
iGNUNg
Y zigim =1, Vj€{1,2,3,4}, Vm € M (19)
i€eNgUN
2 Zkijm — 2 Zikjm = 0, Vk € N,V] S {1,2,3,4},Vm S Mk]' (20)
ie NUNp i€NQUN
Ziijm = 0, Vi € N, V] S {1,2,3,4},‘v’m S Mij (21)
by — (t,,» + pij —i—sik]-) +H{1= Y zjju | 20, Vke N,ie NpUN,Vj € {1,2,3,4} (22)
mEM,'j

Constraint (13) is a priority sequence constraint that indicates that the job i processes
before the job k. Constraint (14) indicates that any container can only be processed by one
piece of the equipment at any stage. Constraint (15) ensures that the main trolley, transfer
platform, and portal trolley selected for any container must belong to the same DTQC.
Constraint (16) indicates that any container job k has only one immediately preceding task
at any stage; Constraint (17) indicates that any container job k has only one immediately
following job at any stage. Constraints (18) and (19) ensure that each piece of equipment
starts from executing the virtual start job until the completion of the virtual end job.
Constraint (20) represents the flow balance constraint, ensuring that the execution of virtual
and container jobs by any equipment at any stage must satisfy the flow balance constraint.
Constraint (21) guarantees that the container job cannot be self-connected. Constraint (22)
indicates that at stage j the start time f;; of the job k must be greater than or equal to the sum
of the end time (t;; + p;;) of the immediately preceding container job i and the adjustment
time s;; of switching from job i to job k.

Wk >t — (tij +pij+ sik]-) _Hx (1 - zikjm>, Wi e NgUN,k € N,Vj € {1,2,3,4},Ym € My (23)

Wk < tj — (tij +pii+ sik]-) 4 H« (1 - zik]-m>, Vi€ NgUN,k € N,Vj € {1,2,3,4},Vm € My (24)
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Ugjm > rij — (tij + Pl]) — H * (1 *Zl'gjm), Vi € N,V] S {1,2,3,4},V7’}’l S Ml‘]' (25)

Ugjm < Tij — (tij + Pz]) + H % (1 - Ziejm)/ Vie N,Vj e {1,2,3,4},V7i’l S Mij (26)
Xijm, Yikjs Zikjm € 10,1}, Vi,k € NoUN U Ny, Vj € {1,2,3,4},Vm € M;; (27)

Equations (23) and (24) calculate the waiting time of equipment m before processing
job k at stage j. Specifically, when z,, = 1, constraints (23) and (24) become uyj,, = tyj —
(tl-j +pij+ Sikj) , indicating that when job i is immediately preceded by job k at stage j, the
waiting time uy;,, before equipment m execute job k is the start time f;; of job k at stage j,
minus the end time (f;; + p;;) of job i at stage j, and minus the setup time s;; for switching
from job i to job k at stage j. Equations (25) and (26) calculate the waiting time of equipment
m for processing the last job i at stage j. That is, when zjg;;,, = 1, constraints (25) and (26)
become ugj, = rij — (t;j + pjij), indicating that when job i is immediately preceded by the
virtual end job 6, that is, job i is the last job, its waiting time is the release time r;; of this job
at stage j minus the end time (t;; 4 p;;) of this job at this stage. Constraint (27) defines the
decision variables x;j,, y;xj and zjxj,, as binary variables of 0 or 1.

4. Solution Method

The collaborative scheduling of DTQCs and AGVs has been proven to be NP-hard [37].
As the scale of the dataset increases, relying on standard commercial solvers to find exact
solutions within feasible timeframes becomes increasingly impractical. Therefore, an
improved genetic algorithm (IGA) based on an active scheduling strategy is proposed,
specifically designed to accommodate the BHFSSP-BFLB model.

The proposed IGA is designed to address the characteristics of the BHFSSP-BFLB
model. Specifically, it adopts a two-layer encoding scheme based on task allocation, which
jointly optimizes the sequence of container operations and AGV assignments while en-
suring the prescribed container precedence order. To better align with the actual terminal
operations, an active scheduling decoding strategy based on machine idle time is proposed,
drawing on concepts from flow shop scheduling methods. This strategy significantly
improves scheduling efficiency by reducing equipment idle time.

Figure 3 presents the algorithmic flowchart of the IGA, illustrating its main steps. The
subsequent sections describe in detail the chromosome encoding, decoding method, fitness
function design, and genetic operations.

4.1. Dual-Layer Chromosome Encoding Based on Task Allocation

Based on the problem characteristics, a two-layer encoding scheme is designed for
task assignment. Figure 4 depicts the proposed encoding strategy, where the primary
chromosome layer dictates the execution order of containers while ensuring compliance
with container precedence constraints. The secondary chromosome layers determine
specific AGV assignments. Additionally, the capacity of the transfer platform at stage 2 is
determined by its availability.

Suppose an ACT needs to handle eight containers, including four import containers
(1-4) and four export containers (5-8). It is equipped with two DTQCs and four AGVs.
The transfer platform capacity of each DTQC is two, and the yard is divided into an
import container area and an export container area. According to the ship load allocation
plan and the container storage plan, import containers 1-2 and export containers 5-6 are
handled by quay crane 1, while the remaining containers are handled by quay crane 2.
Import containers are stored in block 1, and export containers are stored in block 2. Import
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containers 1 and 3 are handled before import containers 2 and 4, while export containers
5 and 7 are handled before export containers 6 and 8. The first layer of chromosomes is
randomly generated while ensuring compliance with container precedence constraints and
equipment task assignments. Simultaneously, a second layer of chromosomes is generated
by randomly assigning an AGV to each container.

‘ Set Algorithm Parameters ‘

b

Double-layer Chromosome
Encoding

I

‘ Generate Initial Population ‘

!

Chromosome Decoding Based
on Active Scheduling Strategy

!

‘ Fitness Calculation }0—\

l ‘ Apply Position-Based Crossover
‘ Roulette Wheel Selection ‘ (PBX) Operator

Apply Two-Point Swap Mutation
Operator

No T

Satisfy Termination
Condition?

Output Optimal Solution

End

Figure 3. The flow chart of IGA.

Container 1 5 2 6 3 7 4 8

AGv. 12112133 |44
Quaycrame 1 1 1 1 2 2 2 2

Figure 4. Schematic diagram of chromosome encoding.

4.2. Chromosome Decoding Based on Active Scheduling Strategy

By decoding the chromosomes in Figure 4, in which the operation sequence is derived
directly from the vessel’s stowage manifest, the operation sequence of AGV 1is 1-2, and
that of DTQC 1 is 1-5-2-6, with similar sequences obtained for other equipment. However,
decoding a chromosome is not merely the inverse process of encoding. For example,
in the container operation sequence of DTQC 1, the main trolley and portal trolley first
unload import container 1 and then export container 5. During this process, the quay crane
unloads the import container before loading the export container. The main trolley remains
idle while waiting for the portal trolley to process the container, resulting in inefficient
resource utilization.

To better reflect real-world operational dynamics, we adopt an active decoding scheme
for terminal equipment scheduling to improve overall efficiency. Specifically, we employ
an idle-time-based active scheduling strategy for decoding, drawing on decoding methods
commonly used in flow shop scheduling [38].
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As shown in Figure 5, |1 and |, represent two jobs, while M;,Mj;,M3 represent three
pieces of equipment. In the initial schedule, the job sequence of the jobs strictly follows
the order J;-J», and J, must wait for J; to finish processing on equipment M; before it can
start processing, resulting in a maximum completion time of 9. However, by adopting an
active scheduling strategy based on machine idle time, processing can take place during
the 4 units of idle time before equipment My processes job J; to process job J,, reducing
the maximum completion time to 7, thereby decreasing the overall job time by 2 units and
improving the utilization rate of equipment resources.

A A

M3 12 M3 2
\ 9 \ 7
M2 | | | M2 IR
| I I
Ml 1 | Ml 1 |
| | | | [ | | | | | [
0 4 6 8 10 0 2 4 6 8 10
(a) Initial schedule (b) The schedule by using the active schedule strategy

Figure 5. An example of active scheduling strategy.

The above example demonstrates that applying the active scheduling strategy allows
effective utilization of machine idle time for pending jobs, thereby reducing the maximum
completion time. Consequently, based on the active scheduling strategy, IGA employs
an operation insertion method based on machine idle time to decode chromosomes. The
decoding procedure unfolds in the following steps:

Step 1: Iterate through the ordered list of pending container tasks, the stages of the
container operations, and the allocation of equipment on this chromosome.

Step 2: Translate the first-stage operations into actionable schedules, where the stage
indices j for import containers and export containers are 1 and 4, respectively.

(1) Determine whether container k is the first container to be processed by the equip-
ment. If so, the start time of the processing of container k is t; = 0;

(2) Determine whether container k is the last container in the container pair with
precedence constraints. If so, its start processing time tk]- is max{LMm + Szkjs tij }, where
LM, indicates the time of the last container completed by the current equipment, sy,
indicates the adjustment time for the equipment to switch from the previous container z to
container k at stage j, and #;; indicates the start processing time of the previous container i
in the container pair; otherwise, the start processing time of container fy; = LM, + sy;

(3) Compute the completion timestamp c¢; = #; + py; of container k and log any
resultant idle intervals for the equipment at the current stage, denoted as [TSy, TE;|, where
TS, indicates the start time of the interval idle time period and TE,, indicates the end time
of the interval idle time period;

(4) If container k is an import container, a random capacity position on the transfer
platform will be assigned at the next stage (the transfer platform stage).

Step 3: The decoding operations of the containers at other stages.

(1) Determine whether container k is the first container processed by the equipment at
this stage. If so, the start of processing time f4; = cy(;_1) Or ¢i(j11) for container k indicates
the completion time of processing for import container k in the previous stage j — 1 or
export container k in the previous stage j + 1; otherwise, enter (4).
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(2) Compute the completion timestamp and log any resultant idle intervals for the
equipment cy; = fy; + py; of container k and record the idle time period [TSy;, TEx] on the
current equipment.

(3) For export containers at the second stage k of the export container (the portal trolley
stage), the container will be randomly assigned a capacity position on the transfer platform
at next stage (the transfer platform stage).

(4) If container k is not the first container to be processed by the equipment, traverse
all the idle time periods [TS;;, TE ;] on the current equipment in turn.

@ If TS, = 0, it means that if container k is inserted into the current idle time period,
container k is updated to be the first container for this equipment, and the earliest start
time ,,,1505+ Of the container on this equipment is calculated according to Equation (28).

Eoarliest = max{ck(jfl) or Ck(j+1)/ Tsm} (28)

@ If TS;, # 0, it means that if container k is inserted into the current idle time period,
and container k is located between two containers, the earliest start time £, Of the
container on this equipment is calculated according to Equation (29).

tearliest = max{ck(jfl) or Ck(j+1)/ TS + Szkj} (29)

(® Determine whether container k meets the requirements for insertion into the current
idle time period in accordance with Equation (30), where container 7 indicates the container
immediately following the idle time period. If it meets the requirements, insert it into the
current idle time period and update the idle time period of the current equipment.

tearliest + Pkj + Skij < TEw (30)

® If container k is an export container and the current processing stage is stage 3
(the portal trolley stage), before inserting the current idle time period, a check is required
to ensure the finish time #1505t + p; of the existing container on the transfer platform.
Otherwise, container k cannot be inserted into the current idle time period.

® If container k cannot be inserted into any of the available idle time periods, schedule
container k at the stage’s conclusion. The start processing time f;; and processing comple-
tion time cy; = #;; + py; of container k are calculated according to Equation (31), and the
interval idle time periods [TS;;, TE,| on the current equipment are updated.

tyj = max{ck(j_l> or Cx(j+1), LMm + sikj} (31)

(5) Update the sequence of container operations on the equipment.

Step 4: Evaluate the final completion time against the baseline schedule. If the new
completion time exceeds the original threshold, discard the update; otherwise, accept it
and proceed until all containers have been traversed.

The flowchart for chromosome decoding based on active scheduling strategy is pre-
sented in Figure 6.

4.3. Population Initialization and Fitness Function

Based on the above two-layer chromosome representation constructed under the
task-allocation framework, the initial population is randomly generated by creating T
chromosomes that encode both the prioritized container sequence and the AGV assignment
sequence. First, we generate a random container sequence that satisfies the precedence
constraints, in which import and export containers are ordered according to their priority
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rules. Next, we randomly generate the corresponding AGV assignment sequence so that
each container is assigned to an available AGV. Each container sequence is paired with its
AGYV assignment sequence to form a complete chromosome. By repeating this procedure T
times, we obtain an initial population of T chromosomes.

Since the research problem involves a minimization objective, an individual’s fitness
score is calculated as the inverse of its associated objective function cost. Given the objective
function value corresponding to the chromosome be TEC;, and its corresponding fitness

value is defined as Equation (32):
1

fi= TEC, (32)
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Figure 6. Flowchart of chromosome decoding based on active scheduling strategy.

4.4. Genetic Manipulation

We employ a roulette-wheel selection operator, whereby chromosomes with higher
fitness values have a higher probability of being selected. This mechanism is adopted to
maintain population diversity and reduce the risk of premature convergence in constrained
combinatorial scheduling. In particular, the BHFSSP-BFLB involves multiple interacting
constraints, which often leads to a complex and multimodal search landscape; preserving
diversity therefore supports continued exploration of alternative feasible schedules.

The crossover operator adopts a position-based crossover (PBX) technique. Two
parent chromosomes are selected according to the crossover probability. First, a random
set of positions is chosen from the first (container-sequence) gene layer, and the genes at
these positions are copied directly to the corresponding positions of the offspring. Next,
the remaining genes are filled into the unassigned positions in the order they appear in
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the parent, thereby preserving the relative order of the sequence. After crossover, each
offspring chromosome is checked against the container precedence constraints. If any
violation occurs, a swap-based repair procedure is applied to restore feasibility.

The mutation operator adopts a two-point exchange mutation method. Specifically,
a parent chromosome is selected according to the mutation probability, and the values of
two randomly chosen gene positions are swapped to generate the offspring chromosome.
The mutated offspring generation needs to be checked for compliance with the container
precedence constraints; if not, a swap repair operation needs to be applied.

5. Numerical Experiments

To validate the proposed BHFSSP-BFLB model and assess the performance of the
IGA, numerical experiments were conducted on both small- and large-scale instances.
For a comprehensive comparison, two widely used heuristic algorithms, particle swarm
optimization (PSO) and simulated annealing (SA) were also implemented. For small-scale
instances, solutions obtained by CPLEX were used as benchmarks to evaluate the solution
quality of the three algorithms. All experiments were performed on a computer with
Windows 11 operating system, an AMD Ryzen 7 6800H CPU (3.20 GHz) and 16 GB RAM.
The mathematical model was solved using IBM ILOG CPLEX 12.9, while IGA, PSO, and
SA were implemented in Python 3.12 using NumPy (version 1.19.5) and Pandas (version
1.1.5) for numerical computation and data processing.

5.1. Experimental Setting

The test instances are constructed based on data from an ACT, in which the total length
of the quay line is 2350 m, the width of the operating zone in front of the quay is 120 m,
and the distance between the blocks is 35 m. The average cycle time for the main trolley is
120 s per TEU, while the portal trolley requires 60 s per TEU. The speed of the AGV with a
heavy load is 210 m per minute, and the speed of the empty load is 350 m per minute. The
relevant energy consumption parameters of the DTQCs and AGV selected based on the
research of Fan et al. [33] are presented in Table 3. The settings of the relevant parameters
have been further calibrated from the design values of the relevant equipment at this ACT.

Table 3. Relevant energy consumption parameters.

Parameter Description Value (kW-h/(h-unit))

ci loaded energy consumption of main trolley 91.24
cl loaded energy consumption of portal trolley 91.24
Ci loaded energy consumption of AGV 21

C% empty energy consumption of main trolley 70.18
Cg empty energy consumption of portal trolley 70.18
CZ empty energy consumption of AGV 14

C% waiting energy consumption of main trolley 49.6
c3 waiting energy consumption of portal trolley 49.6
CZ waiting energy consumption of AGV 9

To balance computational time and solution performance, the IGA parameters are
determined through a combination of literature reference [26] and problem-specific orthog-
onal experiments. Given that parameter settings significantly affect IGA performance and
optimal combinations vary by problem type, especially for the complex BHFSSP-BFLB with
multiple constraints. We designed an orthogonal experiment with crossover probability
P at 0.6, 0.8, 0.9 and mutation probability Py, at 0.1, 0.2, 0.25, evaluating performance via
convergence speed and computational efficiency as shown in Table 4, where OB]J indicates
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the objective function value and T is the average solving time. Results show P, = 0.9 and
P, = 0.2 yield the best comprehensive performance Thus, the final IGA parameters are
set as population size = 100, number of iterations = 500, crossover probability = 0.9, and
mutation probability = 0.2.

Table 4. Algorithm parameters of IGA.

P, =01 P, =02 P,, =0.25
Algorithm Parameters
OBJ] T (s) OBJ T (s) OBJ T (s)
P.=0.6 49.66 47.65 49.82 46.02 48.79 46.64
P, =038 48.72 48.05 47.65 45.79 48.45 47.28
P, =09 46.53 48.32 4598 43.56 46.28 45.12

5.2. Analysis of Experimental Results

To comprehensively evaluate the performance of the proposed BHFSSP-BFLB model
and the IGA, numerical experiments were conducted on two sets of problem instances
with different scales. Specifically, small-scale instances (S1-S10) were used to evaluate
solution quality by comparing IGA with the exact solutions obtained by CPLEX. Large-scale
instances (L1-L10) were used to assess scalability and robustness by benchmarking IGA
against two widely used heuristic algorithms, PSO and SA, under increasing problem sizes.

5.2.1. Results of Small- and Large-Scale Numerical Experiments

For small-scale instances, CPLEX was used to obtain optimal solutions when possible
or the best feasible solutions within the 7200 s limit, and the corresponding objective values
were treated as benchmarks for algorithm comparison. Therefore, both IGA and CPLEX
were tasked with solving the BHFSSP-BFLB instances. The solution results are shown
in Table 5, where T, is the average solution time of the CPLEX, Tiga is the average
solution time of the IGA, OBJ indicates the objective function value, and GAP represents
the percentage of the difference.

Table 5. Calculation results of CPLEX and IGA.

CPLEX IGA
ID Containers DTQCs/AGVs/Blocks GAP1 *
Treal (s) OBJl TIGA (s) OBJZ AVG
S1 8 2/4/2 19.70 45.44 43.05 45.97 46.36 1.17%
S2 8 2/6/2 18.34 45.44 42.99 46.03 46.38 1.30%
S3 12 2/4/2 7200 69.22 65.62 70.80 71.57 2.28%
S4 12 2/6/2 7200 69.82 65.45 70.95 71.87 1.62%
S5 16 2/4/2 7200 92.99 90.53 95.54 98.01 2.74%
S6 16 2/6/2 7200 93.53 90.38 96.23 97.92 2.89%
S7 20 2/4/2 -- -- 111.38 120.75 124.78 --
S8 20 2/6/2 -- -- 120.74 121.28  124.11 --
S9 24 2/4/2 -- -- 148.11 146.19 152.10 --
510 24 2/6/2 -- -- 147.64 147.71 152.47 --
AVG 2.00%

* GAP1= (OBJ, — OBJ;)/OBJ; x 100%.

As shown in Table 5, IGA achieves solutions close to the CPLEX benchmarks, with
an average gap of 2.00% for instances where a CPLEX reference value is available. This
indicates that IGA can solve the proposed model effectively and deliver competitive so-
lution quality. When the instance size increases to 12 containers, CPLEX becomes less
time-efficient, whereas IGA attains solutions within 3% of the CPLEX benchmark in sub-
stantially shorter time. For larger cases, CPLEX fails to find a feasible solution within
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7200 s, while IGA consistently produces high-quality feasible schedules within acceptable
runtimes, demonstrating its robustness as the problem scale grows.

Figure 7 presents the Gantt chart, for instance S9, and the scheduling sequence of
each piece of equipment. The horizontal axis denotes the processing timeline, while the
vertical axis lists the equipment identifiers. Process x-y denotes the y th operation of task x.
Specifically, Machines 1 and 2 correspond to the main trolleys of the quay cranes, Machines
3 to 6 to the transfer platforms, Machines 7 and 8 to the portal trolleys, and Machines 9 to
12 to the AGVs. Tasks 1 to 10 represent import containers, whereas Tasks 11 to 20 represent
export containers.
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Figure 7. The Gantt chart of instance S9.

For large-scale instances (L1-L10), the problem size increases significantly. Due to
the inherent computational complexity of the problem [37], the computing time of CPLEX
escalates exponentially, failing to obtain feasible solutions within the specified time limit of
7200 s. Consequently, only the three heuristic algorithms, namely the IGA, PSO, and SA,
were utilized for these instances. To evaluate and compare the performance and stability of
the three algorithms across different scales, each problem instance was executed 20 times
independently, and key performance metrics were recorded, including the average solution
time (T), optimal objective function value (OB]) and average objective function value (AVG).

The experimental results are summarized in Table 6.

Table 6. Results of computational experiments in large-size instances.

ID Containers DTQCs/AGVs/ rso SA 1GA GAP
Blocks Tpso ()  OBJpso Tsa (s) OBJsa Tiga () OBJiga GAP2*!  GAP3*?

L1 40 4/12/4 150.89  248.75  231.86 26047 24206  245.86 1.2% 5.9%
L2 40 4/14/4 147.64 24678 22638  259.89 24292  244.59 0.9% 6.3%
L3 60 5/14/4 24631  409.85 34526  411.36  396.75 380.7 7.7% 8.1%
L4 60 5/16/4 240.18 41562 33827 41028 39257  381.11 9.1% 7.7%
L5 80 6/16/4 559.24  529.65  498.65  569.45  543.08  526.43 0.6% 8.2%
L6 80 6/18/4 540.34 53098 50437 56574 5363 527.1 0.7% 7.3%
L7 100 7/18/4 59436 69734 65439 71691 66053  680.81 2.4% 5.3%
L8 100 7/20/4 599.48  696.41  672.87 71239 69156  677.27 2.8% 5.2%
L9 120 8/20/4 87426 87266 89071 90526 84054  850.86 2.6% 6.4%
L10 120 8/22/4 86534 87428 86449  907.48  850.69  851.46 2.7% 6.6%

AVG 481.804 522.7 539.7 3.1% 6.7%

*1 GAP2 = (OBJpso — OBJiga)/OBJiga x 100%. *2 GAP3 = (OBJsa — OBJiga)/OBJiga X 100%.
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The experimental results of large-scale instances in Table 6 further validate the superi-
ority and stability of the proposed IGA in solving proposed scheduling problem. As the
problem scale expands, the solution time of all three algorithms increases, and IGA takes
slightly longer runtime but achieves better optimization performance, with average GAP2
and GAP3 of 3.1% and 6.7%, respectively, compared with PSO and SA. In addition, IGA
maintains stable performance in different configurations, demonstrating strong adaptability
to large-scale and complex scheduling scenarios.

5.2.2. Effectiveness of the Active Scheduling Strategy

The active scheduling method based on the idle time can decode chromosomes into
active scheduling schemes, thereby compressing the critical path and efficiently diminishing
the makespan. To verify the effectiveness of this method, we solve the BHFSSP-BFLB model
under a makespan-minimization objective using two algorithms: a standard GA without
the active scheduling decoding and the proposed IGA with this decoding mechanism.
For several representative small-scale instances, we record the resulting makespan values
(denoted as Cax1 for GA and Cpaxo for IGA), as summarized in Table 7.

Table 7. The results of GA and IGA.

GA IGA
ID GAP4 *
Cmaxl CmaxZ
S1 729 489 32.92%
S3 1095 735 32.88%
S5 1467 981 33.13%
S7 1876 1278 31.88%
S9 2207 1524 30.95%
AVG 1474.8 1001.4 32.35%

*GAP4 = (Cmaxl - CmaxZ)/CmaxZ X 100%.

Table 7 confirms that schedules without the active strategy consistently result in
longer completion times compared to those utilizing the active scheduling method, with
an average GAP of 32.35%. This clearly indicates that the active scheduling decoding
effectively improves schedule compactness in the tested instances and improves overall
ACT efficiency.

An examination of the resulting schedules provides additional insight into this im-
provement. When the active scheduling strategy is not applied, idle time between op-
erations is not utilized for inserting pending jobs, which results in larger idle gaps and
additional waiting for both the main and portal trolleys. By contrast, with the active schedul-
ing strategy, such idle gaps can be used to accommodate pending container-handling tasks.
This better utilization of idle time reduces unnecessary waiting and contributes to a shorter
overall completion time.

A closer inspection of the resulting schedules further explains this improvement. With-
out the active scheduling strategy, equipment idle time is not effectively exploited, leading
to long idle waiting periods for both the main trolleys and the portal trolleys. In contrast,
when the active scheduling strategy is applied, these idle periods are systematically used
to process pending container jobs. By making full use of available idle time, the active
scheduling strategy produces smoother equipment utilization and a substantial reduction
in the overall completion time.

5.2.3. Analysis of the Correlation Between Energy Consumption and Cyax

Following the experimental setup of Zhang et al. [12], we examine the relationship
between total energy consumption and makespan. The linear association is quantified using
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the Pearson correlation coefficient, which is defined as the covariance of the two variables
divided by the product of their standard deviations. The corresponding formulation is
given in Equation (33):

i1 (xi = %) (yi — )

= (33)

r =
VI (=00 (v~ 9)?

We compute the Pearson correlation coefficient to quantify the linear relationship
between makespan and total energy consumption across the solutions obtained for several

instances. The averaged results are reported in Table 8.

Table 8. Pearson correlation coefficient of some instances.

ID Mean Maximum Minimum

S1 0.91 0.94 0.88

S3 0.92 0.94 0.87

S5 0.92 0.94 0.89

S7 0.91 0.94 0.88

S9 0.92 0.93 0.90
AVG 0.92 0.94 0.89

As reported in Table 8, the Pearson correlation coefficient is above 0.88 for all tested
instances, with an average value of 0.92, indicating a strong positive association between
total energy consumption and makespan. This observation suggests that, under the stud-
ied settings, improvements in energy performance tend to coincide with reductions in
makespan, and the two objectives are largely aligned. Consequently, optimizing total
energy consumption in the proposed BHFSSP-BFLB framework can also lead to competi-
tive makespan performance, supporting energy-efficient scheduling without a substantial
sacrifice in operational efficiency.

Further analysis of the results from different scale problem instances compares the
maximum completion times of the two models: (1) the maximum completion time (set to
Ciax3) of the DTQCs and AGVs collaborative scheduling model with the goal of energy con-
sumption optimization, where the total energy consumption has the optimal value. (2) The
maximum completion time Cy;;y obtained with the objective of minimizing makespan
(set to C,uv4)- For instances where exact CPLEX solutions are attainable, the maximum
completion time solved by CPLEX is used. For the instances that CPLEX cannot solve, the
maximum completion time solved by IGA is used. The results are shown in Table 9.

From Table 9, the GAP between makespan values derived from the perspective of
minimizing energy consumption and those obtained under the objective of minimizing
makespan is only 1.5%. This indicates that when IGA with the active scheduling strategy
is used to solve this problem, the makespan for the overall operations under minimal
energy consumption remains at a relatively low level. In other words, the proposed
approach can reduce total energy consumption while maintaining operation efficiency,
enabling container tasks to be completed within a short time horizon and supporting
energy-efficient scheduling.

Table 9. Comparison of makespan obtained by using two comparison objective functions.

ID Cinaxs Cmax4 GAP5 *
S1 489 489 0.00%
52 489 489 0.00%
S3 735 735 0.00%
S4 735 735 0.00%
S5 981 981 0.00%

https://doi.org/10.3390 /jmse14030280


https://doi.org/10.3390/jmse14030280

J. Mar. Sci. Eng. 2026, 14, 280

21 of 24

Table 9. Cont.

ID Ciaxs Cinaxa GAP5 *
S6 1032 981 5.20%
57 1278 1227 4.16%
S8 1227 1227 0.00%
S9 1524 1473 3.46%
510 1473 1473 0.00%
L1 1227 1227 0.00%
L2 1227 1227 0.00%
L3 1694 1667 1.62%
L4 1667 1667 0.00%
L5 1913 1913 0.00%
L6 1918 1913 0.26%
L7 2343 2172 7.87%
L8 2176 2151 1.16%
L9 2497 2365 5.59%
L10 2378 2362 0.68%
AVG 1.50%

*GAP5 = (CmuxS - Cmax4)/cmax4 x 100%.

5.2.4. Analysis of the Configuration Ratio Between DTQCs and AGVs

To systematically evaluate how DTQC and AGV configurations affect energy con-
sumption, we fixed the number of container tasks at 100 and DTQCs at 7. We then analyzed
how varying AGV numbers influence: total energy consumption, DTQC waiting energy,
and AGV waiting energy. The corresponding changes in energy consumption are shown in
Figure 8.

Energy Consumption under Varying DTQC-to-AGV Ratios

800 758 .
— 8 s . o5 == Total energy consumption
c — I == DTQC waiting energy
]
= 600+ -
o == AGV waiting energy
g
2
S 400
o
>
2
8 2004 148
w 100 i 8 o 8 7 81 78
19 *
L N BNS BES SRS
1:1 1:2 1:3 1:4 1:5

Configuration ratio of DTQC and AGV

Figure 8. Energy consumption under varying DTQC-to-AGV configuration ratios.

Figure 8 suggests that whenever the AGV fleet size remains below a 3:1 ratio with
DTQCs, both total energy consumption and DTQC waiting energy consumption decrease
as the number of AGVs increases. However, the waiting energy consumption of the AGVs
increases. When the number of AGVs exceeds this threshold, the total energy consumption
of the system increases. This phenomenon is likely due to higher idle energy costs stemming
from excess of AGVs, implying that the optimal DTQC-to-AGYV ratio is approximately 1:3.

5.2.5. Analysis Transfer Platform Capacity

After determining the configuration ratio of DTQCs and AGVs, this section further
analyzes the impact of the intermediate platform capacity on total energy consumption,
DTQC and AGV waiting energy consumption. The corresponding changes in energy
consumption are shown in Figure 9.
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Energy Consumption under Varying Transfer Platform Capacity
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Figure 9. Energy consumption under varying transfer platform capacity.

According to the data in Figure 9, as the capacity of the transfer platform increases, the
total energy consumption and the waiting energy consumption of the DTQCs and AGVs
generally decrease. This indicates that increasing the capacity of the transfer platform
can effectively reduce the waiting energy consumption between the equipment, thereby
lowering the overall energy consumption. However, in the operation of the ACTs, since
infinite expansion is impossible, considering the capacity limits is crucial in the transfer
platform in the collaborative scheduling problem of DTQCs and AGVs in ACTs. This helps
ensure the optimization of system energy consumption under limited resource conditions
and facilitates energy-efficient scheduling.

6. Conclusions

This work tackles the challenge of synchronizing DTQCs and AGVs in ACTs with a
focus on energy efficiency. The characteristics of mixed loading and unloading bidirectional
flows, limited buffers of DTQCs, machine eligibility constraints, container precedence
constraints, blocking, and deadlocks in ACTs are comprehensively considered. The problem
is formulated as a blocking hybrid flow shop scheduling problem with bidirectional flows
and limited buffers (BHFSSP-BFLB), and an MIP model is established with the objective of
minimizing total energy consumption. In addition, an IGA featuring a two-layer encoding
approach and an active scheduling decoding method is proposed.

Numerical experiments demonstrate that the proposed model can accurately depict
actual operational characteristics and significantly reduce the total energy consumption,
while the IGA exhibits excellent optimization performance across different problem scales:
in small-scale instances, its solutions have an average gap of only 2.00% with CPLEX's
exact solutions, and in large-scale instances, it outperforms PSO and SA with average
gaps of 3.1% and 6.7%, respectively. Additionally, the embedded active scheduling strat-
egy effectively shortens the makespan. As compared with the standard GA without this
strategy, the proposed IGA reduces the makespan by an average of 32.35%, which verifies
the strategy’s role in enhancing operational efficiency. Moreover, the Pearson correlation
coefficient between total energy consumption and makespan is as high as 0.92, confirm-
ing that optimizing energy consumption can simultaneously promote the reduction in
makespan. Notably, the GAP between makespan values derived from energy-minimization
and makespan-minimization objectives is only 1.5%, indicating that when the energy con-
sumption objective is optimized, the resulting makespan is already sufficiently low. The
study provides managerial insights showing that an approximately 1:3 DTQC-to-AGV con-
figuration and appropriately sized transfer platform buffers can significantly reduce total
and waiting energy consumption, thereby improving resource utilization and supporting
greener, more sustainable ACT operations.
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Future research on the proposed collaborative scheduling problem of DTQCs and
AGVs will focus on the following areas: incorporating yard side operational coupling and
resource constraints to characterize the operational coupling between the quay and the yard
and the associated congestion effects; considering processing-time variability and other
disturbance factors to improve the adaptability and robustness of scheduling decisions;
and modeling inter-crane interference (e.g., safety clearance and non-crossing constraints)
together with more flexible bay-assignment and coordination strategies to better reflect
practical terminal operations.
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