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Abstract

Purpose — In automated container terminals, mutual waiting between yard cranes (YCs) and automated guided
vehicles (AGVs) causes resource wastage, extended task execution times and traffic congestion. This study
proposes a strategy called batch grouping, which classifies containers by size, weight and destination for
interchangeable handling, effectively reducing waiting times.

Design/methodology/approach — A mixed-integer programming model is developed to minimize YC costs by
incorporating constraints on the number of similar containers to be handled at each time point into the classic YC
scheduling optimization model. Additionally, a mixed-integer programming model is constructed to minimize
AGYV costs, which includes AGV capacity constraints based on the classic AGV scheduling optimization model.
A hybrid heuristic algorithm and GUROBI software are used to solve these models.

Findings — Experimental results show that integrating classification and interchangeability into the joint
scheduling of YCs and AGVs achieves a cost reduction of up to 8.9%.

Practical implications — Terminal operators can implement these findings to streamline their scheduling
processes, leading to improved efficiency and reduced traffic congestion within the terminal environment.
Originality/value — This study contributes to the field of terminal operations by introducing an innovative batch
grouping strategy that addresses the critical issue of mutual waiting between YCs and AGVs.

Keywords Port, Automated container terminal, Automated guided vehicle, Non-cantilever yard crane,
Container classification, Heuristic algorithm

Paper type Research paper

1. Introduction
Containers are extensively utilized in the international trade and logistics sector. The operations
of automated container terminals (ACTs) facilitate a continuous and efficient flow of container
transportation and handling (Lam and Chen, 2021). The large-scale development of container
ships has accelerated, which increases the demand for container terminal operations. To meet
these demands, many ports have expedited the construction of automated terminals and
optimized the allocation and scheduling of operational resources to improve efficiency, ensuring
that ships can handle imports and exports within the specified time and depart as scheduled.
Increased ship operation time in port can result from congestion, declining operational efficiency
or cascading events, all of which directly impact port efficiency (Dragovic et al., 2023). This
presents a significant challenge in optimizing resource use and equipment interaction. To ensure
timely departures, it is crucial to schedule quay cranes (QCs), yard cranes (YCs) and automated
guided vehicles (AGVs) effectively, enhancing operational efficiency and reducing costs.
Unlike manual container terminals, automated ones cannot coordinate operations through truck
drivers or crane operators, so delays in container handover can prolong berthing times. To
mitigate this, classifying containers by attributes such as destination, size and weight and
‘ exchanging similar types can reduce container re-handling and minimize waiting times for
l AGVs and YCs. Thus, optimizing the scheduling of YCs and AGVs in automated terminals,
considering multiple container attributes, is essential for improving operational efficiency and is
a key concern for terminal managers.
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Optimizing resource allocation is an effective approach for container terminals to reduce Maritime Business
costs and enhance efficiency. Reducing waiting times and balancing the operational loads Review
of YCs and AGVs are key focuses in current research on their joint scheduling problems. To
reduce waiting times and balance workload, Xing et al. (2023) developed a model adjusting
AGYV speeds to minimize YC completion time and AGV energy use, solving it with directed
graphs and heuristics. Xu et al. (2021) synchronized AGV and YC speeds to eliminate wait
times. Chen et al. (2020) constructed a network flow model to balance the workloads of
YCs and AGVs, using an alternating direction multiplier algorithm. Hsu et al. (2021)
developed separate optimization models for YC and trucks, employing a heuristic for load
balancing and simulation for interaction adjustment. Tao et al. (2023) introduced a load
balancing agreement to reduce traffic congestion by optimizing travel distance and
workload imbalance with a mixed-integer model and proposed the NSGA-II algorithm to
solve it.

Several studies have independently investigated the optimization of scheduling for QCs
(Kong et al., 2024), YCs (Oladugba et al., 2023) and horizontal transport vehicles (Chen et al.,
2021). Yue et al. (2023) developed a mixed-integer model for dual YC to minimize AGV wait
times and maximum completion time using a rule-based heuristic algorithm. Vallada et al.
(2023) created a yard allocation and single crane scheduling model to minimize weighted costs
by solving it with a local search algorithm. For AGV scheduling, Zhong et al. (2020) built a
model to minimize AGV delay time, solving it with adaptive particle swarm optimization
(PSO). Wang and Zeng (2022) designed a branch-and-bound algorithm to solve the
sequencing for AGVs and proposed a heuristic algorithm to generate conflict-free routing.
Branch-and-bound is often used for solving small-scale foundational problems. In practice, the
joint scheduling optimization problem between AGVs and gantry cranes is large and complex,
leading researchers to use heuristic algorithms to approximate optimal solutions (Naeem
et al., 2023).

In summary, we found these literature gaps: (1) Existing research on the joint scheduling
of YCs and AGVs treats all containers to be import and export as heterogeneous, without
considering that the order of operation for containers of the same type in terms of
destination port, size and weight can reduce the waiting time between YCs and AGVs. (2)
Research on considering buffer brackets only simplifies them as fixed time window
constraints, but the limited capacity of buffer brackets may be occupied for a long time by
containers that do not arrive/leave within the time window and changing the order of
operation for containers of the same type can promote the mobility of containers on the
buffer brackets. (3) Research on AGV or YC scheduling mostly aims to minimize
completion time. However, the double-cycle heavy load operation of AGVs or YCs (round-
trip heavy load operation) can improve their utilization and reduce costs and changing the
order of operation for containers of the same type can increase the number of double-cycle
heavy load operations for YCs and AGVs.

Therefore, we propose a strategy called batch grouping, which aims at reducing inter-
equipment waiting times by categorizing containers and optimizing the operational sequence of
homogeneous containers. Containers of the same type can be interchanged and the time
required for AGVs and YCs to load and unload containers varies by location. By optimizing the
sequence of loading and unloading these containers, waiting times can be effectively reduced.
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2. Problem description

A shipping company classifies containers based on attributes such as shipper, vessel name,
voyage number, destination port, dimensions and weight and develops a loading plan
accordingly. Upon the vessel’s arrival at a port, the terminal allocates berths and schedules for
QCs, YCs and AGVs based on this loading plan. Delays in AGV operations may lead to QC
delays, potentially extending ship berthing times and causing broader scheduling disruptions.
For instance, as shown in Figure 1, Type III containers are designated for Quay Crane 1, while

Downl oaded from http://ftp. nowpublishers.com mabr/articl e-pdf/10/3/210/ 10040882/ mabr - 01- 2025- 0008en. pdf by guest on 22 May 2026



%A3BR Load plan Load plan
Bay 4: Bay 11:
’ ay VI ]
VIL|VIL (VI |V |V 1V
I | |oarfv IV [I IV
I | I | T |0 fII VI | 1T
I | I JII)Or fIr VI [ 1T |VI
> »
212 Quay’'grane 1 Quay crane 2 Quay agane 3
Bay 1 2 3 5 6 8§ 9 10 213 .
]
1
Blocks 4

IlH |lII
ol
|
|

| H Haga-n
1]y
I ||

|| il
L) Lol 1 1
L) L ] ] e
I|D[I|I||||I

Block 1 Block 2 Block 3 Block 4 Block 5

Figure 1. Quay crane handling plan for classified container. Source(s): Figure by authors

Type II containers are assigned to Quay Crane 3. The QCs unload import containers to AGVs
or retrieve export containers from AGVs according to the scheduling plan. If an AGV arrives at
the QC later than the planned operation time, it can cause delays, potentially extending the
vessel’s stay at the berth and leading to cascading delays for multiple vessels. Additionally,
mutual waiting between YCs and AGVs can easily result in further delays to the QC’s
scheduled operations.

Buffer brackets in automated terminals help reduce wait times between YCs and AGVs.
AGYV transport containers from QCs to buffer brackets, while YCs move them to handover
areas or from export yards to buffer brackets for AGV collection. This process ensures
continuous operation without mutual waiting. However, limited buffer brackets can become
fully occupied by incoming containers if YCs wait for AGVs or if export containers occupy
frames prematurely.

Classifying containers by attributes enhances their mobility on buffer brackets without
compromising ship stability or increasing container re-handling during loading/unloading
by QCs or YCs. Containers with identical attributes can have their working orders
interchanged. The operational times of Y Cs vary depending on container positioning: lower
bay numbers reduce trolly time in non-cantilever areas. Lower tier numbers decrease
spreader time during container retrieval and smaller row differences between adjacent
containers minimize spreader movement time. For specific export and import containers
handled by AGVs, optimizing the sequence of handling of YC for same-type containers can
reduce buffer bracket occupancy without disrupting QC schedules. As illustrated in
Figure 2 , export containers are categorized into eight groups (Types I-VIII) based on
destination port, size and weight. For instance, QC 4 is scheduled to load 14 Type II
containers, identified as @, @, @, @, @ and @, located in Block 9. Container @ is
situated in Bay 3, row 3, Tier 3, while container @ is in Bay 1, row 6, Tier 3. When QC 4
requires a Type II container both containers @ and @ are accessible. Prioritizing container
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Figure 2. Flow of multi-attribute container transport for equipment in ACT. Source(s): Figure by authors

due to its shorter moving time can prevent QC delays if the YC is operating near the
AGV’s scheduled pick-up. Otherwise, container @ may be chosen to minimize buffer
bracket occupation time while waiting for AGV arrival.

Sorting containers by attributes enhances the capacity of the YC to perform more
double-cycle heavy-load operations. These operations entail the seaside YC picking up
export containers from the handover area, placing them on buffer brackets and subsequently
retrieving import containers from the buffer brackets to place them in the handover area. In
non-cantilever blocks, YCs face operational span limitations, and their waiting time does
not incur additional costs. Increasing these operations within a reasonable range can reduce
movement expenses. The QC schedule dictates the latest time AGVs can collect export
containers and the earliest time for delivering import containers. YC must position the
designated export containers on buffer brackets before the AGV deadline and handover
import containers to the handover area after AGV delivery. Traditionally, few combinations
of import and export containers meet these time conditions. However, by classifying
containers, YCs can optimize working time on export containers by selecting those from
larger bays when time windows allow, thus increasing the number of viable double-cycle
heavy-load operations.

The impact of various attributes on container type classification varies significantly. For
export containers, factors such as destination port, size and weight relate to container
turnaround time, cabin size and ship stability, respectively. It is inappropriate to exchange the
handling sequence of containers with different attributes merely to reduce YC waiting times.
Hence, export containers with varying destination ports, sizes and weights are considered
distinct types for seaside cranes. Conversely, for import containers, the distance moved from
the buffer brackets to the handover area remains constant, and the YC’s operational time is
minimally affected by attributes such as owner, size or weight. Therefore, import containers
with different owners, sizes and weights are treated as the same type by seaside YC. The
AGV’s operational area lies between the QC and the block, with its capacity solely dependent
on container size. An AGV can transport either two 20 ft containers or one 40 ft container
simultaneously. For multi-load AGVs, all 20 ft import containers are classified as one type and
all 40 ft import containers are classified as another. As depicted in Figure 2, import containers
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are categorized into two types (Types IX-X) based on size. An empty AGV picks up a 40 ft
import container from QC 3 and transports it to block 5, placing it on a buffer bracket. The
AGYV then returns to QC 4, where it picks up two 20 ft import containers, delivers one to block
2 to place on a buffer bracket, and subsequently, in a half-load state, proceeds to block 4 to
transport the other container.

Classifying containers by size can enhance the operational capacity of multi-load AGVs for
heavy-load tasks. In the traditional model, multi-load AGV can transport either two
consecutive 20 ft import or export containers or perform a sequence involving one import and
one export container. As illustrated in Figure 3, if the initial task involves an import container
received from the QC at point A, intended for placement in the block at point E, the movement
paths for subsequent tasks of one-load and multi-load AGV comprise six scenarios. Among
these, Cases 2, 4 and 6 provide two paths for multi-load AGV, indicating that their operational
order can be interchanged at points E and F.

When AGVs handle two consecutive import containers, the heavy-load distance for multi-
load AGVs increases compared to one-load operations, while the empty load path is shortened
(Case 1-Case 4). Conversely, when handling one import and one export container
consecutively, multi-load transport does not decrease transportation time and may even
elevate full-load transport costs (Case 5—-Case 6). Therefore, classifying two adjacent 20 ft
containers as the same type by size can extend the heavy-load distance for AGVs. When AGVs
manage import and export containers consecutively, they should prioritize delivering the
import container to the yard first, and then, within the time window that accommodates the
handover of the container under the QC, proceed to the blocks to handle the export container,
ensuring a fully loaded round trip for the AGV.

MABR
10,3
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3. Mathematical modeling

Based on the QC scheduling scheme, we know the number of containers of various types that
Y Cs must pick up or place in each block during different time periods. To prevent any delays in
the QC operations, a scheduling optimization model for YCs in each block is developed to
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Figure 3. Scheduling scheme for one-load and multiple-load AGV. Source(s): Figure by authors

Downl oaded from http://ftp. nowpublishers.com mabr/articl e-pdf/10/3/210/ 10040882/ mabr - 01- 2025- 0008en. pdf by guest on 22 May 2026



minimize their operating costs. Upon acquiring the YC operational scheme, the number of Maritime Business
containers being loaded onto or unloaded from buffer brackets by YC in each block at any Review
given moment is determined. Consequently, a dispatching optimization model is developed for

all multi-load AGVs to minimize their operational costs.

3.1 Assumptions
215

(1) The seaside YC places the containers directly in the handover area upon arrival,
without being affected by the capacity of the handover area or the landside YC.

(2) There are no containers from other ships that have not yet arrived in port above those
awaiting loading and unloading.

(3) The operating efficiency of all YCs is the same, and a single YC can only handle one
container at a time.

(4) The operating efficiency of all AGVs is the same, and each AGV can transport a
maximum of one 40 ft container or two 20 ft containers simultaneously.

3.2 Description of symbols

Sets:

H Setof blocks, H={1,...h,...|H|}

R, Set of rows inblock h, R, = {1, ...r, ... |Ry | }

E, Set of rows tiers in block h, E, = {1, .. .e;, ... |Ey | }, e, indicates the tier on which
container n located

1 Set of container attribute types, I = {1,...i,...|[]}

T Set of moments, 7 ={1,...t,...|T|}

N Set of containers, N={1,...n,...|N|},n €N, nyis avirtual container. N " indicates
set of import containers, N ~ indicates set of export containers. Ny, is set of 20 ft
containers, Ny, is set of 40 ft containers. N, is set of containers within block h, N, *
indicates the collection of import containers in the h, N, ~ indicates the collection of
export containers in block h. N, is set of containers in r row of stack in block h. N; is set of
containers of type i. [N/ | indicates the number of i-types that must be handled during
period #,. N; is set of 20 ft containers that are transported by a multi-load AGV

K, Setof AGVs, K, ={1,.. ky,... K|}

K, Setof QCs, K, = {1,.. .k, ... |K, |}

K, Setof YCs, K, = {1, .. k,,...|K, |}

Parameters:

Y, Buffer bracket capacity in a block

Tipn The moment when the QC &, operates container n

72," The planned moment when container n handled by QC k, is placed onto the AGV or
picked up from the AGV

T,iqn The actual moment when container n handled by QC &, is placed onto the AGV or picked
up from the AGV

Yfm The planned moment when YC k, begins to handle container n

on The actual moment when YC k, begins to handle container n

Tyn The moment when container n is placed onto the buffer brackets or is taken from the
buffer brackets by AGV k,

tnm The time taken for YC &, to go to the operating container m with no-load after it the end of

handled container n
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MABR tion The time taken for YC k, to lift container n from its location and move it to the target

10,3 location
tion The time taken for AGV k, to transport container n from its origin to its target location
ty The time node, is used to assist in determining whether the quantity of the same type of
containers for loading and unloading meets the requirements
I The time taken for the AGV to pick up/hand over a container under the QC
216 2 The time taken for the AGV to pick up/hand over a container at buffer brackets
. The time for the AGV to reach the starting point of container m after handling over the
container from the end point of container n
2, The time taken by the AGV in the half-load state to transport containers n and m during
one round is the shortest
g, The time taken by the AGV in the fully load state to transport containers n and m
simultaneously is the shortest
Leun The time taken by AGV k, waiting under the QC during the transport of container n
Bin The time taken by AGV k, waiting under the YC during the transport of container n
1 The cost per unit time of no-load movement for a YC
c The cost per unit time of half-load movement for an AGV
C3 The cost per unit time of full-load movement for an AGV
Ca The cost per unit time of waiting for an AGV
Cs The cost per unit time of no-load movement for an AGV

Decision variables:

x,’(‘_n 1, if YC k;, handle container n during period t; 0, otherwise

Xy nm 1, if YC k,, handle container m after complete container n; 0, otherwise
Pl The number of containers on the buffer brackets in period t

Vian 1, if k, transports container n; 0, otherwise

Vignm 1, if k, transports container m after container n; 0, otherwise

Znm 1, if an AGV goes to pick up container m with taking n; 0, otherwise

3.3 Mixed integer programming model-phase 1

minf;, = ¢ Z Zxkymntk‘_,,m (D

neN,meN),
S.t.

> X, =1YneN, )
€r
> M.<LVieT ?3)
neNy,
DD X = N @
nen, el

> Sty = 1,YmEN, U {no} (5)
neN,\{m}
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Review
> St = 1,n €N, U {no} (6)
meN;\{n}
umzun+‘Nh|X(-xkynm*1)+17vn7mENh7n¢m (7)
217
> (t X x;“m> HUEDY (t X xf(,n) + || X Xty + tiyn + tiyums VN ENymEN,,  (8)
eT eT
Z (t X x;c,m) 2 Z (t X x,t(‘n) + tkyn: Vn ENhra m ENhry €hn > €hm (9)
teT teT
Osz‘sYq,VteT (10)
Py, + Yo Xx, <pt + Y, — 1,VieT,neN; an

kyn —

P;cv +Y, X ! <p]r;1 +Y,+1,VneN, teT,i e [tkvn = bumy tiyn — bum + 1) (12)

P, <P +1,VneN] re [T,:qn i T+l + 1) (13)
Pl <Py = 1 VnEN; 1€ [T], ~ tin TL, ~ tin +1) (14)
3 (r X xﬁﬂ_n) > T} + i VN EN] (15)

teT
> X%, =INf|.VneN, NN, 1 €T i€l (16)

€ty

u, ER+,YneN, (17)
xﬁ(mE{O7 1}, X €10, 1},Vn,m €N, (18)

The objective function (1) is designed to minimize the cost associated with the infield
crane’s empty travel operations. Constraint (2) requires each container to be handled once.
Constraint (3) limits a YC to handle at most one container at a time. Constraint (4) ensures
that all containers are handled. Constraint (5) indicates that each container has at most one
immediate predecessor operation, where n, represents the virtual container and the distance
between any container and the virtual container is zero. Constraint (6) indicates that each
container has at most one immediate successor operation. Constraint (7) uses an auxiliary
variable u, to avoid subtour. Constraint (8) dictates the movement of a YC between adjacent
containers. Constraint (9) prioritizes upper tier containers for handling. Constraint (10)
limits buffer bracket capacity. Constraints (11) and (12) are induced by YC operations.
Constraints (13) and (14) are caused by AGV operations. Constraint (15) specifies the time
window for the export containers handled by the YC. Constraint (16) specifies the quantity
for the same type of export containers that must be processed by the YC. The left side of the
constraint represents the quantity of i-type containers handled by gantry crane k, before
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MABR time td, while the right side represents the number of i-type containers that must be handled

10,3 during period t4, which is an input value derived from the overall workload schedule.
Constraint (17) confirms u, is a positive real number. Constraint (18) defines decision
variable ranges.

218 3.4 Mixed integer programming model-phase 2

minf, = Z Z Zznmyku,,m(cﬂim + c4t3m) + ZZ Z (1= zum)

nENfl mENf] k,€K, nENf1 meNk,eK,

CZykanmtrl,m + C3 ( Zznmykanm> ykan[kan + Z Z Z an (19)

meN n€Ny, meNk, €K,

CZyk(,nm nm + Cq <1 - Zznmykunm> yk,,ntk“n> + Z Z Cs ( gkan vk(,n)

meN neN k,eK,

S.t.
> = 1,Yn€N/{n} (20)
ka€Kqy
> Ve = > Vi =1,¥n €N, k, €K, Q1)
meN meN
Z Zm < 1,VmEN;, (22)
nENfl
D am+ Y zm =0,VmeN, (23)
nenN neN
P, <pl' +1,VneN* 1€ [Tm, Ty + 1) k€K, 4)
Pl <P = LYnEN 1€ [T Tn + 1)k, €K, 25)
P <p' —1,VneN’,re [T,}n, 1),kve1<, (26)
pLVSp,’;l—Fl,VnEN‘,tG{ LT, ),kveK‘ @7
pj(y <Y, VteT, k€K, (28)
T2 Ty, + 1+ lign + 1 + 1, VRENT (29)
T = max (Yo (T 14) T ) Y EN" mEN- (30
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Tyk“m = max (ykunm(Tk n + t + tnm) 5 Tl)»m + tym) s Vl’l7 meN~ (31) Review
Bon ST+ tign = Tyiun, VREN™ (32)
T,(l = Max (Tk - (Tyk”m + tizl + tkam)) ,VmeN* (33) 219
7., >max (qum, Vi (T,jqn + z;m) ) VneN*.meN- (34)
Tl 28X (T2 Yem(1 = 2un) (Tton 2+ 1,0) ) Vi, mEN; (35)
Tkl m > max (T/?qma ykann’ykan’mznn’(l - Zn’m) (Tykan + Ztrll + Zti + t ' + t o + tn m))’ (36)
Vn,n' ,meNT, (n,n') EN,
T2 2 M (T4 St Vtinzon (1 = 2m) (Ton + 20} + 282+ 2,413, ) 37)
Vn,n',meN~,(n,n') €N,
t;”anmax(T,?n 7! n,O),VneN 38)
T/iqm _maX(TI: n T/?}NO) +Tl(c)qm7vn7mEN7m>n7quKq (39)
T,:‘m*maX(T,in+tk\ +l‘,,m,T0 ) Vn,meN,m > n,k, €K, (40)
maka . maxTO 41
neNn "1 kqn
Vikun € {0, 1}7 Ykgnm € {07 1}7 Znm € {03 1}7 Vl’l, m ENa ka € Ka (42)

The objective function (19) represents the minimization of the transportation cost of the AGV.
Constraint (20) means that each container can only be transported by one AGV. Constraint (21)
indicates that each container has one and only one immediate predecessor and successor
operation. Constraint (22) means that, only one 20 ft container can be transported with another
20 ft container by the same AGV at the same time. Constraint (23) means that all 40 ft
containers cannot be transported with other containers by the same AGV at the same time.
Constraints (24)—(27) represent the rules for updating the number of containers on the buffer
brackets. Constraint (28) indicates the capacity limits of the buffer brackets. Constraint (29)
represents the time conditions that must be met for the AGV to hand over imported containers
to the YC. Constraints (30) and (31) respectively indicate the moment for the AGV to pick up
export container m, while when the predecessor container n is the import container and the
export container, the AGV picks up export container m from the buffer brackets. Constraint
(32) indicates the waiting time in the block when the AGV picks up export container n.
Constraints (33)—(37) represent the actual time when QC k, operates on container m.
Constraint (33) is for import container m, while constraints (34) and (35) are for export
container m. Constraint (34) is for the case where the preceding container n is an import
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MABR container, and constraint (35) is for the case where the preceding container n is an export
10,3 container. Constraint (36) is also for import container m, but specifically when its preceding
task is a pair of 20 ft containers n and n’. Compared to constraint (36), constraint (37) differs in
that container m is an export container. Constraint (39) indicates the operation time of updating
the subsequent QC scheme after the delay. Constraint (40) indicates the time for updating the
subsequent YC’s plan after the delay. Constraint (41) indicates that the total completion time of
QC operations must not be delayed. Constraint (42) indicates the range of values of the
decision variable.
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4. Hybrid exact-heuristic algorithms

The GUROBI solver can directly solve the first phase of the model. The multi-load AGV
scheduling problem for transporting import containers has been proven by Kong et al. (2024)
to be NP-complete, with computation time growing exponentially as the problem size
increases. This paper builds on the research by Kong et al. (2024) by extending it to include an
analysis of export containers, which results in the problem also being NP-complete. Therefore,
a two-stage approach is more suitable for solving the model.

The scheming period P is segmented into equal parts, with GUROBI solving YC schedules
within each segment. Subsequently, a variable neighborhood search immune algorithm (VNS-
IA) addresses AGV scheduling and updating schemes based on segment completion and
delays.

4.1 Coding and decoding

Decimal encoding is used to represent the sequence of AGV transport containers. As depicted
in Figure 4, the 10 containers are categorized into two groups based on their varying attribute
values. During the generation and mutation of antibodies, AGVs are randomly assigned
container numbers to ensure compliance with constraints (20)—(23). An AGV can carry full
load if it sequentially handles two 20 ft export or import containers without QC delays.
Otherwise, it operates with half-load. The antibody’s fitness value is set as the inverse of the
objective function value.

4.2 Neighborhood structure
Four structures, as shown in Figure 5, are used to enhance the search depth of the algorithm.

(1) Insertion: randomly select a container, insert it behind another container at a random
position, and have it transported by the same AGV. For example, after container 6 in
Figure 5(a) is inserted behind container 5, it is transported by AGV 1.

(2) Swap: randomly select two positions and swap the order of the containers at those
positions, but keep the AGV allocation scheme unchanged. As shown in Figure 5(b),
five containers, including container 5 and container 3, have exchanged positions.

(3) Local Perturbation: randomly determine the number of containers each AGV needs to
transport, but keep the order of container operations unchanged. As shown in Figure 5(c),
the workload of AGV 1 and AGV 3 is reduced, while that of AGV 2 is increased.

Container [ 1 [4[5[2[6[10[3[7][8]9
AGV [1 11 ]J2]2]2[3]3]3]3
Type 2 1 1 2 2 2 1 1 1 2
QC 1 2 2 2 1 1 2 1 1 2
YC 6 2 2 1 1 5 4 3 2 6

Figure 4. Schematic diagram of antibody structure. Source(s): Figure by authors
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[174]5]6]2(10[3]7]8]9] [1[]4]3]10[6[2][5]7]8]9]
[Tl faf2f2[3[3[3[3] [1[1[1[2]2]2]3[3[3[3]
Insertion Swap
(a) (b)
[1]4]5]2]6]J10[3]7[8]9] [1]4][5]2[6JI10[3[7]8]9
2221331303 (1112122313133 221
A y
[174]5]6]2(10[3]7[819] [2]5]6]1]218[3[4]9]10]
172722722133 [3] [1[1[1[2[2]2[3]3[3[3]

Local Perturbation Global Perturbation
(c) (d)

Figure 5. Schematic diagram of the neighborhood structures. Source(s): Figure by authors

(4) Global Perturbation: randomly determine the order of container operations but keep the
number of containers each AGV handles constant. As shown in Figure 5(d), the workload
of the three AGV's remains unchanged, but the containers they handled have all changed.

4.3 Adjusting infeasible solutions

During the decoding process, AGVs may fail to pick up/deliver containers at the cranes on time
due to the unreasonable order of individual containers, leading to crane delays of duration At.
If the current phase is not the last cycle of the rolling loop, let c¢ be the penalty cost per unit time
of crane delay, denoted as fitness F =1 / (f, +c¢ At ). When solving the scheduling scheme
within the last cycle, antibodies that do not meet the contracted laytime are assigned a fitness of
0 and are not passed on to the next generation.

4.4 Termination conditions
When the iteration count reaches its limit, the algorithm terminates.

5. Numerical experiments

We designed a series of numerical experiments based on the layout and equipment operation
parameters of Yangshan IV ACT of Shanghai Port. The relevant input parameters are shown in
Table 1. All experiments are coded in MATLAB and the optimization solver used is GUROBI
9.5.2. The calculation environment was a PC with an Intel(R) Core(TM) i7-7700 CPU @
3.60 GHz and 8 GB of RAM.

5.1 Small-scale experiments

To verify the correctness of the algorithm, the stealth enumeration algorithm (SEA) is used to
solve small-scale instances and compare the results with those obtained using the improved
VNS-TA. The SEA involves enumerating all feasible paths and directly solving the AGV

Table 1. Input parameters

Parameter ~ Value Parameter Value Parameter Value Parameter Value
t! 60s c; 150yuan/h C3 40yuan/h Cs 20yuan/h
2 6s cy 30yuan/h cy 45yuan/h Cs 10000yuan/h

Source(s): Own elaboration
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MABR scheduling model. The improved VNS-IA runs each instance 10 times and calculates the
10,3 average value. The comparison results are shown in Table 2.

Table 2 illustrates that AGV costs vary depending on the case characteristics. Scenarios
with a higher number of containers exhibit higher AGV costs. When the number of
containers and AGVs exceeds a certain threshold, enumerating all feasible AGV schedules
becomes infeasible due to the extensive solution space. VNS-IA addresses more cases than
the SEA does. When comparing the Gap1 values, it is evident that although VNS-IA might
not achieve the optimal solution for large numbers of containers, the performance gap
remains small. In terms of runtimes, the efficiency of this algorithm is comparable to that of
the exact method.

222

5.2 Large-scale experiments

To validate the superiority of VNS-IA over other heuristic algorithms, we designed and solved
large-scale test cases using the immune algorithm, the local search algorithm and the algorithm
from this paper to calculate the objective function values. Under the condition of the same
number of iterations, each algorithm was executed 10 times and the average cost and run time
values were statistically analyzed, as shown in Table 3.

Table 3 demonstrates that all the two heuristic algorithms consistently produce
satisfactory solutions across the 23 scenarios examined. When analyzing the “Gap2”
column, it reveals that while the VNS can sometimes closely approximate the optimal
solution, it often fails to escape from local optima, thus exhibiting instability. Comparing
the “Gap3” column shows that although the solution time of VNS-IA is relatively slower,
the minimum objective function values obtained are lower than those of the IA, reflecting
the IA’s inability to conduct in-depth searches. The VNS-IA combines the advantages of the
two algorithms, taking longer in the solution process than both, yet offering superior
solution quality and efficiency.

Table 2. Comparison between the SEA and VNS-IA

SEA VNS-IA Gapl
No. N/ko/ky/Ka f>/yuan Runtime/s f>/yuan Runtime/s (%)
1 10/1/3/3 5.56 2.15 5.56 7.94 0.00
2 10/1/3/4 5.01 0.98 5.01 7.13 0.00
3 10/1/3/5 3.59 0.49 3.59 8.79 0.00
4 10/1/3/6 3.61 0.14 3.61 6.56 0.00
5 10/2/6/6 5.32 0.11 5.32 4.74 0.00
6 10/2/6/7 5.53 0.10 5.53 4.75 0.00
7 10/2/6/8 3.25 0.08 3.25 3.84 0.00
8 10/2/6/9 3.17 0.02 3.17 0.00 0.00
9 15/1/3/3 - - 10.16 12.55 -
10 15/1/3/4 - - 7.40 11.55 -
11 15/1/3/5 - - 5.85 11.26 -
12 15/1/3/6 5.19 7024.97 5.59 6.85 —7.16
13 15/2/6/6 - - 8.62 4.83 -
14 15/2/6/7 9.05 34630.42 9.28 3.57 —2.48
15 15/2/6/8 7.85 5002.42 8.40 6.60 —6.55
16 15/2/6/9 7.87 640.28 8.33 5.89 —5.52
17 20/2/6/6 - - 10.89 8.05 -
18 20/2/6/7 - - 12.62 7.63 -
19 20/2/6/8 - - 12.87 7.33 -
20 20/2/6/9 - - 11.93 5.53 -
Note(s): Gapl = % X 100 %. >—” means the number of solutions exceeds the computational space

Source(s): Own elaboration
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Table 3. Comparison of the results of the VNS and IA with VNS-IA Maritime Business

Review
VNS 1A VNS-TIA Gap2  Gap3
No.  N/kg/ky/kq fo/yuan  Runtime/s fy/yuan Runtime/s fo/yuan Runtime/s (%) (%)
21 100/2/6/7 99.2 7.3 142.5 10.6 86.0 27.4 15.3 65.6
22 100/2/6/8 85.8 7.9 157.4 10.3 81.6 24.6 5.1 92.9
23 100/2/6/9 112.2 8.0 154.2 10.0 91.2 20.6 23.1 69.2
24 100/2/6/10  86.7 7.8 158.8 9.5 86.0 26.6 0.8 84.6 223
25 200/2/6/7 483.1 73.0 814.9 43.3 473.1 110.9 2.1 72.3
26 200/2/6/8 515.7 65.3 959.1 42.0 510.6 101.4 0.9 84.2
27 200/2/6/9 508.0 78.3 10159 433 500.4 102.0 1.5 99.1
28 200/2/6/10  548.3 67.9 844.2 42.5 469.6 104.7 16.8 79.8
29 200/3/9/11 588.8 71.5 979.9 41.1 496.5 93.6 18.6 97.3
30  200/3/9/12  572.6 75.6 10415 42.2 530.5 93.9 7.9 96.3
31 200/3/9/13 4827 78.3 908.0 41.0 480.4 95.2 0.5 85.0
32 200/3/9/14 5324 76.4 910.1 39.4 472.9 98.7 12.6 92.5
33 200/3/9/15  597.9 73.7 949.2 37.4 509.7 100.5 17.3 86.2
34 200/4/12/16 251.8 41.7 396.9 29.3 248.9 72.1 1.1 59.4
35  200/4/12/17 253.2 40.0 394.7 25.9 249.8 71.6 1.3 58.0
36 200/4/12/18  237.7 39.5 394.1 26.0 226.2 77.6 5.1 74.3
37 200/4/12/19  246.5 43.9 388.8 27.2 229.5 71.5 7.4 69.4
38 200/4/12/20 234.8 44.2 398.4 26.1 228.5 65.5 2.8 74.4
39  300/4/12/16 696.4 165.3 10524 59.8 662.5 190.1 5.1 61.5
40  300/4/12/17 717.8 174.2 1078.7 64.9 618.0 176.7 16.2 74.6
41 300/4/12/18 776.0 171.8 1066.6  63.6 722.8 179.2 7.4 47.6
42 300/4/12/19 685.8 172.3 1049.8 61.0 588.9 174.1 16.5 78.3
43 300/4/12/20 6234 193.6 10274  61.2 602.8 182.2 34 69.2

Note(s): Gap2 == 100 % Gap3 = =i %100 %
VNS—1A JvNs—1a
Source(s): Own elaboration

5.3 Sensitivity analysis

This section demonstrates the cost-effectiveness of the proposed container batch grouping
strategy through comparative experiments. First, 24 comparative scenarios were designed with
varying proportions of 40-ft containers (0%, 20%, 40%, 60%, 80% and 100%) and unloading
container ratios (25%, 50% and 75%). Subsequently, the model and algorithms proposed in this
paper were applied to calculate the operational costs of AGVs and YCs for handling 150
containers using 9 YCs and 14 AGVs. Finally, under the same scenarios, Constraint (16) was
relaxed to allow YCs to operate containers under a first-come-first-served (FCFS) principle and
their operational costs were computed. The comparison results are shown in Figure 6.

From Figure 6, it can be observed that as the number of container increases, the costs
associated with AGVs and YCs gradually rise. However, in the same case study, when applying
the container batch grouping strategy, AGV costs are consistently lower than when not
considering this attribute, as shown in the left subplot of Figure 6. In most cases, the YC costs are
also lower when using the container batch grouping strategy compared to not considering this
attribute. However, in certain scenarios, the YC costs may be higher when applying the container
batch grouping strategy, as illustrated in the right subplot of Figure 6. This is because, as the
proportion of unloaded 40 ft containers increases, the container batch grouping strategy may
lead to insufficient buffer rack capacity, resulting in increased waiting costs for YC. Therefore,
the container batch grouping strategy should be dynamically adjusted based on the proportion of
different container types in the specific scenario.

6. Conclusions
This study focuses on the joint scheduling problem of YCs and multi-load AGVs in an ACT.
The main conclusions are as follows:
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Figure 6. Operating costs of AGVs and yard cranes with and without considering grouping. Source(s):
Figure by authors

(1) Considering the multiple attributes of containers, the payload capacity of AGVs, and
the buffer bracket capacity in each block, mixed integer programming models are
developed for YC scheduling and AGV scheduling.

(2) The YC scheduling model is directly solved using GUROBI optimization software to
verify its correctness. A VNS-IA is designed to solve the AGV scheduling model.
Experimental results show that the algorithm presented in this paper has higher
solution quality and greater efficiency.

(3) By classifying containers based on their multiple attributes and optimizing the
handling sequence of the same-type containers, the ACT can effectively achieve a
reduction in the total cost of up to 8.9%.

From a management perspective, considering container classification and
interchangeability in this study can lead to more flexible and efficient terminal
operations. Thoughtful container classification enables a more precise planning of
equipment, pathways and resources, consequently enhancing overall port efficiency.
Substituting containers contribute to a partial balance in resource allocation and operational
workflows, which effectively addresses unexpected situations and changes during the
cargo handling process, ultimately improving the adaptability and resilience of the terminal
operations system.

In the future, research directions could focus on optimizing container classification and
interchangeability strategies to enhance terminal operations. One potential area is
developing dynamic container classification systems that consider real-time data, such as
container size, weight and destination, to improve resource allocation and operational
efficiency. Another direction is exploring advanced interchangeability algorithms that
prioritize container compatibility and minimize disruptions during cargo handling.
Additionally, integrating machine learning and IoT technologies could enable predictive
modeling of container flow and resource demand, further enhancing adaptability. Finally,
research could investigate the environmental impact of container classification and
interchangeability, aiming to develop sustainable practices that reduce energy consumption
and emissions while maintaining operational efficiency.
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