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Abstract: Background: The key performance index for the container terminals is the vessel berthing
time which is highly affected by the scheduling of the different handling equipment. Proper inte-
grated scheduling of the handling equipment is crucial, especially in automated container terminals,
where all the handling equipment is automated and must be coordinated to avoid interference. One
of the most challenging problems both scholars and terminal operators face is introducing a proper
scheduling plan for different equipment, considering the buffer capacity of dual-trolley quay cranes
(QCs) and the limited storage locations of import containers. Methods: A mathematical model is
proposed to integrate the scheduling of automated yard cranes and automated guided vehicles
(AGVs), considering the limited buffer capacity beneath dual-trolley QCs and the storage allocation
of import containers. Results: different instances were solved to evaluate the proposed model’s per-
formance and investigate the impact of using dual-trolley QCs instead of single-trolley QCs, and
the impact of using different buffer capacities. Conclusions: The results show that the model pro-
vides detailed scheduling and assigning plans for the YCs and AGVs besides allocating import con-
tainers. Additionally, the dual-trolley QCs can significantly decrease the completion time and in-
crease AGVs’ utilization compared to the single-trolley QCs.

Keywords: automated container terminals; dual-trolley quay crane; yard crane scheduling;
automated guided vehicles; integrated scheduling; storage space allocation; buffer capacity

1. Introduction

Maritime container terminals play a vital role in global trade, as about 80% of global
trade is carried by sea [1]. Consequently, there is an ongoing development in the terminals
to efficiently serve as many containers as possible at a reasonable time and cost [2]. Ter-
minals started to apply new technologies to serve large-scale operations and increase ter-
minal performance [3]. Automated container terminals (ACTs) are the future as they in-
crease the performance of the terminals and reduce the operational costs of different
equipment such as; quay cranes (QCs), yard cranes (YCs), and automated vehicles [4]. In
ACTs, each piece of equipment is controlled automatically rather than manually, as in
conventional terminals. Moreover, QCs are the most expensive equipment in the terminal,
so there is a further improvement on this piece of equipment. Two types of QCs are typi-
cally used in ACTs: a single-trolley QC or a dual-trolley QC, as shown in Figure 1a,b. The
main difference between them is that the former has one trolley that handles the
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operations of both vessels and vehicles. While the latter has two trolleys, the main trolley
interacts with the vessel, the portal trolley interacts with the vehicles, and there is a buffer
beneath each crane. The main benefit of this configuration is to increase the efficiency of
the QC and decouple seaside operations from yard-side operations. This research com-
pares the performance of the two types of QCs within an integrated equipment scheduling
framework.

Main Trolley{
||

Buffer }Ponal Trolley
—

=

(a) Single-trolley QC (b) Dual-trolley QC

Figure 1. Types of QCs in ACTs (a,b).

Furthermore, two common types of vehicles serve the QCs: automated lifting vehi-
cles (ALVs) and automated guided vehicles (AGVs). ALVs can lift and release containers
without assistance from any other equipment. In contrast, AGVs do not have the lifting
ability; they operate with the help of QCs or YCs to function. Yu et al. 2022, stated that
fifteen out of thirty-nine ACTs worldwide used dual-trolley QCs instead of single-trolley
QCs [5]. Nine of them used AGVs, while only three terminals considered ALVs. The re-
maining terminals used conventional internal trucks [5]. Therefore, this study considers
AGVs commonly used with dual-trolley QCs.

However, the container terminal’s most important performance measure is the vessel
berthing time, which depends mainly on the completion time of the last job [6-8]. The
lower the vessel berthing time results in a better terminal performance [9]. The container
terminals aim to minimize the vessel berthing time because if the operations on the vessel
finish after the expected finishing time, there would be a delay cost per unit time and a
penalty cost if the vessel departed after the latest finishing time [10-13]. On the other hand,
the vessel’s berthing time is directly affected by the loading and unloading operations of
export and import containers which YCs perform at the yard side or by QCs at the seaside
[14].

Furthermore, in ACTs, all equipment is controlled automatically. The interference
between each pair of equipment should be determined precisely to avoid any disruption
or backlog of cargo [15]. Therefore, integrated scheduling of container terminal handling
equipment (i.e., YCs, and AGVs) is one of the most effective ways to increase the perfor-
mance of a container terminal and the utilization of its handling equipment [2]. Moreover,
studying import containers is more complicated than export containers, as it requires ar-
rangement between the scheduling and the assignment of all equipment, besides the avail-
ability of storage locations in the storage yard. In addition, considering the buffer capacity
beneath QCs is challenging because of its complexity.

Therefore, this article introduces a novel mixed integer programming (MIP) model
to integrate the scheduling of AGVs and YCs considering the limited buffer capacity be-
neath dual-trolley QCs, and the assignment of yard locations to import containers to min-
imize the vessel berthing time. The rest of this article is organized as follows: Section 2
contains a literature review, Section 3 presents the problem description and model formu-
lation, and Section 4 includes the numerical experiments and results. Finally, Section 5
summarizes the conclusion and future work.
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2. Literature Review

Automated container terminals require a higher management level than conven-
tional terminals, as all the equipment is unmanned and needs detailed and regular sched-
uling to prevent interference [4]. Integrated scheduling has been proven to be very effec-
tive in improving the performance of conventional CTs [16,17]. In ACTs, integrated equip-
ment scheduling is a mandatory function to guarantee the smooth operation of the termi-
nal. Therefore, in the literature, we focused only on the integrated problems in ACTs.
Based on the available literature, the integrated scheduling problems in ACTs can be di-
vided into two main categories: integrated scheduling considering single-trolley QCs and
integrated scheduling considering dual-trolley QCs.

For the first category; Sadeghian et al. integrated the QCs and ALVs scheduling by
introducing a mathematical model. The buffer spaces beneath QCs were assumed to be
unlimited in their model [18]. Kress et al. introduced a mathematical model to integrate
QC and straddle carrier (5Cs) scheduling and to solve the routing problem of the SCs [19].
SCs operate similarly to ALVs, with the ability to store containers at the storage yard. They
focused on assigning and scheduling SCs, assuming that QC scheduling is known in ad-
vance. Castilla-Rodriguez et al. used the simulation-optimization approach to integrate
the scheduling of QCs and AGVs to increase the efficiency of the trans-shipment opera-
tions [20].

Furthermore, Duinkerken et al. proposed a simulation model to examine the rela-
tionship between the number of AGVs and the different stacking policies on the QCs’
utilization [21]. Luo et al. proposed a mathematical model to solve the allocation problem
and the integrated scheduling problem of AGVs and YCs for import containers [7]. A de-
ficiency in their work is that they scheduled the YCs without considering their work when
stacking imported containers. In 2015, they considered import and export containers in
their model and formulated it with the same drawback [8]. Naeem et al. solved this draw-
back by proposing a mathematical model to integrate AGV and YC scheduling and to
assign storage locations for the imported containers [2]. Lau and Zhao introduced a math-
ematical model to integrate YC and AGV scheduling. Their model assumed that the allo-
cation of import containers was known [22]. Yang et al. considered the AGV path planning
problem to reduce the conflict and congestion of AGVs [23]. Luo and Wu formulated a
MIP model to solve the integrated scheduling problem of loading operations only to min-
imize the vessel berthing time [6].

For the second category, Zhao et al. solved the integrated scheduling problem of QCs
and AGVs to minimize the total energy consumed by both QCs and AGVs using a two-
stage taboo search algorithm [24]. They considered a limited buffer capacity beneath each
QC. Additionally, they assumed that the time of loading and unloading jobs by QCs is
known in advance. Yue et al. developed a bi-level model to solve the problem of schedul-
ing QCs and AGVs [25]. Scheduling QCs is obtained by the first model, while the second
model obtains the AGVs assignment. The objective of their models was to minimize the
total cost of QCs. Li et al. introduced a mathematical model to integrate the scheduling of
QCs, YCs, and ALVs [26]. They used an unlimited buffer capacity beneath the QCs in their
model. Additionally, they assumed that each QC could handle one type of container, ei-
ther import or export. Additionally, they assumed that each vessel could contain one type
of container, either imports or exports. Yue et al. solved the integrated scheduling problem
of QCs and AGVs by introducing a two-stage MIP model [15]. The objective function of
their model was to maximize customer satisfaction and minimize AGV waiting time and
QC delay time. They considered the buffer capacity beneath the QCs.

Xu et al. introduced a mathematical model to integrate the scheduling of QCs, YCs,
and AGVs in a U-shaped container terminal [27]. They implemented a reinforcement
learning-based hyper-heuristic genetic algorithm to solve the mathematical model. They
neglected the buffer capacity beneath the QCs. They introduced a set of constraints to
force AGVs and YCs to arrive at the interference area simultaneously to reduce the equip-
ment waiting time. These constraints controlled the speeds of both AGVs and YCs. Lu
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solved the scheduling problem of AGVs for dual-cycle operations and assumed that QCs
and YCs would follow AGV scheduling [3]. Dual-cycle operations mean an export con-
tainer must be handled before an import container and vice versa. He assumed that the
storage locations of the containers in the yard were known in advance. Additionally, they
assumed that the buffer capacity beneath each QC was unlimited. In 2022 they considered
two types of vehicles in their study, AGVs and yard trucks (YTs) [28]. YTs were used to
transport special containers to special locations in the yard. He assumed an unlimited
buffer capacity beneath the QCs.

To sum up, most articles considered single-trolley QCs. They also considered the al-
location problem and scheduling problem as different problems. Practically, the major
reason for the lower efficiency of any terminal is optimizing the operations of each piece
of equipment separately without taking into consideration the operations of other equip-
ment [29]. Moreover, most articles that considered the dual-trolley QCs ignored the lim-
ited buffer capacity beneath the QCs, which is the main reason for the low terminal per-
formance. The few papers that considered the buffer capacity of the QCs used time hori-
zons to determine the availability of the slots in the buffer at each time segment. This
approach can limit the model because of disruptions, delays, or other uncertainties.

Therefore, based on Naeem’s model [2], this article proposes a MIP model. In
Naeem’s model, they considered single-trolley QCs. The objective function was to mini-
mize the QCs’ waiting time. They assumed that the required number of AGVs to handle
the containers was a decision variable to increase the QC utilization. They did not consider
the YC scheduling for export containers.

Hence, the proposed mathematical model aims to solve the integrated scheduling
problem of YCs and AGVs for import and export containers; by considering the buffer
capacity beneath dual-trolley QCs and the allocation of import containers. This study in-
troduces a novel set of constraints to consider the buffer capacity beneath QCs. The QC
buffer capacity constraints are determined when handling each container to make the
model more general and applicable under any condition. For example, a check must be
performed to ensure an available slot in the buffer if a particular container must be han-
dled. Otherwise, the container must wait for a slot to become available. The model’s ob-
jective is to minimize the completion time of the last job, which significantly affects the
vessel’s berthing time.

3. Problem Description and Formulation

Any ACT consists of three main areas: the quayside area, the AGV path area, and the
storage yard, as shown in Figure 2. The vessels are berthed at the quayside and served by
QCs. The number of QCs that serve each vessel is specified according to several aspects:
the size of the vessel, the number of handling operations that should be performed at the
terminal, and the contract between the shipping company and the terminal. Each vessel
contains a number of import and export containers. For each import container, the main
trolley of the QC starts to unload it from the vessel and put it in the buffer beneath the
crane. After this, the portal trolley carries the container from the buffer and puts it on an
AGV. The AGVs are responsible for transferring the containers between the quayside and
the yard. YCs are responsible for storing the import containers in their storage locations.
The export operations are the opposite of the import operations, as shown in Figure 3.
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Figure 2. A typical layout of an ACT.
The main trolley unloads The portal trolley picks The AGV transport the The YC picks up the
the import container from up the import container import container to the import container from the
the vessel to the Buffer from the Buffer and puts transfer area in front of AGV and stores it in its
beneath the QC it on an AGV the Block assigned to it assigned slot
e
§ ! Unloading Operations 8
"4
> >
< ©
= - - —
(¢} < Loading Operations | g
The main trolley picks The portal trolley picks up The AGV transports the export The YC picks up the
up the export container the export container from container from the transfer export container from its
from the Buffer and the AGV and puts it in the area in front of its assigned slot and puts it on an
loads it on the Vessel Buffer beneath the QC Block to the portal trolley AGV

Figure 3. Loading and unloading operations in an ACT.

However, buffer capacity beneath the QCs is a severe limitation of the handling op-
erations. If the buffer is full, no containers can be placed until a container is removed from
it by the main trolley if it is an export container or by the portal trolley if it is an import
container. Additionally, AGVs are responsible for handling operations from different
QCs, so AGV dispatching is essential to decrease the completion time of handling all con-
tainers. AGV dispatching concerns AGV assignment and scheduling. There are two strat-
egies to assign AGVs: pooling or dedicated strategies. AGVs are assigned to specific QCs
in a dedicated strategy, while they can handle any operation from any QC in a pooling
strategy. This paper adopts the pooling strategy because it increases terminal efficiency
(4].

There are four conditions for any two consecutive containers handled by the same
equipment; AGV or QC: handling two consecutive import containers, handling two con-
secutive export containers, handling an export container before an import one, or han-
dling an import container before an export one. These conditions are used in calculating
the traveling time of the equipment, as discussed in the constraints. For example, suppose
an AGV is assigned to two consecutive import containers. In that case, the traveling time
will depend on the distance between the current container’s assigned block and the fol-
lowing container’s assigned QC.

Moreover, the storage locations of containers define the handling time of both YCs
and AGVs. Storage locations are defined by the block number and the slot number. The
block number affects the AGV traveling time between the QC and the yard, while the slot
number defines the traveling time of the YC between the slot and the transfer area in front
of the block. So, the determination of storage locations impacts the completion time of all
containers. In this work, the import containers’ storage locations are optimized, while the
export containers are known in advance as they are stored in the yard before the vessel’s
arrival.
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Therefore, this study aimed to integrate the scheduling of AGVs and YCs considering

the storage allocations and the dual-trolley QCs’ buffer capacity to decrease the comple-
tion time of all containers. The assumptions, notations, objective function, and constraints
are presented next.

3.1. Assumptions

1.  Any piece of equipment can handle one container at a time.

2. The scheduling of a QC and the allocation of export containers are known;

3. QCs are homogeneous and have the same buffer capacity;

4. Each YC serves a specific yard block and contains one type of container, export or
import;

5. There are four different conditions for any two consecutive containers handled by
the same equipment; AGV, QC’s main trolley, or QC’s portal trolley:
1. Handling two consecutive import containers;
2. Handling two consecutive export containers;
3. Handling an export container before an import one;
4.  Handling an import container before an export one.

3.2. Notations

3.2.1. Sets and Parameters

K Set of QCs.

C Set of YCs.

B Set of yard blocks.

N* Set of available slots in each block.

p Set of yard locations.

N Set of all containers. Each container is defined by its number and its as-

signed quay crane.

D Set of import containers (jobs), D ¢ N

L Set of export containers (jobs), L ¢ N

G Set of the containers in the buffer beneath each quay crane, G c N

Os Set of all containers beside the starting dummy container.

Or Set of all containers beside the ending dummy container.

0 Set of all containers, including dummy starting and ending jobs.

k,l Indices for QCs.

b,a Indices for blocks.

n,n, Indices for the available slots in each block.

Indices for containers (jobs), job (i,k) means that container i is handled

4,5),300D by quay crane k, and job (j,1) means that container j is handled by

quay crane .

S0 Dummy starting job.
(F,I) Dummy ending job.
Indices for yard locations, location (n,b) is slot n in block b, and location
(n,b), (ny,a) . :
(n4,a) isslot n; inblock a.
main Handling time of container (i,k) by the main trolley of its assigned quay
(k) carne.
prortal Handling time of container (i,k) by the portal trolley of its assigned
(LK) quay crane.
The transportation time of AGV for export container (i, k) from its as-
T . . .
signed block to its assigned quay crane.
A AGV’s transportation time from quay crane k to block b

TT(k,0) AGV’s transportation time between quay crane k and quay crane L.
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b
P(ik)
W(i k)
P n,b)

U(n,nl)
M

B¢

v

AGV’s traveling time from the block that container (i, k) is located to
block b, (i,k) € L.

The handling time of YC to transfer export container (i, k) from its as-
signed slot to the transfer point in front of its assigned block.

The transportation time of YC between the transfer point of block b to the
location (n, b)

YC'’s transportation time from the assigned location of the import con-
tainer (i,k) to the assigned location of the import container (j,1).

A large number

The capacity of the buffer beneath each QC

Total number of AGVs

3.2.2. Decision Variables

Gb
)

(n,b)
Z (i)

G
b (i k)

(D)
D)

1@,

=1; if an AGV, scheduled to deliver the container (j,1), has just delivered con-
tainer (i, k).

=0; otherwise

=1; if the import container (i, k) is assigned to the location (n,b).

=0; otherwise.

=1; if the YC of block b is scheduled to handle both import containers (i, k) and
(G, consecutively.

=(; otherwise.

=1; if a YC is scheduled to handle both export containers (i, k) and

() consecutively.

=0; otherwise.

=1; if the job i is located in the buffer beneath QC 1 when the QC starts to han-
dle job j

=(; otherwise.

3.2.3. Dependent Decision Variables

main
Uik
portal

Ui
i)

b
Yix)

q ik
T (i)

A

The starting time of the main trolley of quay crane k to handle container i
The starting time of the portal trolley of quay crane k to handle container i
The starting time of YC to handle container (i, k)

=1; if block b is assigned to the import container (i, k).

=0; otherwise. It is an intermediated variable: Y., cn+ Zg}]’g) = y?i_k)

The quay crane k’s waiting time to start handling container i

The AGV’s waiting time until quay crane k starts to handle container i

=1; if there is an available slot in the buffer beneath quay crane 1 when the QC
starts to handle job j

=0; otherwise.

3.3. Mathematical Model

Objective: Minimize the completion time of the last job.

main

. main
Min. %g)x(u(.-,k) + hi @

Subject to:

. '
2(jneor x((ij,k% =1, V(i,k)EN )

j,l .
Saweos Xy =1, YG,DEN 3)
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G _
Z ¥sn =V (4)
(.DeN
(F.I) _
Z Xiky =V )
(i,k)EN
ufihy = ufet + hGEr, V@+L,k), (k) EN (6)
l l l . .
e = win™ + k™, vi+1k),Gk)EN )
W 2 W+ R VG el ®
ubon® = w4+ hger, v (k) €D )
l L .
dury = ubip™ + ho0™ + Ypenth * Y6, V(@ k)ED (10)
l .
ugjii)]:)ta > d(i,k) + W(i,k) + T(i,k)/ V(l,k) €L (11)
tal j,l tal , .
wP e+ M (1-200) = ufin, vk, G EN (12)
l l j,l . .
P R+ M s (1= x00) = gy + Dpen t? * Vhi, V(i K), G, D) €D (13)
j,l l . .
dgp + wipy + M+ (1 _x((ij,kg) = uﬁf’;)m + g + T, V@R, (G,DEL (14)
tal tal tal j,l . .
wPr + mey < W+ R 4 M (1-x), vk €LG,DED (15)
deiey + pes Pl ¥ Yo < deip +wipn +Mx(1—x92), v(i,k)eD, () €L 16
(i) peB P * Vik) = A G @i ) ) , U, (16)
Z™ =1, v(,k)eD 17
Z(n,b)EP (k) — (l, )e ( )
,b
SawenZi) <1, V(nb) €P (18)
b .
Snen+ 230 = Y, V(.k) €D, VbEB (19)
j,l .
SGneputrn Zoes Oogg = 1, V(LK) €D (20)
j,l .
2 (i,k)EDU(S,T) LbeB Ubg,k)) =1, V({,DEeD (21)
j,l
Z(j,l)ED O-bgé,l)) < 1, Vb €EB (22)
F,I
Soen by < 1, VhEB (23)
jl § .
Ovire < Voo * Yoo, Y@K),GDED YhEB (24)
b b 1,b il , .
diigoy + Znent Py * Zige) + Znent Vanmn) * 2 * 2057 < dgyy + M+ (1= 0,020), v k), G, €DV b EB (25)
: U0 =1, v(k €L 26
Z(],Z)GLU(F,I)U(i_k) =1, (Lk)€E (26)
j,l .
oeusnOgn =1 Y0G,D €L (27)
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2GeL 0((5],? =c (28)
(i k)eL U((i,F ;}I)) =c (29)
digo +Waso + By < dgp + M+ (1-03), ¥(@k),GDEL (30)
qi+1k) = ”Erilﬂ?k) - UE?%” - h?il,%n' V(i k) EN (31)
T = Uiy — i = Wik — Tar, V0K €L (32)

il tal tal . .
Ty + M (1 - x((l’k%) 2 uliy e + RS = digy — Zpep 1 * Yory Y@K, (G.DED (33)

o + M * (1 - x(j’l)) > ubO S RO —ubo — e, VLK) EL (D ED  (34)

(%) G.D U
M xmn = ufir — uboe — hPo, (i k), G, D € Lk =1j>i (35)
Mxnan = ufon® — ulry® — w0, v(i,k) €D, (1) €Lk =1j>i (36)
Mxngin = ulet — uliy™ — WG, v, k) €L G,DEDk=1j>i (37)
Mxngin = ubon ™ — ult™ — hg4®, v(i,k) €D,(,D) €D k=1j>i (38)
M*Agry 2 Be = Xicjnain, YO.DEN (39)
M+ —-Agy) = ZicjNajn — Be, YU, D EN (40)
ulN S+ Mx Agy = ulen, v(G,D,GK)EL k=1i=j-B (41)
ulN 4+ Mx Agy = ubiy™, V(D€L (k) €D, k=1i=j—B; (42)
ullit + Mx Agy = ulll", v(G,DeD, G k)eLk=1i=j—B (43)
ullit + M+ Agp = ulie®, VG0, G €D k=1i=j—-B (44)
Ui uS A dag Tarrv 20, V@K EN (45)
o Yesr 2o vy Sainr Ay €01}, V(i k),(,D) €0,v(n,b) EP,YbEB  (46)

This model aims to minimize the completion time of all containers. Constraints (2)
and (3) ensure that an AGV can handle, at most, one container at a time. Constraints (4)
and (5) ensure that the number of AGVs is exactly (v). In other words, they guarantee that
the used number of AGVs cannot exceed the number of available AGVs. Constraints (6)
and (7) ensure that the main trolley and the portal trolley of QC (k) cannot start handling
the container (i + 1) until finishing the current one (i), respectively.

Constraints (8) to (16) regulate the interference among QCs, AGVs, and YCs. Con-
straint (8) illustrates that for each export container (i,k)EL, the main trolley of the QC (k)
can start handling the container after it arrives at the buffer beneath the QC by the portal
trolley. Constraint (9) states that for each import container (i,k)€D, the portal trolley of the
QC (k) can start handling the container after it arrives at the buffer beneath the QC by the
main trolley. Constraint (10) implies that for each import container (i,k)€D, the YC can
start handling the container just after it arrives at the transfer point in front of the block
(b).

Constraint (11) implies that for each export container (i,k)€L, the portal trolley of QC
(k) can start picking it up from the AGV after it arrives at the quayside. Constraint (12)
guarantees that the AGVs’ scheduling conforms to the QCs” scheduling. Constraints (13)
to (16) are used to regulate the starting time of any two successive containers transported
by the same AGV under the various transportation situations: transporting two successive
import containers, transporting two successive export containers, transporting an export
container just before an import, and transporting an import container just before an export
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R=N(5+2(N-1))+ (N -

container. However, the value of M is calculated as a number larger than the completion
time of the last job.

Constraints (17) to (24) allocate the import containers in the yard and schedule the
YCs” handling operations. Constraints (17) and (18) ensure that each import container is
assigned to only one slot in the yard, while constraint (19) is an intermediate constraint
that represents the relation between the two decision variables y(},, and Z ((ln ,‘S).

Constraints (20) and (21) state that each import container is handled just before a
container (j,[)EDU(F,I), and just after a container (i,k)eDU(S,I) by the same YC. In other
words, they ensure that a YC can handle at most one container at a time. Constraints (22)
and (23) indicate that each block’s scheduling process should start and end with dummy
jobs/containers to prevent symmetric solutions. Constraint (24) ensures that o E{Ig =1 if
containers (i,k) and (j,!) are assigned to the same block.

Constraint (25) regulates the time between two consecutive import containers han-
dled by the same YC. On the other hand, constraints from (26) to (29) are used to schedule
export containers on the YCs. Constraint (30) regulates the time between two successive
export containers handled by the same yard crane.

Moreover, constraint (31) calculates the QC’s waiting time to handle the container
(i,k), which is the difference between the actual starting and the earliest starting time.
Constraints (32) to (34) calculate the waiting time of AGVs at the quayside. Constraints
from (35) to (38) determine if the container i is in the buffer when the container j is han-
dled under the various handling conditions: handling two successive import containers,
handling two successive export containers, handling an export container just before an
import, and handling an import container just before an export container. Constraints (39)
and (40) determine if the container (j) canbe handled by the QC or has to wait until there
is available space in the buffer beneath the QC. Constraints (41) and (42) ensure that the
portal trolley of QC (1) cannot handle the export container (j) until there is available
space in the buffer beneath the QC. Constraints (43) and (44) ensure that the main trolley
of QC (I) cannot handle the import container (j) until there is available space in the
buffer beneath the QC. Finally, Constraints (45) and (46) are non-negativity and binary
constraints. However, starting and ending dummy jobs is crucial to prevent the symmetric
solutions in scheduling YCs and AGVs.

4. Results and Discussion

A set of 14 instances were used to test the performance of the proposed MIP model.
The parameters of the instances were based on [6,27] and modified to suit the developed
model. The handling times, ¢(n,b) and w(i,k), of each YC from each container’s location
to the transfer point in front of the block, follow a uniform distribution U(60,140)s. The

processing times, E’ZZS", of each main trolley of QC follows a uniform distribution

U(30,150)s and the processing time, hf; “, of each portal trolley of QC was constant for
all QCs and equal to 30 s. The buffer capacity beneath each QC was five, and the number
of QCs used in each instance was two. For any given instance, the number of variables (V)

and the number of constraints (R) could be calculated using the following two formulas:

V=NWN+1)+L*+D(D +P) (47)

D2+LB+7D)+(L—-1)?+ (D —-1)?+«(2B+3)+6D+3B+P+4 (48)

where N, P, L, D, and B are the maximum indices of all containers, yard locations, export
containers, import containers, and blocks, respectively. Gurobi 9.1.0 optimization soft-
ware(Gurobi optimization, Beaverton, OR, USA) was used to solve all instances on a com-
puter with an Intel Core™ i7 processor (Intel Corporation, Santa Clara, CA, USA). Ten
runs were performed using the same parameter settings for each instance, and the average
value of these ten runs is reported. The computational time for all instances was limited
to 3000 s, common in most research studies [8].
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The key bottleneck resource in this problem was the limited buffer capacity beneath
the QCs. Therefore, the instances were designed for three main purposes:

1. Investigating the effect of the integrating the scheduling of YCs and AGVs consider-
ing the limited QCs buffer capacity on completion time, AGV utilization, and QC
utilization;

2. Investigating the effects of using the QCs buffer capacity with different sizes;

3. Investigating the impact of using single-trolley QCs instead of dual-trolley QCs.

4.1. Investigating the Effect of the Integrating the Scheduling of YCs and AGV's on Completion
Time, AGV Utilization, and QC Utilization

Table 1 shows the results of solving the instances using the proposed MIP model with
a QC buffer capacity equal to five. The number of containers in each instance and the
number of AGVs and YCs are reported. The optimum solution is represented by the com-
pletion time of the last job measured in (s), the average QC waiting time measured in (s),
and the average AGV waiting time measured in (s). The results of different instances can-
not be compared using the waiting time of the equipment only as it is a portion of the
completion time. Thus, QC utilization and AGV utilization for each instance were calcu-
lated for a proper comparison. The AGV and QC utilizations were calculated using for-
mulas (49) and (50), respectively.

Completion time — AGV waiting time

AGV utilization = - - * 100 (49)
Completion time

o Completion time — QC waiting time
QC utilization = - - * 100 (50)
Completion time

Table 1. Computational results for dual-trolley QCs with a buffer capacity equal to five.

Optimum Solution

Average Average

Instances Numb.er of AGV/YC Computational Completion AGV  QC Wait- AGV Utili- QC Utiliza-
Containers . K .. . . ) K
Time (s) Time (s) Waiting ing Time zation (%) tion (%)
Time (s) (s)

1 5 2/2 0.016 519 64.95 382 87.49 26.40
2 6 2/2 0.021 602 60 376 90.03 37.54
3 10 2/2 0.202 994 78 588 92.15 40.85
4 10 3/2 0.073 794 127 413 84.01 47.98
5 15 3/2 0.596 998 120 485 87.98 51.40
6 20 3/2 8 1451 159 626 89.04 56.86
7 25 3/2 46 1808 190 787 89.49 56.47
8 25 3/3 59 1793 183 756 89.79 57.84
9 25 5/3 5 1479 310 455 79.04 69.24
10 30 5/3 11 1809 263 570 85.46 68.49
11 40 6/4 110 2002 309 235 84.57 88.26
12 50 6/4 711 2261 358 262 84.84 88.90
13 60 6/4 1324 2822 409 325 85.51 88.48
14 70 6/4 - - - - - -

From Table 1, although all the results increased with the increasing number of con-
tainers, there was a significant impact on the results when changing the number of re-
sources to serve the same number of containers; as in instance 4 compared with instance
3, and instances 8 and 9 compared with instance 7. In instance 4, AGVs increased from
two to three to serve the same number of containers. In instance 8, the number of YCs
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increased to three instead of two, while in instance 9, the number of AGVs increased to
five instead of three. The computational time decreased in instances 4 and 9 because of
the increasing number of AGVs. That is because the number of resources increased, so the
model relaxed.

The completion time dropped with the increasing number of resources, as a larger
number of resources served the same number of containers. Additionally, QC utilization
increased with the increasing number of resources because QCs had to wait for a shorter
time for AGVs to become available. On the contrary, AGV utilization decreased with the
increasing number of AGVs as a larger number of AGVs served the same number of con-
tainers, leading to an increase in AGV waiting time. Although increasing AGV number
significantly impacted completion time and QC waiting time, it negatively affected the
terminal. That is because it increased traffic leading to congestion, collision, and bottle-
necks. Therefore, the number of vehicles should be limited to be within the carrying ca-
pacity of the terminal. Therefore, terminals use dual-trolley QCs to help in solving this
issue. According to instance 14, the computational time was unreasonably high due to the
complexity of the instance with a high number of containers because the problem was an
NP-hard problem. In other words, 70 containers were too large to be solved optimally by
the MIP model in a reasonable time.

One of the runs of instance 4 is used as an example to illustrate the scheduling of the
equipment used and the assignment of storage locations for import containers, as shown
in Figure 4. The storage locations of the import containers are defined by the block num-
ber, which equals the YC number and the slot number.

Container 1 h
Container 2 2 !ﬂ
Container 3 — -
Container 4 _ :
Container 5 2 m
Container 6 2 m
Container 7 — 3
Container 8
Container 9 1 m
Container 10 3
100 200 300 100 500 500 700 800 900 1000 Time (s)
Mainé'lgolley Pona(l;golley - AGYV i\:r::p::s [ Z;;t:‘rs
(Slot number)

Figure 4. Gantt chart for all equipment used.

4.2. Investigating the Effect of Using the QC Buffer Capacity with Different Sizes

Table 2 illustrates the results of solving the instances using the proposed MIP model
with a QCs buffer capacity equal to one. The comparison between using a QCs buffer
capacity equal to five or one is shown in Figure 5a—c. The QCs bulffer size significantly
impacted AGV utilization, as shown in Figure 5a. The figure shows that the AGV utiliza-
tion for the higher QCs buffer capacity was much more than the lower one. On the con-
trary, the QCs buffer capacity size slightly affected both completion time and QC utiliza-
tion, as shown in Figure 5b,c, respectively. According to the completion time, the higher
QCs buffer capacity always gave a better completion time, and it appeared clearly with
the increasing size of the problem, as in instance 13. At the same time, QC utilization was
almost the same for the two capacities. The reason is that the main trolley QC operates on
is much slower than the portal trolley, so there was always a container in the buffer to
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handle. Additionally, the QC scheduling was assumed to be known in advance, so the
completion time was insignificantly changed.

Table 2. Computational results for dual-trolley QCs with a buffer capacity equal to one.

Optimum Solution

Instances lg::tl:iire(;: AGV/YC Computational Completion  AGV Utiliza- QC Utilization
Time (s) Time (s) tion (%) (%)
1 5 2/2 0.009 553 84.45 35.99
2 6 2/2 0.02 620 88.39 33.71
3 10 2/2 0.191 1079 90.82 41.89
4 10 3/2 0.05 808 80.82 48.39
5 15 3/2 0.563 1052 86.69 53.23
6 20 3/2 6.513 1483 88.00 58.26
7 25 3/2 30.999 1810 85.91 59.89
8 25 3/3 21.667 1842 89.03 60.26
9 25 5/3 2.5 1532 78.72 70.23
10 30 5/3 11.04 1833 82.54 69.50
11 40 6/4 94.535 2091 80.54 88.47
12 50 6/4 272.419 2374 80.88 89.51
13 60 6/4 1431.354 2971 80.88 88.59

™ Capacity=5 ™ Capacity=1 ® Capacity=5 ® Capacity=1

95.00% 3500

3000

2500
85.00%
80.00%
0
75.00% | II I
. o II II
3 4 5 6 7 8 9 10 1 1 2 3 4 5 6 7 8

3 2 12 13 10 1 12 13

Instances Instances

g
g

AGV Utilization
Completion time

8 8
8

g

(a) AGV utilization (b) Completion time

W Capacity=5 ™ Capacity=1
100.00%
90.00%
80.00%
70.00%
.§ 60.00%
j'—g 50.00%

=
8 40.00%
30.00%
20.00%
10.00%
0.00%
1 2 8 4 5 6 7 8 9 10 11 12 13
Instances
(c) QC utilization

Figure 5. Comparison of using the QCs buffer capacity equal to five or one (a—c).
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4.3. Investigating the Impact of Using Single-Trolley QCs Instead of Dual-Trolley QCs

Table 3 shows the results of solving the instances using the proposed MIP model with
single-trolley QCs. The comparison between using single-trolley QCs and dual-trolley
QCs with a buffer capacity equal to five is shown in Figure 6. The results show that dual-
trolley QC significantly increased the AGV utilization and decreased the completion time
of the last job, as shown in Figure 6a,b, respectively. While it decreased the QC utilization,
as shown in Figure 6c. The reason for this is the portal trolley had to wait until an available
slot to put the container in the buffer, as in the case of export containers, or the main trolley
had to wait for an available slot in the case of import containers.

Table 3. Computational results for single-trolley QCs.

Optimum Solution

Instances 12:::;:;:: AGV/YC Computational Completion = AGV Utiliza- QC Utilization

Time (s) Time (s) tion (%) (%)
1 5 2/2 0.009 543.00 80.48 39.96
2 6 2/2 0.025 651 84.79 42.55
3 10 2/2 2 1045 85.36 43.44
4 10 3/2 0.074 845 75.98 54.08
5 15 3/2 0.646 1066 82.55 60.88
6 20 3/2 13 1565 83.39 61.47
7 25 3/2 70 1817 82.61 63.29
8 25 3/3 66 1889 84.33 65.64
9 25 5/3 3 1541 75.60 85.01
10 30 5/3 13 1843 81.88 81.71
11 40 6/4 82 2210 76.02 90.41
12 50 6/4 236 2728 76.83 89.96
13 60 6/4 449 3259 77.29 89.90

® Dual-trolley  m Single trolley W Dual-trolley  ® Single trolley

90%

80%
70%
60%
50%
40%
30%
20%
10%

0%

5 6 7

1 2 3 4

AGV Utilization
Completion Time
N
8
3

o
8

3000
2500
1500
- || I| | “
0 II II II
uoon B 12 3 4 s & 7 8 9 13

8 9 10 10 11 12

Instances Instances

(a) AGV utilization (b) Completion time
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® Dual-trolley ™ Single trolley
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80.00%
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QC Utilization

40.00% ‘ ‘ ‘

50.00%
30.00% ‘

20.00% } } }
10.00% I
0.00% -
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Instances

(c) QC utilization

Figure 6. Comparison of using dual-trolley QCs and single-trolley QC (a—c).

In summary, these experiments indicate that the dual-trolley QCs significantly affect
the vessel berthing time and the congestion at the quayside by reducing the completion
time of the last container and the waiting time of AGVs. Additionally, the QCs buffer
capacity is a critical bottleneck resource. Therefore, automated container terminal manag-
ers should install dual-trolley QCs instead of the single-trolley and increase their buffer
capacities.

5. Conclusions and Future Work

The performance of a container terminal is mainly measured by the vessel berthing
time and is highly affected by the scheduling of different equipment. One of the most
challenging problems both scholars and terminal operators face is introducing a proper
scheduling plan for different equipment, considering the buffer capacity of dual-trolley
QCs and the limited storage locations of import containers. Therefore, this article pro-
posed a mixed integer programming model to integrate the scheduling of YCs and AGVs,
considering the allocation of import containers. Additionally, the model introduced a
novel set of constraints to consider the buffer capacity beneath QCs. The QCs buffer ca-
pacity constraints were determined when handling each container to make the model
more general and applicable under any condition. For example, a check must be per-
formed to ensure a slot is available in the buffer if a particular container has to be handled.
Otherwise, the container has to wait for a slot to be available. The objective was to mini-
mize the completion time of the last job, which significantly affects the vessel berthing
time. Several numerical experiments were implemented to analyze the studied problem
and test the performance of the proposed model.

The results provide detailed scheduling and assigning plans for YCs and AGVs be-
sides allocating import containers in a specific slot and block. The results show that the
completion time dropped with the increasing number of resources (i.e., YCs and AGVs)
as more resources serve the same number of containers. Additionally, QC utilization in-
creased with the increasing number of resources because QCs had to wait for a shorter
time for AGVs to become available. On the contrary, AGV utilization decreased with an
increase in its number as the waiting time of AGVs increased. Although increasing the
number of AGVs significantly impacted the completion time of the last job and QC utili-
zation, it negatively affected the terminal because it increased traffic leading to congestion,
collision, and bottlenecks. So, the number of vehicles should be limited to be within the
carrying capacity of the terminal. Hence, terminals should use dual-trolley QCs to help in
solving this issue. However, it is clear from the results that dual-trolley QCs decrease the
completion time and increase AGV utilization compared to single-trolley QCs. Addition-
ally, the completion time decreased with the increasing capacity size of the buffer beneath
dual-trolley QCs, while AGV utilization increased.
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For future work, the scheduling of both trolleys of QCs can be included in the model.
The effect of using different QC buffer capacity sizes can be studied. Heuristics can be
implemented to solve large instances. Obtaining the optimum capacity size of the buffer
beneath each QC can be included in the model. Pareto analysis can be conducted to intro-
duce suitable tradeoffs for increasing QC utilization and decreasing the completion time
of all jobs. Moreover, minimizing the QC waiting time can be considered in the model as
an objective function.
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