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Abstract

The recent rapid development of China’s foreign trade has led to the signifi-
cant increase in waterway transportation and automated container ports.
Automated terminals can significantly improve the loading and unloading ef-
ficiency of container terminals. These terminals can also increase the port’s
transportation volume while ensuring the quality of cargo loading and un-
loading, which has become an inevitable trend in the future development of
ports. However, the continuous growth of the port’s transportation volume
has increased the horizontal transportation pressure on the automated ter-
minal, and the problems of route conflicts and road locks faced by automated
guided vehicles (AGV) have become increasingly prominent. Accordingly,
this work takes Xiamen Yuanhai automated container terminal as an exam-
ple. This work focuses on analyzing the interference problem of path conflict
in its horizontal transportation AGV scheduling. Results show that path con-
flict, the most prominent interference factor, will cause AGV scheduling to be
unable to execute the original plan. Consequently, the disruption manage-
ment was used to establish a disturbance recovery model, and the Dijkstra
algorithm for combining with time windows is adopted to plan a conflict-free
path. Based on the comparison with the rescheduling method, the research
obtains that the deviation of the transportation path and the deviation degree
of the transportation path under the disruption management method are
much lower than those of the rescheduling method. The transportation path
deviation degree of the disruption management method is only 5.56%.
Meanwhile, the deviation degree of the transportation path under the re-
scheduling method is 44.44%.
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1. Introduction

China initially had a slow start in building automated container terminals.
Nonetheless, with the vigorous implementation of China’s “One Belt, One Road”
policy, automated container ports have become a crucial element of the strategic
layout and will become the primary focus of the future port development. China
is currently progressing toward to a strong maritime nation. To address the issue
of shortage of fully automated container terminal numbers, China has expressed
in policies, such as the “Construction Outline of a Strong Transportation Na-
tion”, that they will establish an information infrastructure based on 5G, Beidou,
and IoT. Moreover, the country will strengthen the development and promotion
of the automated container terminal operating system. The goal is to basically
complete the construction of the container hub port intelligent system by 2035,
become a world-class port, and promote the construction of a strong transporta-
tion nation [1]. Automated guided vehicles (AGV) play a significant role in au-
tomated ports during the horizontal transportation. In the future, port opera-
tions must be safer, more energy-efficient, and have improved loading and un-
loading efficiency. Given that automated container terminals encompass these
features, future terminal construction will be automated moving forward. Hori-
zontal transport AGVs in automated container terminals typically use naviga-
tion devices to obtain and perceive environmental information to perform au-
tomatic driving and navigation, making it more efficient to load, unload, and
transport goods. However, the pressure on horizontal transportation has been
growing due to the development of the economy and the continuous growth of
port transportation. In the limited container horizontal transportation paths,
problems, such as path conflicts and road lock-outs, have become increasingly
prominent in horizontal transportation AGV systems [2]. Ignoring the afore-
mentioned disturbances will have a direct effect on the horizontal transportation
system and may even result in system paralysis and stagnation, reducing the
overall efficiency of the automated port.

Self-driving technology is used to schedule AGVs in an automated dock. Ac-
cordingly, the main factors that commonly interfere with AGV scheduling are as
follows: 1) Information interference, such as traffic signs, pedestrians, vehicles,
and static objects; 2) route interference, mainly involving path conflicts and road
lock issues; 3) data processing, including signal data loss and changes in loading
plans; and 4) vehicle control, including hardware and software control. The
concept of disruption management will be used in this work to quantify the ef-
fect of disturbance on the system and how to restore regular operation after a
disruption occurs. A new adjustment plan will be developed after a disturbance
to minimize the effect of disturbance based on the initial goal. The basic idea of

disruption management is to use models and solution algorithms to develop an
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initial operation plan at the beginning of the project. However, disturbances oc-
cur during a plan’s implementation due to various uncertain factors, making the
original plan infeasible. At this time, a new plan must be generated in real-time.
The new plan not only needs to consider the original optimization goals but also
needs to minimize the negative effects brought by the disturbance [3].

When encountering disruptive events with uncertain factors in automated
port-horizontal transportation, we should first determine if it affects AGV
scheduling, specifically, if AGV scheduling is disturbed, and then examine
whether the relevant theories of disruption management can be used to solve the
problem. Currently, several scholars determined the disturbance based on sub-
jective judgment [4] (i.e, an extremely serious disturbance event that affects the
implementation of the original plan can be considered a disturbance). In other
areas, the concept of disruption management is typically applied to certain situa-
tions, such as weather-related vehicle obstructions or short-term flight changes.
After clarifying that disruption management-related theories can be used, the
disturbance caused by the disturbance event must be measured. Then, the effect
of the disturbance event on the entire system must be analyzed and evaluated.
Finally, a disturbance recovery model is established, and the reasonable algo-
rithms are combined to give feasible solutions in real-time and minimize the
disturbance caused by the disturbance. In summary, the optimization of auto-
mated port AGV scheduling can be achieved by establishing a disturbance re-
covery model and judging the system’s disturbance based on the specific condi-
tions to be minimized, which is of great significance for the normal operation of
the automated port, energy conservation and emission reduction, and improve-
ment of port operation efficiency.

This work first studied the various disturbance factors in AGV scheduling in
automated ports, such as path conflicts, road lockouts, mechanical failures, AGV
information loss, and changes in cargo plans, to determine the main disturbance
factors that cause AGVs to be unable to execute the original dispatch plan. Once
the main disturbance factors in AGV scheduling have been identified, the objec-
tive is to minimize the disruptions in the AGV transportation path. Thereafter,
an AGV scheduling disturbance recovery model is constructed, and the Dijkstra
algorithm is used to solve the disturbance recovery model, resulting in an opti-
mal model optimization plan for minimizing system side effect conflicts in the
AGV path. Finally, the Xiamen Yuanhai automated container terminal is select-
ed as the object, and the container transportation volume of the port in 2021 is
gathered to examine the overall layout of the horizontal transportation in com-
bination with related literature. This work will simplify the layout of AGV hori-
zontal transportation to provide data support for the AGV scheduling disturb-
ance recovery model. A case analysis is conducted based on this information,

and solutions are proposed based on the analysis results.

2. Literature Review

Automated terminal AGV scheduling and disruption management are two im-
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portant aspects in the design and operation of an automated terminal AGV sys-
tem. The basic theory of AGV scheduling in automated docks involves the allo-
cation of tasks to AGVs, such as transporting containers or cargo to and from
designated locations, in an efficient and optimized manner. This task can be
achieved through various optimization algorithms, such as mathematical pro-
gramming or heuristics, that consider certain factors, such as AGV availability,
cargo type, transportation distance, and handling times. Disruption manage-
ment in AGV systems refers to the ability to effectively handle and overcome
any unexpected events or obstacles that may affect the normal operation of
AGVs, such as congestion, breakdowns, or changes in production demand. This
approach enables real-time monitoring and adjustment of AGV scheduling
based on demand changes, congestion, or other disruptions to ensure smooth
and efficient operations of AGV scheduling. The relevant studies on an auto-
mated terminal AGV scheduling and disruption management are sorted out in

detail as follows.

2.1. Automated Terminal AGV Scheduling

Currently, researchers are exploring AGV dispatch optimization in automated
terminals from three main perspectives: first, path optimization is developed,
mainly using time windows, mixed integer programming, and static path plan-
ning methods that allow AGVs to run on pre-planned paths. Zheng [5] complied
a summary of the factors that affect the AGV execution and waiting times in the
field of AGV path optimization. These factors include the efficiency of the
cranes at both ends of the operating chain, the scheduling of the track cranes,
and the factors from the storage and loading plans. Fan [6] considered the AGV
scheduling optimization under the factor of path conflict, proposed a segmented
scheduling strategy, and established a dual-objective scheduling optimization
model to minimize the maximum completion time and AGV idle and waiting
times. Li [7] considered the charging factor for AGV task optimization and es-
tablished an AGV task optimization allocation and charging timing model to
minimize the AGV transportation costs. He used the Dantzig-Wolfe principle to
decompose the model into a main problem based on path set partitioning and a
sub-problem with resource-constrained shortest paths and solved different at-
tribute constraints separately in the main problem and sub-problem to reduce
the complexity of the model solution. Kang et al [8] proposed a real-time task
allocation method for dual-loading AGVs under the dynamic change of urgency
of goods in logistics warehouses. The delivery time of AGVs is calculated based
on the urgency of goods, the position and working status of AGVs, and whether
the goods are in the same vehicle, and the transportation tasks are allocated
based on decision trees. Although these scholars have considered different in-
fluencing factors in AGV scheduling optimization and proposed their own mod-
el methods, they have not fully considered the sudden situations generated by

various uncertain factors under interference.
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Second, the superiority of algorithms, such as genetic algorithms and ant col-
ony algorithms, in solving complex problems is evident in their ability to find
better solutions. Yu [9] proposed a two-stage scheduling optimization model.
The first stage aims to minimize the cost of container operation at quay cranes,
whereas the second stage focuses on reducing the cost of AGV transportation.
The optimization is performed by using a hybrid intelligent algorithm based on
genetic algorithms and heuristics. Zhang [10] proposed using a dynamic window
method for the static movement of AGV in the port. The effectiveness of this
method was verified by simulation experiments, and a combined algorithm of
the dynamic window method and the A* algorithm was proposed. Chen [2] im-
proved the traditional ant colony algorithm by integrating it into a multi-agent
system to improve collision avoidance and road unlocking abilities, thereby en-
hancing the AGV transportation efficiency. Chen et al. [11] used an embedded
tabu search algorithm and a real-time monitoring system to schedule AGV
transportation and reduce the overall logistics cost.

Finally, from the perspective of dispatch strategies, such as random work cen-
ter strategies, minimum transportation time/distance strategies, maximum
transportation time/distance strategies, modified first-come-first-serve strate-
gies, and random vehicle strategies, human traffic rules are introduced into the
AGYV operations to make AGV dispatch run in an orderly manner. However,
despite significant transportation demands, instances of route conflicts and

problems in effectively resolving them may still arise [2].

2.2. Disruption Management

Disruption management refers to the process of dealing with unexpected events
that occur while a system operates based on its initial plan under normal cir-
cumstances. When a disturbance event occurs and affects the initial plan, even to
the point of rendering it unworkable, optimization measures are employed to
adjust the initial plan while minimizing the negative effect on the system. Ac-
cordingly, the effectiveness of any mitigation plan depends on the characteristics
of the disturbance event and the initial plan. Ding et al [12] aimed to address
the delay caused by disruptions and established a logistics delivery disruption
management model based on minimizing the deviation cost, taking into account
the customer lifetime value. The model effectively improves the logistics delivery
system’s response to disruptions under delay conditions and promotes cross-
penetration between marketing and disruption management fields. Zhang and
Zhu [13] explored customer relationships, cloud models, and disruption man-
agement and classified target customers based on cloud models. On this basis,
they established a vehicle routing problem delivery management model. The
model was solved using the immune algorithm and the tree-seed algorithm. The
effectiveness of the algorithms was verified through simulations. The results
provided new clues for the routing of delivery vehicles during disruptions. Dek-

ker et al. [14] applied disruption management to railway management. They
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proposed a new framework for managing disruptions that emphasized three key
concepts: predicting disruptions using early warning signals, isolating disrupted
areas, and using decentralized decision-making. This mechanism offered new
ideas for using disruption management. Jiang [15] applied the theory of disrup-
tion management to logistics delivery vehicle failures and established a vehicle
failure rescue model, which was verified by simulation case studies. On this ba-
sis, a dynamic adjustment vehicle dispatch method based on genetic algorithm
optimization was proposed and applied in a case study of a logistics company.
The experimental data and vehicle dispatch strategies were compared and
demonstrated that the model is effective in solving delivery vehicle failures and
has significant implications for reducing delivery reserve vehicles and control-
ling the decline in delivery service levels.

When a disturbance event occurs, a model is created based on the characteris-
tics of the disturbance event and the initial plan to minimize the deviation be-
tween the disruption management plan and the initial plan, thereby minimizing
system disturbance. Network graph and mathematical models are commonly
used to construct a disturbance recovery model. At present, mathematical mod-
els are more commonly used by many researchers. Ning et al [16] used mul-
ti-objective planning methods to establish a multi-objective optimization model
for disturbed vehicles, introducing the idea of step-by-step optimization of ob-
jectives. They obtained a solution that minimizes the time deviation and delivery
cost after interference and proposed an improved multi-objective quantum par-
ticle swarm algorithm to optimize the disruption management model and find
better solutions for multi-objective optimization problems. In comparison with
existing classical algorithms, this algorithm is proven to be effective in solving
the problem of disturbed vehicles. Gao [17] pointed out the drawbacks of cur-
rent research and believed that existing studies only considered one interference
factor, whereas in reality, a combination of multiple factors is more in line with
real-world needs, and simple mathematical models may not be sufficient to ac-
curately address the problem. Shi [18] addressed the disruption management of
dangerous goods vehicle scheduling caused by traffic congestion and established
a disruption management model for dangerous goods vehicle scheduling by us-
ing a disturbance recovery disaster genetic algorithm to solve the model.

Eglese et al. [19] asserted that the concept of disruption management has ma-
tured and can be applied in the routing and scheduling of road freight delivery
vehicles, providing better decision support for those who manage road vehicle
distribution businesses. In the AGV scheduling of the automated terminal, the
ubiquitous interference factors include information interference, route interfer-
ence, data processing, and vehicle control. When the AGV scheduling is affected
by interference factors, a new and reliable AGV scheduling plan must be devel-
oped. If the AGV is rescheduled, it may cause greater disturbance to the AGV
scheduling plan. However, the use of disruption management is to optimize and

adjust the original plan according to the state of interference factors. The goal is
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to minimize disturbance and save costs appropriately [4]. Therefore, this work
adopts the theory of disruption management to reasonably construct an AGV

dispatch disturbance recovery model.

3. Analysis and Evaluation of Xiamen Yuanhai Automated
Container Terminal

3.1. Automated Container Terminal at Xiamen Yuanhai

In 2012, the Xiamen government collaborated with COSCO and China Com-
munications Construction Company to introduce a full automation transfor-
mation at Xiamen Yuanhai container terminal. This terminal was China’s first
fully automated container terminal, and it has gained significant industry recog-
nition for its remote operations, intelligence, safety, and sustainability since its
launch in March 2016. This container terminal is situated in Berths 14 - 17 at
Haicang Port of Xiamen, and it features a 100,000 ton berth and is designed to
accommodate 150,000 ton container ships. Furthermore, this terminal is 1508 m
long and reached an annual handling capacity of 2.6 million TEUs on December
28, 2021. The construction of Xiamen Yuanhai’s automated container terminal
began in March 2013, and it comprises three double-berth gantry cranes, 16
rail-mounted gantry cranes, 18 AGVs, and an automated terminal operating
system. The terminal has been constructed and is undergoing trial operations.
As global economic integration and trade liberalization trends continue to
strengthen, countries around the world are focusing on the logistics industry.
Moreover, the international port and shipping industry, a critical component of
the modern logistics system, is receiving even more attention.

From 2018 to 2020, Xiamen Yuanhai automated container terminal transi-
tioned from automation to intelligent automation. In 2017, China’s economy
entered a new normal, and the global shipping market slowly recovered. This
situation led to an excess of capacity on major international shipping routes, re-
sulting in a trend toward larger ships. Xiamen Yuanhai Container Terminal Co.,
Ltd. actively transformed and upgraded to reduce its operating costs and im-
prove economic efficiency. The proportion of automated terminals/traditional
terminals for loading and unloading ships significantly increased between 2018
and 2020, and the dwell time of trailers at automated terminals considerably de-
creased. On December 21, 2021, the “Smart Port 2.0”, jointly created by China
Ocean Shipping, China Mobile, and East Wind, officially commenced commer-

cial operation.

3.2. Layout of the Automated Container Terminal at
Xiamen Yuanhai

Xiamen Yuanhai automated container terminal has a total coastline length of
447 m, covers an area of 1.22 million-m? and has one berthing position. This
terminal uses the “double-gantry automated quay crane + automatic guided ve-

hicle + automated rail mounted gantry crane” loading and unloading process,
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and it is equipped with 18 automatic guided vehicles, 16 automated rail mounted
gantry cranes, and 3 automated gantry cranes. Moreover, this terminal imple-
ments a parallel arrangement of yard and terminal, and the specific layout is
shown in Figure 1 [20].

Empty container yard

Main

gate E-commerce Bonded Logistics Warehousing

Heavy container yard

Phase 2 of]
Heavy container yard automated,

container
terminal

Phase 1 of automated container terminal

< Q >

AGYV Operation H H

Dock Frontier Qua Quay| Qua
Operation Area

cran rang rang

g E

Figure 1. Layout of Xiamen Yuanhai automated container terminal.

The yard of Xiamen Yuanhai automated container terminal has a scale of 225
m x 237.261 m, including 8 yards and 1904 box positions. This automated yard
stores ordinary empty and full containers, refrigerated containers, and hazard-
ous containers, while non-automated yards are designated for dangerous goods
containers. The entire automated container terminal is divided into six func-
tional areas: foreshore operating area, horizontal transportation area (AGV op-
erating area), AGV exchange area, truck exchange area, yard operating area, and
truck buffer area.

This work primarily focuses on the optimization of AGV dispatch, and the
horizontal transportation area is described in detail. The horizontal transporta-
tion area is a dedicated roadway surface made by special technology, equipped
with navigation magnetic pegs and wireless control landing network system.
This area is controlled by the back-end control system, and AGV vehicles can
automatically run on the quay crane and AGV exchange area. The imported
containers can be automatically transported to the automated storage area and
then to the bottom of the quay crane and automatically complete the container

positioning and movement.
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3.3. Units Analysis of the Horizontal Transportation at Xiamen
Yuanhai Automated Container Terminal

3.3.1. Dock Loading and Unloading Techniques

The automated container terminal at Xiamen Yuanhai adopts the loading and
unloading process system with the strongest application, maturity, and univer-
sality in the world, namely, the “quay crane + AGV + AGV partner + ARMG
(automated rail mounted gantry crane)” loading and unloading process system.
This loading and unloading process is composed of a shore side loading and un-
loading system, a horizontal transportation system, a yard loading and unload-

ing system, and a collection and transportation system [4].

3.3.2. Situation of Equipment Resource Allocation

The automated container terminal at Xiamen Yuanhai is the first fully automat-
ed container terminal in China, and its various loading and unloading equip-
ment is a crucial asset and the core of the terminal’s independent shore- side
loading, horizontal transportation, and independent yard loading operations.
The configuration and reliability of this equipment directly affects the terminal’s
loading and unloading capacity, service level, and operating efficiency. With the
rapid development of container transportation business at Xiamen Yuanhai au-
tomated container terminal, it imposes higher demands for containerized logis-
tics services.

Therefore, improving the comprehensive management level of container ter-
minals and resolving potential route conflicts have become a pressing issue that
needs to be addressed. Based on the experience of foreign automated terminal
equipment applications and considering its own practical situation, automated
container terminal at Xiamen Yuanhai adopts an efficient and reasonable equip-
ment configuration plan that provides high-efficiency, reliable, and cost-effective
equipment support for loading and unloading operations. This feature is an im-
portant guarantee for this terminal to achieve good investment returns in the
international port competition. The automated equipment of this automated
terminal was independently developed by Shanghai Zhenhua Heavy Industries.
The main components of the terminal automation equipment include automat-
ed gantry cranes, automated yard cranes, AGV, and AGV partner, with a total of
45 units currently in use. The main equipment configuration of this automated

terminal is shown in Table 1.

3.3.3. Problems Analysis of AGV Horizontal Transportation

The horizontal transportation system serves as the bridge between the shore-side
loading and unloading system and the yard loading and unloading system and
consists of a road network from the front of the terminal to the front end of the
container area and horizontal transportation equipment. The AGV used at the
Xiamen Yuanhai automated container terminal is a fully electric drive AGV de-
veloped by Shanghai Zhenhua Heavy Industries Co., Ltd. To address the con-
nection issue between the AGV and the yard gantry crane, an AGV partner is
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specially set up in the yard seaside transfer area. The AGV partner can actively
load and unload containers. This partner can either lift the container from the
AGV or place it on top of the AGV so that the AGV does not have to wait for the
ARMG to operate and can enter the container area. The AGV partner forms a
buffer between horizontal transportation and yard operations.

If information interference, route interference, data interference, or other is-
sues occur in the horizontal transportation system, the operation of the AGV
and its efficiency of the port operation will be affected. The layout of the remote
port terminal’s horizontal transportation system adopts an “L” shape. During
the unloading process, the AGV has to pass through at least three turns, which
not only increases the distance of each transportation operation but also aug-
ments the number of times the AGV must avoid other vehicles, resulting in a
decline in the efficiency of automated container terminal unloading. According-
ly, the problems of route conflicts and road blockages are even more pro-
nounced [4]. The AGV’s operating route during the loading and unloading of

the ship is shown in Figure 2.

4. AGV Dispatch Optimization Considering Path
Conflict Interference

AGYV scheduling is similar to the scheduling of conventional cargo vehicles and
uses automated control. During the AGV scheduling, the terminal typically
makes transportation plans based on the ship loading plan and its own opera-
tional situation. However, disruptions, such as information interference, route
interference, data processing interference, and vehicle control, can affect the
original transportation plan and reduce the efficiency and safety of AGV sched-
uling due to the influence of uncertain factors. Therefore, this section focuses on
researching the AGV scheduling problem and takes the Xiamen Yuanhai auto-
mated container terminal as an example to analyze the main disruption factors
of path conflicts. Based on the AGV scheduling strategy and simplified terminal
layout, following the shortest distance principle, the initial path is planned using
the Dijkstra algorithm combined with time window planning and analyzed for
path conflicts. If no conflict arises, then the transportation task is executed. If a
path conflict disruption factor exists, then the disturbance is identified and
measured while considering the original transportation plan to minimize the
disturbance. A path optimization for AGV scheduling considering path conflicts
is established to plan a transportation path without conflicts, ensuring that the

task is successfully completed.

4.1. Initial Plan of AGV Dispatch

4.1.1. Problem Description

In the horizontal transportation at the seaport, the AGV control center allocates
tasks to the corresponding idle AGV based on the nearest destination principle
when receiving the container inbound scheduling instructions [4]. The AGV

exchanges containers to the AGV exchange area of the yard through the AGV
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partner and then transport containers to the yard shelves in random order
through the yard bridge. Meanwhile, the following assumptions are made on the
model built based on the horizontal transportation layout of the container ter-

minal:

Table 1. Main components of the terminal automation equipment.

Terminal . Unit of Equipment
) . Efficiency

automation equipment measurement power
Automated gantry cranes 30 move/h 3 units Electricity
Automated yard cranes 24 move/h 16 units Electricity
AGV 7.2 km/h 18 units Electricity
AGYV partner - 8 units Electricity

. . . . Unit of .
Terminal automation equipment Efficiency Equipment power
measurement
AGYV exchange area
Yard operation area * :

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

o o e« o o o o o e o o o e o o o e o o o o o o e s e e e s e & e s o
e o o o« o e o o o o o e o . e o o o o o o o o o o Jo e[ e e o o o o o o o
e o o o o o o o o o o o o o o o o o e o o o o o o o e o o e o o e o o o o o o o o o o o
e o o o o o o o o o o o o o o o o o e o o o o o o o o 9 © o o o o o o o el e o o o o o o o o o o

S e oty et e e
o o o ofrand o o o o o o o

Figure 2. AGV transportation path during loading and unloading operations.
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1) For convenience of calculation, the entities at the container terminal, such
as AGVs, AGV partners, quay cranes, and magnetic nails, are set as masses, and
the routes of the AGVs operate between masses with equal distances between
them.

2) The model simplifies the size of the container and assumes it to be a stand-
ard container.

3) The AGV operates at a constant speed and is not related to the load or
empty load.

4) In AGV scheduling control, tasks are assigned to the AGV closest to the
destination, following the principle of the shortest distance. The AGV is respon-

sible for carrying out the container transport operation.

4.1.2. Generation of the Initial Transport Path

The dispatch strategy of the AGV at Xiamen Yuanhai automation container
terminal follows the shortest distance principle. The Dijkstra algorithm is used
in conjunction with time window planning to produce the initial path and ana-
lyze if any path conflicts are present. The steps are as follows [21] [22]:

Step 1. Based on the horizontal transportation layout of Xiamen Yuanhai au-
tomation terminal, set the position of the quay crane and yard points, and ran-
domly generate the starting point of the AGV (V= (x; ).

Step 2. Use the Dijkstra algorithm to generate the shortest path.

Step 2.1. Initialize by adding the starting point of the AGV (V= (x; y;)) to the
set S'and marking it.

Step 2.2. Find the points that are directly connected to the starting point of the
AGV (Vp) in the set S, select the point 7 with the shortest distance, and mark it.
Add point 7to set S.

Step 2.3. Use point 7 as the new starting point, and find the point j directly
reachable from point 7 with the shortest distance in the set S. If DIST[/] >
DIST[4] + 4 j), where ({4 )) represents the distance from 7 to j, then the cur-
rent distance from the original point 1} to point jthrough point 7 (DIST[/] + (4
j)) is shorter than the direct distance from the original point V5 to point ;
(DIST(/]), so update DIST[/] to DIST[4] + (1} j) and add point jto the set .

Step 2.4. Repeat Steps 2.2 and 2.3 until the shortest distance from the original
point V4, through the quay crane, to the yard is determined.

Step 2.5. Output the AGV path formed by the source, intermediate, and target
points.

Step 3. Generate time windows for each path in the AGV shortest path set.

Step 4. Select a path from the AGV shortest path set, and check for any a con-
flict with the time window of other planned paths. If no conflict exists, then
generate the AGV dispatch path. If a conflict exists, then select a path from the
conflict path set, adopt the re-dispatch strategy, and set the conflicting AGV’s
point as the starting point to recalculate the new path by using the Dijkstra algo-

rithm in Step 2 until a conflict-free path is planned.
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4.2. Identification of Disturbance after a Path Conflict Occurs

4.2.1. Analysis of Path Conflict Time
Let the transportation network graph be G = (V), where the nodes in the graph
are V=1{0, 1, 2, ---, n}, the departure time at node 7is 7, the time taken to travel
from 7to jwithout a path conflict is 7(;, the time of the path conflict is t/, and
the time required to change the transportation path during the path conflict is
ti.
Assuming that #is the departure time at node 7 when AGV travels from node 7
to node j, if the AGV is traveling along some edge, then the time when path con-
flict occurs (t/) isin t <t/ <t +T;)» indicating that the path conflict will affect
the AGV as it travels from node 7to node j and the time required to change the

transportation path during the path conflictis t; =6.

4.2.2. Detection of Disruption

In the initial transportation plan, the transportation time threshold is (0, 7].
During the process of AGV carrying out the transportation task, the total trans-
portation time is T(N) =T, +T,+---+T,,and T(N) <T . The delay in driving time
caused by path conflicts is &. When AGYV is affected by path conflicts, new total
transportation time is T(r,‘f;" =T 4T+ 4T, +0 =T, +0.

If T(Tf;” =Ty +0>T, then path conflicts cause disturbances, and the original
AGYV scheduling plan must be adjusted. In other cases, no disturbance caused by
path conflicts arises, and the original scheduling plan of the AGV does not need
to be adjusted.

4.3. Measurement of Disturbance after Path Conflict Occurrence

When AGYV executes the initial transportation plan, a route conflict may occur,
which can result in disruptions in the transportation path. An accurate meas-
urement must be made based on the basic principles of disturbance management
to accurately measure the deviation of the transportation path and minimize the
disruption after the path has been disturbed.

This work mainly uses the deviation amount of the transportation path and
the deviation degree of the transportation path to represent to facilitate calcula-
tion and a more intuitive representation of the disturbance degree. The deviation
amount and the deviation degree of the transportation path are closely related to
the increase and decrease in the adjustment plan relative to the initial transpor-
tation plan path. This work paper describes the travel path using a point-line
method, and the deviation amount of the transportation path is measured by the
addition or reduction of transportation nodes. Figure 3 illustrates the path devi-
ation if the dispatching method is used to solve the path conflict by changing the
travel path in the form of detours.

In Figure 3, the upper line represents the initial transportation plan of AGV,
which is 1-2-3-4-5. When AGV drives from node 3 to node 4, it encounters a
path conflict and meets another AGV, which requires adjusting the route. The
adjusted route is shown in the transportation line at the bottom of Figure 3. In
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the adjustment plan, the new route increases 3-6, 6-7, 7-8, 8-5 and decreases 3-4,
4-5, resulting in the new transportation path 1-2-3-6-7-8-5 with the addition of
nodes 6, 7, and 8, and the reduction of node 4.

Assuming that the set of transport routes in the initial transport plan is & and
after encountering traffic congestion interference and undergoing disruption
management, the new set of transportation paths in the adjusted plan is S. Pa-
rameter r* is defined as the route node that does not belong to the initial trans-
portation plan S, but to the path set S of the disruption management adjustment
plan. Meanwhile, parameter s~ is defined as the route node that does not belong
to the path set S of the disruption management adjustment plan, but to the ini-
tial transportation plan . The deviation of transportation paths can be meas-
ured using the deviation amount of transportation path and the deviation degree
of transportation path. The deviation amount of the transportation path is
shown in Equation (1), and the deviation degree of the transportation path is

expressed in Equation (2).

D (k)= (|r"

k

) 8

p (k) _ Deviation amount of transportation path

= — - x100% (2)
Path amount of initial transportation plan

O )
» 3 » 4 > 5
_/

Driving path of the initial transportation plan of the AGV (k;)

6 > >
N

Driving path of the adjusted transportation plan of the AGV (k;)

Figure 3. Change of the driving path under path conflicts.

4.4. AGV Dispatch Disturbance Management Model with Path
Conflict Considerations

Based on the idea of disruption management, the objective of minimizing the
AGYV transportation path deviation must be considered when a path conflict
occurs. When a path conflict occurs in the initial transportation plan, the path
must be adjusted according to the disturbance. The specific steps are as follows:

Step 1. Identify the node and time of the path conflict.

Step 2. Consider the minimum disturbance, adopt the appropriate waiting
strategy, or change the path strategy.

Step 3. Generate a new transportation path.

Step 4. Determine if a path conflict exists in the new path.

Step 5. Calculate the total transportation time 7{.
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4.5. Data Acquisition and Model Calculation

4.5.1. Data Acquisition

Based on the review of relevant literature and search for relevant information,
combined with the actual situation and the fit of the model, this work takes the
horizontal transportation structure of Xiamen Yuanhai automation container
terminal as an example and randomly generates the initial starting points V; =
(x1, 1), V2= (X, y2), and V3 = (x3, y3) of three AGVs. To simplify the calculation
and be consistent with the layout of Xiamen Yuanhai automation container ter-
minal’s horizontal transportation, this work sets up three quay cranes: Quay
crane 1 (3, 1), Quay crane 2 (5, 1), and Quay crane 3 (7, 1) and three AGV part-
ners: AGV partner 1 (6, 7), AGV partner 2 (6, 8), and AGV partner 3 (6, 9) and
lays out 67 magnetic pins as nodes for the AGV transportation path. The starting
points of the three AGVs are randomly generated among the 67 magnetic pins.
The AGVs can only transfer the containers to the corresponding container
companions for loading and unloading when they reach nodes 34, 35, and 36.

The specific setting is shown in Figure 4.

37 47 57 67

o o o ® [

AGYV partner 3 36 46 56 66

o o ® ® o

AGV partner 2 35 AGV(1) 55 65

@ ® o @ &

AGV partner | 34 44 54 64

o ® ® o

3B 43 53 63

o o @ L O o o o

14 19 23 28 32 42 52 62

o L o o L @ e o

13 AGV(3) 2 27 AGV(2) 41 51 61

@ o o O o [ o ®

12 17 21 26 30 40 50 60

© @ @ o o @ & o

11 16 20 25 29 39 49 59

@ o o o [ [ o o

Quaycrane 1 15 Quaycrane2 24 Quaycrane3 38 48 58
3 1 5 6 7 8 9 10 11

Figure 4. Entity position setting of the AGVs and quay cranes.
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4.5.2. Dijkstra Algorithm Combined with Time Window Planning for
Pathfinding

After randomly generating the initial positions of three AGVs, the initial driving
path of the AGVs can be calculated using the Dijkstra algorithm based on the
principle of shortest distance, as shown in Table 2. The results show that the ini-
tial driving path of AGV (1) is 45-44-43-42-41-40-39-38-Quay crane 3-29-30-31-
32-33-34-35-36-AGV partner 3, the initial driving path of AGV (2) is 31-27-22-
21-20-Quay crane 2-20-21-22-27-28-32-33-34-35-AGV partner 2, and the initial
driving path of AGV (3) is 18-13-12-11-Quay crane 1-11-12-13-14-19-23-28-
32-33-34-AGV partner 1. A conflict was found in the route at nodes 32, 33, and
34 for AGV (1) and AGV (3), as shown in Table 2. In response to the route con-
flicts, the rescheduling method and disruption management are adopted for path
planning to generate new transport paths for comparison, according to the re-
sults in Table 2.

Table 2. Initial driving list with time windows.

AGV (1) AGV (2) AGV (3)
Path Time Path Time Path Time
sequence sequence sequence sequence sequence sequence
45 0 31 0 18 0
44 1 27 1 13 1
43 2 22 2 12 2
42 3 21 3 11 3
41 4 20 4 Quay crane 1 4
40 5 Quay crane 2 5 11 5
39 6 20 6 12 6
38 7 21 7 13 7
Quay crane 3 8 22 8 14 8
29 9 27 9 19 9
30 10 28 10 23 10
31 11 32 11 28 11
32 12 33 12 32 12
33 13 34 13 33 13
34 14 35 14 34 14
35 15 AGYV partner 2 15 AGYV partner 1 15
36 16 - - - -

AGYV partner 3 17 - - - -

First, the rescheduling method is considered and aims to achieve the mini-
mum travel distance and resolve path conflicts. In AGV (1), node 32, node 33,
and node 34 are removed by using a bypass method, and then the new planned
path of AGV (1) is obtained by using the Dijkstra algorithm, as shown in Table
3. In the adjustment plan, the new route increases 31-41, 41-42, 42-43, 43-44,
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44-45, 45-35 and decreases 31-32, 32-33, 33-34, 34-35, resulting in the new
transportation path 45-44-43-42-41-40-39-38-Quay crane 3-29-30-31-41-42-43-
44-45-35-36-AGV partner 3 with the addition of nodes 41, 42, 43, 44, and 45,
and the reduction of nodes 32, 33, and 34. Thus, the parameters * and 7 in
Equation (1) are equals to 5 and 3, respectively. The results show that the new
planned path of AGV (1) has no path conflict with the initial paths of AGV (2)
and AGV (3). Then, the deviation amount and the deviation degree of the
transportation path under the rescheduling plan can be calculated by using

Equations (1) and (2) and are shown as in Table 4.

Table 3. New driving list with time windows under the rescheduling plan.

AGV (1) AGV (2) AGV (3)
Path Time Path Time Path Time
sequence sequence sequence sequence sequence sequence
45 0 31 0 18 0
44 1 27 1 13 1
43 2 22 2 12 2
42 3 21 3 11 3
41 4 20 4 Quay crane 1 4
40 5 Quay crane 2 5 11 5
39 6 20 6 12 6
38 7 21 7 13 7
Quay crane 3 8 22 8 14 8
29 9 27 9 19 9
30 10 28 10 23 10
31 11 32 11 28 11
41 12 33 12 32 12
42 13 34 13 33 13
43 14 35 14 34 14
44 15 AGYV partner 2 15 AGYV partner 1 15
45 16
35 17
36 18 - - - -
AGYV partner 3 19 - - - -
Table 4. Paths under rescheduling plan.
Transportation path D (k) P(k)
AGV (1) 45-44-43-42-41-40-39-38-Quay crane 8 44.44%

3-29-30-31-41-42-43-44-45-35-36-AGV partner 3
31-27-22-21-20-Quay crane 2-20-21-22-27-28-32-33-34-35-AGV

AGV (2) 0
partner 2

AGV (3) 18-13-12-11-Quay crane 1-11-12-13-14-19-23-28-32-33-34-AGV 0
partner 1
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Subsequently, AGV (1) employs a waiting strategy at node 31 and waits for
one unit of time by utilizing the idea of disruption management to minimize
disturbance. Thereafter, the Dijkstra algorithm is used again to plan a new path
of AGV (1), as shown in Table 5. In the adjustment plan, the new route increases
31-31, resulting in the new transportation path 45-44-43-42-41-40-39-38-Quay
crane 3-29-30-31-31-32-33-34-35-36-AGV partner 3 with the addition of nodes
31. Thus, the parameters r* and 7 in Equation (1) are equals to 1 and 0, respec-
tively. The results showed that the new planned path of AGV (1) has no path
conflict with the initial paths of AGV (2) and AGV (3). Then, the deviation
amount and the deviation degree of the transportation path under the disruption
management plan can be calculated by using Equations (1) and (2) and are
shown as in Table 6.

4.6. Comparison of Results

The comparison between the results of the disturbance management method
and the re-dispatch method is shown in Table 7. The comparison of the results
of the disruption management method and the rescheduling method shows that

the disruption management method is superior to the rescheduling method.

Table 5. New driving list with time windows under disruption management plan.

AGV (1) AGV (2) AGV (3)
Path Time Path Time Path Time
sequence sequence sequence sequence sequence sequence

45 0 31 0 18 0

44 1 27 1 13 1

43 2 22 2 12 2

42 3 21 3 11 3

41 4 20 4 Quay crane 1 4

40 5 Quay crane 2 5 11 5

39 6 20 6 12 6

38 7 21 7 13 7
Quay crane 3 8 22 8 14 8
29 9 27 9 19 9
30 10 28 10 23 10

31 11 32 11 28 11
31 12 33 12 32 12
32 13 34 13 33 13
33 14 35 14 34 14

34 15 AGYV partner 2 15 AGYV partner 1 15

35 16 - - - -

36 17 - - - -
AGYV partner 3 18 - - - -
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Table 6. Paths under disruption management plan.

Transportation path D((k) Pk

45-44-43-42-41-40-39-38-Quay crane

AGV (1) Quay 1 5.56%
3-29-30-31-31-32-33-34-35-36-AGV partner 3
31-27-22-21-20-Quay crane 2-20-21-22-27-28-32-33-34-35-AGV

AGV (2) 0
partner 2
18-13-12-11-Quay crane 1-11-12-13-14-19-23-28-32-33-34-AGV

AGV (3) Quay 0
partner 1

Table 7. Comparison of the results between the disruption management method and the
rescheduling method.

Adjustment method Transportation time D (k) P(k)
Disruption management 51 1 5.56%
Rescheduling method 52 8 44.44%

First, in terms of transportation time, the transportation time under the re-
scheduling method is higher than that under the disruption management meth-
od. Reducing transportation time is a crucial aspect of AGV scheduling because
it can greatly enhance scheduling management and transportation efficiency.
Second, the deviation amount and the deviation degree of the transportation
path under the disruption management method are far lower than those under
the rescheduling method. The deviation degree of the transportation path under
the disruption management method is only 5.56%, while that under the resched-
uling method is 44.44%. Therefore, the disruption management method can
greatly reduce the disturbance caused by interference events to the system, the
deviation of the AGV vehicle transportation path, and the mileage, and it is fa-

vorable for the long-term development of the port.

5. Conclusion and Future Research

5.1. Conclusions

The automation of terminals can significantly improve the efficiency of contain-
er terminal loading and unloading while ensuring the quality of cargo handling
and increasing port throughput. This mechanism has become an inevitable trend
in the development of ports in the future. However, the continuous growth of
port throughput has led to increased operating pressure for automated termi-
nals, and problems, such as AGV route conflicts and road deadlocks, are be-
coming increasingly prominent. Accordingly, this work takes AGV scheduling
as the research object and carries out research on AGV scheduling disruption
management that considers route conflicts. The transportation time, deviation of
the transportation path, and degree of deviation of the transportation path were
analyzed from different perspectives, and the deviation caused by interference

factors on the transportation path was measured. An AGV scheduling disrup-
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tion management program that minimizes system disturbance while considering
route conflicts was constructed.

Based on the horizontal transportation layout of Xiamen Yuanhai automated
container terminal, the layout was simplified, and a model was constructed. The
Dijkstra algorithm was used to solve the problem. Finally, the Dijkstra algorithm
with disturbance recovery was used to solve the simplified disturbance manage-
ment problem of the Xiamen Yuanhai automated container terminal. The supe-
riority of the disturbance management method was determined by comparing it
with the rescheduling method. This work proposed a disturbance measurement
method for the AGV scheduling disturbance management problem considering
path conflicts, enriching the theory and methods of disturbance management
and providing a new approach to solving the AGV scheduling disturbance
management problem. The AGV scheduling disturbance was measured from the
perspective of transportation time, transportation path deviation, and transpor-
tation path deviation degree, and a disturbance management model considering
path conflicts was constructed. This work provided an effective method for real-
time adjustment of transportation plans and improves the efficiency of AGV

scheduling.

5.2. Future Research

The study mainly investigated the AGV scheduling and disturbance manage-
ment problem considering path conflicts and established a disturbance man-
agement AGV scheduling model. The Dijkstra algorithm with disturbance re-
covery is used to solve the model. The research results are limited to the optimi-
zation suggestions for the automated container terminal of the Yuanhai in Xia-
men. In the future, research can be pursued from the following perspectives: 1)
The actual situations, such as driving speed, loading and unloading times, and
different container types, were not considered in this work. Additional parame-
ters will be incorporated in future research to align with reality. 2) This work
studied AGV scheduling in ports, while coordination of multiple systems must
be considered in actual port operations. A more realistic simulation environ-
ment can be provided for the planning and design, layout, and other transfor-

mations of automated terminals by researching relevant simulation platforms.
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