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ABSTRACT

Multiple Automatic Guided Vehicle (multi-AGVs) management systems provide an effective solution to ensuring
stable operations of multi-AGVs in the same scenario, such as flexible manufacturing systems, warehouses,
container terminals, etc. This type of systems need to balance the relationship among the resources of the
system and solve the problems existing in the operation to make the system in line with the requirement of
the administrator. The multi-AGVs management problem is a multi-objective, multi-constraint combinatorial
optimization problem, which depends on the types of application scenarios. This article classifies and compares
the research papers on multi-AGVs management in detail. Firstly, according to the different dimensions of the
problem, the multi-AGVs management system is analyzed from three perspectives, namely, 1) task dimension-
dispatch, 2) spatial dimension-path, and 3) time dimension-scheduling. The detailed comparison between the
three dimensions and their respective solutions are discussed in detail as well. Secondly, according to their utility,
the multi-AGVs management problems are divided into three categories: 1) cost reduction, resource-oriented, 2)
efficiency improvement, problem-oriented, 3) personalized demand, goal-oriented. The algorithm and methods
of the different utility-oriented are analyzed and discussed. The related literature is summarized and corresponds
to the composition of the multi-AGVs management system and the multi-AGVs management problems. Finally,
according to the literature review, suggestions are made for further research.
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Nomenclature

AGYV: Automated Guided Vehicles
WMS: Warehouse Management System
STT: Shortest Travel Time

STD: Shortest Travel Distance

MQS: Maximum Queue Size

LWT: Longest Waiting Time
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SAWM: Simple Additive Weighting Method
MAWM: Modified Additive Weighting Method

RW: Random Work center rule

STT/D: Shortest Travel Time/Distance rule
LTT/D: Longest Travel Time/Distance rule
MOQS: Maximum Outgoing Queue Size rule

MROQS: Minimum Remaining Outgoing Queue Space
MFGPS: Modified First Come-First Serve rule

RV: Random Vehicle rule

NV: Nearest Vehicle rule

PVv: Farthest Vehicle rule

LIV: Longest Idle Vehicle rule

LUV: Least Utilized Vehicle rule

NWEF: Nearest-Workstation-First rule

NVF: Nearest-Vehicle-First

LIV: Longest-Idle-Vehicle

FCFS: First-Come-First-Served

STTF: Shortest-Travel-Time-First

NVFTP: Nearest-Vehicle-First with Time Priority

DQN: Deep Q-Network

VRP: Vehicle Routing Problem

GA-PSO: Genetic Algorithm—Particle Swarm Optimization
FMS: Flexible Manufacture System

PGA-B: Proposed Genetic Algorithm with Bidirectional layout
GACO: Guided Ant Colony Optimization algorithm

1 Introduction

Automated Guided Vehicles (AGV) are one of the fastest growing areas in robotic industry.
Multi-AGVs systems in warehousing and manufacturing facilities have been widely recognized as a
practical means to increasing production efficiency while substantially reducing operational costs. To
ensure that each vehicle in the multi-AGVs system executes the designated mobile tasks in accordance
with certain rules, multi-AGVs management systems have become an important strategy tool. Many
scholars have studied multi-AGVs management systems.

A multi-AGVs management system can decide when, where and how each vehicle should act to
perform tasks along given routes [1]. The management of multi-AGVs can be divided into three parts:
scheduling, dispatching and routing [1-3]. Scheduling includes the issue of dispatching and routing
over time to ensure that each task is carried out without conflict and congestion. Dispatching is the
process of selecting and assigning tasks to vehicles, i.e., determining which vehicle should be assigned
to perform a specific task. Routing refers to the selection of the specific paths taken by AGVs to reach
their destinations.

The dispatching issue has already been studied by some groups by dividing this problem into
single-attribute and multi-attribute dispatching with two categories: work center initiated task assign-
ment and vehicle initiated task assignment [1,4]. The routing issue has been researched by researchers
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in considering different categories [5—7]. The scheduling issue has been researched by researchers in
Xu et al. [8]. Some groups studied the combination problems of these issues, e.g., dispatching and
routing, routing and scheduling [7,9]. Multi-AGVs systems have been widely discussed by researchers.
Vivaldini et al. [10] contributed to the clarification of AGVs dispatching, scheduling and routing,
and provided a comprehensive review of the main existent methods to solve, which focused on the
solution of macro problems. Franciscatto [11] presented developments on the facility layout design
and the scheduling in FMS. Angra et al. [12] compared and evaluated the performance of five different
conventional job selection dispatching rules for multi-AGVs system. Fragapane et al. [13] identified
and classifies works related to the planning and control of AGV in intralogistics, which highlights how
AGYV technological advances affect planning and control decisions. Chawla et al. [14] described multi-
AGVs system for material handling and analyzed some specific problems in the FMS. Vis[15] specified
research perspectives in the design and control of AGV systems in distribution, transshipment and
transportation systems. Torres et al. [16] had focused their optimization studies on AGVs design and
control optimization. Jiang et al. [1 7] divided the scheduling problem into three types: static scheduling,
dynamic scheduling and simultaneous scheduling with other resources. Qiuet al. [7,18-20] summarized
one or more problems in multi-AGVs systems from different aspects. Fazlollahtabar et al. [21] analyzed
and studied the AGV problem in FMS in detail from the algorithm used, which included mathematical
methods, simulation studies, metaheuristic techniques and artificial intelligence.

Multi-AGVs management systems involve coordinating system’s resources, track layout of the
system, the number of AGVs required by the system and the buffer queue size. The track layout of
the system was divided into two categories: unidirectional-guide-path and bidirectional-guide-path
[18]. An effective evolutionary approach was proposed to minimize the number of AGVs [22]. The
maximum exit buffer queue size of work center is included as a reference in the dispatch issue [23].
There are conflict issues, deadlock issue and idle-vehicle positioning problem which often need to be
solved during operation. In most cases, the less time required and the shorter AGV travel distance
are the optimization goals pursued. the idle-vehicle positioning problem was researched using an
exact polynomial-time algorithm [24]. Optimization of the time required for multi-AGVs system has
been studied which aims to find the shortest time routes, with avoidance of deadlock and blocking
in the system [25]. The idle-vehicle positioning issue was researched using an exact polynomial-time
algorithm [24]. The number of AGVs to execute a given transportation order was determined by the
task allocation method proposed by Vivaldini et al. [26]. Reduction in time required by the system and
the path congestion were proposed by decreasing the start-stop frequency [16].

This article aims to conduct a survey including two aspects: the multi-AGVs management system
and the multi-AGVs management problem. The multi-AGVs management system is further split
into scheduling, dispatching and routing. The detailed comparison between the three dimensions and
their respective solutions is discussed in detail in Section 2. In Section 3, three kinds of multi-AGVs
management problems with different applications are studied according to the references, and the
solutions and algorithms are discussed and compared in detail. Section 4 corresponds the literature
to the two dimensions and comments on different issues. Finally, in Section 5, future development
directions for the multi-AGVs management systems are provided.
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2 Modular Analysis of the Multi-AGVs System

The multi-AGVs can be described as the system that coordinates dispatching, routing and
scheduling functions to control a number of AGVs for shared tasks. As shown in Fig. 1, the Warehouse
Management System (WMS) distributes orders to the multi-AGVs management system which outputs
executable order information to each AGV. The multi-AGVs management system includes three parts:
dispatching, routing, and scheduling. Specifically, the dispatching module assigns orders to each AGV
according to specific strategies and decides which AGV should perform a certain task. The routing
module finds available paths for each AGV to perform the assigned tasks. At the time level, the
scheduling module decides when the tasks are to be executed and how to deal with the accidents
during the operation, such as conflicts and deadlocks along the path. When each AGV is running,
it feeds back its own status and the task implementation status to the management system or the
WMS in real time. If the order execution fails, it would be redistributed and transported again. The
entire system forms a closed loop to ensure the execution of the task smoothly. In the following text,
the main solution algorithms of the three parts are described and compared in detail.
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Figure 1: The role of the multi-AGVs management system in the warehousing process
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2.1 Dispatch

Dispatch module solves the problem of task dimension and adopts a strategy based on the goals
set by the administrator and decides which AGV should perform a certain task [2]. As shown in
Fig. 2, there are orders (the S2 represents the station-02) to be executed and idle AGVs that need
to be allocated by the dispatch function. There are three orders: S1-S7, S2-S6 and S5-S4 which
can represent the tasks to move goods from one station to another. There are some AGVs in idle
state waiting for the orders to be allocated. The dispatch strategy is divided into single-attribute
strategies and multi-attribute strategies [1]. For single-attribute strategies, there are Shortest Travel
Time/Distance (STT/D) rule [4], Maximum Queue Size (MQS) rule [27] and Longest Waiting Time
(LWT) rule [28]. For multi-attribute rules, there are Simple Additive Weighting Method (SAWM) [29],
Yager’s Multi-attribute Decision Making Method (YAGER) [30] and Modified Additive Weighting
Method (MAWM) [31]. The AGV dispatch problem is divided into two categories: vehicle initiated
task assignment and work center initiated task assignment [4]. The former deals with the problem that
the AGV chooses a task to execute, which usually involves a single AGV and multiple work centers.
About this method, there are heuristic rules such as Random Work center (RW) rule, Shortest Travel
Time/Distance (STT/D) rule, Longest Travel Time/Distance (LTT/D) rule, Maximum Outgoing Queue
Size (MOQS) rule, Minimum Remaining Outgoing Queue Space (MROQS) rule and Modified First
Come-First Serve (MFGPS) rule discussed [4]. The latter deals with the issues for the work center to
select an idle AGV to perform the task, which usually involves a single work center and one or more
AGYVs. There are Random Vehicle (RV) rule, Nearest Vehicle (NV) rule, Farthest Vehicle (PV) rule,
Longest Idle Vehicle (LIV) rule, Least Utilized Vehicle (LUV) rule [4].
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Figure 2: The dispatch function of multi-AGVs management system

Generally speaking, multi-attribute strategies can meet more targets than the single-attribute
strategies, that is to simultaneously consider two or more of the following objectives: minimizing
waiting time, minimizing queue length, minimizing travel distance, maximizing throughput, and
maximizing vehicle and machine utilization. Compared with single-attribute rules, multi-attribute
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strategies can be more robust. This section also discusses the vehicle initiated task assignment multi-
attribute dispatch and work center initiated task assignment multi-attribute dispatch in detail.

2.1.1 Single-Attribute Strategies

Single-attribute dispatch strategies are generally simple and applicable. The common single-
attribute dispatch strategies include: Nearest-workstation-First (NWF) [32], Nearest-Vehicle-First
(NVF) [33], Longest-Idle-Vehicle (LIV) [34], First-Come-First-Served (FCFS) [35,36] and Shortest-
Travel-Time-First (STTF) [4]. NWF is the dispatch strategy initiated by AGVs, and the idle AGVs
search for the nearest workstation to perform tasks. The disadvantage is sensitive to the layout of the
map. Namely, the tasks would probably never be carried out if they were located outside the often-
visited locations. As to NVF, the work center has the initiative to allocate tasks. Namely, the available
AGYV that is closest to the work center has the priority to receive the tasks for execution. It means
that AGVs far away from the work center cannot take full advantage [37]. The FCFS may result in
poor transportation efficiency of the system that assigns the vehicles to the earliest request (longest
waiting load) at the station. Compared with the above dispatch rules, the threshold of time is set and
AGVs with long wait time obtain the priority-promotion in Nearest-Vehicle-First with Time Priority
(NVFTP) [37]. The system prioritizes it when the load reaches the thresh-old value. The threshold
value should be decided for the specific situation.

2.1.2 Multi-Attribute Strategies
a. Vehicle Initiated Task Assignment Multi-Attribute Strategies

A workload-balancing algorithm is developed to deal with the pickup-dispatching problem that
determines which job should be assigned to an AGV [38]. A multi-attribute dispatch approach was
proposed based on vehicle-initiated task assignment by Jeong et al. [39]. This method considered
the remaining space in the output buffer of a workstation, the distance between the idle AGVs
and the workstation, and the remaining space in the input buffer of the work destination. In the
multi-attribute strategy, the weight of each attribute is difficult to determine, which is why the
author developed a dynamic method based on the neuronal network to adjust the weight over time.
Moreover, the author used different performance indicators to compare the methods proposed with
the single-attribute method and subsequently demonstrated the superiority of multi-attribute dispatch
method. A multiple-attribute method was proposed to take slack time, waiting time and distance into
consideration [40]. Tasks were evaluated by three attributes and the tasks with the greatest evaluation
value would be served by the AGV. A model was presented based on deep Q network training (DQN)
to assign the task with the departure point closest to the idle AGV, and the least vehicles in the path to
improve the completion time and avoid conflicts during operation [41]. The neural network method
needs to be retrained when the environment changes.

b. Work Center Initiated Task Assignment Multi-Attribute Strategies

The task assignment initiated by the work center is to decide the system selection of an AGV
from the idle group for a given task. A vehicle priority dispatch method was presented based on NVF
that used the global information and current status to allocate resources [42]. A dynamic dispatching
strategy was proposed by Li et al. [43] to find a suitable AGV to conduct the task with reduced
total travel distance and wait time. Both vehicle-initiated task assignment and work center-initiate
task assignment were discussed by Bilge et al. [44]. The authors proposed multiple attribute rules and
dynamic weight rules based on the traditional single-attribute dispatch rules: STTF and Minimum-
Remaining-Outgoing-Queue-Space (MROQS). In addition, the authors verified the robustness of the
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rules by simulation. A deadlock-free multi-attribute dispatching method with dynamically adjustable
weights (AWMA) was proposed in [45,46]. Travel distance, input, and output buffer statuses were
selected as dispatching attributes according to the efficiency and deadlock avoidance requirement
[45]. The load balance and deadlock avoidance were taken into consideration according to the system
resources by Guan et al. [46]. A dual task allocation mechanism was designed based on task priority
and FCFS [47]. Specifically, each AGV was configured with a sequence of tasks, and each sequence
consisted of two tasks: i) the task under execution, ii) the task to be performed. This mechanism
required that the termination point of the previous task be the start point of the next task, to reduce
the idle AGV and improve the work efficiency of the multi-AGVs system. The disadvantage was that
this distribution method was difficult to achieve in some cases. A single AGV dual task allocation
mechanism was proposed to divide the tasks of AGVs into transportation tasks and self-generating
tasks by Wu et al. [48]. These two kinds could be assigned to an AGYV, and the simulation result showed
that the method could increase the operation efficiency by 20%.

2.2 Route

Route is the function to set a specific path for an AGV to reach its destination. The route function
handles the issue of which path the two AGVs should take from the start point to the end point. As
shown in Fig. 3, there are two AGVs at S7 and S8, and the route module has assigned two optional
routes to each car (represented by two colors). The route issue was mentioned as a more complicated
variant of the traditional Vehicle Routing Problem (VRP) [7]. The complexity of the route issue lies
in the fact that the unpredictable collision problem in the actual work scenario must be considered.
Generally speaking, the path obtained by the shortest path strategy and the shortest time strategy
are not the same in multi-AGVs management systems, and sometimes it is necessary to reroute to
solve the conflict and deadlock problem. As shown in Fig. 3, it can be seen that each idle AGV (the
AGVs at point-07 and point-08) has two alternative routes (each color represents one route). For each
AGYV, the optimal route may not be the shortest one. This is because during the movement, an AGV
is easily affected by the other AGVs on the same path. In the multi-AGVs management system, not
only does route module select a path that meets certain condition for a single vehicle, but also need to
take into account the path selection of other vehicles in order to avoid congestion or collision problem.
Many scholars have proposed more complex and intelligent solutions about route module, which can
be mainly divided into two categories: static routing algorithms and dynamic routing algorithms. The
static routing method refers to the system operation mode in which the vehicle route does not change
during operation. In the dynamic routing situation, the management system can re-plan or reselect a
route based on the real-time information during the execution process.

2.2.1 Static Routing Algorithms

The shortest travel distance is the main solution to static routing planning. The algorithms include
Dijkstra algorithm [49], A*star algorithm [50], genetic algorithm [51], etc. An optimal route selection
method was put forward for the shortest travel distance by improving the genetic algorithm [52]. For
small-scale problems, the better results than traditional genetic algorithm can be obtained. A static
method was proposed to solve the conflict-free path problem of AGVs [53]. This method included a
two-stage routing method. The first stage modeled the road network and the second stage detected
avoided deadlock. A conflict-free route by preplanning for the AGV was be proposed by Maza et
al. [54], which included three steps: checking space feasibility, checking time feasibility and checking
potential conflicts. With this method, the execution may not be accurately predicted and then the
system may pause or even crash.
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Figure 3: The route function of multi-AGVs management system

2.2.2 Dynamic Routing Algorithms

Compared with the static routing algorithms, dynamic routing algorithms is more adaptable
to unexpected situations. An adaptive routing planning algorithm was proposed as follows: firstly,
Dijkstra algorithm was used to perform preliminary routing of AGVs to obtain candidate paths, and
then the nodes which may lead to conflict in the candidate path were sorted out and an adaptive
method was then used to solve the conflict problem caused by these nodes [55]. The downside is that it
may increase the complexity of the problem because of the reroute strategy. The estimated cost of the
Ax algorithm was improved by increasing the penalty value of the path that AGVs shared with each
other to alleviate traffic congestion and collision [56]. Use of this reroute method would obtain a less
complex reroute and better reroute effects. The shortest distance was employed to propose a routing
planning algorithm using time windows in a vector form [57]. Although there are some problems, such
as the complexity of rerouting and the real-time performance, the dynamic routing method is more
appropriate in most cases of multi-AGVs management systems.

2.3 Schedule

Scheduling is the issue that brings the time dimension into dispatch and route to decide when
the dispatch occurs and how to resolve conflicts on the route. As shown in Fig. 4, the highlighted
part represents the application scenario of the scheduling function, which is responsible for deciding
to whom and when the resource should be given first. There are two AGVs (the AGVs at point-04
and point-12) competing for point-11 and other two AGVs (the AGVs at point-16 and point-17)
competing for point-17. Schedule function solves the problem as to when the cross point (resource) can
be allocated to which AGV. Vivaldini et al., [10,18] divided the scheduling problem into two categories:
offline schedule and online schedule. In offline schedule method, all issues need to be considered
before beginning of the task, and the system will generate a set of skeds and run according to them.
Obviously, if all tasks are to be performed and any potential accidents that may occur are known during
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the planning period, the offline schedule strategy can be used. However, in practice, it is generally
impossible to know all the precise information on tasks and accidents. Small changes in the arrival time
of the AGYV at the site or short-term congestion on the route will affect or even destroy the entire sked.
The online schedule method makes it possible to obtain information and implement decisions in real
time, monitor the evolution of the schedule and manage unforeseen events. There is also an alternative
combining offline schedule strategies with the online schedule strategies. For example, Yan et al. [5],
who used the Floyd algorithm, initially generated routes. Besides, the Particle Swarm optimization
algorithm and the rerouting strategy were integrated for the dynamic schedule.
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Figure 4: The schedule function of multi-AGVs management system

2.3.1 Online Real-Time Schedule Approach

In multi-AGVs management systems, the environments are usually stochastic (the travel time,
loading and unloading times fluctuate, and vehicles may break down), so the schedule has to be
adapted dynamically in time [56]. Correa et al. [59] proposed a hybrid method to solve AGVs schedule
problems and conflict-free path problems in FMS, by taking the former as the main problem and the
latter as the sub-problems. The authors modeled the main problem with constraint programming and
the subproblem with mixed integer programming. It was proved that this method could be used on 6
AGYVs. A similar bilevel decomposition algorithm was used by Nishi et al. [60] by decomposing a mixed
integer formulation into two levels: the upper level master problem of task assignment and scheduling;
and the lower level routing subproblem. The effectiveness of the proposed method was investigated
by computational experiments. A schedule model was established to minimize the number of AGVs
by considering the AGV battery charge [01]. A fuzzy hybrid GA-PSO (Genetic Algorithm—Particle
Swarm Optimization) was used to optimize the model that verifies the feasibility and performance of
the model. A load-exchangeable AGV (EX-AGYV) system was exhibited, where vehicles could exchange
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loads, scheduled transportation tasks, and even the vehicle numbers when they move in opposite
directions to ensure that the load is always on the shortest path [62].

2.3.2 Two-Stage Schedule Method

The hierarchical scheduling method combines the benefits of the offline scheduling strategy and
the online scheduling strategy. Xu [§] proposed a schedule strategy based on a two-stage method.
At the offline stage, the genetic algorithm is used to plan the optimal obstacle avoidance path for
the AGV in a static environment. At the online stage, the system sorts and resolves conflicts in the
operation. The benefits of offline scheduling and online scheduling were combined to consider the
improvement of the multi-AGVs system performance [54]. The method planned to establish conflict-
free path in the first stage, and in the second stage, an interruption method was adopted to avoid
deadlock. As shown in Fig. 5, Yan et al. [58] proposed a three-level scheduling scheme to generate
route schemes (the off-line route generation in Fig. 5) for any two workstations at the first level. In
the second stage, the authors developed a mathematical delivery time model, and combined the real-
time schedule (the scheduling task sequence in Fig. 5) with the Particle Swarm Operation algorithm
to perform tasks allocation and dynamic schedule. The authors used heuristic rules to avoid collisions
and deadlocks between AGVs based on the real-time operating status of AGVs in the third layer.
An optimization process was proposed by Giglio [63] based on three sequential phases. In the first
phase, the number of AGVs to be allocated to each arrived truck was determined; in the second phase,
an AGV-to-truck assignment problem was solved; in the third phase, the single tasks were assigned
to and sequenced on the AGVs. Bilge et al. [44] presented two methods were to solve the schedule
problem: parameter method and dynamic method. The parameter method calculated the weight over
the planning period, and the dynamic method used statistical information to update the weights over
the cause of the evolution.
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2.4 Summary

This chapter divided the multi-AGVs management system into three parts and gave a detailed
explanation respectively. It can be concluded from the literature that the multi-AGVs management
system needs to synthesize the information (AGV position and status, order status, path status, station
status) in the entire system and make judgments, which requires the real time information with high
quality. Therefore, the multi-attribute dispatch strategies and the dynamic routing algorithms are more
suitable complex application scenarios. Schedule defines the allocation process of AGVs for tasks
while considering the time and cost operations and ensuring conflict-free routes, which is an essential
part of a multi-AGVs system [64]. The integration of dispatch, route and schedule together is a
very difficult NP-hard optimization issue. Solving them at the same time may reduce the real-time
performance and quality of the solution due to insufficient computing power in some large scenarios.
The offline methods can sacrifice time to ensure the optimum solution in certain computational power
conditions. The hierarchical method combines the advantages of the online method and the offline
method. Although there may be problems that need to be re-solved when the environment changes,
it is favored by many scholars. The multi-AGVs management problem is a multi-objective, multi-
constrained optimization problem. Different utilization scenarios have different resource constraints
and optimization objectives. The detailed description of the multi-AGVs management problem will be
elaborated on in the next chapter.

3 Analysis of Key Issues in Multi-AGVs Management System

The main purpose of the multi-AGVs management system is to properly allocate tasks to each
AGYV and ensure the conflict-free execution of the tasks. To solve the problem of allocating resources
of the multi-AGVs management system, the number and form of resources in the system should first
be determined. The resource-oriented problem can be seen as the issue about the cost reduction, which
is related to the decision-making process at different levels. Problem of conflict and deadlock, as
well as the problem of idle-vehicle position, may be considered to improve the performance of the
system. In terms of system optimization, the administrator may pursue a shorter time or a shorter
path consumption, which is called goal-oriented. There are interactions between different levels, as
the type of the maps may directly influence complexity of the system, and the number of AGVs may
also affect the time of tasks required.

3.1 Resource-Oriented

The first step to research the multi-AGVs management system is to determine the resources in
the system. Saravanan et al., [65,06] introduced the different layouts in the manufacturing system.
A review was presented on facility layout design of an AGV in FMS [67]. The map layout design
was proposed as a major issue in multi-AGVs system, and this article also compared three common
methods of classifying the map, including flow topology, number of parallel lanes and flow direction,
as shown in Table 1 [18]. This article used the flow direction as the classification method. AGVs are
the main role of the system, which is responsible for the cargo transportation and coordination with
other operations. The number of AVGs has an indirect impact on the time it takes and the complexity
of the system. An appropriate number of AGVs can improve the efficiency of the management system
and reduce the risk of accidents.
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Table 1: Characteristics of guide-path systems [1§]

Flow topology Number of parallel lanes Flow direction
Conventional Single lane Unidirectional flow
Single-loop Multiple lanes Bidirectional flow
Tandem

3.1.1 The Layout Design of the Map in the System

Depending on the direction of the traffic, there are two main ways to classify the vehicle paths:
unidirectional-guide-path and bidirectional-guide-path. As shown in Fig. 6, in the unidirectional-
guide-path, the vehicle can only travel along one direction of the path, and while in the bidirectional-
guide-path, the vehicle can travel in both directions in the path according to actual needs. The
unidirectional path system is more stable in operation than the bidirectional path system, especially
for preventing system conflicts and deadlocks. Designing the path of the multi-AGVs system as
a unidirectional path is a relatively simple deadlock avoidance method. In most seaport container
terminals, a single-loop guide-path is usually used, and it is almost impossible for AGVs to block
each other during operation [68]. A single direction traffic rule was proposed for the system by
creating loops over the network, which significantly reduced the vehicle conflicts [69]. Zheng et al. [70]
considered the problem of minimizing the makespan in unidirectional flow path design. The issues that
determine the loop for the motion of an AGV and the location of pickup and delivery (P/D) stations
in the cells in unidirectional single loop systems were considered by Farahani et al. [71]. The deadlock
and blocking avoidance algorithm was proposed for unidirectional-path, mentioning that the conflict
avoidance for opposite direction should be considered if there is a bidirectional layout [72]. Because
the unidirectional path problem is usually easier than the bidirectional path solution, some scholars
have converted the latter to the former [24].
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The bidirectional-path solution has a higher degree of freedom than the unidirectional-path solu-
tion, so it works better than the unidirectional-path solution under certain conditions. Bidirectional
paths were used to model and optimize FMS systems, and a genetic algorithm was also proposed to
combine with the Dijkstra algorithm to minimize the makespan while considering the influence of
the number of AGVs [73]. In this paper, the author tested four layouts and ten jobs respectively. The
PGA-B (proposed genetic algorithm with bidirectional layout) was shown effective in 25 experiments.
Sarker et al. [74] proposed a path selection algorithm to ensure that the AGVs path was conflict-
free to achieve the minimum travel distance. An ant colony system (ACS) algorithm was developed
to solve the shortest path design problem (SPDP) on bidirectional path topology [75]. Simultaneous
scheduling and routing problem for AGVs was investigated with bidirectional-path environment [76].
A Petri net decomposition approach was addressed for simultaneous dispatching and conflict-free
routing for bidirectional automated guided vehicle AGV systems in dynamic environments [77]. In
this algorithm, the entire Petri net was decomposed into task and AGV subnets. The penalty function
method was used to derive a solution for all subnets. A deadlock avoidance method was embedded
in the proposed methodology to ensure the feasibility and the quality of the solution. Bahari [7§]
presented a bidirectional path flow layout and a routing algorithm that could guarantee conflict-
free and shortest time routes for AGVs. A bidirectional routing planning and AGV path selection
algorithm was proposed [79]. In order to minimize the space required for the map layout, the critical
conditions of some key parameters between the paths and the AGV were derived to provide more
complex path layout and routing algorithms. When considering the complexity of the system alone,
the unidirectional-path solution was often preferred to minimize AGVs’ collisions in the performance
of tasks [80], and the bidirectional-path solution was more suitable for the multi-AGVs management
systems with higher performance requirements. The designer should also select an appropriate layout
of the map balancing the requirements the physical capability of the system.

3.1.2 The Number of AGVs in the System

In many instances, the number of AGVs and the time required by the system and the time required
to complete tasks are two competing issues. The aim of Fathi et al. [81] is to optimally schedule the
delivery of raw material at assembly lines while using the minimum number of vehicles. Aiming at
determining the number of AGVs required in a container terminal, a network model was established
and a corresponding solution method was constructed to determine the minimum number of AGVs
needed at the terminal [82]. Fu et al. [83] defined the AGV vehicle requirement determination as a
general optimization problem, and developed a new AGYV vehicle requirement determination method
capable of effective solving the problem. An investigation for fleet size optimization of AGVsin FMS
by application of the analytical method and grey wolf optimization algorithm (GWO) was carried out
by Chawla et al. [84]. Choobineh et al. [85] modeled the steady-state behavior of the closed queuing
network by a linear program with the optimal value being the estimate of the required fleet-size. A
mathematical model in the form of multi-objective integer programming model was developed to
obtain the optimal number of vehicles by Wang et al. [86], with an illustrative example presented to
verify the proposed model. Hamdy [87] developed a simulation model to determine the optimized
number of AGVs capable of increasing throughput while meeting the material handling requirements
of the system. A mathematical model was proposed to identify the MHRs requirement to perform
the material handling activities in the FMS by Chawla et al. [88]. Moorthy et al. [89] designed three
experiments: 20, 40, and 80 AGVs to simulate the proposed model. The results showed that the
deadlock rate with 80 AGVs was only slightly higher than the rate with 40 AGVs. However, the
reduction of the number of AGVs will cause the system to proceed slowly, so the authors proposed
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that any attempt to reduce the number of AGVs in order to reduce the occurrence of deadlock was
not worthwhile based on the proposed models and experiments. In order to minimize the number of
AGYV, Lyu et al. [73] investigated the problem of optimum number of AGV. The problem of the shortest
transportation time and the problem of conflict-free routing were solved by using genetic algorithm
based on time window combined with Dijkstra algorithm. The article highlighted the importance of
selecting an appropriate number of AGVs through experiments. Chawla et al. [90] found that AGV
speed and AGVs fleet size had a significant role in the increase or decrease of throughput of the FMS.
Wu et al. [91] discussed the interaction between the number of AGVs and the load capacity of AGVs
in the manufacturing system. In practical applications, the number of AGVs in the system should be
determined by careful trade-offs between vehicle cost, queuing capacity, and other design factors.

3.2 Problem-Oriented

The essence of the multi-AGVs management problem is the proper allocation of resources. The
improper allocation of resources will cause a series of problems such as conflicts and deadlocks in the
system. The conflict will occur when the same resource is allocated to two targets at the same time or
the system cannot decide which target to allocate the resource. If the conflicts are not discovered or
resolved in time, they may cause collisions or congestion among the AGVs, which will reduce system
throughput. The appearance of deadlock will lead to a partial stagnation of the system, which may
lead to the crashing of the system. Proper handling of idle vehicle positions in the system can reduce
the time and distance consumed by the system.

3.2.1 Conflicts

Conflicts arise when resources cannot be allocated reasonably. In a multi-AGVs system, conflicts
can be divided into three categories: node conflicts (as shown in Fig. 7a, there are two paths across the
point-05), pursuit conflicts (as shown in Fig. 7b, there are two AGVs compete for the point-05) and
opposite conflicts (as shown in Fig. 7c, there are two AGVs running opposite each other) [§]. They are
all caused by improper node allocation and route allocation. Generally, there are three ways to solve
conflicts: (1) resolving by resetting the path layout more suitable for the system; (2) using sensors that
can perceive the environment to identify impending conflicts or collisions, and avoid them through
vehicle backtracking or rerouting; (3) developing certain routing strategies to prevent conflicts and
deadlocks, such as adjusting the speed when the conflict is about to happen.
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Klosowski et al. [92] proposed a scheme to design the layout of the map to solve the conflict issue
by dividing the workspace into zones and switching stations. The authors assigned an AGV to each
zone and used the switching stations to exchange goods for conflict avoidance (as shown in Fig. 8a,
there are four zones and one switching station). Zhang et al. [93] took a similar approach to that of
Klosowski et al. [92], by dividing the warehouse environment into five zones, and then performed
route planning. The FMS was split into six flexible manufacturing cells and served by six MHRs
deployed in each partitioned area for efficient material handling operations [94]. This solution is not
recommended when there are many charges that must be exchanged frequently between different zones
as it will greatly increase the probability of conflict. Xu [§] devised a two-step method, and in the
offline step, a high degree of genetic algorithm was used to make the plans in the static environment.
The authors used the rate adjustment method and the reroute method to solve the conflicts in the
online stage. For the two AGVs where the node conflict occurred, the one with high priority can go
first, and the others will be parked or decelerated. Pursuit conflicts can be resolved by improving
the speed of the former AGV or reducing the speed of the latter AGV. For the opposite conflicting,
rerouting planning and windows backwards can be used to solve (as shown in Fig. 8b). A dynamic
adjustment method based on conflict probability for AGVs was designed by Li et al. [95] focusing
on the Pursuit conflicts. To solve the conflict and deadlock problem, a solution based on two AGVs
exchanging loads and numbers was proposed (as shown in Fig. 8c) [62]. With the special structure of
the AGYV, the conflict problem can be solved when two AGVs meet. Li et al. [96] developed a conflict-
free AGV model considering wait times and proposed a guided ant colony optimization (GACO)
algorithm to resolve it. Moreover, the efficacy of the model and the solution method was verified
through simulation. Draganjac et al. [97] used a decentralized control algorithm to propose a priority-
based vehicle conflict resolution solution (as shown in Fig. 8d). There is a negotiation process aiming
to agree upon the execution of a set of coordinated removal and passing actions which intended to free
the path for the blocked vehicle and ensured its safe motion toward the allocated private zone. The
process was initiated by the removal requested message sent by the blocked vehicle to all AGV blocks
along their paths. To achieve conflict-free AGV path planning, a priority-based speed control strategy
was used in conjunction with the Dijkstra depth-first search algorithm to solve the model [98]. The
multi-AGVs system was formulated as an integer program, and then, local/random search methods
were proposed to solve the conflict-free routing problem [99]. Wang et al. [100] used the concept of
abstract time windows (ATWs) to represent the movement of robots. The conditions for detecting
conflicts in the ATW representation were introduced along with the necessary operations for resolving
conflicts. Guo et al. [101] designed an architecture of AGV’s system based on Multi-Agent System
(MAS) to improve the speed control method and the method of determining AGV priority based on
time cost are used as the AGV negotiation strategy. The study showed that the control method based
on MAS was more suitable for the conflict-free path planning of more than 30 AGVs. For the system
with a clear classification of tasks or AGV, the priority may be used first and the decentralized control
method can be used in the system with a relatively simple layout. Whether it is a priority-based conflict
resolution solution or a decentralized control method, the problem will not be well resolved when the
number of AGVs reaches a certain number.
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Figure 8: Four solutions of conflict problems

3.2.2 Deadlocks

The deadlock problem is defined as follows: “A situation where one or more concurrent processes
in a system are blocked forever because the requests for resources by the processes can never be
satisfied” [102], as shown in Fig. 9, Each point represents a resource and each color represents a
route. The status of the resource is occupied if there is an AGV at this point (point-02) and the
resource will be released (point-01) when the AGV leaves. There are four AGVs and their routes
form a circular. The scene that each AGV requires resources occupied separately and none of the
resources can be released is called blocked, which can lead to deadlock. The deadlock may result in
the failure to execute part of the system and will gradually extend to the entire system, eventually
leading to a constant state of blockage of the integrated system [103]. There are three causes of
deadlock in the multi-AGVs system: (1) insufficient system resources, (2) improper dispatch sequence
and (3) improper resource allocation. Generally speaking, there are three main methods for deadlock
problems: deadlock avoidance/prevention, deadlock detection, and deadlock resolution [104,105].

The banker’s algorithm is a classic algorithm for deadlock prevention. The common path of
different vehicles in the route is called the shared path where the deadlock problem may occur. Felko
[106] used Smith Waterman algorithm to analyze the shared path of different AGVs to determine the
path segments where deadlock may occur, and combined the banker algorithm to avoid deadlock.
The authors defined a structural precondition for deadlock occurrence: if AGVs allocate resources
within the same critical section simultaneously or if one AGV enters a critical section while the other
is already within, a deadlock will occur (as showed in Fig. 10a). Wu et al. [107] modeled automated
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manufacturing systems with a resource-oriented Petri net (ROPN) and presented some condition
under deadlock avoidance. Zhang et al. [108] proposed a revised ISC deadlock prevention policy in
the Petri net framework. Fanti et al. [109] emphasized the specifications of the deadlock avoidance
strategy based on graph theory approaches. Yoo et al. [110] proposed a deadlock avoidance method
based on the graph-theoretic approach, which was more convenient to modify the model than the petri
net method when the environment changed. The paper included two types of routing strategies: the
shortest path algorithm and the load-based path algorithm. The author proposed that the shortest
path algorithm could provide a shorter path but it may result in a deadlock situation and the load-
based path algorithm provided a relatively long distance which could prevent a deadlock situation
(as shown in Fig. 10b). Moorthy et al. [89] developed a deadlock prediction and avoidance method
for multiple AGV systems, which included 80 AGVs (as shown in Fig. 10c). The AGVs will execute
the deadlock prediction algorithm if they want to enter the empty node; they will wait until the
deadlock to clear once they find an impending deadlock, which is called ‘wait and proceed’ method.
Kim et al. [111] proposed a method for reserving grid-blocks in advance to prevent deadlocks which
assumed that the traveling area for AGVs was divided into a large number of grid-blocks, and, as
a traffic control method, grid-blocks were reserved in advance. AGVs breakdowns may also cause
deadlocks in the multi-AGVs system. To avoid vehicle collisions and deadlocks with the occurrence of
vehicle breakdowns, Li et al. [112] included one extra vehicle event that allowed each vehicle to probe
further ahead while moving on the guide-path and designed an emergency traffic control scheme as
supplementary to the normal traffic control rules.
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Figure 9: An example of the deadlock problem

Lehmann et al. [68] proposed two detection methods of the deadlock problem, namely matrix
representation based on the resource allocation system and graph-oriented deadlock detection. The
resource allocation system mainly examined the state of the terminal during the simulation phase to
trigger the deadlock resolution procedures. The graph-oriented deadlock detection sacrificed some
nonessential information and worked better. This paper proposed three different deadlock resolution
procedures, namely: Modify Sc Sequence, Advance Order and Reassign Order. The Modify SC
Sequence was the easiest to implement since it required the least changes in the schedules of the
resources. It was effective when the stacking order of multiple goods and the handling order of multiple
AGVs were inappropriate, by adjusting the sequence to reduce wait time of AGVs. The Advance Order
was suitable for more complicated situations than the previous one by adjusting the order of the order
to solve the deadlock. The Reassign Order could be used when the condition was not solved by the
previous strategies, through the use of standby AGVs, reassignment of the order to resolve the deadlock
and re-allocation of orders by adding spare vehicles to solve the problem.
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A traffic control model based on semaphores was proposed to resolve conflict and deadlock
problems in application of multi-AGVs system [113]. Prototype experiments have been conducted to
validate the function and performance of the proposed model. Guo et al. [114] proposed a dynamic
unlock algorithm for multi-AGV scheduling problem and proved its effectiveness. Han et al. [115]
adopted the coordinated control method of the distributed mix area control model and the traffic rule
method, to reduce the possibility of system deadlock and solve the conflict and deadlock problem
of AGV online. In case of occurrence of conflict or deadlock, the adjacent zone controller sends a
message to identify the state of the other’s path status. After finding a collision-free path, the AGV in
the area was scheduled to a new path through the controller of the conflict area, and the AGV could
reach the task node through the new path. Although many academics have done extensive research,
there is still no universal and effective solution to the deadlock problem in different AGV systems,
which explains why the deadlock problem remains.
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Figure 10: Three kinds of solution of the deadlock

3.2.3 Idle-Vehicle Positioning Problem

AGVs idling is a discrete process, and each instance of vehicle idling involves a period. Resolving
the problem of vehicle idling is helpful for the efficient operation of the entire management system.
Currently, there are two main methods to resolve idle-vehicle positioning: one is static and another is
dynamic. In static method, a series of fixed parking spots is set, and the vehicles will automatically go
to the parking places and wait there when no task to perform. The latter is to plan the route according
to the point of the following order that can move the AGV with some specific strategies. The static
method can reduce system complexity but will increase the consumption of the system. The dynamic
method can improve resource utilization but may increase the complexity of the route strategies and
the schedule strategies.

Ventura et al. [116] addressed the issue of optimally localization of dwell points for a given number
of AGVs in a general guide-path layout. Based on an optimality property, the author proposed new
mixed integer linear programming (MILP) formulations and developed a generic genetic algorithm
that can be applied to this problem. A dynamic programming algorithm to solve this issue in
unidirectional single loop systems was developed to minimize the maximum response time [117]. This
polynomial time algorithm finds optimal dwell points when all requests from a given pick-up station
are handled by a single AGV. Hale et al. [1 18] presented a general procedure to determine the optimal
dwell point location for an arbitrary service device within a defined region. Two fast and effective
heuristics were proposed and tested to dynamically determine the home positions Bruno et al. [119].
Lee et al. [120] considered the optimal number of AGV as well as the optimal number of workstations



CMES, 2022, vol.131, no.3 1215

for automatic warehouses. Li et al. [121] proposed an approach to address the issue of idle AGVs
positioning with an artificial neural network. This method was used to forecast the future tasks of the
multi-AGVs system and decide whether an AGV should arrive at the start of the next task in advance
in combination with the best time to initialize the task. And the result of the simulation showed that it
was around 20%~30% higher than the traditional method. According to the above paper, the problem
of idle-vehicle positioning has a significant impact on system efficiency. Deep learning has proven to
be very effective in task prediction, and the method combining traditional AGVs algorithms with deep
recurrent neural networks is worth pursuing.

The essence of the problem to find the best place to charge the AGVs is like the idle-vehicle
positioning problem. Simulation models were developed to investigate how the routing of an AGV
towards a battery station could affect the productivity of a manufacturing facility [122]. An integrated
mathematical model of job shop and AGV scheduling with respect to the location of a battery charging
storage was proposed [123]. This method took into consideration the number of AGVs, machines,
parts and other problem parameters, and obtained the optimal cost and location of battery charging
storage. Baras et al. [124] proposed an algorithm that utilized more than one robot simultaneously
to allocate tasks and tailor the navigation path of each robot based on its characteristics, such as its
speed, type and current location within the warehouse so as to minimize the task delivery timing and
find the optimal location for the placement of power stations.

3.3 Goal-Oriented

The resource-oriented and problem-oriented research is for the better performance of the system.
The performance of the system generally includes two indicators: time and distance. In the multi-
AGYVs system, the shortest path in the spatial dimension is generally not the optimal path in time
domain, and the minimum time and the shortest distance are a pair of contradictory questions.
Many researchers have optimized the distance and time required by the system in accordance with
the working environment.

3.3.1 The Shortest Travel Distance in System

The goal of the VRP is the shortest route, the shortest travel distance is also one of the goals of
the multi-AGVs management system. Han et al. [64] proposed a multi-AGVs path planning method
based on an improved genetic algorithm to minimize the total path distance of all AGVs by selecting
individuals with big fitness values, and minimize each AGV path distances by the three-exchange
heuristic crossover operator method. The simulation results showed that all AGV travel distances and
the longest single AGYV travel distances were shortened by using the improved genetic algorithm. Hsueh
et al. [62] proposed a shortest route method using a load-exchangeable AGV (EX-AGYV) system that
allowed two AGVs to exchange their loads, tasks and even vehicle numbers. The method proposed in
this article can also be used to solve conflicts and deadlocks. The disadvantage of this method is that
it is based on AGVs with a specific structure. Chawla et al. [125] applied clonal selection algorithm
(CSA) for the simultaneous scheduling to reduce backtracking and the distance travelled by AGVs
in the FMS. Bennewitz et al. [126] proposed an approach to perform a randomized search with hill-
climbing to find solutions and to minimize the overall path lengths, which have been implemented
and tested on the real robots and in extensive simulations. Li et al. [127] presented a two-layer path
planning method based on speed pre-allocation to produce the shortest travel paths in the offline phase
to generate the path library, and select the vehicle’s conflict-free path depending on the library in the
online phase. The data to be regenerated is a common problem with offline database methods when
the system changes.
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3.3.2 The Shortest Time to Complete

Zhang et al. [128] proposed a greedy upper bounding and Lagrangian relaxation algorithm to
select a route for minimization of the total expected travel time. The authors established a model
to consider various workflow interruptions, improve the efficiency of transportation by rerouting
traffic when encountering congestion, and prove the effectiveness in reducing the completion time.
Investigations were carried out for the multi-objective scheduling of AGVs to minimize the travel
time of AGVs in the FMS, which was carried out by the application of nature-inspired grey wolf
optimization algorithm (GWO) [129]. The application of a novel modified memetic particle swarm
optimization algorithm (MMPSO) was presented for simultaneous workload balancing and travel
time minimization of automatic guided vehicles (AGVs) in the flexible manufacturing system (FMS)
[130]. Xia et al. [131] used the same method used to minimize the time for the multi-AGV to complete
the transportation. A mathematical optimization program was proposed in order to minimize the total
earliness and total tardiness of AGVs in the manufacturing system and the Artificial Immune System
(AIS) algorithm was used to obtain the optimal solution [132]. A method was proposed to estimate
the waiting time of each vehicle which resulted from the interferences among AGVs during travelling
[133]. The author used the Q-learning technology and constructed the shortest-time routing matrix for
each given position of the quay cranes to estimate the wait time for each vehicle. The method solved the
issue of extended completion time caused by interference between vehicles. Zhou et al. [134] used an
improved anisotropic Q-learning routing algorithm to find the shortest-time routes, and achieve 9.5%
improvement in optimization effectiveness compared to the method of Jeon et al. [133]. Reduction
of AGV travel distance and reduction of operating time were modelled together [135]. The authors
also proposed a three-stage decomposition algorithm by combining the benefits of the pre-planning
algorithm with the real-time planning algorithm. The algorithm combined the A* algorithm with the
time window principle to plan the path of each AGV in chronological order. Finally, the efficiency
of this method in trajectory research and time optimization has been demonstrated. The method of
bi-objective optimization was also used to express the dispatching and conflict-free path problem
for AGVs as a bi-objective optimal firing sequence problem for Petri Net [136]. In this research,
two objective functions were set, one for the deviation of delivery time from an initial position to
a destination, and another for the sum of the total traveling time. A different algorithm was proposed
to reduce the delivery time to utilize multiple AGYV, based on its specifications, i.c., speed, type and
current position to tailor the path for each AGV [137]. In addition to the above, many scholars have
researched the relationship of the time spent in the system to other factors. Ventura et al. [24] optimized
the completion time by improving the parking position of idle AGVs and minimizing the maximum
response time. The deep Q-NET method was used to shorten the average time of the task and minimize
the completion time [41]. An effective evolutionary approach was used to minimize completion time
and the number of AGVs at the same time [22].

4 Summary

With the usage of AGVs in more and more fields, research on multi-AGVs system is also growing.
Different scholars have used different methods for classification and research to make meaningful
contributions to the development of multi-AGVs systems. From our literature review, the conclusions
can be drawn that the problems of the multi-AGVs management system are intertwined with each
other and that the results of each solution have mutual influence, for example, the number of AGVs
required and the time required to complete the system are contradictory. The relationship between
different parts is shown in Fig. 9. This literature review covers the multi-AGVs management system,
including dispatch and routing together, or schedule and route together. In view of the problems in the
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management system, the conflict problem and the deadlock problem have been considered by most
research, and the optimization of the multi-AGVs management system such as less path consumption
and shorter time has also been widely studied. A summary of approaches is presented in Table 2, which
combines different modules in different multi-AGVs management systems with different types of
problems. The abscissa and ordinate in the table represent different modules of the system and different
types of problems in the system. Respectively, the numbers in the table represent the references that
contain this module or contain the solutions to the problem. The relationship between the various parts
of the multi-AGVs management system is shown in Fig. 11. The multi-AGVs systems are the hub of
Enterprise Resource Planning (ERP), Warehouse Management System (WMS), Order Management
System (OMS) etc. The classification and solutions of the different system modules may be mapped
and different system modules should exchange information. The two-stage thinking was adopted by
some scholars in solving problems to weaken the differences between the various aspects of the system
and strengthen the connections between the different parts. For the optimization issue in the multi-
AGVs management system, certain heuristic rules have been proven to be effective, such as genetic
algorithm [22,64], randomized search algorithm [126], colony algorithm [96]. For complex multi-
attribute optimization problems, the size of the weight is sometimes difficult to determine, and the
emergent neural network algorithm can be used.

Table 2: Multi-AGVs management system classification summary table

Schedule Dispatch Route
Resource- The layout design ~ [12,14,89,94,106]  [12,71,83,106] [14,54,69,71,
oriented of the map in the 74,79,80,106]
system
The number of [14,26,42,59,73, [22,26,35,42,90] [26,57,86,115]
AGVs in the 82,84,85,106]
system
Problem-oriented ~ Conflicts [8,9,14,30,47,58,  [30,68,72,99] [3,8,9,26,14,
59,62,72,96,100, 53,54,55,56,
101,115,138] 59,62],
[72,73,74,78,
96,98,101,
127,136,139]
Deadlocks [9,42,47,106,58, [22,42,68,72, [9,25,53,62,97,
62,72,89,42,102, 103,106] 106,111]
103,107,110,114,
115,140]
Idle-vehicle [14,24,116,121,141] [4,40,121,124] [117,122]
positioning
problem
Goal-oriented The shortest [57,62,125,135,141] [48,126,135,142]  [5,52,57,64,72,
travel distance in 73,74,75,78,79,
system 98,112,126,133,
135]

(Continued)
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Table 2 (continued)

Schedule Dispatch Route
The shortest time ~ [9,24,26,30,34,106, [1,22,30,32,33, [3,9,25,30,34,
to complete 59,73,115,128,129, 34,37,39,44, 74,79,128,136,
130,132,138,140, 129,130] 137,139]
143],

t Information

‘ Information

AV | [ aGv | [ A6V | [ aGv | [ A6V | [ AcGv | |

Figure 11: Multi-AGVs management system framework
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5 Conclusions and Research Perspectives

In summary, the classification methods and related issues of multi-AGVs management systems
have been detailed. The research on multi-AGVs systems has evolved from the simple unidirectional
path and offline management to increasingly complex models. For different problems, traditional
methods, intelligent methods, and more mature methods in other areas are used to investigate and
resolve the problem in the multi-AGVs management system. On the base of the literature survey, the
following conclusions and future research prospective are determined:

1. Most scholars have put forward effective solutions to certain problems of the multi-AGVs
system, and their experiments were based on multiple assumptions, some of which cannot be fully
satisfied in practice. In the future research, the problem assumptions of research should be more
standardized.

2. Some researchers have checked the proposed programming models or solving algorithms by
calculation or simulation but have not performed sufficient experiments in a real environment. For
future studies, it is recommended to increase the proportion of actual experiments to validate the
algorithm results.

3. With the development of the multi-AGVs system, the traditional single-attribute strategies
cannot meet the system target well. The strategies which combine two or more strategies can achieve
better results, such as the combination of NVF strategy, the Time Priority and the NWE.

4. Most of algorithms and strategies can handle a limited number of AGVs in the system. The
decentralized control (system) allows the robots to exchange information on their current states and
their intended actions by use of inter-robot communication [144]. Not only can this distribute the load
of the computer but also simplify the algorithm. The decentralized approach can be studied further.

5. The development of many intelligent algorithms provides new ideas for solving the problems in
multi-AGVs systems, and among them, the genetic algorithms are widely used, not only in the routing
module but also in the scheduling module. The improvement of genetic algorithms or the combination
with other algorithms may bring a better result, such as Lin et al., [22,64].

6. The multi-AGVs management system is not an independent system. In practical applications,
the multi-AGVs system needs to be used in conjunction with other parts, such as WMS. Research into
cooperation between multi-AGVs systems and other systems should be carefully examined.

7. The development of the fifth generation communication technology (5G), Artificial Intelligence
(AI), Digital Twins and other technologies have provided more possibilities for multi-AGVs system.
These new technologies can provide the multi-AGVs system with better real-time performance and
new functions, which is a promising direction.
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