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Abstract 

INTRODUCTION: This approach should indicate some challenges in routing and scheduling for the multi-vehicle system. 
OBJECTIVES: The proposed method delivers a novel method to generate the free-collision trajectory as well as optimal 
route from starting point to destination. 
METHODS: The estimated time at one node and the classification of load level support vehicle to decide which proper route 
is and stable movement is reached. 
RESULTS: From these results, it could be observed that the proposed approach is feasible and effective for many 
applications. 
CONCLUSION: The proposed method for routing and scheduling might be useful in the multi-vehicle system. In the large-
scale system, some intelligent schemes should be considered to integrate. 
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1. Introduction

In the rapidly evolving landscape of Industry 4.0, 
technology's transformative power extends its reach far 
beyond the confines of traditional manufacturing and 
production processes. It seeps into every corner of modern 
life, sparking innovations that reshape how human work, 
live, and move. One such innovation that has garnered 
significant attention and holds the potential to revolutionize 
transportation and logistics is the Multi-Vehicle System 
(MVS) [1-4]. MVS represents a paradigm shift, a 
convergence of cutting-edge technologies and strategies 
that are redefining the way human think about mobility, 
automation, and connectivity. 

Industry 4.0, often referred to as the Fourth Industrial 
Revolution, is characterized by the fusion of the physical 
and digital worlds [5-7]. It encompasses a vast array of 
technologies, including the Internet of Things (IoT) [8], big 
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data analytics [9], artificial intelligence (AI) [10], and 
autonomous systems [11]. These technologies have been 
harnessed to drive efficiency, productivity, and 
sustainability across various industries, and transportation 
and logistics are no exception. 

The core concept of the Multi-Vehicle System lies in its 
ability to create interconnected networks of vehicles, 
whether they be drones [12], material handling vehicles 
[13], delivery robots [14], or even conventional trucks [15] 
and forklifts [16]. These vehicles operate in concert, 
leveraging real-time data, advanced algorithms, and 
automation to optimize their movements and tasks. The 
result is a transportation and logistics ecosystem that is not 
only more efficient but also smarter and more adaptable. 

One of the fundamental pillars of the MVS is 
automation. Autonomous vehicles, equipped with sensors, 
cameras, and sophisticated AI, can navigate their 
environments without human intervention. They can make 
decisions in real-time, avoiding obstacles, optimizing 
routes, and ensuring the safe and efficient delivery of 
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goods. In manufacturing plants and warehouses [17, 18], 
autonomous forklifts and robots collaborate seamlessly, 
reducing human labour requirements and improving 
precision and speed. 

Connectivity is another key element of the MVS. In the 
age of Industry 4.0, vehicles are not isolated entities but 
rather nodes in a vast network. They communicate with 
each other, with central control systems, and with external 
data sources [19]. This enables them to share vital 
information, such as traffic conditions, weather updates, or 
inventory levels, allowing for dynamic decision-making. 
This level of connectivity not only enhances efficiency but 
also contributes to safety, as vehicles can coordinate 
movements to avoid collisions and other hazards. 

2. Background Works 

MVS represent a dynamic and evolving field of study 
within the realm of autonomous robotics and 
transportation. These systems involve the coordination and 
control of multiple vehicles to accomplish various tasks, 
such as exploration, surveillance, transportation, and 
search and rescue operations. This literature review aims to 
provide an overview of the key developments, challenges, 
and trends in the field of multi-vehicle systems, 
highlighting both historical and recent research 
contributions [20, 21]. 

The concept of multi-vehicle systems has its roots in 
military applications, where fleets of drones and unmanned 
aerial vehicles (UAVs) were used for reconnaissance and 
surveillance purposes [22, 23]. Over time, the scope of 
MVS expanded to include ground-based vehicles like 
autonomous cars, underwater vehicles, and even swarms of 
tiny robots. Early research focused on centralized control 
algorithms, with a key milestone being the development of 
the Distributed Architecture for Mobile Robotic Teams 
(DART) framework in the late 1990s, which laid the 
foundation for decentralized control in MVS. 

Central to the success of multi-vehicle systems is the 
development of effective control and coordination 
algorithms. Research has explored various strategies, 
including centralized [24], decentralized [25], and hybrid 
approaches [26]. Centralized control relies on a central 
controller that computes the trajectories for all vehicles, 
while decentralized control enables vehicles to make local 
decisions based on their surroundings and the information 
they share with nearby peers. Hybrid approaches combine 
elements of both to optimize performance and scalability. 

Communication among vehicles is essential for 
information sharing and coordination in MVS. Wireless 
communication protocols, such as Wi-Fi [27], Zigbee [28], 
and Bluetooth [29], have been used to establish 
communication links among vehicles. However, 
challenges like network connectivity, data latency, and 
security remain important research areas. Sensing 
technologies, including GPS [30], LiDAR [31], cameras 
[32], and other sensors, play a crucial role in perception and 
decision-making for MVS. Advances in sensor 

miniaturization and cost reduction have contributed to the 
growth of multi-vehicle systems. 

Multi-vehicle systems find applications in a wide range 
of fields. In agriculture, fleets of autonomous tractors can 
optimize farming operations [33]. In environmental 
monitoring, autonomous drones and underwater vehicles 
are used for data collection [34]. Autonomous 
transportation systems, including self-driving cars and 
delivery drones, aim to revolutionize urban mobility [35]. 
Search and rescue missions leverage MVS to access hard-
to-reach locations during disasters. These diverse 
applications demonstrate the versatility and potential 
impact of multi-vehicle systems on society. 

Despite significant progress, several challenges remain 
in the field of multi-vehicle systems. Scalability is a critical 
concern, as managing large numbers of vehicles efficiently 
is non-trivial. Safety and reliability issues must be 
addressed to ensure the safe integration of MVS into real-
world environments. Furthermore, ethical considerations 
and legal frameworks need to be developed to govern the 
behaviour of autonomous vehicles [36-39]. Research into 
robust coordination algorithms, adaptive control strategies, 
and fault tolerance mechanisms is ongoing. 

 

 

Figure 1. Description of the whole map for this 
design. 

3. Preliminaries 

3.1 Overview of system 

A cross-docking warehouse represents a specialized 
facility meticulously designed to streamline the movement 
of goods within the supply chain. Its primary function 
revolves around acting as a pivotal distribution centre, 
where incoming products from suppliers are swiftly 
received, meticulously organized, and promptly transferred 
to outbound vehicles for immediate dispatch to customers 
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or other distribution hubs. The layout of a cross-docking 
warehouse, as depicted in Figure 1, is a well-thought-out 
configuration comprising several crucial areas [40]: 

Receiving Area: This designated zone is where 
shipments from suppliers are initially received. It is 
equipped with loading docks and often includes a staging 
area for temporary storage of incoming merchandise. To 
expedite the process, efficient unloading methods such as 
forklifts or conveyor systems are employed to swiftly move 
items from incoming vehicles to the staging area. 

Sorting Area: Once the products have been unloaded 
and verified for accuracy, they progress to the sorting area. 
Within this space, goods are meticulously arranged based 
on their respective destinations or specific criteria, such as 
product type, size, or customer orders. The sorting process 
may involve the use of conveyor belts, automated sorting 
systems, or manual sorting stations, tailored to 
accommodate the volume and complexity of the 
operations. 

AGV Operating Area: Within the layout of a cross-
docking warehouse, there are designated spaces to support 
various functions essential for its smooth operation. These 
areas encompass administrative offices, quality control 
stations, maintenance zones, break rooms, restroom 
facilities, and spaces for employees. These support areas 
are strategically situated to ensure convenient access and 
comprehensive oversight of the warehouse's overall 
operations. 

Furthermore, at the core of the cross-docking warehouse 
lies the cross-docking zone. This critical section is where 
incoming products are matched with outgoing orders or 
consolidated for further distribution. It involves activities 
such as amalgamating shipments from multiple suppliers, 
breaking down large shipments into smaller ones, or 
combining smaller shipments into larger units. The 
overarching goal is to optimize delivery routes and reduce 
transportation costs. Additionally, for sustained operation, 
a charging station is provided to replenish the energy of 
AGVs when their batteries are running low. The entire 
system is managed and controlled from an operation centre. 

In this system, our model incorporates a configuration 
comprising two active wheels, two passive wheels, a vision 
module, and a lifting platform. The active wheels are 
directly linked to two driving motors, while the passive 
wheels remain unpowered. When the AGV alters its 
course, the active wheels adjust their speeds in accordance 
with forward kinematics and the number of pulses 
generated. Within the AGV driving space, the area is 
structured as a grid, with each grid cell referred to as a 
workstation or node, pinpointed by a QR code, as depicted 
in Figure 2. This grid-based layout enables the AGV to 
precisely determine its location, position, and direction of 
movement. Subsequently, it communicates this positional 
information to the central system. The cargo area is 
designated for package storage, while the remaining spaces 
serve as aisles. 

 

Figure 2. Example of target vehicle. 

3.2 Theoretical model 

The AGV's structure is illustrated in Figure 3. Key 
parameters of this vehicle include 𝑂𝑂𝑥𝑥𝐼𝐼𝑦𝑦𝐼𝐼, which denotes the 
coordinate system fixed to the ground, 𝑂𝑂𝑥𝑥𝑟𝑟𝑦𝑦𝑟𝑟 the 
coordinate system affixed to the AGV, and θ which 
signifies the angular deviation between these two 
coordinate systems. A represents the midpoint of the road 
connecting the two drive wheels, C marks the AGV's center 
of mass, R indicates the radius of each wheel, and L 
signifies the separation distance between the centers of the 
two wheels. 

 

 

Figure 3. Demonstration of mathematical model. 
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The velocity equation for the center of mass C of the 
AGV in the ground-attached coordinate system is 
expressed as follows: 

⎩
⎪
⎨

⎪
⎧𝑥̇𝑥𝑐𝑐𝐼𝐼 = 𝑅𝑅

(𝜑̇𝜑𝑅𝑅 + 𝜑̇𝜑𝐿𝐿)
2

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑑𝑑𝑑𝑑
(𝜑̇𝜑𝑅𝑅 − 𝜑̇𝜑𝐿𝐿

2𝐿𝐿

𝑦̇𝑦𝑐𝑐𝐼𝐼 = 𝑅𝑅
(𝜑̇𝜑𝑅𝑅 + 𝜑̇𝜑𝐿𝐿)

2
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑑𝑑𝑑𝑑

(𝜑̇𝜑𝑅𝑅 − 𝜑̇𝜑𝐿𝐿
2𝐿𝐿

𝜃̇𝜃𝑐𝑐 = 𝑅𝑅
(𝜑̇𝜑𝑅𝑅 − 𝜑̇𝜑𝐿𝐿)

2𝐿𝐿

 (1) 

 
In accordance with Figure 3, we must determine three 

error parameters pertaining to the AGV and the reference 
point P. Specifically, we define e1, e2, e3 as the errors in 
the X, Y, and Z axes, respectively. Additionally, 𝜃𝜃𝑃𝑃 
represents the angle between the direction of movement 
and the reference point. In the relative coordinate system 
affixed to the tracking point C, the following relationships 
apply:  
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4. The Proposed Approach 

Motion planning results in determining the precise timing 
for AGV (Automated Guided Vehicle) movements as they 
navigate to various workstations. This timing is critical for 
preventing collisions and avoiding deadlocks. The 
accuracy of the algorithm plays a significant role in 
achieving this goal. In the context of cross-docking, AGVs 
follow routes composed of combinations of straight path 
segments, with acceleration from 0 m/s and deceleration to 
0 m/s occurring at turns, as depicted in Figure 5. The 
enhanced motion planning algorithm for AGVs can be 
broken down into four distinct stages: 

Step 1: Calculation of the travel time (∆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) between 
two nodes within the same route. 

Step 2: Integration of these individual travel times 
(∆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) to create a comprehensive schedule. 

Step 3: Once the schedule is determined, the system can 
identify potential collisions between this AGV and others, 
categorizing them based on collision types. 

Step 4: The predefined strategies for handling these 
potential collisions are then implemented on a case-by-case 
basis. 

 

 

Figure 4. Example to generate the traveling route 
from several sub-path. 

5. Experiment of Study 

In this section, our research conducts simulations of this 
system on a personal computer equipped with highly 
computational performance, including an Intel Core i7 
processor running at 3,300Hz, 8GB of RAM, and the 
Windows 10 operating system. These simulations take 
place within the MATLAB software environment and 
focus on the cross-docking scenario illustrated in Figure 5, 
featuring several key parameters. 

 

 

Figure 5. Demonstration of working map for 
potential collision. 

Workstation Separation: The distance between two 
workstations is set at 𝒅𝒅𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 = 𝟒𝟒.𝟓𝟓 𝒎𝒎. 

AGV Target Velocity: The desired velocity for the 
AGV (Automated Guided Vehicle) is defined as 𝒗𝒗𝑻𝑻𝑻𝑻 = 1.2 
(𝒎𝒎/𝒔𝒔𝟐𝟐). 

AGV Acceleration Levels: The AGV's acceleration 
profile is categorized into four levels based on the load it 
carries: 

Heavy Carry: a = 0.12 𝒎𝒎/𝒔𝒔𝟐𝟐 
Middle Carry: a = 0.28 𝒎𝒎/𝒔𝒔𝟐𝟐  
Small Load: a = 0.82 𝒎𝒎/𝒔𝒔𝟐𝟐 
Without Carry: a = 1.1 𝒎𝒎/𝒔𝒔𝟐𝟐  
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Rotation Times: When the AGV undergoes a 90° 
rotation, it takes 𝒕𝒕𝟗𝟗𝟗𝟗= 6 (s) to complete the maneuver. 
Similarly, a 180° rotation is achieved in 𝒕𝒕𝟏𝟏𝟏𝟏𝟏𝟏= 8 (s). 

System Safety Thresholds: The system is designed 
with safety thresholds in mind. The safe operational limits 
are defined as follows: 𝝁𝝁𝟏𝟏 =  𝟏𝟏𝟏𝟏.𝟔𝟔 (𝒔𝒔) and 𝝁𝝁𝟏𝟏 =
 𝟏𝟏𝟏𝟏.𝟐𝟐 (𝒔𝒔). 

In these experiments, it has been observed that the 
previous planner [41] exhibits certain limitations when 
estimating travel times for AGVs as they traverse towards 
their target nodes. Particularly, for complex routes or when 
transporting larger payloads, these limitations can lead to 
issues in collision avoidance and, in some cases, 
unfortunate collisions. However, this study introduces a 
novel approach that effectively mitigates these 
shortcomings. To elaborate, let's consider the scenario in 
which AGV2 initiates its movement from workstation 54, 
as illustrated in Figure 5. Approximately 4.1 seconds after 
AGV2 begins its movement, another vehicle, AGV1, is 
tasked with moving from workstation 60 to workstation 38. 
During this phase, our system takes on the responsibility of 
scheduling AGV1's movements. For our experiment, we 
designate the starting moment of AGV1's motion as the 
reference time point. 

5. Conclusion 

Our study introduces a method for detecting potential 
collisions within a large-scale system that incorporates 
multiple AGVs. The layout of our workspace consists of 
both vertical and horizontal lines serving as reference 
trajectories for vehicle movements. Additionally, we have 
integrated a digital camera on the underside of each AGV 
to identify lane boundaries and relay this information to the 
main microprocessor. Our proposed method involves a 
four-step mechanism to identify possible collisions and 
offers a novel strategy for collision avoidance. To 
showcase the effectiveness and practicality of our 
approach, we conducted a comparative analysis between 
our proposed method and a prior approach, providing a 
detailed explanation of the results. Looking ahead, our 
future endeavours involve establishing a hardware 
platform for multi-vehicle systems to implement our 
algorithm successfully. Furthermore, we intend to enhance 
the system's performance by integrating intelligent 
algorithms such as machine learning or reinforcement 
learning into our approach. 
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