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ABSTRACT 
 

As the trend of online shopping and e-commerce rises rapidly after the COVID-19 pandemic, 

warehouses and sorting centres are facing challenges of managing an enormous number of 

parcels on a daily basis. To cope with these demands, changing their warehouse to automation 

are one of the solutions that these companies apply. Autonomous Mobile Robots (AMR) or 

Automated Guided Vehicle (AGV) is applied to these automated warehouses to sort and deliver 

these parcels to the desired destination. Normally, these robots are deployed in large quantities. 

Thus, it is crucial to guaranteed that these robots avoid collisions and deadlocks among each 

other while executing tasks. 

 

There are some previous approaches that provides different sets of assumptions on the road 

systems, planning algorithms and layouts. However, some of these assumptions does not obey 

real-life phenomena such as inertia. Thus, it may be hard to apply this proposed solution in the 

use of real-life. Also, there are papers that proposes algorithms that are able to solve deadlocks 

and collision among these robots but not able to solve the heavy traffic problem while passing 

through an intersection grid cell. Heavy traffic will affect the throughput of completing the 

tasks. Thus, these problems seem to be the reasons that may be not that applicable and 

inefficient to apply in the real world. 

 

From here, we will first review and evaluates some of the approaches that have been done by 

previous studies. These papers will be reviewed to find some inspiration and discover some 

potential new approaches that might be able to handle multiple robots at the same time while 

decreasing the traffic as much as possible. 

 

This project proposes an improved path-finding algorithm that implements token-based path 

finding while a robot wants to access a grid cell. Besides that, the projects also propose to form 

and break clusters when these robots are moving in a same direction to decrease the queueing 

time and increases the throughput. Also, a layout is proposed that implements ring road and/or 

central road concept which allow these robots to travel using these roads without passing the 

main road that links to the pick-up and drop-off areas. 
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CHAPTER 1 INTRODUCTION 

Chapter 1 will be discussing about the project background, problem statements, motivations, 

and objectives. Project background will provide a brief description on the projects and some 

background information about the topic. For the problem statement, it will show the problem 

that the project regarding parcel sorting that the world is currently facing. Besides that, the 

motivations states on the intention that keeping this project going. Lastly, the contribution 

section will state that how does this project able to benefits the society. 

 

1.1 Background 

E-commerce and online shopping are on the rise especially after COVID-19 happens. E-

commerce means that using digital methods to sell products and services to customers  [1]. 

With the continuous growth on e-commerce, most of the companies implemented e-commerce 

strategies for better growth on their business. From the past few years, the trend about E-

commerce steadily increases. Retail e-commerce sales worldwide has been increased from 1.3 

trillion USD at the year of 2014 to 4.9 trillion USD at the year of 2021  [2]. 

E-commerce includes selling services or products online. For the merchants that are selling 

products online, parcels are needed to be shipped from the store to their customers. Thus, a 

delivery service is needed to perform the transshipment. Throughout the delivery process, there 

is a place whereby all of the products are centralized in a place to perform sorting according to 

 Figure 1 Retail Ecommerce sales worldwide [2] 
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where should the parcel be delivered to. Warehouses and sorting centres are responsible for 

doing so. At the early stages, all the parcels are sorted manually by humans, which is not 

efficient and costly in the long run. As the demand of e-commerce rising rapidly, automated 

sorting centres are being implemented using multiple automated guided vehicles (AGV) or 

autonomous mobile robots (AMR). Swapping the method from sorting manually to automated 

able to increase the efficiency on delivering parcels, reducing errors that will be potentially 

made by humans and able to save lots of labour costs in the long run. These AMRs are robots 

that are equipped with sensors and navigation technology that able to execute tasks inside a 

defined environment. AMR able to pick up and transport parcels inside the warehouse. These 

AMRs are being controlled using a framework to communicate among themselves and some 

scheduling and pathing algorithms to decides their paths while delivering parcels. In this 

project, we are further looking into these attributes to produce an efficient automated sorting 

system. 

 

1.2 Problem Statement 

There are a couple of problem that the warehouses are facing while performing sorting 

manually or implementing automatically which are stated below. 

 

Demands and Customer Expectations 

Most of the customers having high demands and they are expecting shorter shipping times, 

100% order accuracy, and excellent customer service. And when these expectations aren’t met, 

it can lead to disaster  [3]. At a large warehouse, workers may need to spend large amount of 

time navigating to perform picking and sorting that increases the time needed to ship out 

customers’ orders. Besides that, companies that insists to apply automated sorting needs but 

wanting to increase efficiency may choose to hire more employees. However, humans may 

make errors and having some inconsistency while performing tasks comparing to robots. Thus, 

the order accuracy might not be as high compared to the companies that are applying automated 

sorting systems. These situations will provide a bad impression to the customers and reduces 

the profit of the company long term. 

 

 

Unorganized storage or Insufficient space 
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Human labour might not be as discipline as robots. While human performing sorting, mistakes 

might occur such as placing parcels in different places and labelling errors. This may cause the 

warehouse being unorganized as the parcels are not placed in the correct locations. Furthermore, 

there are some warehouses with messy and poor layout that might lead to inefficient space 

utilization. All of these definitely causes some difficulties while performing sorting coherently 

decreases the overall efficiency. Workers might also find it difficult to proceed with their works 

with an unorganized, narrow warehouse. 

 

Possibility of Collision between AMRs / AGVs 

To solve the issues that exist on manual labour sorting, there are some companies and sorting 

centres attempting to adopt AMRs or AGVs to automate their warehouses. However, the larger 

the warehouse, more AMRs or AGVs are needed to maximize the efficiency. One of the 

challenges adopting automated warehouse is to develop a framework and system to control 

these automated vehicles. Without a well-design framework, collisions between these vehicles 

are definitely expected to happen. Collision of these vehicles will slow down the process of 

escorting the parcels and there might be a possibility of damaging the objects in the parcels. 

Simple solutions such as stopping the movement of the vehicles able to solve the collision, but 

it is not the most efficient way as it further lowers the throughput of the vehicles. 

 

Movement Limitations and Warehouse Layout 

The speed at which these vehicles or robots move, their degrees of freedom, the ability to drive 

in reverse, and the turn radius is determined by the manufacturer. Therefore, the ability to deal 

with reverse driving and turning may be limited to them  [4]. Also, they are also having some 

difficulties travelling on a non-uniformed or unsymmetrical warehouse layout. Without a 

proper layout and algorithm for the vehicles to move, they might have issues on reaching the 

destination or even finishing the tasks. 

 

 

1.3 Motivation 

 

Scalability of e-commerce 

Based on  [5], The Malaysian eCommerce market grew by 68% year on year in 2021 and it 

expected to clock around 9.2 billion for the year 2022. Also, the number of online shoppers in 
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Malaysia grew by 47% year-on-year. From  [6], it shows the annual spend in each category on 

ecommerce in Malaysia. In short, the e-commerce having the potential to scale enormously. 

Insisting on sorting these goods manually will limit the efficiency on delivering these orders. 

Thus, adopting an automated sorting centre able to assist on the demand of e-commerce by 

speeding up the sorting period and shorten the parcel delivery time, simultaneously increasing 

the traffic on delivering the goods to the customers. 

 

Figure 2 Annual spending on each category  [6] 

Reducing Labour Costs and Leveraging Human Resources 

While human needs some rest after long periods of working, implementing automated sorting 

system able to operate non-stop without the need of overtime or shift. This method alone able 

to reduce labour costs and increasing the efficiency in the long term. From  [7], in the United 

States, there are nearly 11 million job vacancies, but only 6.5 million workers are listed as 

unemployed in 2022. Also, the World Economic Forum states that there will be a global human 

talent shortage of 85 million workers  [8]. In a manually sorted warehouse, there might recruit 

large number of workers. Performing sorting does not require any skills and can be done easily 

by robots such as AMRs. Thus, a lot of human resources can be transferred for better used such 

as on more complicated and requires more critical thinking skills that robots may not be able 

to compute with. By automating these tasks, humans able to take on jobs that are more 

challenging and skill-required that robots might not be able to replace. 
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Resolving Customers’ demands and Expectations. 

From the problem statement above, it has stated that customers want to receive their orders 

quickly without mistakes. The sorting centre may face several negative consequences because 

of making mistake during the sorting processes such as loss of business and reputation damage. 

Implementing automated sorting centre able to solve both delivery speeds and the correctness 

of their product. By providing a quality service to the customers, customers will be more likely 

to continue using the services, gaining better reputation simultaneously increasing the profit of 

the company. 

1.4 Project Scope 

The project will develop an automated parcel sorting system and simulates the parcel sorting 

situation using a simulation software. By achieving that, several elements such as pathing 

algorithms, framework, task scheduling to the robots and a layout are needed to form a 

simulation for parcel sorting. This project further looks into pathing algorithms on forming and 

breaking clusters of robots that moves in the same direction. These elements are developed and 

improved in order to achieve the most ideal throughput. Besides that, token passing algorithm 

will be implemented in the robots while performing picking up and delivery. All of these will 

be implemented in a simulation and should be using as low computational resources as possible 

to decrease the costs needed as these simulations are able to reflect if the simulations are 

actually viable to implement in real situation. By using different pathing algorithms and 

different map layout, the throughput will be compared to find the best combinations of 

parameters to form the automated parcel sorting center. 

  

1.5 Project Objective 

The general objective of this project is to improve the current available sorting centers. One of 

the goals of this project is to form an optimal cluster while AMRs are moving in the same 

direction and also find the most suitable time to break the cluster to increase the efficiency of 

AMRs moving together simultaneously reducing the amount of traffic. Not only that, proposing 

an algorithm that able to pass tokens among robots that goes together able to solve potential 

traffics. By using certain pathing algorithms, these AMRs should always find the optimal path 

while executing tasks or going to the charging stations. From here, the objectives of this project 

including: 
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- To find the most optimal way to form or break the clusters when multiple AMRs moves 

in the same direction while avoiding accumulating traffics. 

- To develop a path planning algorithm using token-based approach on a central server 

and simultaneously avoid collisions and deadlocks. 

- To propose an algorithm that enables token passing among robots to achieve better 

throughput. 

 

1.6 Contribution 

This project attempts to find a new way to develop an improved path-finding algorithm for this 

framework by implementing and modifying other papers strategies. Besides that, this project 

will also find better optimized way to deal with collisions and deadlocks while the robots are 

travelling. Also, the projects will propose a new layout design for the robots while considering 

real-life phenomena such as inertia of the robots and the possibility of robots running out of 

batteries. By combining different strategies from this project, it should improve the overall 

throughput and efficiency of an automated sorting system. 

By proposing this framework, it can be implemented in real-life sorting centers or warehouses 

all around the world. By improving the throughput of the sorting system, it will further improve 

the time needed to deliver these parcels to the customers. Companies that adopting this strategy 

able to save labour costs on the long run simultaneously reducing any error and mistake that 

may happened on manual sorting. 
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Chapter 2 Literature Review 

 

2.1.1 Collision-Free Route Planning for Multiple AGVs in an Automated 

Warehouse Based on Collision Classification  [9] 

Introduction 

AGVs (Automated Guided Vehicles) in an automated warehouse travel among multiple 

workstations on a set of predetermined routes. When bidirectional routes introduced for the 

sake of efficiency, problem of collision arises that may cause deadlock on the route. Thus, the 

paper presents the types of the collisions that may occur and their respective solutions. 

 

Working Environments 

In this paper, they proposed to implement a collision-free route planning for multiple AGVs 

based on real environment in warehouse. It discusses on different types of collisions and their 

solutions. Centralized route planning approach is used in the system. From the system, it 

consists of two layers, upper and lower layer which is coupled with each other. The upper layer 

which is a server, perform schedules and routing problems whereas the lower layer which 

consists of several AGVs that is controlled by the server. There is no communication between 

AGVs. AGVs responsible for pick up, pick down goods and charge. 

From the paper, the shelves in the warehouse having a 75cm gap between the ground and the 

bottom layer of the shelf, which allows the AGVs to pass through the shelf when it is not 

carrying any loads vice versa. To determine the route of the AGVs, improved Dijkstra’s 

algorithm is implemented to only allows one shortest route for the AGVs. There are 2 different 

types of tasks performed by the AGVs which is on-load tasks where an AGV picks up goods 

and transport it to the destination and non-load tasks where an AGV which is not carrying any 

goods travels from the starting workstation to the destination to pick up the goods located there. 

Based on that, an AGV that is on-load should avoid route that is occupied by a shelf, but non-

loaded AGV do not need to. 

 

Collision Classifications 

Since all AGVs are not able to communicate with each other, collision may happen when AGVs 

are executing their tasks. Four types of potential collisions might happen in the warehouse 

including: 
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1. Head-on collision, it happens when 2 AGVs travel the same path from a different 

location. 

2. Cross collision, it happens when 2 AGVs needs to compete for the intersections of the 

nodes. 

3. Node-occupancy collision, it happens when an AGV’s route intersects another AGV’s 

goal which blocks the route for the other AGV. 

4. Shelf-occupancy collision, it happens when a loaded AGV is being blocked by the shelf 

that is included in the route of that AGV. 

Figure 3 illustrates the collision mentioned. 

 

 

To resolve potential collisions that may occur, 4 methods are proposed including: 

1. Selecting the candidate route, the scheduled of the current route will be changed 

however the total travel time remains. 

2. Waiting for a short period of time, AGV put off starting at the start workstation for a 

predetermined period until the AGV on the route leaves. 

3. Modifying the route, by implementing Dijkstra’s algorithm, the route of an AGV will 

be replanned when the route of the AGV having collisions. 

4. Re-dispatching tasks, performing the task by a schedule algorithm. 

 

By testing the 4 proposed methods on the 4 different types of collisions, the paper found that 

solution (1) and (3) is the best approach for dealing with head-on collisions, node-occupancy 

collisions and shelf occupancy collision whereas solution (2) is the best approach for dealing 

with cross collisions. 

Strength and Weakness 

Figure 3 Collision types a) Head-on collision, b) Cross collision, 

c) Node-occupancy collision, d) Shelf-occupancy collisions.  [9] 
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One of the strengths of the paper is that they clearly detect every possible collision including 

potential obstacles such as shelf in their system. The layout of the system is fully utilized as 

non-loaded AGVs are able to pass through the shelf, maximizing the amount of the node in the 

layout. However, since the paper are focusing on solving all possible collisions, the 

performance of their throughput decreases, and the time spent increases as some of the 

solutions requires AGVs to wait and do nothing to solve collision. 

 

2.1.2 Path-planning of Automated Guided Vehicle based on Improved 

Dijkstra Algorithm  [10] 

 

Introduction 

In the discussed paper, Automated Guided Vehicles (AGVs) are tasked with moving goods 

from a specific start point to a destination within a storage setting. The focus is on path-

planning to ensure these tasks are completed effectively, with minimal energy usage. The paper 

mentioned Dijkstra Algorithm and its enhanced variant of the algorithm, particularly tailored 

for path-planning in the rectangular layout of an Automated Storage and Retrieval System 

(AS/RS). 

 

Traditional Dijkstra Algorithm 

The Traditional Dijkstra Algorithm methodically seeks for the lowest cost path which is the 

shortest by prioritizing paths of increasing length. It initially finds the shortest possible path 

from a starting node to adjacent nodes. Then, the end node of this path becomes a new starting 

node which the algorithm searches for shortest path from this new starting node to its 

neighbours. This process repeats until all nodes have been visited. A key feature of Dijkstra's 

Algorithm is that any segment of the shortest path is itself the shortest route from its start to 

end node. Therefore, the algorithm effectively determines the path that has the lowest cost from 

the start to the end. However, in AS/RS systems, where workstations are mapped out in 

rectangular or square layouts, multiple shortest paths may exist, but the algorithm typically 

identifies only one. The simulation results demonstrating this are shown in Figure 4. 
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From Figure 4, there are 3 paths that is able to reach from node 1 to node 19. However, the 

algorithm only able to find out one shortest path with 2 turns which is the path of the black line. 

Hence, the paper intends to improve the existing algorithm to find out all the possible paths.  

 

Improved Dijkstra Algorithm 

The traditional Dijkstra Algorithm is enhanced to address the limitation of identifying only a 

single shortest path in environments, like rectangles, where multiple shortest paths may exist. 

The original algorithm stores only one intermediate node, limiting it to a single shortest path 

discovery. The improved version addresses this by keeping all nodes at the same distance from 

the starting node as potential intermediate nodes. 

 

Additionally, travel time is a crucial factor in path planning. When an AGV traverses a node, 

it may either continue straight or turn. Straight movement doesn’t require slowing down, but 

turning does. For paths of equal distance, the one requiring fewer turns will be faster. Therefore, 

alongside identifying the shortest path, the improved algorithm also counts the number of turns, 

optimizing for both the shortest distance and travel time. The improved Dijkstra Algorithm 

thus considers the least number of turns to identify the path that minimizes both distance and 

travel time. By running through simulations, it demonstrates that the improved Dijkstra 

algorithm able to find out all the shortest path and also find out the optimal paths for the AGVs. 

 

Strength and Weaknesses 

The paper solves the problem of traditional Dijkstra Algorithm as the algorithm only able to 

store one intermediate node hence only one shortest path can be find. This widely increase the 

Figure 4 Simulation results of traditional Dijkstra algorithm  [10] 
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routing choices for AGV in an AS/RS system. The improved Dijkstra Algorithm also suitable 

for bidirectional path-finding. However, the paper still does not solve the greedy nature of the 

algorithm, as the algorithm only chooses shortest available path, it may neglate some longer 

path that eventually leads to overall shorter path or shorter travelling time. Besides that, the 

algorithm only suitable for small to medium layouts, as the larger the layout may consume 

more memory and time. 

 

 

2.1.3 Dynamic Resource Reservation Based Collision and Deadlock 

Prevention for Multi-AGVs  [11] 

Introduction 

Automated Guided Vehicles (AGVs) are increasingly vital in warehouse and industrial settings. 

Their ability to interact smoothly is critical, necessitating efficient online supervisory control 

to manage collisions and deadlocks. This paper introduces enhancements to collision and 

deadlock resolution efficiency in dynamic environments, proposing a Dynamic Resource 

Reservation (DRR) approach to prevent collisions. 

 

 

 

Enviroment Description 

Figure 5 shows that the layout proposed having uniformed sized square blockes. Yellow blocks 

represent AGV’s parcking places and green blocks indicates the navigateable paths for AGVs. 

In the defined areas, AGSv can pause or turn within this specific zones and position in each 

square. AGVs are restricted to move to the next adjacent blocks when decelerates. 

Figure 5 Layout of the System  [11] 
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DRR-Based Collision and Deadlock Prevention 

The paper introduces a method for preventing collisions and deadlocks in transport systems 

using a Dynamic Resource Reservation (DRR) approach. This involves calculating shared 

resources, detailing how AGVs reserve these points, and implementing control policies through 

both central and local controllers. 

 

AGVs often face collisions due to limited space. The paper outlines that each AGV can only 

hold one resource point at a time. Five key definitions for shared resource calculation as below: 

1. AGVs in the system can be idle, moving and waiting states 

2. Resource points can be idle or occupied by AGVs inside the system 

3. AGV’s travel path is described with (nx , nx+1) where nx is the current point whereas 

nx+1 is indicating the next target point. 

4. The remaining transport route of AGV indicates the sequence of points that remains 

visied by the AGV before task completion. 

5. For an active AGV, it consists an sequence of shared resource points with all other 

AGVs. 

Collisions, Deadlocks and Conditions 

Figure 6 shows 2 types of deadlock which is heading-on deadlock and loop deadlock. Heading-

on deadlock occurs when 2 AGVs travelling at adjacent point but the directions of those AGVs 

are opposite and Loop deadlock occurs when the travelling points of the related AGVS forms 

a closed loop 

 

Figure 6 Types of Deadlocks  [11] 
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Besides that, Figure 7 shows that there are two types of collision in the system which is pursue 

collision and cross collision. Pursue collision occurs where an AGV hits another AGV on the 

rear and cross collision occur when 2 AGVs wants to have access within same point together. 

 

 

 

To prevent these issue that is mentioned, the paper adjusted to realizing the changing motion 

states of AGVs according to the state of the resource points. 2 conditions are given to determine 

whether AGV able to go to the next points. 

1.  The next points is not the part of any other AGVs path. 

2.  The next points of an AGV belongs to the guide path of other AGVs but no shared 

points are reserved by other AGVs. 

An AGV are able to reserve their next point if either condition that is stated are met. Otherwise, 

they need to stop. 

From the simulation they compares 2 methods which is DRR and COR, the paper shows results 

that the total travelling time of DRR is 11% to 28% less than COR with different number of 

AGVs while maintaining nearly simillar travel distance 

 

Strength and Weakness 

The strength of this paper is the paper considers real-life phenomena that may occur real life 

instead of using many assumption. One of the example that is performed in the paper is 

deceleration of an AGV that is included as a consideration while detecing resource reservations. 

Also, the paper compares DRR and COR in detail that strongly shows that DRR is better in 

several aspects. However, the paper does not forseen unexpected event such as the AGV might 

be stucked or out of battery causes potential collisions or deadlock. Besides that, the layouts 

Figure 7 Types of Collisions  [11] 
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and the conditions might not able to fit in larger amount of AGVs as it may causes congestions 

between AGVs. 

 

2.1.4 AGV Path Planning based on Improved A-star Algorithm  [12] 

Introduction 

Optimizing AGV’s path is one of the most effective way to improve efficiency on AGVs. The 

paper proposed to improve a path planning algorithm which is A-star algorithm using the 

characteristics of jump point search to improve the node search mode and the search speed. 

 

A-star algorithm problems and improvements 

The A-star algorithm, which relies on actual and heuristic values of nodes, often encounters 

scenarios where multiple nodes have the smallest values, leading to uncertainty in finding the 

optimal path. A notable limitation of the A-star algorithm is its inability to choose the optimal 

path with the fewest inflection points among symmetric paths of equal length. To address this, 

the paper introduces enhancements by integrating angle cost estimation and node culling based 

on omnidirectional movement, giving priority to paths with fewer inflection points. 

 

The A-star algorithm is further refined by incorporating jump point search techniques. This 

approach identifies points that enable 'jumps' directly from the start to the end point, bypassing 

certain nodes. For example, as shown in Figure 8, Point S can directly reach Point G, skipping 

nodes n2 and n4. This method doesn't expand intermediate nodes between jump points (S and 

G), reducing computational and storage requirements. Jump point search is thus utilized to 

optimize the processing of nodes in the A-star algorithm's open list. 
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Simulation and Comparison 

Two different environments are proposed for this simulation, blank grid map and set grid map. 

For the result for blank grid map, both standard and improved A-star algorithm able to find for 

symmetric paths of same length but A-star algorithm have more inflection points compare to 

improved A-star algorithm. 

As for the result for set grid map, by performing multiple test in the same start and destination 

point, A-star algorithm having different path trajectory and the number of inflection points for 

each path are not the same. This proves that A-star algorithm struggles to come out with the 

most optimal path. On the other hand, the improved A-star algorithm has stable search results 

thus able to search for the optimal path. Thus, the paper proves that their improved A-star 

algorithm offers quicker pathfinding compared to A-star algorithms and able to find a 

consistent optimal path. 

 

Strength and Weaknesses 

The paper significantly improves the existing A-star algorithm on the speed and consistency. 

It also decreases the amount of calculation needed while finding the optimal path. Also, the 

algorithm able to reduce the number of inflection points while finding an optimal path, which 

able to decrease the travelling time of AGVs as the amount of rotation perform by the AGV 

increases the time. However, the improved algorithm are only optimized on grid layouts and 

may not be as versatile in other type of layouts.  

Figure 8 Jump point Searching [12] 



 

 

16 

Bachelor of Computer Science (Honours)  

Faculty of Information and Communication Technology (Kampar Campus), UTAR 
 

 

2.1.5 Simulation-based Multiple Automated Guided Vehicles Considering 

Charging and Collision-free Requirements in Automatic Warehouse.  [13] 

 

Introduction 

Automatic warehouse able to provide multiple advantages on productivity, improved quality 

consistency and lower down the cost and dependence on human labour, thus lowering costs 

and minimizing errors. The operations in the automatic warehouse were simulated find out all 

the scenarios that might happened. The paper considers the number of AGV and also the 

optimal number of workstations for the warehouse and provide a suggested layout and settings. 

 

Problem Formulation 

The system includes 3 major system includes AGV control system, vehicle dispatching and 

tasking assignment problem on the workstation.  

The paper introduces an Integrated AGV system which combines both hardware and software, 

primarily managed through a computer program. This system is designed to manage multiple 

AGVs and integrate them into the warehouse's internal operations. A key aspect of the system 

is frequent unit load servicing, necessitating efficient vehicle dispatching. This involves 

selecting an AGV for material pickup or delivery, with dispatching issues categorized into two 

types and addressed through heuristic rules. 

 

Another significant aspect discussed is sensor, zone, and deadlock control. AGVs are equipped 

with sensors to detect other vehicles, enhancing safety and efficiency. The paper discusses 

implementing zone control, wherein guide paths are segmented into distinct zones, with each 

zone accommodating only one vehicle at a time, as demonstrated in Figure 9. 
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By dividing the guide paths into zones, it reduces the chance of collision but does not eliminate 

it. Thus, the paper resolves the deadlock problem by adopting Binary Semaphore and Counting 

Semaphore in intersections and bidirectional paths. 

 

Simulation Environment and Results Summarization 

The paper proposes a simulation environment that is shown at Figure 10. which firstly includes 

control points for the AGVS to follow the paths. The simulation also includes corridors, 

workstations and charging stations. There are 2 types of paths which is the main path and the 

spurs path which main paths are unidirectional and spurs paths are bidirectional.  

 

  

 

 

 

 

 

 

 

 

 

For the simulated results, the paper discusses the optimized models by comparisons between 

each other in several measurements including total maximum output, maximum output per 

workstation and maximum output per AGV. The output results are measured and compared by 

the number of workstations. From all the results shown, there is a trend that the first few 

workstations added contributes significant to the output until a specific amount reached.  

Figure 9 Scenario of zone control  [13] 

Figure 10 Environment overview  [13] 
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Strengths and Weaknesses 

The paper clearly describes the flow of the AVG in an Automatic Warehouse. The paper 

considers real life challenges such as AVGs need to be charged thus setting up a charging 

station. However, the layout provided by the paper may not be suitable for our research as the 

layout is not a grid layout. The layout they provided could causes heavy traffic jams while an 

AGV want to leave the destination.  

 

2.1.6 An Overview on Swarm Robotics: Swarm Intelligence Applied to 

Multi-robotics.  [14] 

 

Introduction 

Swarm intelligence is a new field to build a fully distributed de-centralized system with the 

functionality of the interaction of individual agents able to interact with each other and its 

envorment. One of the domain, swarm robotics (SR) has been issued to study how a large group 

of robots able to communicate and coordinate with each other using rules. The paper proposed 

an overview of SR including some functionalites and potential applications. 

 

Swarm Intelligence 

Swarm intelligence, which is inspired by the behaviour exhibited by natural grouping systems 

in the natural world, consists of a population of relatively simple agents which interacts only 

locally with themselves and with their environment without having global knowledge. These 

theories are widely applied to solve analogous engineering problems. 

 

Multi-Robot Systems (MRS) 

Multi-Robot systems (MRS) exists to overcome the lack of information processing capability 

and many aspects of a single robot that are not able do deal with some certain tasks. Thus, MRS 

introduces cooperation and collaboration between groups of robots. MRS having the advantage 

of simplicity in design and increasing in flexibility, capabilites and fault tolerance. However, 

challenges such as decentralization in control and self-organization introduces a new sub-

domain wich is swarm robotics (SR) 
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Swarm Robotics (SR) 

Swarm Robotics (SR) is a peculiar sub-area of collective robotics that applies the techniques 

of swarm intelligence. The idea of SR is to build some relatively many small and low-cost 

robots that able to acoomplish the same assigned task as a single complex robots or a small 

group of complex robots. Comparison between MRS and SR are shown on Figure 11. 

 

 

 

 

 

 

 

Potential Applications of Swarm Robotics 

There are several work field has been issued to explain the benefits from the properties of 

swarm robotics systems in several potential application domains. 

1. Task covering large area 

- These tasks are most suitable for robots swarms as they are able to act autonomously 

without any external coordination. 

2. Tasks dangerous to robots 

- Economy acceptable to use swarm robotics with cheaper individuals rather than 

expensive robots 

3. Tasks require scaling population and redundancy 

- Best to apply in situations which is difficult to estimate resource needed in advance 

as the robots can be removed or added in them hence making it scalable. 

Strength and Weaknesses 

The paper discuss the overview of swarm robotics, which is one of the method for AGVs to 

work with each other by forming a small cluster to increase the overall throughput of 

completing the tasks. However, further evaluation and reseach is needed to apply swarm 

robotics into AGVs to avoid potential collisions and deadlock. 

 

 

Figure 11 Comparison between MRS and SR  [14] 
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2.1.7 Lifelong Multi-Agent Path Finding for Online Pickup and Delivery 

Tasks  [15] 

Introduction 

Most of the research before are concentrated with multi-agent path finding (MAPF) problem 

which has been studied in various field. In MAPF, each agent has to move from its current 

location to the destination without collisions while having the same number of agents and 

destinations. However, it does not cover real-world problem such as autonomous warehouse 

where the number of agents may not be the same as the number of destinations. Thus, multi-

agent pickup and delivery (MAPD) is further study in this paper, which these agents need to 

attend a stream of delivery tasks in an environment that is modelled as an undirected graph. 

The paper introduces two decoupled MAPD algorithms which is Token Passing (TP) and 

Token Passing with Task Swaps (TPTS). 

Token Passing (TP) 

Token Passing (TP) operates on the principle where agents sequentially plan their paths. TP 

assumes agents will remain stationary at their final path location as indicated in the token. The 

algorithm operates as follows: 

1. The system initializes the token with basic paths, positioning agents at their starting locations, 

and adds new tasks to the task set. 

2. Agents at the end of their path request the token once per timestep. 

3. The system grants the token to requesting agents. 

4. The token-holding agent selects a task from the task set, ensuring no other agent is assigned 

the same delivery location. 

5. If suitable tasks are available: 

a. The agent picks the task with the shortest travel distance, removing it from the task set. 

b. The agent updates its token path to a collision-free, cost-effective route with the same 

destinations. 

6. If no suitable tasks are available: 

a. The agent doesn't take on a new task. 

b. The agent updates its token path, unless already at the delivery location. 

c. If at the delivery location, the agent alters its direction to prevent collisions. 

7. The agent returns the token to the system and follows its designated path. 

Token Passing with Task Swaps (TPTS) 
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TPTS operates similarly to TP, but the task set includes all pending tasks, not just those 

unassigned. TPTS also assumes agents remain at their path's final location. The TPTS 

algorithm functions as follows: 

1. Similar to TP, agents are given tokens and request tasks. Agents with tokens execute the 

GetTask function; those without or lacking an endpoint are denied. 

2. When executing GetTask, agents consider tasks that don't end at their location. 

3. If such tasks exist: 

a. If no agent is assigned, the agent takes the task, updates the token path, and proceeds. 

b. If another agent is assigned, that agent is unassigned, and the new agent takes over, 

updating the token path. 

c. If the new agent reaches the pickup location quicker, it passes the token to the previous 

agent, prompting them to seek a new task. 

4. If no unique-location tasks exist: 

a. The agent doesn't assign itself a task. 

b. If not at an endpoint, the agent seeks a path to one, indicating success or failure based on 

path availability. 

c. If at an endpoint, the agent updates the token path accordingly, marking success. 

5. The agent then returns the token to the system and follows its token path. 

 

Centralized Algorithm 

A centralized MAPD algorithm is used to evaluate TP and TPTS effectiveness:  

1. The central system assigns endpoints to all agents and solves the MAPF instance for path 

planning. 

2. It considers each agent at a task's pickup location. 

3. The central system constructs a set of potential endpoints for free agents. 

4. It then assigns each free agent an endpoint. 

5. The system employs an optimal MAPF algorithm for planning collision-free paths. 

 

Results 

Both TP and TPTS able to handle and solve all the MAPD instances. The MAPD algorithms 

in services times of the algorithm in increasing order is Central, TPTS and TP. Whereas the 

MAPF algorithm’s orders is TP, TPTS and Central. Overall, TP can be extended to fully 
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distributed MAPD algorithm and is the best choice for real-time computation whereas TPTS 

requires limited communication among agents and balance between TP and Central. 

 

Strengths and Weaknesses 

The paper discuss token-based algorithms, which is very suitable to apply on the automated 

vehicle to increase the throughput. Token-based algorithms able to avoid collision without 

further deploy another algorithm purely for collistion detections. Besides that, Task swaps 

enhances flexibility that able to change certain sorting requirements or unexpected events such 

as unexpected obstacles or traffic congestion. Also, Token-based algorithms able to 

implemented in both centralized and decentralized system thus is much more flexible and 

robust.  

However, Token-based algorithms needs more computational power as it may often requires 

real-time calculations such as task swapping that may often changes the route of an agent. 

Besides that, possible delays might happen while performing token passing thus 

synchronization may be hard to perform between multiple agents. 

2.2 Comparisons  

Comparisons on Centralized and Distributed system. 

Centralized Distributed 

Single Point Control Multiple / Decentralized Control 

Limitation on Scalability  

May be difficult to add in more vehicles 

Scalability 

Adding vehicles without increasing 

complexity 

Single point failure 

Whole system will be down if the central 

controller fails 

Partial Failure 

Certain Functionalities may be affected 

Simplicity 

All the decision making are done in one 

system 

Higher Complexity 

Need to perform coordinations and 

synchronizaion among different servers / 

vehicles 

Minimal Latency / Delay Potential Latency / Delay 

 

   Table 1 Comparisons on Centralized and Distributed system. 
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Chapter 3 System Design 

3.1 Design Specifications  

3.1.1 Methodologies and General Work Procedures  

Figure 12 illustrates the workflow for developing the simulations. The process begins by 

establishing basic robot movements and designing the initial grid layout. Subsequently, path 

planning is integrated, enabling the robots to determine the most efficient travel routes. Once 

the fundamentals are in place, tasks are allocated to individual robots, followed by 

simultaneous navigation of multiple robots within the layout. To address potential collisions, 

directional constraints and a token-based path allocation system are incorporated into both the 

layout and robot coordination. Fine-tuning is essential to optimize the cluster formation during 

token passing. Finally, the program undergoes thorough optimization and refinement before 

the simulations are executed. 

Figure 12 General Work Procedures 
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3.1.2 System performance definition 

The goal of this project is to find the optimal way for the robots to find its path to execute their 

tasks effectively creating high throughput of finishing the task. For this project, throughput is 

defined as the number of tasks finished by the robots. A task is finished when a robot picks up 

a parcel from a pickup point and locates it at a drop-off point. Finishing this cycle counts as 

finishing a task. Thus, the system performance is determined by the throughput of tasks in a 

certain amount of time with a certain number of robots in a layout. 

To increases the performance of the system, effective path finding of the robots are one of the 

improvements that can be made to increases the throughput. Thus, robots should be allocated 

with the shortest possible path simultaneously avoiding collisions and deadlocks. 

 

3.1.3 Verification Plan  

The project will be verified through various tests and feasibility studies to ensure that it can be 

completed without errors. Each procedure will undergo testing to validate assumptions and 

assess performance under different scenarios, ensuring the system's viability before proceeding 

to the next stage. After completing the framework, iterative improvements will be made, 

continuously refining the system based on feedback from the simulations. 

Finally, the system's efficiency will be tested against various constraints and attributes, such as 

the number of robots, layouts, and algorithm parameter tuning to determine which factors affect 

throughput and to identify the most optimal attributes for the best throughput. 

 

3.2 System Design / Overview 

3.2.1 Layout Components and Designs 

The robots will be moving on a grid layout design whereas nodes are connected with each other 

to execute their tasks. The design of the layout will be unidirectional with intersections to solve 

collisions. The grid of map consists of 4 ways directions (up, down, left, right), intersections, 

pick-up point, drop-off point and charging point. Directions grids strictly limits the movement 

direction of the robots whereas intersection are the grids that robots able to makes it own 

decisions. Pick-up points and drop-off points are the tasks that the robots assigned to pick up 

an object and deliver it to the drop-off point. Charging points are provided for the robots to 

charge its battery when it falls over a certain threshold. 
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3.2.2 System Architecture Design 

Token-Based System will be using both centralized and decentralized architecture design for 

the robots to perform tasks. Centralized architecture is being used for path planning on robots 

and token allocating for each grid cell. The robots however navigate their path by its own 

without knowing other’s agent path which is a decentralized architecture. The allocator of the 

system haves the information of the layout on each grid and the current location of all the robots. 

 

3.2.3 Possible Deadlock and Collisions  

A collision in this context, refers to an event when 2 or more robots occupies the same grid cell 

at the same time. Deadlock on the other hand refers to a situation where these robots are waiting 

each other to make an action, causing them to be in idle state and does nothing. When the robots 

are travelling, there are possibility that 2 or more robots needed access to the same grid at the 

same time. Thus, collisions happens when a robot collide with another robot from other 

directions. Unidirectional lanes are implemented to solve collisions however collisions mostly 

happen when robots attempt to access an intersection grid cell. At the intersection grids, there 

are a lot of potential robot movements that causes collisions.  Furthermore, deadlocks arise in 

a system where the resources of the layouts are limited causing robots unable to move. Figure 

13 illustrates the possibilities of deadlocks and collisions that might happen from multiple 

directions when a robot travels.  
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Figure 13 Collisions and Deadlocks 
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3.2.4 Path Finding and Token Based-Approach 

To find the nearest path for the robots to travel, a path finding algorithm named Dijkstra 

algorithm is being used. From [10], Dijkstra Algorithm seeks for the shortest path in the order 

of increasing path length. It will find the shortest path from source node to its adjacent nodes 

first. However, there might be a chance that robots may be using the same node at the same 

time causing collisions in the intersections. Thus, Token Based-Approach is being introduced 

to solve the potential collisions and deadlocks. Figure 14 shows the concept of Token-Based 

Approach.  

 

 

On each individual grid on the grid layout, it consists of a token. When a robot needs to go 

through a path for each grid, they need to first request the token in order to get the access of 

using the node. The robots can get multiple of tokens to reserve more grids by providing a 

quota. The robots only can use the node when they have the token of the grids. Robots that fail 

Figure 14 Token-Based Approach 
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to acquire a token have to wait or search for an alternative path. After passing through the grid, 

the robot will release the token instantly back to the server or passes to another robot which is 

right behind the robot. The process continues until the robot reaches its destination. 

Implementing token-based approaches solves 2 of the collisions that is mentioned in Chapter 

3.2.3 

3.2.5 Robot Movements on Grid Layouts 

Robots will move grid by grid on the layout. Hence, these robots will be moving at the same 

speed. Robots also obeys all the unidirectional grid cell except entering their destination. 

Assume that the intersection grid is restricted by its connected unidirectional grid, all possible 

robot movements will be shown in Figure 15. Thus, it shows that robots from all directions 

having a chance to uses all the intersection grid thus causing potential collisions and deadlocks. 

When all the robots requested the next occupied grid and moves at the same amount of speed, 

the circular deadlock which is presented at Chapter 3.2.3 can be solved in the intersection grids. 

 

 

Figure 15 Possible Robot Movements 
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3.2.6 Robot’s Process flow 

Figure 16 shows the flow procedure of the robots. Initially, the robots will be randomly located 

onto a traversable node in the grid layout, The robots will constantly check if their battery is 

lower than the threshold which is 20%. If the robot having battery lower than the threshold, it 

will find a path to a charging point. The robots will firstly find if there is an available charging 

point. If there is a charging point the robots will proceed with charging. Else, it will be 

performing sorting tasks. The destination of the pickup point and drop-off point are randomly 

selected. The robot will continue to perform sorting tasks once it is charged more than 90%. If 

the robot battery health is not lesser than 20%, it will directly perform sorting tasks. Robots 

will firstly find the path to the pickup point after being allocated with a task. The robots will 

first request for grid token to move. If grid token is available, robots are permitted to move 

forward else need to wait for the token and stay idle. Repeating the steps, the robot will travel 

to the pickup point that is allocated by the server. After reaching the pickup point, the robot 

will finish the drop-off task regardless of the battery health. The robots only can proceed to 

request for charging after finishing their tasks. If the battery health of the robots still remains 

more than 20%, it will proceed to the next sorting tasks. 
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Figure 16 Process Flow of The Robots 
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3.3 Token-Passing Approach / Design 

3.3.1 Highly Contested Intersection Grids 

One of the challenges with the token-based approach is the allocation of tokens in a highly 

contested grid in the intersection. In an intersection grid, robots from both ways are waiting 

their turn to get the token in order to move to the next grid. However, passing the token to the 

same direction might causes starvations on the other side but passing the token towards the 

other side may decrease overall throughput as it breaks the cluster that is moving together. The 

amount of cluster should be form and when should the cluster be broken is one of the challenges 

and it is a factor to find out the most efficient cluster formation. 

 

 

 

  

Figure 17 Token-Based Approach Issue 
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Figure 18 Token Requesting 

3.3.2 Potential Deadlocks Using Token-Based Approach 

In 3.2.3 and 3.2.5, we have discussed the ways in which we can solve the circular deadlock 

issues which the robots should simultaneously request the same grid cell and moves at the same 

time to prevent deadlocks. However, using token-based approaches, the robots might break the 

clusters for the other site of the robot clusters to move which is stated at 3.3.1. Thus, when 

circular deadlock happens, instead of requesting the next grid cell, the robots will return back 

the token back to the allocator, which causes that these robots may not request the next grid 

cell at the same time since returning the token takes time, causing potential deadlock while 4 

robots want to move to other’s robot locations at the same time. Figure 18 shows the robot 

requesting tokens when there is a robot in front. From the diagram, the robot not able to request 

tokens at the same time causes the robot in front will move forward first. In a circular situation, 

the robots not able to move forward since all of the grids are being occupied yet not able to 

request to the next grid cell. 
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3.3.3 Token Passing 

To approach the issues in 3.3.1 and 3.3.2, token passing approach has been introduced to 

address the challenges of deadlocks and starvation by utilizing a token-based system. Token 

passing approaches identifies robots that are directly behind another robot intending to move 

into the grid cell that the robot is currently standing. Besides that, the functions also prioritize 

those robots that are currently located on the intersection grids. This approach able to fix the 

issue that the robots will not pass back the token to the allocator instead passing the token to 

the robots behind if there is any. Figure 19 shows the flow of token passing approach. From 

Figure 19, whenever robot wants to request token where the token is acquired by other robot, 

in other terms, occupied by other robots, it will check whether the robot is the only robot that 

needs the token. If there are more than 1 robots requesting for the token, it will prioritize the 

robots that are currently occupying intersection grid and pass the token to the robot first. 

Prioritize robots on the intersection grid allows circular token passing and block other robots 

to access the intersection grid where they came from unidirectional grid. 
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Figure 19 Token Passing Flow Chart 
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Chapter 4 Experiment and Simulations 
 

4.1 Assumptions on the Simulations 

4.1.1 Assumptions on the Robots 

The assumption for the robots is as follows: 

-  The robots able to move for 1 grid per second 

-  The robots accelerate and decelerates at the maximum speed (1 grid per second). 

-  The robots can acquire at most 3 tokens for its next 3 grid locations. 

-  The battery capacity of the robots starts randomly between 10% to 100% 

-  The battery will drop between 1% to 3% upon reaching pickup and drop-off point. 

-  The battery will be charging 5% per second. 

 

4.1.2 Assumption on the Grid Layout 

The assumption for the grid layout is as follows: 

- Size of the grid layout will be 76x76 including boundary, 74x74 without boundary.  

- Robots will be randomly placed at unidirectional grid or intersection grid all over the layout 

when the simulation starts. 

- The directionality of intersection grids is determined by the unidirectional grids adjacent to 

them. 

- Dropoff and pickup point can be the destination of multiple robots with a limited amount, 

whereas charging point can only be one robot’s destination. 
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4.2 Tools to Use 

The framework and path-finding algorithms will be written in Python Language using 

PyCharm. Python language is chosen for several reasons. Firstly, Python consist of rich library 

system that is able to simply some complex tasks. Python also known as doing scientific and 

numeric computing which is a wise choice while involving algorithmic programming and data 

analysis. Besides that, Python can be easily integrated with other languages and tools if needed 

which can be useful that require a combination of other languages or tools. A laptop is used to 

develop the all the framework, algorithms, and simulations. Table 2 shows the specifications 

of the laptop. 

 

Description Specifications 

Model Acer Swift 5 

Processor Intel Core i5-1035G1 CPU @ 1.00GHz 

Memory 8GB DDR4 RAM 

Operating System Windows 10 

Graphic Card Intel Graphics 

Storage 256GB SSD + 256GB HDD 

          

     Table 2 Laptop Specification 
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4.3 Settings of the Map Layout 

Figure 20 shows the layout of the map. The map is referred from the project that has been 

initially done by previous project [16]. The arrows represent the unidirectional grids, the green 

box represents pickup point, yellow box represents charging station and green box represents 

drop-off point. Blue dots are the robots that executes their tasks by picking up items and 

dropping them off. 

 
Figure 20 Map Layout 
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Figure 21 Greedy Allocator Deadlock 

4.4 Implementation Issues and Challenges 

4.4.1 Greedy Allocator 

A significant challenge in the token-based simulation is the implementation of a greedy 

allocator, which is designed to assign robots to pickup and drop-off locations based on 

immediate availability without considering the overall system state. This approach, while 

efficient by increasing the throughput rate, assumes that robots can be assigned to the same 

locations simultaneously. Although the large size of the map (74x74) significantly reduces the 

likelihood of congestion and related deadlocks, the risk increases with the number of robots in 

operation. Specifically, deadlocks may occur if robots destined for the same location arrive in 

succession, particularly one directly behind another. Figure 21 illustrates the potential scenario. 

Assuming the robots are heading towards the same destination. 
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When there are 2 or more robots assigned into the same destination and these robots reaches 

the destination back-to-back, the exit will be sealed off which the robot unable to move out 

from the destination whereas other robots blindly wait for the grid to be free. This issue, though 

rare given the scale of the environment, underscores a potential flaw in the greedy allocation 

strategy that could lead to deadlock. Thus, implementation such as limiting the amount of robot 

having the same destination or any alternatives should be considered to prevent deadlock. 

 

 

4.4.2 Starvations on Unidirectional Grids 

In our robot navigation simulation, an observed issue which is starvation at unidirectional grids, 

which becomes increasingly pronounced as the number of active robots escalates. Given the 

system's prioritization of robots at intersections, robots positioned on unidirectional lanes 

frequently experience significant delays, forming unexpected long queues. This issue stems 

from the strategic emphasis on intersection grid traffic, which is critical for managing flow at 

key junctures, slowly leads to congestion and inefficiencies in less prioritized areas. As the 

robot count increases, the likelihood of these bottlenecks intensifies, complicating the task of 

breaking up clusters of robots effectively. 

 

Addressing this challenge requires advanced approach to traffic management that extends 

beyond simple prioritization of intersections. Implementing adaptive traffic control algorithms 

that can dynamically assess and respond to congestion levels across the grid may offer a 

solution. Additionally, exploring strategies for optimally timing the breaking of robot clusters 

could help balance the flow between intersections and unidirectional lanes. Such changes are 

essential for enhancing system efficiency and reducing the wait times that lead to starvation in 

specific grid areas. 

 

4.4.3 Layout Designs. 

In our robot navigation simulation, the layout design follows the template used in [16] but with 

notable challenges affecting system performance. Primarily, the layout does not ensure a 

balanced distribution of pickup and drop-off points, which has been identified as a potential 

cause of reduced throughput. From the layout of [16], there is 672 drop-off points, 144 pickup 

points and 192 charging stations. This imbalance means that certain areas of the grid become 
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hotspots for activity especially in the pickup points, while others are underutilized, leading to 

inefficiencies in robot routing and task allocation. Additionally, the placement of charging 

stations between pickup and drop-off locations further exacerbates the issue by increasing the 

travel distance required for task completion. These layout constraints not only extend the 

operational time for each task but also contribute to energy inefficiencies and increased waiting 

times. 

 

To address these concerns and maximize throughput, a redesign of the layout is recommended. 

This new design should strategically distribute pickup and drop-off points to ensure more 

uniform robot traffic and utilization across the grid. Including conditions that optimize the 

placement of charging stations to minimize their impact on travel distances between key 

operational points is also crucial. By reevaluating the current layout and implementing a more 

balanced and strategically thought-out design, the system can achieve higher efficiency, 

reduced travel times, and ultimately, an increase in throughput. 
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4.5 Concluding Remarks 

Despite the challenges that is mentioned including issues with the greedy allocator, starvations 

at intersection grids and suboptimal layout designs, the project still presents a robust platform 

for advancing automated sorting centre. 

 

The use of a greedy allocator, despite its potential for causing deadlocks, offers simplicity and 

speed in decision-making which is invaluable for testing under varied scenarios without the 

overhead of more complex algorithms. Without having the assumption of multiple robots can 

assigned to the sane direction, there will be robots that does not have a location, potentially 

causes big traffic as the robot is not moving. 

 

The issue of starvation at intersections, while highlighting the limitations of current traffic  

prioritization schemes, provides unique insights into dynamic traffic management and the 

effects of strategic prioritization among intersection grids. Without prioritize the intersection, 

the intersection might have heavier traffic that likely causing potential deadlock. 

 

Meanwhile, the existing layout design, despite its imbalance, has enabled us to identify key 

factors that influence throughput and efficiency, offering clear pathways for iterative 

improvements. The layout has more potential upon changes based on the robot amount and 

assumptions of the layout. 

 

Ultimately, these challenges are instrumental in driving forward the development of more of a 

intelligent autonomous sorting centre. They help in pinpointing areas where adaptive strategies 

and innovations are needed, thereby contributing to achieve the goals of enhancing autonomous 

sorting centre. Through continuous improvement and by addressing these identified issues, the 

project is well-positioned to develop solutions that could eventually be applied in real-world 

settings, significantly impacting how automated systems operate in complex environments.  
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Chapter 5 System Evaluation and Discussion 
 

5.1 Performance Measurement and Definition 

To evaluate the performance of our robot navigation system, throughput per hour serves as the 

unit for our testing. It quantifies the efficiency of the system by measuring the number of tasks 

completed within a specified timeframe, which is bringing an object from the pickup point to 

drop-off point. Besides that, throughput is assessed across configurations utilizing different 

numbers of robots. By increasing the number of robots incrementally, we can observe the 

relationship between system capacity and operational efficiency, identifying the optimal 

balance where throughput maximizes without compromising the system's responsiveness and 

reliability. This method allows us to determine the thresholds at which additional robots either 

contribute to a linear increase in productivity or lead to diminishing returns due to congestion 

and increased coordination overhead. 

 

5.2 Testing Setup and Result 

5.2.1 Testing Setup 

Simulations will be performed under different number of robots to find the peak throughput. 

To evaluate the efficiency of our robot navigation system, simulations are conducted under 

varying robot numbers to identify the configuration that achieves peak throughput. These tests 

involve systematically increasing the number of robots operating within the simulation to 

determine the maximum effective operational capacity. Furthermore, a comparative analysis 

will be undertaken against the project [16] to find the relative capacity of the system.  This 

comparison aims to benchmark the maximum number of robots that can be effectively 

deployed in our simulation against [16] systems, providing a direct measure of our system’s 

scalability and performance. The results of these tests will not only highlight the optimal robot 

density for maximizing throughput but also determine the relationship between robot count and 

system efficiency using throughput. Hence, we will only be comparing the number of robots 

of each system to determine the optimal number of robots to reach its maximum throughput. 
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Figure 22 Throughput VS Robot Amount Graph 

5.2.2 Testing Result 

Simulations were run for 2 hours to stabilize all the random events that might provide us 

inaccurate throughput. Figure 22 illustrates the graph between robot number and total 

throughput and Figure 23 shows the table of the number of robots with their respective 

throughput. From the table, the base case which is 500 robots is the number to compare the 

throughput with other numbers of robots. From the first few hundred increases of robots, it 

shows significant increases and slowly diminishing when the amount goes up. However, after 

reaching 2200 robots there is a slight decrease compared to 2300 robots, it may be the robots 

hits a saturation point. Even so, it is conceivable that the peak observed at 2,200 robots may 

partially arise from favorable randomization during that simulation run. This variability 

underscores the necessity for multiple simulation runs to average out random fluctuations. 

From 2300 robots onwards, the increase of the throughput is marginal. By plotting out the 

graph, we can see a logistic growth as the robot increases. This signifies that the system is 

reaching carrying capacity as there is limited space in the layout. 
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Figure 23 Throughput Differential Table 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3 Testing Result Comparing with Previous Work 

Since our project and [16] having different assumptions and different simulation time, therefore 

we are not able to compare our throughput with the number of robots. However, comparative 

analyses by determine the optimal number of robots required to reach maximum throughput 

can be compared using different assumptions and layouts based on both projects. Based on the 

results given by [16], we will be using their simulation that consists of ring road layout and 

mutual coordination. The peak throughput of [16] is 32199 with 900 robots in the layout. In 

order to having a fair comparison between the 2 projects, a predictive model was constructed 
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based on [16] available data. The project provides 300 to 1000 robots range of throughput data 

whereas our project having a broader range of 500 to 3000 robots. Thus, polynomial regression 

is utilized to predict the throughput across different range of robot counts. The model is chosen 

as it simply able to capture non-linear relationships that typically happens in throughput data 

in a sorting centre and provides flexibility needed to fit various datasets. Figure 24 shows the 

predicted graph with the actual result of both projects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the predicted graph, since [16] does not provide sufficient information after the 

decreasing of throughput, which is beyond 1000 robots, the number of throughputs drops below 

0 after around 2200 robots based on the polynomial regression prediction model. However, the 

graph still presents the relationship between robot density and operational throughput in the 

layout. In the comparative project, an increase in robot numbers initially leads to enhanced 

throughput, up until a point of saturation. Beyond this threshold, the predictive model foresees 

a decline, indicating there might be potential deadlocks or unsolvable traffic in the previous 

project. In contrast, our project demonstrates a consistent level of throughput, implying that the 

layout can support a greater density of robots without a notable decrease in throughput, 

reflecting a more scalable and congestion-resistant system design.  However, to consider that 

these predictions are model based, the comparative project should be further validated through 

empirical testing to confirm the layout's capacity to handle increased robot numbers without 

compromising on throughput. 

Figure 24 Previous Project vs Current Project 
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5.3 Objectives Evaluation 

The objectives of the project have been found out and achieved that indicates some 

advancements in the management of autonomous mobile robot (AMR) systems in the sorting 

centre.  

 

The first objectives are to optimize cluster formations and dispersion. The focus on 

intersections as strategic points for forming and breaking clusters has proven effective. By 

utilizing token passing, it can easily decide to break/continue the clusters. Besides that, 

managing traffic flows at the intersections able to avoid traffic accumulations and smoother 

navigations for these robots to moves. 

 

Secondly, path planning with token-based approach has been achieved. The implementation of 

a token-based algorithm managed by a central server shows effective on managing the 

movements of the robots. The approach adeptly avoids collisions and deadlocks which provide 

robustness of the path planning algorithms. Besides that, allocator that acts as a centralized 

control server ensures a harmonious flow of robot traffic. 

 

Lastly, algorithm for token passing has been successfully implemented. The proposition and 

integration of a token passing algorithm among robots have been instrumental in elevating 

throughput. By allowing robots to pass tokens to those directly behind them, especially in high-

density areas like intersections, the algorithm enhances traffic flow and operational efficiency. 

This feature not only mitigates potential deadlocks in intersections but also ensures that 

throughput is maximized with the cooperation with token-based management. 

 

5.4 Concluding Remark 

The testing results provide a compelling confirmation of the project's success in enhancing 

robot sorting centre system’s performance while also achieving all the objectives. The data 

indicates that with strategic management at intersections, robust token-based path planning, 

and token passing approach, the system meets the expectations in terms of throughput and 

efficiency. These results not only validate the effectiveness of the developed algorithms but 

also having the potential for scaling operations while maintaining the performance. 

  



 

 

47 

Bachelor of Computer Science (Honours)  

Faculty of Information and Communication Technology (Kampar Campus), UTAR 
 

Chapter 6 Conclusion and Recommendations 
 

6.1 Conclusion 

To shortly conclude, this project developed an automated robotic sorting center built with 

frameworks and path-finding algorithms that navigates the robots to perform its task. The 

simulations are written with Python language using PyCharm. One of the core properties of 

this project it includes token-based approaches that avoids collisions between robots. Besides 

that, token passing approaches has been applied to freely construct and breaks clusters which 

the robots are moving together. The project discovered that prioritizing intersection grids able 

to effectively solve traffics. By doing various testing, we have found that it peaks once at 2200 

robots with the total throughput of 33204. The throughput of the project increases marginally 

even after losing some throughput passing 2300 robots. This project tackles the challenges in 

the field of automated logistic and material handling among current sorting centers. The 

algorithms and layouts that are proposed could be an inspiration how sorting centers can 

operate that leads to a more agile and effective operations. 

 

6.2 Novelty 

The novelty of this work lies in the integration of a token-based approach and the strategic 

implementation of token passing within a sorting centre system. This innovative framework 

facilitates a coordinated, collision-free environment, where robots dynamically acquire and 

relinquish access to critical points, ensuring fluidity of movement throughout the system. Not 

only that, token passing mechanism further refines this process by allowing sequential 

handovers of movement to certain robots, significantly solving potential deadlocks and traffic 

that might build up. The combination of these strategies synergizes together, providing a layout 

that is highly scalable. 

 

6.3 Recommendations and Future Works 

From the implementation challenges, one of the works that can be accessed in the future is to 

further enhance the greedy allocator which assigns multiple robots towards the same location. 

Currently, the allocator was not matured enough to detect potential deadlock as robots might 

move to the same location back-to-back, resulting in blocking the exit of the robots. Thus, 
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future iterations should aim to develop a more sophisticated allocation strategy. The objective 

would be to move away from the greedy allocator and toward an algorithm that considers the 

global state of the system. An allocator that can predict potential deadlocks on the pickup and 

drop-off point based on current and future allocations should be the future work that we are 

looking for. 

 

Besides that, there is a clear need for a comprehensive review of the layout design used in the 

simulation. The future layout should balance pickup points and drop-off points and strategically 

place charging stations to minimize travel time. This might involve computational modeling 

and simulation to explore various layout configurations, aiming to identify the most efficient 

design based on different number of robots. Factors such as the average distance between 

pickup location and drop-off location and the likelihood of congestion area should be 

considered in the layout optimization process. 
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Appendix 
1. Code for Simulation in Python: 

https://github.com/BerryKhoo/FYP/blob/main/FYP2.py 

2. Code for the polynomial regression predictive model: 

https://github.com/BerryKhoo/FYP/blob/main/FYP2%20Throughput%20Predictive%

20Model.ipynb  

 

  

https://github.com/BerryKhoo/FYP/blob/main/FYP2.py
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https://github.com/BerryKhoo/FYP/blob/main/FYP2%20Throughput%20Predictive%20Model.ipynb
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