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ABSTRACT

The era of automation is coming. Thus, this project will investigate the multi-mobile robots for
parcel sorting in the sorting centre. The reason for this is because logistics is one of the areas
that will benefit from automation and the multi-robot system is one of the solutions to
automation. The logistics processes are complex, and each process might be conducted in a
different location. However, this project only focuses on the sorting centre. Besides, the multi-
mobile robot system can be distinguished based on the approach used to manage the robots.
For example, decentralized approaches, centralized approaches or a combination between them.
The distributed approach is normally more robust to the partially known environment, but the
sorting centre designed for multi-robot does not belong to this case. Thus, it is better to focus
on improving the performance of the multi-mobile robot system by utilizing all the information.
This can be achieved by adopting a centralized system, but the centralized system is normally
complex, and it is difficult to manage a huge number of robots. Therefore, this project proposed
a hybrid multi-mobile robot system that maintains the simplicity of the system and provides
the ability to utilize global information. Apart from that, a discrete event simulator with a time-
advance mechanism was created to study the performance of the proposed multi-robot system.
Next, this project shows that it is possible to control the robot’s path planning behaviour by
modifying the moving cost between two grids. This is a novel way with high extendibility to
control multi-robot behaviour. This project shows a few examples that utilizing this method to
boost up the total throughput. The results show that the proposed framework able to achieve

31339 throughputs per hour in term of the sorted parcel.
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Chapter 1  Introduction

Chapter 1 Introduction

1.1 Project Background
1.1.1 Overview of Logistics Automation

With the maturity of the Internet, online shopping and e-commerce have gradually
become popular. According to the statistical data provided by Statista (2018), the e-commerce
share is increasing day by day and expected to achieve 17.5% in the year 2021. Moreover,
global electronic retail sales reached 2.3 trillion in 2017, this thanks to online shopping has
become a popular worldwide activity. This brought a significant change to the market. For
example, the competition has become crucial, a life cycle of a product is shortened. All these
situations state the importance of an efficient supply chain to fulfil the requirements and
expectations of customers (Wessman & Barring, 2014). To meet the customer needs the
logistics operations such as receiving, storage, picking, and shipping of goods need to be
improved (Constantiono, Dotolim, Fanti, & Mangini, 2012). However, the warehouse
resources such as labour, equipment and space are always limited (Wessman & Barring, 2014).
Thus, automated robotics solutions have become one of the viable investments for optimizing

logistics processes. (Husain, Kennedy, & Krebs, 2016).
1.1.2 The Challenge of Logistics Industries Today

Labour availability is the biggest challenge in logistics industries (Bonkenburg, 2016).
Thus, it’s not an easy task for logistic companies to find many high-quality employees.
Kennedy, & Krebs (2016) state that the single largest expense for logistics companies is labour
cost. As an evidence, in September of 2016, total employment in the warehouse and logistics
industry have increased 5.94% compared to the same period on 2015. On the other hand, the
average hourly earnings of all employees are also increasing year by year. The increasing of
labour cost is driving the logistic companies to shift to the high level of automation. However,
the research of Husain, Kennedy, & Krebs (2016) claimed that only under 10% of companies
deploy robotics technologies in their facilities and most of the organizations are conservative
in investing in this technology. This shows that the logistics automation is still infancy and has

great potential in the future.
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Chapter 1  Introduction

1.1.3 Distribution Centre and Warehouse

Warehouse and distribution centre are similar for a normal person. However, they have
different responsibilities and internal operation. Normally, warehouses are only used for
storage. However, distribution centres are building designed to store the products for retailers
and wholesalers and redistribute these products to customers or another location. According to
Cannon Hill Logistics (2017), distribution centres are an integral part of the order fulfilment
process, which are receives, processes, and delivers orders to customers. The normal way to
utilize a distribution centres is that the retailers ship the products to the distribution centre, after,
then the products are shipped from the distribution centre to the customer. Since products move
in and out frequently, the main consideration in building a distribution centre is to make the
pickup and drop off process efficient. In short, although warehouses and distribution centres
look similar, warehouses are designed for long-term storage while distribution centres are
designed to provide rapid intake and shipment of items. However, no matter how well the
distribution centre is designed, if the rest of the logistics process is not designed properly, the

overall delivery speed will still slow down.
1.1.4 Automation of Sorting Centres

Sorting centres is an important part of logistics processes. In sorting centres, items that
need to be delivered will be sorted according to the specific location. The correctness and speed
of sorting process can impact the overall speed of logistics processes significantly. However, a
few years ago, parcels sorting could only be done by humans. For some large companies, they
may use cross-belt to facilitate this process. However, cross-belts are expensive heavy
machinery that small and medium-sized business can't afford. In addition, if any part of the
cross-belt fails, the sorting centre will stop working. As a result, some companies have begun
to introduce new powerful and cheaper solutions for parcel sorting. In most of the recent
solutions, multi-mobile robot system plays an important role. This is because multi- robots are
cheaper compared to heavy machinery and have good scalability and performance. Besides, it
is more fault tolerance, that means when one robot fails to work, it will not affect others. One
of the instances of multi-mobile robot system is the parcel-sorting robotics solution created by
LiBiao Robotics (LiBiao, 2019). LiBiao Robotics claimed that their robotics system can save
up to 70% human resources and the error rate of their system in sorting the parcel is much

lower than humans, which are 0.5% and 0.01% respectively. On the other hand, robots will not
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Chapter 1  Introduction

be tired, they can work 24 hours per day, therefore this solution able to increase the throughput

of a sorting centre significantly.
1.1.5 Multi-Mobile Robot System

Apart from the examples above, there are many solutions that are implemented using
multi-mobile robots. For example, the Kiva system is a goods-to-pick solution that is widely
used in Amazon warehouses (Guizzo, 2008). As the hardware costs are declining year by year,
and technology is becoming more mature, multi-mobile robot solutions are becoming popular.
Thus, it is important to design a suitable multi-mobile robot coordination algorithm so that

these robots can perform their task efficiency.
1.1.6 Challenges in Multi-Mobile-Robot Coordination

When multiple robots work in the same workplace, there are many difficulties in
coordinating the robot. These difficulties include task assignment, multi-mobile robot path
planning, obstacle avoidance etc. Therefore, algorithm design for multi-mobile robots has
become an important and interesting issue in the field of computer science. For example, how
to coordinate multiple robots so that they can complete their tasks in the shortest total time.
Besides, the thing that make the problem more interesting is most of the multi-mobile robots
problems such as multi-mobile robots path planning and multi-mobile robots task allocation
had been proved be NP-Hard (Pinkam, Bonnet, & Chong, 2016). This can lead to the creation
of various approximate algorithms and multi-mobile robot control systems in order to achieve

better performance.

1.2 Problem Statement and Motivation

The pace of automation is unavoidable, and this is especially true in the logistics world.
However, most of the studies about multi-mobile robot automation and control framework
focus in a partially observable environment. Although multi-mobile robot coordination system
developed for the partially observable environment is more robust and can be implemented in
the sorting centre, this sacrifices the algorithm performance because the known information of

the environment is too limited.

In fact, the partially observable environment assumption is not that suitable for the
environment that purposely designed to implement a multi-mobile robot system. Thus, by
3
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Chapter 1  Introduction

eliminating this assumption, more powerful algorithms that utilized all the environment
information can be developed and increase the performance of a multi-mobile robot system.
However, the research in this area is limited although there still have much room for
development. Thus, this project is conducted to have more understanding about the multi-
mobile robot control framework and multi-mobile robot control system in a known

environment and the known environment in this project is sorting centres.
1.3 Project Scope

This project is aimed to develop multi-mobile robot control frameworks with different
algorithms in order to figure out the best framework to speed up the throughput of automation
sorting centre. The control framework should solve the typical problems in multi-mobile robot
coordination such as multi-mobile robot path planning. On the other hand, this project will
develop a simple simulator that simulates parcel sorting centres in order to know the

performance of different multi-mobile robot control frameworks.

1.4 Project Objectives

The aim of this project is to develop an efficient control framework for parcel sorting

in sorting centre.
The objectives of the proposed project are:

- Todevelop an efficient multi-mobile robots control framework for parcel sorting centre.

- To develop a simulator to simulate the multi-mobile robots sorting centre in order to
verify the performance of the developed multi-mobile robots control framework.

- To understand how the number of robots affects the efficiency of the sorting centre that
implementing the proposed framework.

- To understand how the configuration of the environment affects the efficiency of the

proposed framework in a multi-mobile robot environment.
1.5 Impact, Significance and Contribution
The pace of automation is unavoidable, one of the automation means is to utilize multi-

mobile robot to complete repetitive tasks, such as parcel sorting in sorting centre. However,

the related study in this area is limited.
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Chapter 1  Introduction

Thus, this project builds a control framework for multi-mobile robots for parcel sorting
in sorting centres and provides an understanding on how the multi-mobile robots surpass the
performance of traditional sorting centre. Besides, this project investigates how the different
algorithms implemented in the multi-mobile robot control framework can affect the system
performance. On the other hand, this project also investigates how the configuration on the

environment affect multi-mobile robot performance.

We believe this project will bring a deeper understanding of how to utilize multi-mobile
robots to increase productivity in the future world. In addition, the results of the project can
provide some insight into how to design efficient multi-mobile robot control framework for
other environments. Therefore, this project can also be viewed as a preparation for the

automation era.

1.6 Report Organization

This report consists of a total of 6 chapters. The first chapter introduces the project
background, the problem statement as well as the project scope and objective. Chapter 2 study
the related literature that might be useful in this project. Next, Chapter 3 describe the project
flow as well as the overall system design. Besides, Chapter 4 discuss some consideration when
designing the multi-robot control framework as well as other configurations. Apart from that,
Chapter 5 shows the result of the experiments that investigate the proposed framework and

configuration. Finally, Chapter 6 conclude all the previous chapters and describe future work.
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Chapter 3  Project / System Design

Chapter 2 Literature Review

2.1 Decentralized and Centralized Multi-Mobile Robot System

According to Zhang, Guo, Chen, and Yuan (2018), most of the multi-mobile
robot control systems can be classified into centralized and decentralized approach.
Normally decentralized approaches better in handing multi-mobile robot but it might
cause collisions and deadlocks. Besides, it is often more desirable to heterogeneous
multi-mobile robot in decentralized manner because this can simplify the design of
multi-mobile robot system and allow the task specification and constraints to remain
private to each robot. On the other hand, decentralized approach will be useful if robots
in a multi-mobile robot system is controlled by different entities that interested in
minimizing the disclosure of private information (Cap, 2016). However, conflicts can
easily occur in distributed multi-mobile robot systems. If occurred conflicts cannot be
solved correctly, the overall performance of the system will reduce or even deadlock
might occur (Wang & Chen, 2002).

In a centralized approach, the system gathers global information received from
all robots and always keep track of the positions of the robots in the environment.
Normally, this system is in a stationary host or a robot that is assigned as a master
(Stanek, 2012). Besides, Xu (2010) claimed that centralized systems are typically
implemented in well structural environments and for a small number of robots. He also
stated the centralized systems is not robust to a dynamic environment, failures in
communications and other uncertainties. However, the central agent in centralized
approach has a global view of the environment, thus it can produce a globally optimal
plans (Yan, Jouandeau, & Cherif, 2013).
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2.2 Multi-mobile robot System Design

Wurman, D'Andrea, & Mountz (2008) found 4 golden rules in deciding how to
partition the multi-mobile robot system into agents:

1. Physical correspondence.
2. Information encapsulation.
3. Single-agent ownership.
4. Separation by job.

The first point means that for each physically distinct object there to be one
agent. For the second point which is information encapsulation state that each agent
should know the minimum information to perform its tasks. This reduces bandwidth
and system database workload. Next, the single-agent ownership means that only one
agent owns all the data elements, that is only one agent can permanently change or write
the database, although multiple agents may need the information. The last rule is
separation by jobs which is when there is a resource allocation that needs to be done, it

can be encapsulated as a separate agent.

On the other hands, Wang and Chen (2002) proposed a queue coordination
strategy. The basic idea of the strategy is based on the behaviour of ant colony in
transporting foods. In this strategy, a robot will observe the status of robots near to it.
Based on its observation, a pre-defined algorithm will be used to determine the next
action. The robot might follow the robots near to it and control the speed and the
distance between itself and other robots (Wang & Chen, 2002). This strategy reduces
the conflict in using the limited space of the warehouse and improve the overall

performance.

Apart from that, Zhang, Guo, Chen, and Yuan (2018) separate their multi-
mobile robot system into 2 layers. In their paper, the upper layer planning and the lower
level logical control are separated. There have three modules in upper layer: a
scheduling module, a planning module, and a supervisory module. Besides, each

mobile robot in the lower system layer includes motion, speed and charge module.
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2.3 Motion Coordination for Multi-Mobile Robot System

The multi-mobile robot motions coordination can be approached either reactive
paradigm or deliberative paradigm. In the reactive paradigm, each robot moves in the
shortest path to its destination and the robots resolve collision locally if it happens. In
this paradigm, the robots attempt to avoid the collision by adjusting its heading and
velocity by observes positions and velocities of other robots periodically. This method
is widely used in practice because of the excellent computational efficiency and it

decentralized nature (Cap, 2016).

In the deliberative paradigm, the system first plans a collision-free trajectory for
each robot. After that, the robots start following their planned trajectories. This method
is guaranteed all robots can reach their destination without any collisions with other
robots. However, even the simplest variant of this problem is intractable (Cap, 2016).
Another alternative formulation of this problem is pebble motion problem. In pebble
motion problem, each robot is assumed to occupy one vertex on a given graph. The
objective of this problem is to find a trajectory for each robot from its start vertex to its
destination vertex so that two robots never occupy one vertex at any time step. However,
it still a NP-hard problem in finding the optimal solution in this formulation (Yu, 2016).
Although non-optimal solutions can be solved in polynomial time but in term of travel

time, it is significantly suboptimal (Cap, 2016).

2.4 A* Algorithm

Path planning is a typical search problem. There have many well-developed
informed search algorithms that use for path planning such as Uniform Cost Search
(UCS) Algorithm, Greedy Algorithm and A* Algorithm. The UCS algorithm always
finds the optimal solution but it has higher complexity compare to others. On the other
hands, the greedy algorithm can find a path with short computation time, but it results
not always optimal (Tsang, Che, Zhang, & Song, 2017). Fortunately, by introducing
heuristics function, A* algorithm able to combine the benefits of UCS algorithm and
A* algorithm which is finding a path between two points with low computation time
and high optimality. According to E.Hart & J.Nilsson (1968), A* can always find a

optimal path if the heuristic function always less than the actual minimum cost from
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Chapter 3  Project / System Design

current node to destination node. Yet, A* can perform its task faster if the heuristic

function have a bigger value. Thus, it’s important to find a suitable heuristic function.

2.5 More Path Planning Algorithms

Dijkstra’s algorithm is a well-known algorithm in solving shortest path
problems. However, it can only find one shortest route because it only stores one
intermediate node. To address this problem, Zhang, Guo, Chen & Yuan (2018)
proposed an improved Dijkstra’s algorithm which it can found more than one shortest
part and it’s useful for collision-free solutions. However, the drawback of this algorithm
is the high time complexity, it's difficult to search for shortest paths for large area
warehouses in an acceptable time. Also, A* algorithm can be a better alternative for a

grid environment.

Multi-agent pathfinding (MAPF) problem can be view as a generalization of the
single-agent pathfinding problem where its task is finding paths for all agents from their
start vertex to goal vertex. Normally, an additional goal will be introduced to
minimizing the total cost of every agent to reach its goal is required in order to increase

the performance of multi-agent systems. (Sharon, Stern, Felner, & R. Sturtevant, 2014).

According to Sharon, Stern, Felner, and R. Sturtevant (2014), algorithms for
solving MAPF can be categorized into two categories: optimal and sub-optimal solvers,
and they propose an algorithm called Conflict Based Search (CBS) for searching
optimal solutions. This algorithm has a better performance compared to traditional
approach such as A* for MAPF. However, the state space of MAPF problem grows
exponentially with the number of agents, the CBS require an unacceptable time to find
a solution if there have many robots. Therefore, Barer, Sharon, Stern, and Felner (2014)
proposed a few ways to relax the optimality of CBS. According to the paper, the new
algorithms able to sacrifice a minor loss in solution quality but have are a massive
reduction in running time. Yet, the proposed algorithm is still not suitable for sorting
centre environment because its computation time is still high, and it is impossible to

adjust all the trajectories time by time.
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2.6 Collision between Multi-Mobile Robot

According to Zhang, Guo, Chen, & Yuan (2018), potential collisions in the
automated warehouse system can be classified into 4 categories, however, only 3

categories will occur in the sorting centre. The 3 categories are listed in below:

- Head-on collision
- Cross collision
- Node occupancy collision
Head-on collision means that two mobile-robot travel on the same path at the
time but in opposite direction. Next, a cross collision happens when two mobile robots
compete for a given node at the intersections. Apart from that, the node occupancy
happens when a mobile robot stops at the path of another robot.

Zhang, Guo, Chen & Yuan (2018) proposed some solutions to handle collision
problem such as selecting the candidate route, modifying the route and waiting a short
period of time before starting. For the first solution only change the schedule of the
current route, and the total travel time is the same as previous because one or two
shortest routes might be found. For the second solution, the path of later mobile-robot
will be re-planned if the route of previous mobile-robots collision with the later mobile-
robot. The third solution, which is waiting a short period of time before starting is an
improved version of the traditional solution which is waiting when a collision occurs.
The third solution is proposed because the traditional solution will cause waste of

energy during the period of stop and restart of mobile robots.
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2.7 Simulation Modelling
2.7.1 Type of Models

Law (2007) claimed that in order to study a system scientifically, it is important
to build a model to understand how a system. If the relationships of a model are simple,
mathematical methods might be used but it’s difficult to evaluate a realistic model for
complex system analytically. Thus, simulation can be used to estimate the

characteristics of a model.
Law (2007) classify simulation models along three different dimensions:

1. Static vs. Dynamic Simulation

2. Deterministic vs. Stochastic Simulation

3. Continuous vs. Discrete Simulation

A static simulation model represents the system at a given time, or time is no
playing any role in the model, while a dynamic simulation model indicates that the
system evolves over time. Besides, deterministic simulation model represents a model
does not contain any probabilistic components. On the other hands, continuous
simulation simulates the state variables of a system change continuously with respect
to time while discrete simulation simulates the state of a system change instantaneously

if an event occurs.

2.7.2 Time-Advance Mechanisms

Multi-mobile robot sorting centre simulation can be modelling as discrete-event
simulation and it is important to keep track of the simulated time in discrete-event
simulation models. There have two principal methods to advance the simulation clock
which is next-event time advance and fixed-increment time advance. The next-event
time advance approach is widely used by all major simulation software. This approach
always advances the time to the next future events then update the event list based on

the system state change. Thus, all the inactive periods are skipped over (Law, 2007).
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Chapter 3 Project / System Design

3.1 Project Flow

It is costly and impractical to study the multi-mobile robot control framework
based on real environment and the multi-mobile robot system is also too complicated
for mathematical formulation. Thus, simulation is the best way to capture and analyse
the important characteristics of a multi-mobile robot system. Therefore, the first stage
of this project is to build a simulator to simulate the multi-mobile robot system and

investigate potential issues.

Although there have many multi-mobile robot simulator platforms existing in
the market, most of them focus on the mechanical part of robots and it is too time-
consuming to create an experiment environment with different layouts and
configuration. Thus, a discrete-event simulator that simulates multi-mobile robot
system was built in this project. The simulator allows the rapid modification of system
layout and configuration at the same time capture the most important characteristics of
the multi-robot system. For instance, the collision between robots, the competition for
resources and the most important thing is the throughput of the system, that is the

number of parcels sorted per hour.

After that, the simulator allows us to implement various time of algorithms to
overcome some problems in multi-mobile robot system such as path planning algorithm,
charge scheduler algorithm and so on. Though the observation of the simulation result,
the bottleneck and weakness of the system, algorithm or the layout and configuration
of sorting centre can be spotted and thus some improvement can be done to further
boost up the system performance. Also, this iterative process might provide some
important insight into how to design an efficient multi-mobile robot control framework
or how the environment layout and configuration affect the performance of multi-robot

system.
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3.2 Overview of Multi-Mobile robot Sorting Centre Processes

1. Parcels from Inbound Unit Load Device (ULD) are placed to pick-up points.
2. Workers pick up a parcel from pickup points then scan it in order to know
where to place the parcel.
3. Assign the parcel to a robot for sorting.
4. Robot drops the parcel to the correct location or says outbound ULD.
The information above is based on the report from Mauro (2017) and the

observation of multi-mobile robot parcel sorting solution from LiBiao Robotics.

Figure 3.1 Sorting Centre that Implements Multi-mobile robot System (Online Source,

retrieved from https://kknews.cc/zh-sg/tech/pg3gn38.html)

3.3 Language & Library

In this project, Python is the language used to develop and test the multi-mobile
robot control framework. This is because Python is widely supported by the machine
learning community and there have many well-developed machine learning libraries
for Python such as TensorFlow and Scikit-Learn. These libraries allow the Al method
to implement in multi-mobile robot control framework easily. Also, the Python may
have the most concise syntax among all programming language. This shortens the
development time for simulator and algorithms so that this project can more focus on
multi-mobile robot control framework. One the other hand, there have two important
python libraries are used in this project which is SimPy and Matplotlib. SimPy is a
library that provides comprehensive tools for discrete-event simulation whereas the
Matplotlib is a popular 2D visualization tool that used to plot the environment status so
that we can have a deeper understanding about the status of the simulation environment.
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3.4 Overview of Environment Modelling

1.1

Motion Control Module

1.1

Path Planning Module

Robot-Server Interaction Module
1.1 l

1.1 1.1

1 Robot e Robot Main Controlier

1.1

Server

1.1 1.1 Q 1.1
1.1

1.1 1.*

Environment  [#f———————— Static Resource

é& ﬁé Resource Management Module

Pickup Points Drop-off Points Charge Stations Server-Robot Interaction Module

Data Collection Module

Task Management Module

Figure 3.2 Framework & Environment Modelling

It is important to design and test with new algorithms and new frameworks, thus
it’s important to have a general structure that allows us to test different prototype
rapidly. Figure 3.2 provides a high-level view of the simulator environment by using a

simple class diagram. The usage of some important classes is shown below:

Environment: This is a container to build our simulator. It provides some basic ability
to conduct a discrete-event simulation. Also, it’s used to maintain some physical
constraints, for example, each position can only occupy by at most one robot. Please
note that the environment treats a grid as the basic unit of space and each grid is viewed
as aresource. Theoretically, we can tread each grid as a vertex in a graph, and the graph

is built by an adjacency matrix.
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Static Resource: It is an abstract class that used to build a different type of resources,
for example, pickup point, drop-off point and charge stations. Concrete classes of this
class have their own unique properties and behaviours for server or robots to trigger.

Server: In our design, there must have one and only one server for the environment.

The server is used to coordinate different objects in the environment.

Difference Modules in Server: Figure 3.2 shows the server has many modules. This
is kind of modularization and it provides high flexibility to change the framework.
Since this section is only aimed to provide a high-level view of environment modelling,
the responsibility of these modules will not be discussed in this section. In fact, the
modules can be different if we have a different framework.

Robot: The instance of the Robot class is the main agent in our environment, their
interact to the environment and the server to perform its tasks. Like the server, a robot

has many modules, the modules can also be different if we have a different framework.

3.5 Simulation Approach
3.5.1 Overview

In this project, we use discrete-event simulation to simulate the multi-robot
environment. This type of simulation is commonly used and thus there have many
libraries created to provide rich functionality for discrete-event simulation. One of them
is SimPy in Python, thus the library is used to facilitate the simulator development

process.

In this simulation approach, for all the object that actively interact with the
environment, we need to build a generator or called coroutine to continuously interact
with the environment. These generators keep generating an event, wait for the event to
trigger, and generate new event based on the results. For example, after a robot
generates an event that represents it is moving to next grid, the robot will wait until the
event to trigger, and then it performs further action based on the result of the previous
event and then generate a new event. On the other hand, the simulator always triggered
the event nearest to current simulation time. When the event is triggered, the simulation

time also jumps to the time of the event to occur.
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3.5.2 Events

This section lists out the important events in our simulation and discusses how

to design generators to trigger these events.

1. A robot moves from one grid to another.

2. A robot releases a grid that is reserved.

3. A robot drops its parcel at a drop-off point.

4. A robot picks up a parcel at a pick-up point.
5. A robot request grid resource from the server.
6. A robot charges its battery at a charge station.

7. A robot’s charge process is interrupted.

Some of the processes of a robot are parallel. For instance, while the robot is
moving, it can also receive the notice from the server such as the robot success or fail
to request a future grid in its path. In this situation, the robot requires adjusting its
velocity or make a new plan based on the obtained information. Such situations are
difficult to model by using a single thread, but it is also difficult to use multiple threads
while running the discrete-event simulation. Thus, both robot-server interaction module
and motion control module is implemented with a generator/coroutine that responsible

to generate the next event corresponding to the environmental situation.

The generator in robot-server interaction module is deal with the
communication to the server and responsible in decision making based on the
information obtained from the server and thus it also triggers the path planning module.
Next, the motion module only manages the movement of the robot or any physical part
of the robot, therefore, it always receives the command from robot-server interaction

module and then control the physical robot corresponding to these commands.
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3.6 Robot Motion Modelling

This project is aimed to study the multi-mobile robot control framework.
Therefore, the robots are low fidelity because it is not necessary to consider the physical
or mechanical part of robots to study the multi-mobile control framework. But, it's still
necessary to consider some physical constraint such as the velocity of robots in a
different situation because it might affect the system performance significantly. For
example, robots need to slow down if it needs to make a turn, it cannot exceed a certain
velocity due to the hardware limitation. For simplicity, we assume all the robot motion
is linear motion. The list below shows the information that required to capture the effect
of robots' motion:

e These exists a maximum acceleration for each robot, a,,.x-

e These exists a maximum deceleration for each robot, d,,.-

e These exists a maximum velocity for each robot, v,,,-

e The velocity of a robot should be zero before it makes a turn.

e If arobot is not allowed to move to next grids, it should stop at the last grid it
can reach.

Due to the discrete-event simulation is used, we skip the transition state when a
robot is travelling from one grid to another grid but focus only on the event when the
robot reaches the next grid. Thus, robots are considered jumping from one grid to
another after certain amount of time t, and the velocity model of the robot is then used
to calculate what the exact value of t. Besides, during the interval time t, both current
grid and next grid is blocked. This situation is because the moving robot occupied part
of the current grid and next grid. Since one grid can only occupy one robot, then current

grid should be blocked until the robot completely move to next grid.

The velocity model is described as follows. We assume robots always try to
move as fast as possible, and it always used maximum acceleration to increase its
velocity and maximum deceleration to decrease its velocity. The objective for robots is
to minimize the time needed for a robot to move from start vertex g, to end vertex g,.
Apart from that, the robot needs to stop at g,,, that means it should slow down at certain

position in its moving path, let say g;. Also, if possible, the robot needs to increase its
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speed in order to reduce the time needed for it to reach g,,, but note that the maximum

velocity is limited by v«

Now, we can reformulate this situation in another way. Let t, denotes the time
when the robot reaches gy, t, is the time when the robot reaches maximum velocity but
if the robot never reaches maximum velocity then t, is infinity, t, is the time when the
robot starts to slow down its velocity, t; is the time when the robot reaches g,,. Besides,
we let v, denotes the initial velocity when the robot reaches g, and let s, denotes the
distance from one grid to another. Figure 3.3 shows how to get the value of t; and t,
and Figure 3.4 shows the algorithm used to calculate the time needed for a robot from
one to another grid.

After that, we can use the method shown in Figure 3.3 to know the value of t,
t,. Every time the reserved grids of a robot change, such as a grid is released or success
to request a new grid, we can recalculate the t, and t, to make sure the robot can move
in maximum speed subject to it able to stop at the last reserved grid or stop at the
reserved grid before it makes a turn. On the other, it is necessary to know what is the
transition time for a robot moves from one grid to another and this is the objective to

design the algorithm shown in Figure 3.4.
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Let:

Assume velocity of robots are not limited.
t’: time spent in acceleration.
t": time spent in deceleration.

Total time needed: t = ¢’ +t".

LA

Total distance move: s.
Robots required to decrease their velocity to 0 once they reach last grid in their path.

Thus, t = t' + Zmax™%o 4nq

dmax

1 1
s =2 (Wot" + amaxt®) + 3 (Amax (t = t")?)

2
1 1 t
=3 (Uot' + amaxtlz) + > (amax (amax ,+vo) )

dmax

Value of s is known, thus, by solving the equation above, we can get the value of t' (always
take the positive and real number), and therefore both t and t"’ can be solved. However, this
calculation is not always correct due to the first assumption. In fact, robots are limited by speed

Vmax- Therefore, we need to validate whether the robot exceeds the speed vy ax.

A robot does not exceed the speed Vpax If Gmaxt’ + Vo < Upmax - If true, we can use the

nr

previous solution but if it is false, we need to introduce a new variable t'"” which indicate the

"
,

total time the robot is remaining its maximum speed. Then, the t', t are calculated by
t' = (Vmax—v0)/ tmax
t'" = Vmax/Qmax

) 1 1
S =S— N (UO + vmax)t’ ) (Vmax)t”

nro__
t - S/Umax

Figure 3.3

Time needed for robots to acceleration / deceleration / remain maximum speed.
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INPUT: Amax dmax' Vnows Vmax» tnow' tli t2' S
OUTPUT: Time needed for robot to reach next grid; New velocity.
CALC_TIME_NEEDED ()

1 IFty, <t

2. result = Max (Solve t:s = vy, t + %amw{t2 ) # Ignore Complex Number.
3. IF tow + result >t

4. t' = thow +result — t;

5. V' = Vpow + amaxt’

6. s'=s5— % Vnow + V)’

7. t, Vpew = CALC_TIME_NEEDED (a5 A Vs Vinaxs £1s t1, t2, 8
8. RETURN t + t/, Vpew

9. ELSE

10. Vnew = Vnow + Gmaxt’

11. RETURN result, v,

12. END IF

13. ENDIF

14, IFt; < thow <ty

15. result =s /vy ax

16. IF t,oy + result > t,

17. t' = tpow T+ result — t;

18. §' =S — Uyt

19. t, Vpew = CALC_TIME_NEEDED(a,,,4x) dmaxs Vmaxs Vmaxr t2) t1r t2, ")
20. RETURN ¢ + t', V0

21. ELSE

22. RETURN result, v,,,,

23. END IF

24. ENDIF

25. IF tyy, =ty
1

26. result = Max ( Solve t : s = v, t — ;dmmt2 )
27. Vnew = Vnow — Amaxt’
28. RETURN result, v,

Figure 3.4

Algorithm to calculate time needed for a robot to move from one to another grid.
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3.7 Multi-Mobile Robot System Design
3.7.1 Type of Multi-Mobile Robot System

To avoid any ambiguous, this section clarifies the definition of centralized and

decentralized systems that be used from this section onward.

In this report, a system is called a centralized system only if all the decision-
making process is made by a centre unit, and all the agents are only an execution unit
of the system. On the other hand, a system is called a decentralized system only if all
the agents made the decision by its own and there is not any centre agent that gathers
and maintain the agents' information. Besides, any multi-robot system that does not
belong to either one of them is called a hybrid robot system. In a hybrid robot system,
the decision-making process can be made either by robots or servers, this depends on

the specific implementation.
3.7.2 Proposed Framework

This project proposed a hybrid multi-robot control framework with high
modification flexibility to fit the actual situation. The proposal framework in this
project able to reduce the robot dependency on the centre server at the same time
without losing much potential benefit of global information. The main idea of the
proposed framework is simple, which is the centre server is mainly working as a task
provider, resources manager and information provider and most of the decision making
is made by robots itself. Besides, if the server has available computation resources, it

can help the robots to make a better decision.

On the other hand, it’s worth to mention that the proposed framework consider
the parcel sorting environment as a grid world. The grid world design can simplify the
algorithm and provide stability to the multi-mobile robot system because it can be a
simple robot localization approach by installing RFID on each grid (Abdelgawad, 2014).
Also, it’s widely used in most of the multi-mobile robot system in a known environment.
For instance, the Kiva system that implemented by Amazon warehouse (Guizzo, 2008)
and the multi-mobile robot parcel sorting solution implemented by LiBiao Robotics

company.
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Next, the proposed framework views all the grids as mutual exclusive resources
so that it can only be occupied by one robot. Therefore, if a robot requires to access a
grid, the robot needs to request permission from the centre server. Once a grid is
reserved for the robot, the grid is locked and no other robots able to access it until the
grid is released by its owner. To increase the velocity of robots, each robot can reserve
a certain number of grids, and this will be further discussed in Chapter 4. Besides, if
there have multiple robots reserve the same grid, the centre server always assign these

grids resources based on first come first serve principle.
3.7.3 Flow of Proposed Framework

The sequences below show the normal flow of a robot to complete its task under
the proposed framework by assuming the robot known it destination points:

1. Robot requests the environment state information from the centre server.

2. Robot plan it trajectories based on the latest environment state.

3. Robot requests certain number of future grids that it will reach.

4. Robot reached a new position and notify the centre server so that the centre
server can release the used and unoccupied resources.

5. Repeat from step 1 until the robot reached its destination.

For step 3, the maximum number of grids reservation for each robot is a
modifiable parameter. Besides, there are a few points to note here. All these points are
not hard constraints, but they can simplify the complexity or improve the performance
of multi-mobile robot systems. First, for step 2, the robot can choose to re-plan its
trajectory if the latest environment state is changed and the change might bring a
negative effect to the robot. For example, some area becomes congestion. This
mechanism provides the robot with the flexibility to choose a better path based on the
new environmental state. Second, the robot should re-plan the trajectory from the grid
resources that have not been reserved by it so that the speed control module can always
adjust its speed based on the reserved resources. Third, other robots should not be

considered an obstacle when selecting a path because it introduces a longer path.
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3.7.4 Role of Robots
In the proposed framework, the actions of robots are as follows:

a) Select a pickup point.

b) Plan its moving trajectories based on the current and destination position.
c) Communicate with the centre server.

d) Control its speed and motion to connect itself to the charge station.

e) Drop the parcel when it reaches the destination.

f) Stop and wait for the worker to assign a parcel to it.

This project considers actions d, e, f as low-level built-in functions of robots
because they are not related to the high-level multi-mobile robot planning processes. In
other words, the robots should be able to perform these actions without the involvement
of the multi-mobile robot control framework.

3.7.5 Behaviour of Robots in the Proposed Framework

In a high-level view, the behaviour of robot can be simplified as follows:

Get a New
Job

A

Move to the

Act According Destination of

the Job

to the Job

@_/

Figure 3.5 Behaviour of Robot / Job cycle

Figure 3.5 can also be viewed as a job cycle of robots. In the cycle, a robot starts
to do something because it is assigned a job. In our case, the job can be to pick up a
parcel, to drop a parcel, or to charge its battery. Next, the robot moves to its destination

to complete the assigned job. After it reaches its destination, it acts according to the job,
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for instance, drops the parcel it is carrying to a drop-off point. Next, we investigate how

a robot moves to its destination in our proposed framework.

In our proposed framework, the robot cannot move without reserving the grids
it intends to move to. Thus, the robot-server interaction module keeps requesting the
grids it will move to. If a grid is requested and reserved by the robot, the robot-server
interaction module sends the grid information to a queue in the motion control module
which the queue indicates where should the robot move to. The robot-server interaction
module might make a new plan due to some reason, for example, it failed to reserve a
grid after a certain period. In this situation, the motion control module has no idea about
what is happening because it only controls the robot based on the reserved grids that
store in a queue. Also, once the robot leaves a grid, it will send a notice to the robot-
server interaction module so that it can release the unoccupied grid. On the other hand,
one the robot reaches its destination, the robot act according to its mission. After that,
the mission is completed, thus repeat the loop in Figure 3.5.

3.7.6  Pickup Point Selection Strategy

In the proposed framework, the pickup point selection strategy is made by both
server and robot. The server mainly determines which pickup points should be removed
from the list of candidate pickup points, while the robots select a pickup point suitable
for them and these pickup points should exist in the candidate pickup points list. After

that, the server doesn’t care which pickup point the robot go to.

This provides flexibility to design the pickup point selection strategy. The server
might remove some pickup points that might overload, or it can simply treat all the
active pickup points as candidate pickup points while removing inactive pickup points.

This type of job is suitable for the server because it maintains global information.

In addition, the robots decide which pickup points it should go to. For instance,
they might select the pickup points near to them based on the Manhattan distance or
Euclidean distance. The algorithm used in this project is to select the recommended
pickup point by using the Manhattan distance. Next, the pickup point is used as a
reference pickup point for heuristic function in A search algorithm. Therefore, even a
reference pickup point is selected, the robot is not necessary to move the pickup point.

The actual pickup points the robot chooses is determined by which is the first pickup
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point it searched in A search algorithm. This is because the actual distance for a robot
moves from its current position is not proportional to the Manhattan distance due to the
cost of moving to each grid can be different, and thus the selected path might not always

base on minimum distance but minimum cost.

In addition, if an area nearby a selected pickup point become congestion, these
mechanisms allow the robot to switch to another pickup point without notice to the
server and thus reduce the server workload. Also, this mechanism able to reduce the

chance of deadlock to happen due to the congestion.
3.7.7 Path Planning Algorithm

The path planning algorithm used in this project is A search algorithm. A search
algorithm is like the Dijkstra algorithm, but it introduces a heuristics function. As
mentions in the previous chapter, A search is path planning algorithm popular in grid
world environments because its efficiently. If its heuristics function never
overestimates the cost of the path, then it always finds optimal solutions. In our
proposed framework, the heuristic function used is Manhattan distance between the
start vertex and end vertex. If all the cost from moving one grid to another is less than
or equal to one, then the A search algorithm with Manhattan distance as heuristic
function always provide the path with minimum cost. However, the cost for travelling
from one to another grid might not always 1, also, it may not necessary to find an

optimal path all the time because the sub-optimal path might good enough.

Therefore, we use a variable greedy to control the value of heuristics function

used in the A search algorithm.
heuristic cost = greedy * ManhattanDistance(ggtart Send)

If we increase the value of greedy then the A search algorithm is more like a greedy
search algorithm, and if we decrease the value of greedy, the A search algorithm is more
like the Dijkstra algorithm. Thus, greedy is work as a controller of computation speed

and optimality trade-off.

On the other hand, the A search algorithm here will accept a set of grids which

these grids are blocked and thus not be searched. Thus, the algorithm shown in Figure
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3.6 can be implemented, in fact, it is implementing in our robot pathfinding algorithm.
Figure 3.7 shows the pseudocode of A search algorithm. Please note that when
calculating the cost from moving one grid to another, the cost of turning is also
calculated. If the previous moving direction is different to the next moving direction,
an additional cost will be added. Therefore, the path planning algorithm will reduce the
number of turns if possible.

Besides, a grid is considered failed to reserve if the robot waits more than a
certain amount of time and the number of reserved grids of the robot does not exceed
the allowable limit. Failure to reserve a grid might due to congestion of the area. In this
situation, the path planning mechanism allows the robot to leave the congestion area by
searching for another path.
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Figure 3.6 Path Finding Algorithm
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INPUT: StartVertex, EndVertices, BlockedVertices, Greedy

OUTPUT: Paths

A Search ()
1. SET OpenlList =[], ClosedList = [], Solutions = [], Nodes.Path =[]
2. SET Nodes.Vertex = StartVertex
3. SET Nodes.RealCost = 0, Nodes.Cost = 0
4. Add Nodes INTO OpenlList
5. LOOP UNTIL OpenlList <=0
6. LET node = Node that has minimum cost in OpenList (Implement by Heap)
7. POP node FROM OpenlList
8. ADD node.vertex INTO ClosedList
9. FOR v IN adjacent vertex of node.Vertex AND
10. v NOT IN BlockedVertices AND v NOT IN ClosedList
11. APPEND v TO node.Path
12. node.Vertex =v
13. node.RealCost = node.RealCost + 1
14. IF direction to v is different from previous
15. node.RealCost = node.RealCost + 1
16. END IF
17. node.Cost = node.RealCost + Heuristic*Greedy
18. APPEND node TO OpenList
19. IF node.Vertex IN EndVertices
20. ADD node INTO Solutions
21. RETURN Solutions
22. END IF
23. END LOOP
24. END LOOP

Figure 3.7 Pseudocode of A Search Algorithm
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3.7.8 Charge Scheduler

Each time the robot completes the task, the robot needs to request the next task
from the central server. Task types can either continue the sorting task or charge the

battery and this is determined by the centre server.

A robot needs to charge if its battery level lower than a charge threshold.
However, if there is not any available charge station, then the robot continues its task,
that is pick up and drops a parcel. After that, it retries to request an available charge
station.

Apart from that, if a charge station is assigned to a robot, then the charge station
is dedicating to the robot within a certain amount of time. During the time, the charge
station is not pre-emptive, that is even there have other robots have higher priority than
the robot, they cannot interrupt the charging process of the robot. This prevents robots
to waste their time moving to a charge station, but it charge process might be interrupted
immediately. However, the reservation of a charge station cannot be too long because
it might cause other robots that have a lower battery level to fail to request any charge

station.

The charge station selection algorithm will first search these charge stations
which is empty. If all the charge stations are not available, then the charge station
selection algorithm will search from lowest priority (highest priority value) charge
station and the searched priority value is not less than the robot's priority value + search
gap, for each iteration, the priority value to search is decreased by search gap. The
priority value of the charge station is determined by the robot's battery that is occupying
the charge station while the priority value of the robot Is its battery level. For example,
if a robot's battery level is 20, then it is its priority value. The search algorithm will first
search for any unoccupied charge stations. If not exists, then search from priority value
[95, 100], If still not exist, then search for priority value [90, 100], and so on. The
minimum priority value for the charge station selection algorithm to search in this case
is [25, 100]. Next The charge of the charge station A, B and C with priority values 26,
27, 24, respectively. The charge station A and B will be selected as candidate charge

stations. The final selection is based on its Manhattan distance between the given robot.
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In the nutshell, this mechanism allows to select multiple candidate charge
station and then select the charge station near to the robot that requires charge station.
This reduces the overhead in moving to the charge station. Also, it is not a good design
if arobot able to interrupts a robot that has similar battery power as itself. It might cause
robots to keep interrupt others, but no one spent their time in charging their battery.
That is why the search gap and charge station reservation time is introduced.

3.8 Sorting Centre Layout

The multi-mobile robot sorting centre consists of 4 important components,
which is robots, charge stations, pickup points and drop-off points. Figure 3.8 shows a
simulation of a multi-mobile robot sorting centre. The blue points are mobile robots,
grey grids are the centre of drop-off points, purple grids are pickup points and the charge
stations are light green colour square at top, left and right side. Apart from that, there
have 506 drop-off points, 44 pickup points and 108 charge stations in the simulation
environment. Besides, the environment is formed by 75 x 75 grids and each grid have

size 0.6m X 0.6m and has total area 2025m?.

Figure 3.8 The Layout of The Simulation Environment
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3.9 Robot Pathfinding Preference

The proposed framework provides high flexibility in designing robot path
planning algorithms. However, due to the consideration of computation ability, A
search algorithm might be a good choice even in a multi-mobile system, but it never
considers the conditions of other agents. This makes the robots in the system become
greedy, they trying to move in minimum cost even though it might hurt others and thus
affect the overall performance. In this situation, we might want to provide some rule to
reduce the chance of conflict to happen. For example, we might set some path to
unidirectional to avoid head-to-head collisions.

By considering the grids environment as a directed graph, we can easily
implement this by removing some of the edges in graphs. However, once an edge is
removed, the edge will never be used by robots to establish a feasible path. Sometimes,
it is unnecessary because this reduces the flexibility for the robot to select their path.
Thus, instead of provides “rules”, we might provide our preference by controlling the

cost of each edge. Thus, robots can break our preference if the robots think it is worth.

In this project, both methods are used to control the robot behaviour. The
implementation will be discussed in Chapter 4 whereas the result of the implementation

will be discussed in Chapter 5.
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3.10 Assumptions

Due to time constraints, some assumptions were made in this project, so this

project can focus on the multi-mobile robot control framework.

e The robots are required to slow down completely before making a turn.

e There always has perfect robot-server communication.

e The battery capacity of robots can long 8 hours for a robot in a moving state.

In addition, it takes 90 minutes for a battery to go from empty to full charge.

e They have an unlimited parcel to sort in order to know the maximum

throughput.

3.11 Parameters

Number of Pickup Points 44
Number of Drop-off points 506
Number of Charge Stations 105
Number of Grids 75X 75
Maximum Waiting Time 3200ms
Grids Size 0.6m x 0.6m
Charge Threshold 30
Search Gap 5
Charge Station Reservation Time 10 minutes
Greedy for A search Algorithm 1/4
Time Spent in Picking Up a Parcel. 800ms
Time Spent in Dropping a Parcel 800ms
Maximum Number of Reservation 5

Grids for Each Robot

Maximum Acceleration,
Deceleration, Velocity of Robots

3ms%,3ms 2,3ms”

1

Table 3.1 Parameters Setting
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3.12 Performance Indicators

It is important to have performance indicators to determine the efficiency of a
multi-mobile robot system. The main performance indicator in this project is
throughput / hour. However, only knowing throughput / hour is not enough to provide
clues to investigate bottleneck and understand the system. Thus, other performance
indicators that help us in understanding the system are average moving speed of robot,
average moving distance per job cycle, average throughput per hour and per robot and
average time spent in completing a job cycle. The performance indicators used in this
project show in Table 3.2. Besides, Figure 3.9 shows the equations used to calculate
these indicators.

Throughput / hour The number of sorted parcels per hour in

the simulation environment.

Average Robot Performance The number of parcels sorted per robot

per hour in the simulation environment.

Average Speed of Robots (m/s) The average speed of robots in the

simulation environment.

Average Moving Distance / Job Cycle Average distance moves to complete a

job cycle in the simulation environment.

Average Time spent / Job Cycle Average time spent to complete a job

cycle in the simulation environment.

Table 3.2 Performance Indicators
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m = total number of robots.

p; = the number of parcels sorted by robot i.

d; = total moving distance of robot i in meter.

t = total running time (hour) of the sorting centre.

z; = total number of job cycles of robot i.

a;= total time spent (hour) in waiting for a job to complete of robot i.

For example, picking up a parcel, dropping parcel, and charging its battery.

Throughtput / Hour:

1 Di
t
Average Robots Performance:
1 Di
txm
Average Speed of Robots (m/s):
21 d;

60 X 60 X (txm —YT'a;)
Average Moving Distance / Job Cycle:

Xrd;
X1z

Average Time Spent / Job Cycle:

tXm

Xz

Figure 3.9 Equations for Performance Indicators
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Chapter 4 Design Consideration

4.1 Multi-Mobile Robot System

The benefit of the decentralized multi-mobile robot system is it provides
scalability in term of the change of the number of robots. Also, it is robust to a complex
and dynamic environment. For the centralized approach, the centre unit required more
processing power as the number of robots growing and this might become a bottleneck
to the scalability of the system.

Yet, theoretically, centralized multi-mobile robot system can provide equal or
better performance compared to the decentralized multi-mobile robot system because
it has more information to make a better decision, however, to utilize all the information
to achieve optimal solutions might be difficult since most of the multi-mobile robot
problems are NP-Hard such as multi-mobile robot path planning and multi-mobile
robot task allocation. This shows that even the centralized approach is adopted, it is still

difficult to guarantee the optimality of solutions.

There is no one size fit all solution. Thus, the best multi-robot system can be
completely different in a different situation. For the multi-mobile robot sorting centre,
it’s difficult to avoid the role of the centre agent because it is required to handle some
business logic. For example, the robot is required to know where a parcel required to
place to, and it is important to keep track where the parcels are going to and which
parcels are sorted, and which are not. Also, sorting centre environments are usually
known and controllable, so there is no reason to give up the potential performance
acceleration from the centralized method. Thus, we can conclude that the multi-robot

system in sorting centre is difficult to be a decentralized system.

However, if the multi-robot system is implemented in a centralized approach,
the scalability of the system is scarified. Also, robots nowadays normally have some
computation power, if the robots only follow the instructions of the central unit, it might
waste the computation resources of robots. Thus, the robots can in charge of some

decision-making process to reduce the server workload and thus increase the scalability.
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In the nutshell, a good multi-robot control framework or system for sorting
centre should be located somewhere between a centralized system or hybrid system and
it must be flexible to various type of trade-off.

4.2 Lock Grids Strategies

Since the space of sorting centre is always limited, it’s important to know how
many spaces are required by a robot. The more the number of spaces required by a robot,
the easier for congestion to happen. For the reactive paradigm, a robot occupies only
one or two grids at a given time if the robot only moves in either horizontal or vertical.
It occupies one grid if it is completely inside a grid whereas occupies two grids if it is
moving from one grid to another. Because the robot in reactive paradigm solve conflict
locally and make their decision locally, no future grids are required, thus two grids are
the maximum occupied space for a robot. However, to make sure no collision occurs,
the robots might require slowing down their speed because it’s difficult to guarantee

the next grid it moves to will not occupy by other robots.

The proposed framework is a hybrid approach so that the robots able to request
some future grids they will move to and the server able to guarantee these grids will not
be occupied by other, and thus increase robots’ speed. But in this case, each robot
requires more grids, this might affect the overall performance due to the congestion.
For example, if a robot request all the grids they will reach in their current plan, its
speed can be maximized, but other robots might be blocked because they might require
the grids occupied the robot. Therefore, the selection of how many grids can be

occupied by each robot in any given time becomes an important consideration.

Please note that all the discussion above is built on top of the adopted lock grid
strategies which is once a grid is locked, it will not be assigned to others robot. This
type of strategy is used because it might difficult to guarantee the expected time for a
robot to reach and leave a given grid in a real system. To understand this, we now
assume we have a perfect system, and we know the expected time interval for each
robot to reach and leave each grid, and the expected time is always correct. In this
situation, instead of reserving grids to a robot, we reserve grids to a robot only in a time

interval.
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However, this assumption might too optimistic. If robots might make some
small mistake every move, the error of the expected time for a robot to reach future
grids can accumulate and thus the error bound become bigger if the time difference is
huge. To overcome this, the time interval for reserving grids need to be bigger. These
cause robots unable to request a grid that is reserved by other robots, even though, in
reality, they use the grid at different time. In this case, each robot needs to occupy more
space. This will give us to abandon our original goal which is to reduce the space

required by robots.

Therefore, the proposed lock grid strategy might be a simple and efficient
strategy to reduce the space required by each robot and to increase the moving speed of
the robot as long as we set a good maximum number of allowable reservation grids of

robots.

4.3 Rules/ Preference for Grid Environment

This section we not only discuss rules but only on the preference that stated in
the previous Chapter. As mention before, it's difficult to make a globally optimal
solution especially the path planning problem in a multi-robot environment. Thus, we
might need to define some rules manually or control the cost of connected grids to
inflect the path planning behaviour of robots to improve the overall performance. For

simplicity, here, we consider the grid environment as a graph in computer science.
4.3.1 Configuration A

First, we look into the most naive version of graph design, or we called
configuration A, which is the graph has no logical restriction at all. That is, if two grids
are physically connected, then in the graph, they are connected by an edge with the cost
of one in bidirectional. However, for these grids are placed with a resource such as
pickup points, drop points or charge stations, we still follow the rules of the resources
and we consider it is a physical constraint. For example, any drop-off point has a centre

that used to drop the parcel thus it’s impossible for a robot moves to the grids.

Obviously, the configuration A is troublesome, since most of the grids is
allowing the robot moving in bi-direction, head-to-head collisions can happen easily
unless the robots have a good path planning algorithm that utilizes all the information
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of other robots efficiently. This is clearly out of the capability of simple A search
algorithm. Thus, the actions of robots can always like this:

- Arobot faced head-to-head collision.

- The robot waits for a certain amount of time.

- The robot failed to request the grids it needs to move to.
- The robot makes a new plan to avoid accessing the grid.

If this situation occurs, the robots spent more time to complete its task, also, the
moving distance is longer because it needs to make a new plan which is typically worse
than the original path in term of cost.

4.3.2 Configuration B

Thus, we proposed the second configuration or called configuration B. In
configuration, most of the neighbour grid is connected by only one direction edge. That
is, it a grid A and grid B is physically connected, then if a robot is allowed to move
from grid A to grid B then the robot is not allowed to move from grid B to grid A. In
the graph, we can implement this by removing the edge from vertex B to vertex A.
However, for consistency in converting the grid environment to graph, in our

implementation, we set the cost of edge B to A to infinity.

This configuration solves the head-to-head collision; however, it introduces
additional moving distance for a robot from one grid to another. Thus, to minimize this,
two nearby grids can be connected to become a road. The allowable direction of the
two grids is in the opposite direction. Therefore, the increases in the distance of the
shortest path are small. Thus, the benefit of this design can easily cancel the negative

impact it brought.
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4.3.2 Configuration C

Even though the configuration B solves the reduce the chance for head-to-head
to the collision, but it still has a room of improvement. Figure 4.1 shows the snapshot
of the simulation environment that implementing configuration B and the red rectangle
in Figure 4.1 shows the main activity area of robots in the environment. From the
picture, we can notice that the area outside the red rectangle is rarely used. This is
wasting resources. In here, we call the area outside the red rectangle as the outer ring.

To avoid the situation above, we control the moving cost to encourage the robots
to utilize the area outside of the red rectangle. However, it is not easy to set up a suitable
cost to control the robot’s behaviour. For example, if we set the cost of the outer ring
too low, most of the robots will utilize the outer ring, and thus the utilization of area
inside the red rectangle becomes less and the congestion can happen in the outer ring.
Also, when the robots use the outer ring to travel to its destination, the travel distance

is higher.

On the other hand, even though changing the cost of a graph can affect the
preference of path planning algorithm, but the effect can be cancelled by heuristic
function. For instance, the heuristic function used in this project is Manhattan distance
between the current vertex and the goal vertex. If the set the greedy of our path planning
algorithm to a higher value, the robot tread to find the shortest distance path instead of
the lowest cost path. Thus, it is important to consider this situation when designing the

cost of the graph.

Also, to get better performance, the vertical path in the inner area is also
decreased. The vertical path near the centre has a lower cost compared to the vertical
path near to the pickup points. This is because the probability for a robot to pass through
the vertical path is highest when the vertical path is near to pick up point and the
probability for a robot to pass through a vertical path is lowest when the vertical path
is at the centre. If robots prefer to utilize the centre vertical path compare to the vertical
path near to the pickup points, the probability of the cross-collision can be reduced.
Figure 4.2 shows the snapshot of the simulation environment that implementing

configuration C.
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We believe that there exists a better way to design the moving cost. We might
find better moving cost set up by using some random search technique such as Genetic
Algorithm, Particle Swarm Algorithm and even learn the cost by using machine
learning algorithm such as reinforcement learning. However, this is out of the scope of

this project and will not be further discussed in here.

Figure 4.1 Simulation Snapshot - B

Figure 4.2 Simulation Snapshot - C
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Chapter 5 Experiment Results & Analysis

5.1 Experiment Design

The objective of the experiment is to know the performance of the sorting centre
that implementing the proposed framework. As mentioned in the previous chapter, the
key indicator is the throughput per hour of the sorting centre in term of the number of
parcels sorted. Apart from that, the indicators such as average robots’ performance,
average robots’ moving speed, the average distance for completing a task cycle, and the
average time spend in completing a task cycle is used to analyse the results. On the
other hand, the number of robots used in the experiment is 10, 60, 110, 210, 260, 310,
360, 410 to investigate the performance of the proposed framework when the number
of robots is different. Next, the experiment can be further split into three parts.

For the first part of the experiment, we investigate and analyse the different rules
and preferences configuration discussed in Chapter 4. The running time for each
configuration is 2 hours in simulation time (the time in the simulation environment).
Besides, the number of robots used in this experiment is 10, 60, 110, 160, 210, 260,
310, 360 and 460. On the other hand, the rules and preferences used are Configuration
A, Configuration B and Configuration C that mentioned in the previous Chapter. Next,
to avoid unnecessary noise, this part of the experiment assumes the robots have an

infinite battery.

For the second part of the experiment, only the best rules and preferences
configuration in Part A is used. Next, the maximum allowable grids reservation
numbers are set to the 2, 5, 8 respectively. The number of 2 is the minimum number of
grids reservation that can be set to allow the proposed framework working normally.
This is because a robot needs to reserve the grids where the robot currently occupied at
and the grid it is travelling to. Besides, note that the default value of the maximum
number of grids reservation of each robot is 5. Next, the simulation time for this part is

2 hours, and the battery of the robots is infinite.

After that, the third part of the experiment aims to investigate whether the

performance of the sorting centre that implementing the best configuration of the
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proposed framework is stable, that is if congestion occurs, it should be resolved after
some time and should not cause deadlock. Also, this part of the experiment is aiming
to provide a more accurate simulation result for the overall throughput per hour and
unlike others, this part of experiment considers the power consumption and the battery
charging process of the robots. The simulation time in this part of the experiment is 10

hours.
5.2 Results Analysis — Part 1
5.2.1 Throughput and Average Robots Performance

Figure 5.1 shows the average robot performance and Figure 5.2 shows the
throughput per hour of the sorting centre. The two indicators are discussed together
because they are highly correlated. Figures 5.2 shows the throughput of all
configurations growing with a curve shape when the number of robots is small, but
throughput for configuration A and B drop sharply when the number of robots becomes
huge. Apart from that, Figure 5.1 shows a similar situation. At first, the average
performance of robots for each configuration decreases slowly as the increasing number
of robots but for configuration A and configuration B, the average performance of

robots drops dramatically start from some points.
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Figure 5.1 Average Robot Performance

42
Bachelor of Computer Science (Hons)
Faculty of Information and Communication Technology (Kampar Campus), UTAR



Chapter 5 Experiment Results & Analysis

30000 -

25000 4

20000 4

15000 4

Throughput Per Hour

10000 4

5000 4

0 100 200 300 400
Number of Robots

Figure 5.2 Throughput Per Hour

Obviously, configuration A and configuration B is unstable compared to
configuration C. This is because the congestion situation in configuration A is more
serious compared to B and the congestion situation of configuration B is more serious
compared to configuration C. These results are predictable because the configuration B
is trying to reduce head-to-head collisions while the configuration C did the same thing
as configuration B but also trying to utilize as much space as possible to avoid

congestion.

As mentioned previously, the configuration A is the most naive version which
in this configuration, only the minimum rules and no preferences are provided. Thus,
the greedy behaviour of robots can easily cause the head-to-head collision, and thus
need to take some time in resolving the conflict. During this time, other robots might
come and complicate the situation. Finally, the congestion becomes unsolvable and thus

the throughput drops significantly.

On the other hand, although the configuration B avoid most of the head-to-head
collision, the robots still spending time in cross-junctions. When the number of robots
becomes huge, congestion can also happen. In spite of the configuration C also facing
the cross-junctions but the situation is not that serious as configuration A and B because
the configuration C is encouraging the robots to use the outer ring in the sorting centre,
and this reduces the chance of conflict by utilizing more space and forcing the robots
to move in the same direction. This design is similar to the highway in road design.
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5.2.2 Average Moving Speed

Figure 5.3 shows the average moving speed of the robots, it shows that when
the robots numbers are small, that is 10, then the robots in configuration B have the
slowest average moving speed which is 1.754 m/s, whereas the robots in configuration
C have the highest average moving speed which is 1.926 m/s and this moving speed is
similar to the robots in configuration A which is 1.917 m/s. Next, the robot’s average
moving speed for configuration B surpass the configuration A when the number of
robots near to 150, while for the robots in configuration C, their moving speed is far
higher than others when the number of robots is huge.
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Figure 5.3 Average Moving Speed

Apart from that, the average moving speed of robots in configuration A drop
dramatically when the number of robots after the number of robots exceed 210. The
situation is also like configuration B when the number of robots exceeds 360. Unlike
others, the average moving speed for robots in configuration C is relatively like a
straight line with an approximate gradient of -0.002 m/s per robot. But, when the
number of robots reaches 410, the approximate gradient drops to -0.003 m/s per robot.
Although the gradient only drops slightly, it is reflecting the proposed framework and
the predefined preferences and rules unable to solve the congestion situation efficiently.
By comparing Figure 5.2 and Figure 5.3, it is easy to note that once the gradient in

Figure 5.3 drop, the overall throughput also drops.
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This result shows an intuitive situation, which is when the number of robots
increases, the average speed of robots decreases. This is because the robots need to wait
for others to avoid the collision. Therefore, it is important to select a good path which
minimizes the possibility that the selected path will affect other robots. To achieve this,
some advance but normally higher complexity algorithms might be used, but this
project shows that this can be achieved by using a simple A search algorithm, and by
modifying the moving cost from a grid to another to control the robots’ path planning

behavior.
5.2.3 Average Moving Distance / Job Cycle

The average moving speed of robots does not mean all because the robots might
have a slower speed but moving in a short distance and thus complete its tasks in a
shorter time. Therefore, the average distance for robots to complete a job cycle was

investigated, this information is shown in Figure 5.4.
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Figure 5.4 Average Moving Distance

Figure 5.4 shows that when the number of robots is small, the average moving
distance for robots to complete a task cycle in configuration A is shortest and this
distance is similar to robots in configuration B. This situation is because the robots in
configuration A always searches the shortest path. As long as the robots not blocked by
others, and thus it doesn’t require to change its path to resolve the conflict, the selected

paths are always optimal in term of distance. For Configuration B, the moving distance
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is only slightly higher than Configuration A although most of the grids are restricted to
unidirectional. This is because in most of the time, two opposite directional paths are
near to each other in our design, thus the increase of the distance is limited.

Apart from that, the average moving distance for robots to complete a task cycle
in configuration C is far longer than others. The reason for this situation is obvious
because the robots in configuration C utilize the outer ring of the sorting centre and this
introduces additional distance. But, thanks to that, the average moving distance for
configuration C is growing slowest as the increasing the number of robots, also, it is
most stable amongst all other configurations. Thus, it’s easy to infer that the average
moving distance for configuration B and C will finally higher than the average moving
distance in configuration A. In fact, this situation happens is far faster than expected,
since the performance of configuration B and C is not stable. That is when the number
of robots increases, the robots in these configurations spent a lot of effort to overcome
the conflicts but the effect is not obvious, thus their average moving distance is higher

than configuration C when the number of robots reaches 210 and 360 respectively.
5.2.4 Average Time Spent/ Job Cycle

By combining the information from Figure 5.3 and Figure 5.4, the information
in Figure 5.5 is obtained. Figure 5.5 shows the average time spent on robots to complete
a job cycle. The results for both 3 configurations are very close at first, but the gap

becomes huge as the number of robots increase.
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Configuration A performs the best at first, but the Configuration C surpass
Configuration A when the number of robots around 60. Apart from that, it is worth to
mention that the performance of Configuration B is always between Configuration C
and Configuration A. That is, when the number of robots is large, it is more stable
compared to Configuration A but worse than Configuration C. Also, when the number
is a robot is small, it performs better than Configuration C but worse than Configuration
A . It sounds not that bad, but this situation reveals that there is not any reason to adopt

Configuration B because there always has a better selection in different cases.

5.3 Results Analysis — Part 2

This part of the experiment study how the maximum allowable reservation grids
for each robot affect the performance of the proposed framework. Figure 5.6 shows that
when the maximum allowable reservation grids for each robot is 2, the overall
throughput per hour is worst. This is because the speed of the robot is restricted to make
sure it able to stop in a short time to avoid collision with other robots. In this situation,
the robots have not idea about others robot’s plan and thus robot always prepare to solve

the local conflict it might face. Thus, this is similar to a simple distributed approach.
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Figure 5.6 Throughput Per Hour - Part 2

On the other hand, when the maximum reservation number are 5 and 8, their
performance looks similar. But in fact, the value of 8 is slightly better than 5 before the
number of robots reaches 410. Figure 5.7 shows the exact value of the average
throughput per hour for the different values of maximum allowable grids reservation

for each robot. However, once the number of robots reached around 410, the value of
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5 surpasses the value of 8. This situation is because the proposed framework allows the
robots to switch their path if the robots fail to reserve a grid after a certain amount of
time. The waiting time in this project is fixed to 3200 milliseconds. Also, the location
of a robot plays no role in here, that is, after waiting for a grid for 3200 milliseconds,
the robots will give up requesting the grid even the robots is still far from the grid.

The benefit of this mechanism is the robots has a higher chance to leave the
congestion area and therefore, the moving speed of the robots can be higher. When the
value of allowable reservation grids for each robot is higher, the easier for a robot to
notice that a region might in congestion. Thus, the robots can switch path earlier.
However, the cost of this is the new path almost always having a longer distance than
the original path. This situation can be observed in Figure 5.8 which is shows the
average distance for robots to complete a job cycle when the allowable reservation grids
is different. Also, when the robots are allowed to reserve more grids, the easier for the
congestion to happen.

10 60 1le 160 210 260 310 360 410 460
Conf C + Max Reservation2 475.0 2834.0 5186.0 7458.5 9656.5 119025 14029.5 16074.5 18003.0 19799.0
Conf C + Max Reservation 5 13245 7546.0 13160.5 18054.5 22267.5 25611.0 28067.5 30157.5 31351.0 30004.0

Conf C + Max Reservation 8 1347.5 7648.5 13319.5 18320.5 223605 25659.5 28195.0 30190.5 31309.0 27209.5

Figure 5.7 Exact Values for Throughput Per Hour - Part 2
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Figure 5.8 Average Moving Distance - Part 2

For the first point, the effect of additional distance can be cancelled if the
moving speed of the robots increases, and this is why the performance of value 8 is
slightly better than the 5 before the number of robots reaches 410. This Figure 5.9 and
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Figure 5.10 shows this phenomenon. Figure 5.9 shows the average speed of the robots
while Figure 5.10 shows the average time spent to complete a job cycle by a robot.
Please note that for Figure 5.9, the green line is on the top of the orange line until the
number of robots reached around 410, and thus the higher speed cancels the effect of
the additional distance in this situation.

For the second point, it is a significant issue because this might affect what is
the best performance can be achieved in the proposed framework. This is because
congestion always is the main barrier that stops the sorting centre to perform better by
increasing the number of robots. This situation can also be observed from Figure 5.5
when the number of robots is 460, the performance for 8 allowable reservation grids is
dropped more sharply than 5 allowable reservation grids.
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5.4 Results Analysis — Part 3

The experiment in this part is running for 10 hours of simulation time and two
different settings are simulated. The first setting is assuming the robots have an infinite
amount of battery while another setup is not. Thus, for the second setup, the robots need
to charge their battery before they run out of battery. In this situation, the robots need
to move to charge stations to charge their battery. Since all the battery stations are
placed at the edge of the environments, the charging robots reduce the condition of
congestion. Figure 5.12 shows a snapshot of the simulation environment that
implements the second setup, some of the robots is charging at the charge stations.

As a result, Figure 5.11 shows that when the robots are assumed to have an
infinite battery, the performance drop when the number of robots reaches 460. However,
in a normal situation, the throughput per hour still increasing even the number of robots
reach 460. This is because the maximum throughput that can be achieved is probably

depending on the congestion condition.

The maximum throughput per hour for the first situation reach 31402 at its peak
while for the second situation is 31339. The two values are similar, and it is likely near
to the maximum performance in the current framework setting. Also, this part of the
experiment also shows the proposed framework, as well as the setting of the framework,

is stable in the long run.
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Figure 5.11 Throughput Per Hour - Part 3
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Figure 5.12 Snapshot of Simulation Environment for Second Setup

5.5 Discussion on Congestion Condition & Cost Configuration

Even the congestion condition is mentioned frequently but the reason why the
congestion occurs and what is the potential solutions is still not yet discussed.
Undeniable, the first and the main reason for the congestion to happen is because the
number of robots is too large, but space is limited. But, Figures 5.12 shows that there
still has much empty space. This is because it doesn’t show that reserved grids, thus

Figures 5.13 shows the reserved grids by using pink points.

Now, the empty space decrease obviously. In this case, the conflict can always
happen if the robots just move in random directions they like. Although most of the
path is set to unidirectional the cross-conflict is still unavoidable. Thus, it is better to
force the robots to move in the same direction so that the cross-conflict can be avoided.
Clearly, this is impractical, but it is still possible to encourage the robots to move in the
same directions. For example, encourage the robots to move vertically by using the
outer ring but this might introduce additional distance and cause the drop of
performance. Also, even the outer ring can face a congestion condition if the number
of robots increases. On the other hand, the configuration C also encourage robots to
utilize the centre of the centre region, this is distributing the robots to a different area.

In fact, that has other reason for doing this and this was discussed in Chapter 4.
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By using those tricks, the performance of Configuration C is outperforming
other configuration, but it is still difficult to have a clear understanding of why the thing
works. Also, it is not that easy to select a good value of cost to control the robots' path
planning behaviour. The information that wants to introduce in here is there might have
a better way to configure the cost and the best configuration that figured out in this
report might still have a room of improvement. For example, when the number of robots
is large, the congestion is most probably happening in the centre of the inner space.
Thus, if the robots can be distributed more efficiently, the performance of the sorting
centre might be further boosting up. Unfortunately, how to do this efficiently is still not
clear at the moment. If the solution for this is figured out, then it might not only able to
apply at the static cost but also at the dynamic cost based on different situations to

control the robots' behaviour. Thus, the congestion can be resolved more efficiently.

Figure 5.13 Snapshot of Simulation Environment — Show Reserved Grids

52
Bachelor of Computer Science (Hons)
Faculty of Information and Communication Technology (Kampar Campus), UTAR



Chapter 5 Experiment Results & Analysis

5.6 Summary

The experiment shows that it is important to control the robots’ path planning
behaviour to achieve better results and this can be achieved by control the moving cost
for the interconnected grids. Next, reduce the chance of conflict to happen such as head-
to-head collision and cross-collision can improve the performance efficiently. Besides,
when the number of robots is small, the non-restriction map setup can perform better
but when the number of robots is huge, Configuration C might be a good choice. Apart
from that, most of the time, congestion is the bottleneck that stopping us to boost the
average throughput per hour by increasing the number of robots. Thus, it is important
to avoid congestion and one of the methods is to utilize as much space as possible. For
example, Configuration C encourages the robots to utilize the outer ring and thus utilize

more space compared to other configuration.

Besides, the experiment also shows the number of allowable reservation grids
for each robot can also affect the average throughput of the sorting centre. If the number
of robots is small, the number of allowable reservation grids for each robot can be set
to higher to achieve better performance but the increase in performance is limited. On
the contrary, if the number of robots is large, a smaller number of allowable reservation
grids can be set to avoid congestion. But, if the value is set too small, the speed of robots
reduces because they need to make sure it can stop in a short time to avoid collisions.
Lastly, the proposed framework and the best framework setting and configuration able
to achieve 31339 throughputs per hour when the number of robots is 460 and this

probably near to the best results that can be obtained by current setup.
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Chapter 6 Conclusion

6.1 Conclusion

This project proposed an efficient multi-mobile robot control framework for
parcel sorting in the sorting centre. The situation of the step of automation in the
logistics world is introduced in Chapter 1. Next, Chapter 2 includes literature reviews
about the topics or sub-topics related to this project. For example, the type multi-robot
systems and the simulation design approaches were studied. After that, the whole
proposed framework was designed and discussed in Chapter 3. The proposed
framework is a hybrid multi-mobile robot control system that aims to provide flexibility,
extendibility and simplicity. In Chapter 3, the environment of the multi-mobile sorting
centre was also been modelling to develop a simulator to verify the performance of the
proposed framework. The simulator built is discrete-event simulator which using time-
advance mechanism. Besides, Chapter 3 also proposed that the robot’s path planning
behaviour can be controlled by modifying the moving cost for one grid to another. Thus,
a layout and three types of moving cost setup were designed. In Chapter 4, some design
considerations were discussed to study what is the factor that affects the design of the
proposed framework as well as the design of the cost configuration. In Chapter 5, an
experiment that consists of 3 parts was designed and conducted to study the
performance of the proposed framework and understanding what is the factors that
affect the sorting centre performance. Based on the result of Chapter 5, the proposed
framework and setup able to sort 31339 parcels per hour in a sorting centre with area
2025m? and the number of robots is 460. Chapter 5 also discussed the barrier if the
sorting centre performance which is the congestion condition. The potential solution

and direction were also proposed in the Chapter.
6.2 Future Work

In this project, a multi-mobile robot control framework for parcel sorting in the
sorting centre is built. But this is far from the end of the story. The stage was built, the
future is belonging to the actors. It’s easy to note that most of the algorithms and
strategies in this project are relatively simple. For example, the path planning algorithm
is a traditional A search algorithm which it never utilizes global information. Also, the

pickup point selection strategy is greedy to the shortest distance which is simple but
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might not the best choice in most of the time. Besides, although the by modifying the
move cost, the robots path planning behaviour can be affected so that the path planning
behaviour is more suitable for the multi-robot environment but this only applicable for

static cost in this project.

In short, the current algorithms and strategies are based on local information.
This is ignoring most of the global information that might help in doing a better decision.
Please noted that it is possible for the proposed framework to assign the job of global
information processing to the server, and let the robots make their decision based on
the processed information, but this type of algorithms is still not be developed in this

project.

On the other hand, this project proposed that path planning behaviour can be
controlled by modifying the cost, but how to design the cost is still mainly empirical.
This is providing a few possible future directions, for example, the robots might learn
the cost by using learning algorithms, or this problem can be converted to a search
problem and thus solve the problem by using stochastic algorithms. Apart from that,
since the cost can affect the robots’ path planning behaviour, this technique might able
be used to resolve the congestion by modifying the cost based on the particular situation.

That is, a dynamic cost might be used in the future.

Apart from that, the layout of the sorting centre might also be improved. In this
project, only one layout is investigated. But in fact, the layout might not the best,
especially in a different situation, for example, the target of a sorting centre is to sort
the parcel into 200 destinations instead of 500 or more. In this situation, multiple drop
points can be used for a single destination and thus reduce the moving distance for the
robots to sort the parcels if the location of the drop-off points is well-designed. Besides,
the mapping between the drop off-point location and the destinations where the parcels
need to sort to can be improved. This is because of some destination might be used

more frequently compared to others.
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