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Abstract

Multi-robot networks are used in a variety of military and civilian applications
such as harbour protection, perimeter surveillance, search & rescue missions and
cooperative estimation, among others. In order to develop functional multi-robot
networks to achieve these tasks, a combination of theoretical and experimental
work is required. Theoretical research aims to model the open and closed loop dy-
namics of multi-robot systems and to develop corresponding control algorithms
for tackling the previously mentioned tasks. Experimental work focuses on the
hardware or simulated implementations to test and evaluate the algorithms’ per-
formance, and eventually inform refinements of theoretical algorithms to adapt to
hardware imposed intrinsic constraints.

As theoretical and algorithmic research in the field of multi-robot networks ma-
tures, a need for experimental validation of a variety of sophisticated algorithmic
tools becomes apparent, with the two aspects co-developing to inform theoretical
refinements that account for hardware induced constraints, and possible techno-
logical advances suggested by theoretical predictions. This thesis contributes a
design for a hardware test platform for evaluating and implementing algorithms
in the field of multi-robot networks. The test platform design implements an off
the market robot solution for the robotic agents, discussing various additional em-
bedded frameworks that allow for capabilities such as indoor agent localization,
inter-agent wireless communication and agent locomotion, with the goal of un-
derstanding if a combination of existing market and academic technologies can be
used to develop a cost effective hardware multi-agent test platform.

The proposed hardware design is then validated on previously developed multi-
agent area coverage control and optimization algorithms. More specifically, the
hardware test platform is used to implement various optimal coverage problems
with time invariant risk density distributions. Both uniform and nonuniform risk
density distribution scenarios are considered. These experimental results are com-
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pared with simulations to assess if the proposed hardware test platform design can
plausibly reproduce behaviours that are consistent with theoretical predictions of
area coverage control algorithms. Future work will include the extension of the
testing capabilities of this test platform to a larger class of multi-agent control al-
gorithms.
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Chapter 1

Introduction

Wireless sensor networks are comprised of interconnected mobile sensors that are

capable of decentralized wireless communication. Technological and computa-

tional improvements allow for advancements in the �eld of wireless sensor net-

works, expanding the applications and democratizing the hardware systems that

start to be widely available at low cost with user friendly interfaces [1]. This allows

for applications involving distributed environmental sensing of various quantities

such as temperature, pressure, sound or motion [2]. Wireless sensor networks in

the form of multi-robot networks have additional applications in a variety of mili-

tary and civilian tasks such as harbour protection [3, 4], perimeter surveillance [5,

6], search & rescue missions [7] and cooperative estimation [8].

In order to develop functional multi-robot networks to achieve these tasks, a

combination of theoretical and experimental work is required. Theoretical research

aims to model the open and closed loop dynamics of multi-robot networks and to

develop corresponding control algorithms for tackling the previously mentioned

tasks, among others. Experimental work focuses on the hardware or simulated im-

plementations to test and evaluate the algorithms' performance, and to inform al-

gorithmic re�nements that incorporate hardware induced constraints. Hardware

implementation is also crucial to understand limitations and to devise new ap-

plications, eventually inducing theoretical investigations and continuing the co-

development loop.

This thesis focuses primarily on the design and hardware implementation of

a multi-robot test platform to be used to test and evaluate different cooperative

control and estimation algorithms in the multi-robot network domain.

1



CHAPTER 1. INTRODUCTION

1.1 Motivation

As research in the �eld of multi-robot networks matures and a variety of theoreti-

cal work is being developed, a need for experimental validation of this theoretical

work becomes apparent. As such, this thesis aims to present the design and de-

velopment of a physical test platform for evaluating multi-agent system motion

control and estimation algorithms, with the goal of understanding if a combina-

tion of existing market and academic technologies can be used to develop a cost

effective hardware multi-agent test platform.

As a resulting bene�t, the successful development of a cost effective testing

platform will enable my research group to have a more complete approach for re-

search in the �eld of multi-agent systems, complementing the past and present

theoretical modelling and algorithm development [9–11], which do not always

translate smoothly to practical implementation and realistic performance. This

can be due to a variety of factors such as lack of availability of required hardware,

latency caused by hardware components, cost of parts or the presence of complex

parameters that are dif�cult to model theoretically.

For this reason, a reliable, robust, and multi-task test platform can help ensure

that theoretical predictions and algorithmic tools can accurately and ef�ciently be

translated into practical implementation, and re�ned to account for constraints

imposed by the practical implementation.

1.2 Thesis Objectives and Contributions

This work contributes a design and hardware realization for a general purpose

multi-agent algorithm testing platform constituted of terrestrial low cost robots.

This is the �rst iteration of the multi-agent algorithm testing platform and as such,

for the sake of simplicity and feasibility, the design is limited to terrestrial low cost

robots. Future work will aim to extend the features of the test platform, transition-

ing toward a more agnostic design. The proposed design addresses the following

requirements:

� Reliable inter-robot wireless communication capabilities

� Reliable localization of robotic agents within the work space

� Terrestrial locomotion agents in the form of mechatronic differential drive

robots

M ASTER OF A PPLIED SCIENCE THESIS 2
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� Locomotion of each robotic agent within the environment

The proposed design was constructed through the use of a variety of technolo-

gies. These technologies will be introduced and discussed further in Chapter 3.

The proposed design for the hardware test platform is intended to be suf�ciently

�exible to be used for a variety of multi-agent control and estimation algorithms.

However, for the scope of this thesis, the hardware test platform's operation is il-

lustrated and tested on well established algorithms in the domain of multi-agent

area coverage control [9–13]. These experimental results are compared with sim-

ulations to assess if the proposed hardware test platform design can plausibly re-

produce behaviour that is consistent with theoretical predictions of area coverage

control algorithms. With the eventual goal being to generalize the testing capabil-

ities of this test platform to a larger domain of multi-agent control algorithms.

1.3 Thesis Outline

This thesis is structured as follows. Chapter 2 provides a literature review on fun-

damental concepts in the realm of multi-robot networks, multi-agent coverage con-

trol and optimization algorithms, wireless communication protocols, indoor local-

ization frameworks, machine learning and mechatronic devices available on the

market.

Chapter 3 describes the proposed design of the hardware test platform in de-

tail. This chapter introduces all the different components of the hardware test plat-

form and explains how these pieces come together to make a functional system.

Hardware and software details are provided. This chapter also discusses the im-

plementation of area coverage control and optimization algorithms using the pro-

posed design for the hardware test platform. The principles behind a simulation

of area coverage control and optimization algorithms are also discussed.

Chapter 4 presents the experimental results of area coverage control and opti-

mization algorithms using the hardware test platform. These results are compared

to the results obtained from a simulation of area coverage control and optimiza-

tion algorithms to evaluate if the hardware test platform can plausibly reproduce

behaviour that is consistent with theoretical predictions of area coverage control

algorithms. A discussion of the results is presented and future steps are discussed.

Chapter 5 summarizes the objectives, results and conclusions of the thesis. Fi-

nally, all the code used for the software portion of this thesis, the raw data results,

M ASTER OF A PPLIED SCIENCE THESIS 3
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along with any other supplemental material can be found in the Appendix.
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Chapter 2

Literature Review and Background

Theory

This chapter conducts a literature review and provides relevant background theory

relating to multi-robot networks. Additionally, since the aim of this thesis is to de-

sign and build a hardware testing platform for multi-agent systems motion control

algorithms, the literature review also includes the discussion of the technologies

used for enabling localization and wireless communication of robotic agents. Fi-

nally, since the operation of the hardware test platform is evaluated and illustrated

speci�cally by implementing multi-agent coverage control and optimization algo-

rithms, some relevant background theory in this domain is provided.

The literature review is structured as follows. Section 2.1 discusses multi-robot

networks and introduces some literature on the various types and architectures of

multi-robot networks. Section 2.2 introduces the problem of area coverage control

and optimization and discusses some useful concepts that are relevant for tack-

ling this problem. These concepts include Voronoi diagrams, the Lloyd algorithm

and the notion of environments with time invariant risk density �elds. Section 2.3

brings focus back to the objective of this thesis, which is the design and develop-

ment of a testing platform for multi-agent systems motion control algorithms. This

section discusses the required hardware capabilities of the test platform. These re-

quirements include effective real time inter-agent communication and precise lo-

calization of agents.
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CHAPTER 2. LITERATURE REVIEW AND BACKGROUND THEORY

2.1 Multi-Robot Networks

Multi-robot networks consist of a group of robots that work together towards the

completion of a task. For certain applications the process of working together can

be intentional and cooperative. For other applications, the process of working to-

gether requires no cooperation and is simply the result of the robots in the net-

works following local control laws and relying on spatial interactions with neigh-

bouring robots, that are spatially de�ned, to exhibit a more complex sense of group

behaviour [14].

The robotic agents used in these networks can vary drastically in terms of com-

plexity and capability based on application related speci�cs. A combination of

a variety of technologies can be used to develop the optimal robotic agents for

a given task. Some of these technology domains include environmental sensing,

actuation, perception, computer vision, machine learning, data processing, local-

ization, mobility and communication [14].

Recent advancements in these domains have resulted in increased opportunity

for the implementation of multi-robot networks. Some general domains of appli-

cation for multi-robot networks include surveillance tasks [15–17], search and res-

cue missions [18, 19], foraging tasks [20–22], formation control [23–25], exploration

tasks [26–28] and cooperative manipulation tasks [29–31]. Robots in of themselves

are quite capable and in certain cases a single robot can perform desired tasks quite

effectively. However, there are some tasks that require the use of multi-robot net-

works as they have the following bene�ts over single robot systems [14]:

� Distributed allocation of tasks allows multi-robot networks to complete tasks

more quickly.

� Multi-robot networks can consist of a variety of heterogeneous robotic agents,

each with its own specialization. This means that multi-robot networks can

work together to tackle complex tasks effectively.

� Compared to single robot systems, multi-robot networks can cover larger

work spaces, allowing for completion of tasks that are not tightly localized.

� Multi-robot networks are more versatile and adaptable, as they can continue

functioning even if some members of the network fail or stop functioning

altogether in distributed implementations.
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� Inter-agent communications can allow for distributed information sharing

and decision making architectures, which can be used to introduce robust-

ness and resilience of the system, by removing the dependence on a crucial

agent or unit to function.

2.1.1 Types of Multi-Robot Networks

There are mainly two types of multi-robot networks and the distinction between

these two types of networks relates to the level of communication and the intention

of cooperation between robots in each network type. These two network types are

[14]:

2.1.1.1 Collective Swarm Systems

These types of multi-robot networks typically consist of a large number of robotic

agents. Another characteristic of these types of networks is that there is usually

minimal communication required between different agents. Instead, the robots

in these networks follow local control laws and rely on spatial interactions with

neighbouring robots that are spatially de�ned to exhibit a more complex sense of

group cooperation.

2.1.1.2 Intentionally Cooperative Systems

On the other hand, within this second type of multi-robot network, the robotic

agents typically have strong communication capabilities. These agents work to-

gether to achieve tasks and typically take into consideration the state and actions

of other agents in the network to determine their own behaviour.

Intentionally cooperative systems can be further split into two categories, based

on the degree to which the agents in these systems cooperate with their colleagues.

The two distinctions are [14]:

� Strongly Cooperative: In these types of systems, agents rely on sophisticated

and accurate communication with the other agents in the network. They

require up to date information regarding the state of the system and they

work closely with other agents to achieve a speci�c task.

� Weakly Cooperative: These systems exhibit a more relaxed sense of coop-

eration between agents in the network. Typically communication in these
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networks is not required to be as accurate or up to date. Agents in these

networks typically perform individual tasks independently, and communi-

cate with other agents in the network occasionally for updates on state of

the system or simply for updates on the distribution of workload within the

network.

2.1.2 Multi-Robot Network Communication Architectures

A variety of multi-robot network communication architectures can be implemented.

Communication structures underlying multi-agent systems are suitably described

by graph theoretical tools, in which agents are represented by nodes and com-

munication links are represented by edges. Different communication network

topologies have signi�cant in�uence on the operation of a multi-robot network,

and therefore they must be selected carefully based on the requirements or limita-

tions of the application. The four main types of architectures are [14]:

2.1.2.1 Centralized

Centralized multi-robot networks have a centralized unit that processes the infor-

mation about the state of the system, fuses it, and broadcasts it for the purpose

of controlling the actions of all agents in the network. The bene�t of this type of

architecture is that it can be quite simple to setup and it ensures synchronization

among all agents in the network. Furthermore, a centralized entity can be de-

signed to handle more complex data processing than what could be handled by

individual agents due to hardware limitations. Scenarios in which communication

capabilities are limited would also bene�t from the adoption of a centralized ar-

chitecture. This architecture however lacks scalability and reliability. Scalability is

dif�cult because as the size of the network grows, the centralized entity may be-

come less capable of handling the computational workload. Reliability is also an

issue due to the fact that if the centralized entity fails, then the whole network fails

as well. In certain applications, this single point vulnerability can be insuf�cient.

2.1.2.2 Hierarchical

Hierarchical architectures exhibit a layered structure in which control is passed

down through each layer, similar to how a corporate environment is set up. The

structure would begin with a particular agent that controls a group of other agents
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in the network. These agents then each control their own group of agents. This

structure has the effect of distributing control and responsibility. Compared to the

centralized architecture, this architecture type is more scalable as computational

load can be distributed down the layers. However, this architecture faces the same

issue of reliability. Any failure in the top levels of control will trickle down to

the remaining layers. This means the function of the architecture is particularly

vulnerable to any errors at the top layers.

2.1.2.3 Decentralized

This architecture has no central control entity or entities. Any action that an agent

takes is decided on fully by that particular agent, based on all the information

available to the agent at the time. This method is both scalable and reliable, as

the failure of any one unit has almost no in�uence on other agents in the network.

Computing demands are also distributed across the entire network, so an increase

in size of the network is easy to handle. This architecture does however have its

downsides as well. A decentralized architecture means that the individual agents

must also compute any necessary parameters for the task at hand. This is not al-

ways feasible depending on the computational capability of each individual agent.

Furthermore, it can be dif�cult to have agents work in a synchronous and timely

manner with this architecture. Decentralized architectures can make use of reli-

able inter-agent communication protocols for distribution of information across

the network as well, when required.

2.1.2.4 Hybrid

The fourth type of architecture is essentially some form of a hybrid of the other

three architectures. This architecture allows for agents to make local control de-

cisions, and also has some form of hierarchical control, where control actions are

fed downwards through layers of the network. This has the bene�t of combining

the scalability and reliability of decentralized architectures, with the computation

capability and precise cooperation provided by centralized architectures.
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2.2 Multi-agent Area Coverage Control and Optimiza-

tion

This thesis provides a design for a hardware test platform that is suf�ciently �exi-

ble to be used for a variety of multi-agent control and estimation algorithms. How-

ever, for the scope of this thesis, the proposed design for the hardware test platform

is evaluated on algorithms in the domain of multi-agent area coverage control and

optimization as they have been developed by my research group [9–11]. There-

fore, some relevant background theory in the �eld of area coverage control and

optimization is presented in this section.

2.2.1 The Problem of Area Coverage Control and Optimization

There are a variety of problems that can be addressed using a multi-robot networks

framework. In this general domain of problems, one speci�c problem of particular

interest is area coverage control and optimization, which can be classi�ed as a

resource allocation problem.

In this problem, the objective is to determine the spatial distribution of a set of

mobile agents that maximizes an index called coverage metric, which encodes the

agents' sensing of the environment weighted by a scalar �eld called risk. The risk

is distributed in the work space and encodes the relative importance of a given

point [10, 11].

In the simplest case, the risk distribution is uniform. In the case of uniform

risk distribution, the risk is constant throughout the environment, meaning that

all points in the environment are of equal importance as represented in Fig 2.1a.

In the case of nonuniform risk distribution, the risk is not constant throughout the

environment. This means that some points in the environment are of higher impor-

tance than others. This is visualized in Fig 2.1b, where color intensity is correlated

with the importance of a given point in the two dimensional planar environment.

Fig 2.2 shows an alternative plot for visualizing nonuniform risk distribution in a

given environment. The Z-axis is used here to visualize the relative importance of

points on the XY plane. Higher risk density indicates more importance.
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(a) Uniform risk distribution, where all
points in the work space are of equal
importance

(b) Nonuniform risk distribution, where
some points have more importance than oth-
ers (visualized by color intensity)

Figure 2.1: Comparison of uniform and nonuniform risk distribution (agents are
visualized as green dots)

Figure 2.2: 3D plot of nonuniform risk distribution, where higher elevation indi-
cates higher relative importance of a given point

Agent sensing performance is another important component of the coverage

metric. Agent sensing performance is typically modelled as a bell shaped surface

that is centered at the position of a given agent. Typically an agent's sensing per-

formance is highest at the position of the agent and decreases with the distance

from the agent. Figures 2.3a and 2.4a show a visualization of this sensing perfor-

mance around a single agent. As additional agents are added to an environment,
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Figures 2.3b and 2.4b show the environmental sensing capacity around each of the

�ve agents.

(a) Single agent (b) Five agents

Figure 2.3: Visualization of environmental sensing capabilities of agents (agents
are visualized as green dots)

(a) Single agent (b) Five agents

Figure 2.4: 3D visualization of environmental sensing capabilities of agents. An
agents' sensing capabilities decrease as distance from the agent increases.

The coverage metric calculation makes use of the risk density distribution in

the work space along with the sensing capability of agents in the environment.

The formal de�nition of the coverage metric is discussed in Section 2.2.4.1. The
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objective of an area coverage control algorithm is to maximize the coverage met-

ric. This results in optimal coverage and sensing policies with respect to the work

space of interest, inducing optimal spatial con�gurations of the agents with respect

to the coverage performance index.

2.2.2 Voronoi Diagrams

Voronoi diagrams emerge as solutions of area coverage control problems in de-

scribing the partition of a given spatial domain among the agents deployed in it,

when the objective is the maximization of the area coverage. A Voronoi diagram

is named after Georgy Voronoy and is sometimes referred to by other names such

as a Voronoi tessellation, Voronoi decomposition, Voronoi partition or a Dirichlet

tessellation [32, section 2.8].

Given a two dimensional planar environment with N sites, points, or seeds,

a Voronoi diagram partitions the two dimensional planar environment into N re-

gions. In the Voronoi diagram each site has a corresponding region. A region

belonging to a particular site is de�ned by the collection of all points in the envi-

ronment that are closer to that particular site than all other sites [32, section 2.8].

Moving forward these sites will be referred to as Voronoi generators, and the re-

gion corresponding to each site will be referred to as a Voronoi cell.

2.2.2.1 Formal De�nition

Let W be a metric space with a distance function d. Let the expression d(x, y) be

the distance between point x and point y in the space W. Let P be a set of indices,

that is P = f p1, p2, ...,png 2 W, where 2 � n � ¥ . Given one of these indices pi as

a generator site, the corresponding Voronoi cell Vi is de�ned as the set of all points

in W whose distance to pi is less than or equal to their distance to other generators

pj , where j is any index different from i [33, chapter 3]. That is:

Vi = f q 2 W j d(q, pi ) � d(q, pj ), 8j 3 i 6= jg (2.1)

The Voronoi diagram V of the set P is then de�ned as the following set [33,

chapter 3]:

V = fV 1, V2, ...,Vng (2.2)

An interesting point to note is that the formal de�nition allows for an in�nite
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amount of generator sites to exist. However, most use cases only consider scenar-

ios with �nite numbers of generator sites.

2.2.2.2 Voronoi Diagrams in Euclidean Space

The use of Voronoi diagrams in Euclidean space is a popular and common im-

plementation. The work of this thesis will also focus on Voronoi diagrams in the

context of Euclidean spaces. When discussing Voronoi diagrams in this context,

we treat each generator as a point in an Euclidean space. The collection of these

generator points is both �nite and unique. In this case, the resulting Voronoi cells

are convex polytopes.

2.2.2.3 Example in Two-Dimensional Euclidean Space

Consider that you work at a data analysis �rm and are tasked with estimating the

relative number of users that go to different gyms spread across the city. Making

the assumption that all gyms provide the same level of quality, service, cleanliness

and amenities, you decide to reason that users go to their gym of choice based

entirely on proximity. That is to say that a user will always go to the gym that is

closest to where they live.

You can view your city from above to obtain a two-dimensional Euclidean rep-

resentation of it. Each gym in the city can then be treated as a Voronoi generator.

This allows for the creation of a Voronoi cell for each gym in the city. An example

of a Voronoi diagram consisting of 20 Voronoi generators is presented in Fig 2.5.

Assuming each Voronoi generator represents a gym in the city, you can now easily

visualize which gyms attract more users based on proximity.

As apparent in the formal de�nition presented above for Voronoi diagrams, the

particular distance function that is chosen can have an impact on the �nal struc-

ture, properties and shape of the Voronoi diagram. This can be seen in action by

�rst de�ning the following two points, P1(x1, y1) and P2(x2, y2). Fig 2.5a shows the

resulting Voronoi diagram when a Euclidean distance function is used. Euclidean

distance de�nes the distance between P1 and P2 as:

d(P1, P2) =
q

(x1 � x2)2 + ( y1 � y2)2 (2.3)

Another option is to use a Manhattan distance based function. Manhattan dis-

tance de�nes the distance between P1 and P2 as:
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(a) Voronoi diagram based on a Euclidean
distance function

(b) Voronoi diagram based on a Manhattan
distance function

Figure 2.5: Voronoi diagram with 20 Voronoi generators

d(P1, P2) = jx1 � x2j + jy1 � y2j (2.4)

The resulting Voronoi diagram in this case can be seen in Fig 2.5b. It is possible

to see that these two �gures have distinct appearances.

2.2.3 Centroidal Voronoi Diagrams and Lloyd's Algorithm

Centroidal Voronoi diagrams represent a special subset of Voronoi diagrams. A

centroidal Voronoi diagram is one where the Voronoi generators of the diagram

are also the mass centroids of their respective Voronoi cells in relation to a given

density function [33, chapter 7]. An interesting note is that for any given environ-

ment, set of generators and an underlying density function for that environment,

a centroidal Voronoi diagram is typically not unique. This means that there are

usually multiple arrangements that the generators can be placed in to obtain a

centroidal Voronoi diagram assuming the environment and its density function

remain constant [33, chapter 7].

Centroidal Voronoi diagrams represent optimal coverage placements in the

context of multi-agent area coverage [34]. For this reason they are a useful tool

for multi-robot networks. Lloyd's algorithm is an iterative technique that can be

used to �nd centroidal Voronoi diagram arrangements [33, chapter 7].
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2.2.3.1 Lloyd's Algorithm

In the context of centroidal Voronoi diagram construction the algorithm begins by

placing an n number of generators in the two dimensional euclidean space. After

this, the algorithm becomes iterative, taking the following three steps repeatedly

until a centroidal Voronoi diagram arrangement is found [33, chapter 7]:

� First the Voronoi cell, V, of each Voronoi generator is calculated

� Next the mass centroid of each Voronoi cell is calculated

� In the third step, the position of each Voronoi generator is moved to coincide

with the position of the mass centroid of its respective Voronoi cell

These three steps are repeated until a centroidal Voronoi diagram is achieved.

An example of this process can be seen in Fig 2.6. In this particular example, con-

vergence of the algorithm can be seen after 15 iterations, at which point the ar-

rangement of the �ve generators results in a centroidal Voronoi diagram.

This algorithm converges effectively in one-dimensional scenarios, however

has more limited convergence in higher order cases. In higher dimensions, con-

vergence can occasionally take an unpractical amount of time, or instead can oc-

casionally never occur fully. This can be attributed to lack of numerical precision

in certain situations. For this reason practical applications of this algorithm do

not always look for complete convergence [13]. Instead they set threshold values

for convergence, which when met provide generator arrangements that result in

nearly optimal centroidal Voronoi diagrams.

2.2.4 Area Coverage with Time Invariant Density Function

In the case of uniform density across the environment, it is assumed that all points

in the environment hold equal weight with respect to area coverage. When a non-

uniform density exists in the environment, it is typically identi�ed by a function f .

In this scenario, the points in the environment no longer hold equal weight and are

instead given value based on this density distribution. The function f (q) denotes a

time invariant density function as the density distribution is not a function of time

and therefore remains constant in its form [12].

Given a two dimensional planar space W, and given a partition of this planar

spaceV, the following basic quantities are de�ned [12]:
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(a) Iteration 1 (b) Iteration 2

(c) Iteration 3 (d) Iteration 15

Figure 2.6: Demonstration of Lloyd's algorithm
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� Mass of V:

MV =
Z

V
f (q)dq (2.5)

� Centroid (center of mass) of V:

CV =
1

MV

Z

V
qf (q)dq (2.6)

where q 2 W and f (q) is the time invariant density function across W.

2.2.4.1 Coverage Metric

Coverage metric is a scalar index which is used to quantify the area coverage per-

formance of a group of mobile robots.

Consider a bounded environment W, where W 2 R N , containing a distribution

of a �nite number n of agents. The distribution of these agents can be described by

introducing the collection P = f p1, . . . ,png, with the position of the i � th agent in

the bounded environment given by pi . The coverage metric is then de�ned as [12]:

H (P) =
Z

W
max

i2f 1,...,ng
f (d(q, pi )) f (q)dW (2.7)

where f (q) is the time invariant density function of the environment. This density

function essentially indicates the relative importance of different points q 2 W.

The function d calculates the distance betweenq and pi which is the position of

the i � th agent. The function f represents the sensing performance of each agent

with respect to a point in the work space W. The function f is required to be

continuously differentiable and monotonic with respect to d [12].

By using the sensing function f , we can generalize Equation 2.1 and de�ne the

Voronoi partition with respect to f [12]:

Vi = f q 2 W j f (d(q, pi )) � f (d(q, pj )) , 8j 3 i 6= jg (2.8)

Introducing this de�nition of a Voronoi cell provided in Equation 2.8 into Equa-

tion 2.7, the following expression can be obtained [35]:

H (P) =
n

å
i= 1

H (pi ) =
n

å
i= 1

Z

Vi

f (r i )f (q)dW (2.9)

where r i = d(q, pi ) is the distance between q and pi . Given the coverage metric
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de�ned above, the problem of area coverage optimization essentially becomes an

optimization problem de�ned as follows [35]:

max
P

H (P) = max
P

n

å
i= 1

Z

Vi

f (r i )f (q)dW (2.10)

If the distance function d is the Euclidean distance, the gradient of the coverage

metric with respect to P gives [10]:

¶H
¶pi

=
Z

Vi

� 2
¶f (r i )

¶r2
i

(q � pi )f (q)dW (2.11)

Upon introduction of the the generalized density function [10]:

f̃ (pi , q) = � 2f (q)
¶f (r i )
¶(r2

i )
(2.12)

it is possible to generalize the de�nitions of mass and centroid in Equations 2.5

and 2.6 respectively, de�ning the generalized mass and generalized centroid as

[10]:

M̃Vi
=

Z

Vi

f̃ (pi , q)dq (2.13)

C̃Vi
=

1
M̃Vi

Z

Vi

qf̃ (pi , q)dq (2.14)

which results in the following form for Equation 2.11:

¶H
¶pi

= M̃Vi
(C̃Vi

� pi ) (2.15)

Lloyd's algorithm is an iterator to �nd local optima of the coverage metric by

driving the agents to centroidal Voronoi tessellations. Assuming that the agents

are kinematically actuated according to

�pi = ui (2.16)

Lloyd's algorithm drives the system of agents to optimal con�gurations (maximiz-

ing the coverage metric) through the feedback [36]:

ui = g
¶H
¶pi

= gM̃ i (C̃Vi
� pi ) (2.17)
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where g > 0 is a gain. Optimality is implied by the fact that the coverage metric

monotonically increases along the trajectories generated by the algorithm

�H = å
i

¶H
¶pi

� �pi = g å
i

M̃ 2
i




 C̃Vi

� pi



 2 � 0 (2.18)

with the equality holding at centroidal con�gurations C̃i = pi .

2.3 Desired Features of a Multi-robot Network Test Plat-

form

This section focuses on the design of the multi-agent algorithm test platform. More

speci�cally, background theory and literature review is presented which is relevant

to the desired features and capabilities of the hardware testing platform along with

the capabilities of the robotic agents within the test platform. The required general

capabilities that will be discussed are:

� Reliable inter-agent communication protocol.

� Accurate indoor localization of robotic agents with respect to a global envi-

ronment.

Inter-agent communication is a crucial requirement for the hardware test plat-

form as communication is at the core of strongly cooperative multi-robot networks

with decentralized or centralized architecture. A communication protocol allows

for �ow of information to and from each agent in the network. This provides

a method of wirelessly sending control actions to robotic agents in a centralized

architecture. Using wired connections to achieve the same task has a signi�cant

impact on the kinematics of the robots in the test platform and introduces addi-

tional challenges in the lab setting. Communication between agents is also crucial

for tasks that require coordination in decentralized architectures. Additionally,

environment related information can be shared among agents as well, which is

important for cooperative estimation [8] or cooperative manipulation tasks [29–

31]. The notion of reliable communication is important for optimal function of the

hardware test platform as it ensures that data packet drops do not occur.

The hardware test platform is to be designed in an indoor lab environment,

and therefore a method for indoor localization of the robotic agents is necessary.
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This framework will identify the positioning of each agent in the environment,

which is crucial knowledge for multi-agent algorithm testing. The goal is to �nd a

framework that can localize agents in the environment to within 1 cm. This level

of accuracy will result in a more practical and effective hardware test platform as

localization errors will be minimized.

For the reasons discussed above, an inter-agent communication protocol and

an indoor localization framework are both crucial for the design of a multi-agent

algorithm testing platform that is suf�ciently �exible to be used for a variety of

multi-agent control and estimation algorithms.

2.3.1 Inter-agent Communication Protocols

This section presents background theory with respect to existing technologies that

are used for inter-agent wireless communication in multi-robot networks. Wireless

communication capability is an important component of any strongly cooperative

multi-robot network and allows for the distribution of information across the net-

work. Beyond just as a method of sharing information within the network, in the

case of a centralized multi-robot network architecture, communication is an im-

portant tool for providing control inputs from the central controller to the nodes of

the network. Furthermore, as will be discussed in Section 2.3.2, wireless commu-

nication can be used for localization purposes as well.

While a variety of wireless communication protocols are available for use, this

discussion will limit its focus to low power protocols. Since the robotic agents

will be standalone units running on small batteries, a low power protocol will be

able to perform effectively with a limited power supply. Low power protocols

typically have lower bandwidth, or rate of data transfer, when compared to high

power alternatives. This can be an issue for applications that require high band-

width, however, high bandwidth is not a requirement for the objectives of this

thesis. Speci�c bandwidth information for some low power protocols is provided

in Table 2.2. Some protocols that �t the low power criteria include [37–39]:

� Bluetooth Low-Energy (BLE)

� ANT/ANT+

� ZigBee

� WiFi HaLow (IEEE 802.11ah)
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� NIKE+

� Infrared Data Association (IrDA)

� Near Field Communication (NFC)

When attempting to choose the proper wireless communication protocol, it is

important to consider the capabilities and limitations of each option that is avail-

able to you. The following text will investigate the architecture compatibility, range

capability, throughput rate, latency, power requirements and �nally the cost of

each of these protocols to arrive at the optimal choice.

2.3.1.1 Wireless Communication Architecture Compatibility

Some common wireless communication architectures include [37, 38]:

� Broadcast: A transmitter transmits a message that is not for a speci�c tar-

get receiver. Any receiving modules within range will receive this message,

without providing any acknowledgement of receiving the message.

� Peer to Peer: In the case of peer to peer communication, two transmitters are

able to communicate bidirectionally and provide acknowledgement to each

other when they receive a message.

� Practical Mesh: Mesh arrangements consist of a group of networks. Typi-

cally each network has a central transmitter (hub) that has bidirectional com-

munication capability with other receivers in the network. Each network

also contains relay units which have bidirectional communication capabili-

ties with relay units in other networks. Through these relay units, the entire

group of networks can communicate effectively.

� Star: A star arrangement consists of a single central transmitter which has

bidirectional communication capabilities with all other receivers in the net-

work. These receivers are not able to communicate with other receivers in

the arrangement.

� Scanning Mode: Scanning mode refers to an arrangement where a central

receiver is continuously listening for messages from any transmitters that

are within range. Communication in this arrangement is only one way, from

transmitters to receiver.
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(a) Broadcast

(b) Peer to Peer

(c) Practical Mesh

(d) Star

(e) Scanning Mode

Figure 2.7: Visualization of Wireless Communication Architectures [37]

These �ve arrangements are visualized in Fig 2.7. For the application of a multi-

robot network, a more versatile communication architecture is more appropriate.

From the architectures discussed above, the practical mesh is the most suitable op-

tion for the objective of this thesis. With a practical mesh arrangement for wireless

communication, a variety of multi-robot network architectures can be modelled

(centralized, hierarchical, decentralized or hybrid).

Table 2.1 shows a summary of the compatibility between various communica-

tion protocols and various communication architectures. As the desired architec-

ture is the mesh structure, the scope of this analysis becomes limited to Bluetooth

Low-Energy (BLE), ANT/ANT+ and ZigBee protocols.

Architecture BLE ANT/ANT+ ZigBee WiFi NIKE+ IrDA NFC
Broadcast X X

Peer to Peer X X X X X X X
Star X X X X

Scanning X X X X
Mesh X X X

Table 2.1: Architecture Compatibility for Wireless Communication Protocols [37]
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2.3.1.2 Range, Throughput, Latency, Power Requirements and Cost

Some additional protocol characteristics that are important to consider include the

range capability, throughput rate, latency, power requirements and cost [37, 38,

40]. Having limited the discussion to three protocols of interest, this analysis will

now dive deeper into these additional requirements.

The concept of range is an important consideration when discussing wireless

communication protocols. Given that agents in the multi-robot network will re-

quire effective communication across distances of a few meters (� 10 meters) in

the lab setting, it is important to choose a protocol that meets this requirement.

Throughput rate refers to the rate of data transfer (bandwidth) that these pro-

tocols are capable of. In a general sense, a higher throughput rate allows for faster

and more complete communication. There are no baseline requirements for this

parameter in the application of this thesis, however typically a higher throughput

rate is more desirable.

Latency refers to the time delay between the moment when a message is sent

from a transmitter to the moment when a message is received by a receiver. In

the case of a multi-robot network algorithm testing platform, an extremely low

latency is not a major requirement, and a generally low latency (< 50 milliseconds)

is suf�cient. This is a direct consequence of the fact that the robotic agents that

will be used in the hardware test platform have relatively slow kinematics. The

proposed robotic agents (Section 2.4) require a time scale of� 2000 milliseconds

to execute typical control actions. Relative to these time scales, a generally low

latency (< 50 milliseconds) is minimal and is found to be suf�cient for effective

communication between agents.

Power requirement is an important consideration in a multi-robot network as

it dictates the battery life of the agents in the system. In the case of a test platform

for a lab setting, lower power requirements allow for more tests per charging cycle

and generally provide a more friendly user experience.

Finally minimizing cost is an important parameter for scaling the size of the

multi-robot network. As each additional agent that is added to the multi-robot

network will require additional communication hardware, a lower cost protocol

will allow more room for scalability.

A summary of all these parameters for the Bluetooth Low-Energy (BLE), AN-

T/ANT+ and ZigBee protocols is provided in Table 2.2. Values provided in Ta-

ble 2.2 are estimates and can vary based on application and availability.

The ANT/ANT+ protocols have the least desirable characteristics for the ap-
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Characteristic BLE ANT/ANT+ ZigBee
Range (m) 100 30 100

Throughput (Kbits/s) 305 - 1000 10 - 20 200 - 250
Latency (ms) 2.5 negligible 20

Power Requirement (nJ/bit) 75 715 360
Cost ($/100 chips) 3.99 4.09 3.62

Table 2.2: Summary of Characteristics for the Bluetooth Low-Energy (BLE), AN-
T/ANT+ and ZigBee Protocols [37, 40].

plication of this thesis. While they provide low latency, they have the lowest range

capability, lowest throughput rate, highest power requirements and highest cost.

In this situation the low latency is not worth the trade off.

The remaining two protocols have similar characteristics. They have 100 me-

ters of range capability. They both have high throughput rates (enough to satisfy

the requirements for this thesis). They have low latency (< 50 milliseconds). The

Bluetooth Low-Energy protocol has superior performance when it comes to power

requirement, with a more ef�cient power requirement per bit of data sent. How-

ever, ZigBee technology is found to generally be the cheaper alternative. Important

to note is that the prices provided in Table 2.2 provide a general relative pricing for

these protocols. In reality, these chips can be priced higher based on the speci�c

application and the manufacturer.

To comment further on the range capability of these protocols, 100 meters of

range is more than suf�cient for the requirements of this thesis ( � 10 meters), due

to the small size of the testing setup in the lab. However, it should be noted that for

some applications, especially outdoor applications, a larger than 100 meter range

of communication can be desirable or even necessary for reliable communication

within a large testing space.

The lower general price of the ZigBee protocol combined with its satisfactory

performance with respect to range, throughput, latency and power requirements,

makes it the optimal choice for a cost effective multi-robot network algorithm test-

ing platform.

2.3.2 Indoor Localization of Mobile Terrestrial Robots

While the problem of outdoor localization is typically addressed using GPS, the

lack of access to GPS technology indoors makes the problem of indoor localization

less trivial. The aim of this discussion is to explore methods of localizing mobile
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agents in an unchanging environment with low error ( � 1 cm). It is also assumed

that the environment is already mapped and the location of the mobile agents in

the environment must be estimated. The following are some existing solutions in

literature for solving this problem.

2.3.2.1 Wireless Communication Based Localization

Wireless communication based localization is compatible with a variety of com-

munication protocols such as Wi-Fi, Ultra-Wideband, Bluetooth, RFID, Ultrasound

and even ZigBee. Based on the application, some of these protocols can provide

better performance that others in terms of precision and reliability. The following

methods are commonly used to localize a target node using principles related to

wireless communication protocols [41, 42]:

Received Signal Strength Indicator (RSSI): The received signal strength indica-

tor method for localization is quite straightforward. In a basic sense, a signal is

sent from a transmitter to a target receiver. The relationship between the strength

of this signal and the distance that this signal has travelled is known which allows

for calculation of the absolute distance between the transmitter and receiver. As an

example, the following equation calculates the received signal strength indicator

value for a simple path-loss propagation model [41].

Received Signal Strength Indicator = � 10n log10(d) + A (2.19)

where n is the path loss exponent which can vary based on the environmental con-

ditions and A represents the received signal strength indicator value at a known

reference distance between the transmitter and receiver (Fig 2.8a).

Angle of Arrival (AoA): Angle of arrival makes use of antenna array structures

(a single receiver and transmitter unit that consists of multiple antennas) to deter-

mine the angle of incidence of an incoming signal. When an antenna array receiver

receives a signal, the time difference of arrival is calculated for all the individual

antennas that make up the larger antenna array. The time difference of arrival val-

ues calculated can then be used to determine an estimate for the angle of origin for

the signal that was received [41]. This is explained in Fig 2.8b.
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Time of Flight (ToF): Time of �ight techniques calculate the distance between

a transmitter and a target receiver by measuring the time required for a signal

to travel from the transmitter to the target. The speed of the signal is typically

assumed to be equal to the speed of light, c = 3 x 810 m/ s, which multiplied

by the time of �ight of a signal will provide an estimated distance value. When

using this method, it is important to ensure that the transmitting and receiving

devices are synchronized in terms of time measurement. Often times the structure

of the packet being sent from the transmitter to the receiver will also contain a

time stamp in order to allow for calculation of the time of �ight. On the receiving

side, a high sampling rate is important for accurate measurement as it allows for

acknowledgement of a signal the moment a signal arrives. If sampling rate is low,

a signal might arrive in between two sampling points, impacting the accuracy of

the time of �ight calculation (Fig 2.8c) [41].

Time Difference of Arrival (TDoA): When using time difference of arrival, the

goal is to localize a target transmitting device. This target device transmits a signal

and unlike in the time of �ight technique, the time at which this signal is sent

is not important. Instead the focus here is to determine the time at which this

signal arrives at various receiver sites with known locations. The difference in

time required for this signal to arrive at various receiver sites can then be used

to localize the transmitting device. Using the speed of the signal (typically set to

c = 3 x 810 m/ s) and the time difference of arrival between receivers i and j, the

following distance relationship is obtained [41]:

LD( i ,j) =
q

(X i � x)2 + ( Yi � y)2 + ( Zi � z)2 �
q

(X j � x)2 + ( Yj � y)2 + ( Z j � z)2

(2.20)

Where (X i ,Yi , Zi ) and (X j ,Yj , Z j ) refer to the positions of receivers i and j respec-

tively and (x, y, z) refers to the position of the target transmitter. This equation

models a hyperboloid and the target is located somewhere on the surface of this

hyperboloid. Using this time difference of arrival calculation with three or more

receiving sites is required for precise localization of the target transmitter (Fig 2.8d)

[41].

Table 2.3 provides a summary of localization characteristics for some common

wireless communication protocols.

Section 2.3.1 discusses a variety of low power wireless communication proto-

cols for inter-agent communication. In this section, the ideal protocol was found
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(a) Triangulation Using Recevied Signal
Strength Indicator (b) Angle of Arrival Schematic

(c) Triangulation Using Time of Flight (d) Visualizing Time Difference of Arrival

Figure 2.8: Methods for Localization Using Wireless Communication [41]

to be the ZigBee protocol for its reliable characteristics and lower price range. Ide-

ally, this same protocol could be used for the purpose of localization as well. This

would signi�cantly reduce hardware requirements. However, the localization ac-

curacy provided by the ZigBee protocol is not precise enough. An accuracy closer

to the range of � 1cm is required for a multi-robot network test platform within a

lab setting. The Ultra-Wideband and the ultrasound protocols seem to provide a

higher degree of accuracy, however their low scalability and high cost make them

unsuitable options. The infrared protocol has the potential to provide localization

accuracy within the centimeter range at a lower cost than the Ultra-Wideband and

ultrasound protocols. The following sections will introduce additional localization

techniques that do not involve the use of wireless communication protocols.

2.3.2.2 Dead Reckoning Localization

The dead reckoning localization technique estimates the current position of a tar-

get object based on a known previous position. The change in position from the

previous position to the current position is estimated based on estimated values

for velocity and heading of the target object. The velocity and heading of the tar-
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System Methods Accuracy Scalability Cost
WiFi RSSI, AoA, ToF, TDoA 1m - 10m high low

Ultra-Wideband RSSI, AoA, ToF, TDoA 1cm - 1m low high
Bluetooth RSSI, ToF 1m - 5m high low

RFID RSSI 1m - 5m medium low
ZigBee RSSI 1m - 10m low medium
Infrared ToF 1cm - 5m low medium

Ultrasound ToF, TDoA 1cm - 1m low high

Table 2.3: Summary of Localization Characteristics for Wireless Communication
Protocols [43]

get object can be estimated through the use of a variety of sensors or odometers

[43]. This can include accelerometers, gyroscopes, compasses and wheel encoders

to name a few. The main bene�t of dead reckoning localization is that it requires

no external infrastructure for reference, as all localization can be done locally on

the robotic agent. However, the main drawback of this technique is that error val-

ues can compound over each iteration and over time the error value can grow to

a point where the technique becomes obsolete [43]. This drawback can be tack-

led partially through the implementation of �lters (complementary �lter, kalman

�lter) on the sensor readings.

2.3.2.3 Video Scene Analysis Localization

Video scene analysis focuses on processing video information collected from the

environment for the purpose of obtaining localization information.

On one hand, this can be done locally at the level of the robotic agents in the

multi-robot network. In this situation, the robotic agents themselves collect visual

information about the environment and use pattern matching techniques to local-

ize themselves. The online visual information collected can be compared with an

of�ine database containing visual information and localization information pairs.

In a more speci�c example, QR codes or barcodes can be placed around the envi-

ronment of interest. These codes contain localization information and act as land-

marks for the environment of interest. When an agent detects a code and processes

the relevant localization or identi�cation information, it is able to localize itself in

the environment of interest [43].

A different method of using video scene analysis is by creating an infrastruc-

ture that is external to the agents within the multi-robot network. This infrastruc-

ture can then collect visual information from the environment and can process this
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data in a way to localize target objects (robotic agents) within the environment.

For example, an environment can be covered by an overhead camera. Identi�ca-

tion barcodes or QR codes can then be placed on the target agents that need to

be localized. This external camera can then track each agent in the environment

using the respective identi�er codes. This can also be implemented using pattern

matching techniques or machine learning techniques for object identi�cation [43].

Video scene analysis localization methods are capable of providing high accu-

racy localization ( � 1 cm error). Depending on the application, these methods

can be implemented at low costs as they reduce hardware requirements. These

methods require a good understanding of the target environment and are more

environment speci�c than dead reckoning localization methods [43]. However,

more recent advancements in machine learning are helping make these localiza-

tion methods more versatile and generalized.

2.4 Options for Hardware Robotic Systems

This section presents some options for mechatronic systems that can be used as

robotic agents in the multi-agent algorithm test platform. In recent years the �eld

of robotics has seen signi�cant advancements due to progress in related �elds

such as computation, manufacturing and quick prototyping. As such, a variety

of mechatronic systems exist both in literature and on the market for the purpose

of assembling multi-agent systems. The main criteria for selection were cost effec-

tiveness, simplicity, accessibility, customizability, modularity, and �nally the sat-

isfaction of the basic requirements laid out in Section 2.3. The following options

were selected as potential viable solutions.

2.4.1 Kilobot

Figure 2.9: Kilobot robot [44]
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The Kilobot (Fig 2.9) is a low cost, relatively simply robot that is designed

speci�cally for use in swarm systems. It is a small robot, with a circular shape

of 33mm diameter and a height of 34mm. The robot has no wheels for locomotion

and instead it rests on three legs as support structures. It uses two coin shaped vi-

bration motors, one attached on either side of the robot for locomotion. Activation

of one of these motors generates centripetal forces that cause a forward force at the

location of the motor on the Kilobot. This principle is referred to as the slip-stick

principle [45]. By independently controlling the vibration of the two motors, the

robot can be actuated to rotate or move forwards. The cost of the Kilobot is � 160

CAD per unit. The robot itself includes recharging capabilities and has environ-

mental sensing capability in the form of being able to measure the brightness of

the ambient light that is incident on its upper surface [44].

Figure 2.10: Infrared communication between two Kilobots

Communication between two Kilobots is achieved using infrared signals. A

transmitting robot sends an infrared signal which re�ects off the ground and is

received by a receiving agent (Fig 2.10). Using this method of communication,

Kilobot receivers can estimate the distance to the Kilobot transmitter using the

measured received signal strength indicator. This can be useful for localization

purposes. The main drawback of the Kilobot is that it can only communicate with

a neighbouring Kilobot within a range of 7cm [44]. This range is relatively small

for the purpose of a multi-agent algorithm testing platform. This small radius of

communication limits the complexity of wireless communication architectures that

can be achieved.

2.4.2 Alphabot and Alphabot2

The Alphabot and Alphabot2 models are both viable options as well. Both models

can be seen in Fig 2.11. They have similar functionality, as they are both differential
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(a) Alphabot
(b) Alphabot2

Figure 2.11: Alphabot robots with arduino compatibility [46, 47]

drive robots. They both provide an ultrasonic proximity sensor for distance mea-

suring and obstacle avoidance. They both contain two additional infrared proxim-

ity sensors for improved obstacle avoidance capability. Both of these robots also

have a line tracking module for line detection and line tracking. They are also both

compatible with the popular Arduino micro-controller, which makes them easier

to setup and use. Finally, due to the Arduino based controller, both these robots

are compatible with the XBee wireless communication protocol [46, 47]. The XBee

protocol is built on the ZigBee protocol discussed in Section 2.3.1, which was found

to be an optimal option for the application of this thesis due to its reliable charac-

teristics and lower price range. Additional details on this �nding are discussed in

Section 2.3.1. The cost of the Alphabot and Alphabot2 is � 80 CAD per unit, which

is about half the cost of the Kilobot.

The Alphabot is unique in that it provides optical wheel encoders, allowing for

estimation of the robots speed. This can be useful for any dead reckoning based

localization techniques. On the other hand, the Alphabot2 is more integrated and

as a result is easier to assemble. It is smaller in size and less bulky. It also has built

in charging capability allowing for ease of use in the lab setting when multiple

units are being used [46, 47].

2.4.3 UCTRONICS K0072

The K0072 robot from UCTRONICS (Fig 2.12) is another Arduino compatible op-

tion which has a cost of � 70 CAD per unit. It provides some similar features to the

Alphabot robots such as ultrasonic sensing and line tracking. The Arduino micro-

controller is compatible with the XBee protocol. The K0072 robot also comes with
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built in compatibility with an HC-05 bluetooth module, allowing for bluetooth

communication between different agents. However, this wireless communication

protocol does not lend itself well to a practical mesh arrangement as seen in Sec-

tion 2.3.1.

Figure 2.12: UCTRONICS K0072 robot with arduino compatibility [48]

Finally, the K0072 is a four wheeled robot as opposed to the other options which

are differential drive. This four wheel design provides more power and speed,

however also results in additional complexity with regard to control action. The

presence of four independent motors can also increase the chances of less precise

motion [48].

Figure 2.13: SparkFun RedBot robot with arduino compatibility [49]

2.4.4 SparkFun RedBot

The RedBot (Fig 2.13) comes in at a higher price of� 160 CAD and has a two wheel,

differential drive design. The RedBot has a line tracking module, and also comes

M ASTER OF A PPLIED SCIENCE THESIS 33



CHAPTER 2. LITERATURE REVIEW AND BACKGROUND THEORY

with two magnetic wheel encoders for speed estimation. With regard to dead reck-

oning localization techniques, the RedBot is �tted with an accelerometer which can

be used to estimate speed and direction of motion of the robot. The RedBot uses

mechanical bumpers for obstacle detection and avoidance, which require contact

to function properly, as opposed to the ultrasonic sensors used by the other robots.

This robot is also Arduino compatible and therefore can make use of the XBee pro-

tocol for wireless communication. However, the higher price of this model makes

this option less viable when compared to the cheaper Alphabot robots and the

UCTRONICS robot [49].

2.4.5 Summary of Options for a Hardware Robotic System

Table 2.4 summarizes some key characteristics for the �ve hardware robotic sys-

tems discussed above.

System Kilobot Alphabot Alphabot2 UCTRONICS
K0072

SparkFun
RedBot

Cost/Unit
(CAD)

160 80 80 70 160

Locomotion Motor
Vibration

Differential
Drive

Differential
Drive

Four-
Wheel
Drive

Differential
Drive

Inter-agent
Communi-
cation

Infrared XBee or
ZigBee

XBee or
ZigBee

XBee,
ZigBee or
Bluetooth

XBee or
ZigBee

Control
Board

Atmega
168

Arduino
Uno

Arduino
Uno

Arduino
Uno

Arduino
Uno

Obstacle
Avoidance

X X X X

Wheel En-
coder

X X

Accelerom-
eter

X

Rechargea-
ble

X X

Line Track-
ing

X X X X

Ambient
Light
Sensing

X

Table 2.4: Summary of Characteristics for Hardware Robotic Systems
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With respect to making a design choice about the hardware robotic system to

be used for the test platform from among the various designs mentioned in Sec-

tion 2.4, the Kilobot was found to be insuf�cient due to its price and lack of range

for wireless communication. The RedBot was also eliminated as an option due to

high cost per unit compared to alternative robots. The Alphabots were chosen as

more optimal options when compared with the UCTRONICS K0072 four wheeled

robot. This was due to the fact that typical theoretical frameworks for multi-agent

systems assume the agents themselves to be point agents. Translating these point

agents into hardware implementation is a more simple and reliable task with a dif-

ferential drive robot as the four wheeled K0072 will introduce unnecessary com-

plexity and error to the system.

When deciding between the Alphabot and the Alphabot2, the Alphabot2 was

chosen as the more desirable option due to a more integrated design, improved

build quality and a smaller overall frame.
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Multi-agent Algorithm Test Platform

Design and Implementation

This chapter will discuss the proposed design for the multi-agent hardware test

platform. The test platform is meant to be for general purpose algorithm testing

in the domain of multi-agent systems. The sections of this chapter will discuss the

various design choices and will provide a more detailed summary of the methods

used to implement the design choices that were made.

As a method of veri�cation, the testing platform will be used to verify exist-

ing algorithms in the domain of multi-agent coverage control and optimization.

As such, part of this chapter will discuss the implementation of existing coverage

control and optimization algorithms in hardware.

3.1 Proposed Design

This section introduces the proposed design and experimental setup. Fig 3.1a

shows the full lab setup and indicates the location of the overhead webcam, the

position of the agents and the location of the workstation where the central pro-

cessing unit is located. The webcam is attached to a metal beam that is located

above the work space and is pointing downwards as seen in Fig 3.1b. A general

schematic overview of the full design is shown in Fig 3.2.

A centralized architecture is visualized in Fig 3.2a since the central processing

unit is responsible for all computation, and it then sends control actions to the

robots in the network. This centralized architecture is the one that is tested within

the scope of this thesis due to initial simplicity of the setup along with easy syn-
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(a) Lab setup showing the webcam location in red,
agents in blue and the central processing unit work-
station in purple

(b) Webcam attached to metal beam above the robotic
agents

Figure 3.1: Lab setup showing the central processing unit workstation, the location
of the webcam and the agents on a planar environment

chronization of all robots in the network. However, it is important to note that

the XBee protocol allows for inter-agent communication as well, as represented
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(a) Top view of proposed design

(b) Front view of proposed design

Figure 3.2: Full schematic of the proposed design for the hardware test platform

in Fig 3.3. These capabilities allow for the implementation of a decentralized ar-

chitecture where computation occurs at the local level of each robot and informa-

tion is distributed within the network using inter-agent communication. While

the decentralized architecture is not tested or implemented in this thesis, the XBee

protocol allows these capabilities to exist and ongoing work is being dedicated to
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implement this decentralized architecture.

Figure 3.3: Inter-agent communication capabilities

The following sections explain the working of the major components of the

test platform such as the type and architecture of the test platform, the choice for

mechatronic agents, the wireless communication protocol being implemented and

�nally the method of localization being implemented.

3.1.1 Type and Architecture of Test Platform

Before making any hardware related decisions, it is important to make decisions

informed by design constraints, as they relate to the test platform and the desired

type and architecture as discussed in Section 2.1. Due to the fact that this test plat-

form should be able to implement a variety of multi-agent algorithms, the goal will

be to develop an intentionally cooperative framework that is capable of strong co-

operation as referenced in Section 2.1.1. Within this context, strong cooperation

refers to each agent in the network acting based on up to date and accurate infor-

mation on the state of all other agents in the network. In the case of centralized

architecture, the central processing unit considers the state of all robots in the net-

work and provides appropriate control actions to each agent based on this infor-

mation, which is a form of strong cooperation. This strong cooperation is crucial

in many multi-agent algorithms, including the multi-agent area coverage control

algorithms that will be used to evaluate the proposed hardware test platform de-
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sign.

In terms of the architecture of the test platform, the hybrid approach intro-

duced in Section 2.1.2 is the most versatile, allowing for a variety of multi-agent

scenarios to be tested. This means that while the test platform will have a central

control point, the robots of the test platform will also have some autonomy of their

own. This means that some control actions will be computed locally by the agents

themselves, while other actions will be provided by the central control point. In

the current state of the proposed design, the test platform has hybrid architecture

that has a strong centralized component and a minor decentralized component.

The main control actions are computed at the central processing unit and are sent

to each robot in the network. The robots are able to make minor obstacle avoid-

ance decisions at the local level which introduces a decentralized component to the

test platform (Section 3.5.5). Research is being dedicated to develop the decentral-

ized component of the test platform by making use of inter-agent communication

capabilities, migrating some computation to the local level of the robots and by

improving environmental sensing capabilities of the robots at the local level.

As visualized in Fig 3.2, the structure of the proposed design aims to provide

a strongly cooperative and hybrid test platform (with a major centralized compo-

nent). The test platform consists of a rectangular environment that measures 3.2 by

2.4 meters and is populated by �ve circular robotic agents which have a diameter

of 0.11 meters [47]. The environment itself is covered fully by an overhead RGB

camera that collects visual information of the environment. This information is

then fed directly to a central processing unit, where various processing techniques

are applied to the data based on the speci�c multi-agent algorithms being tested.

This central processing unit also processes data for the purpose of extracting local-

ization information of the robotic agents in the environment. The relevant control

actions are then sent from the central processing unit to each respective robotic

agent.

At the local level, the agents have ability to communicate directly with other

agents in the environment. They also have various environmental sensing capa-

bilities in order to navigate their environment, such as proximity sensors. Finally,

the robots are supplemented with additional gyroscopic sensors and accelerome-

ters for improved localization capabilities through the use of dead reckoning tech-

niques.
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3.1.2 Inter-agent Communication Protocol

As concluded in 2.3.1, the ZigBee protocol was chosen to be the optimal low power

protocol for meshed wireless communication architectures. As such, the XBee pro-

tocol which is based on the ZigBee protocol was chosen for creation of the wireless

communication system. The XBee protocol is readily available for Arduino based

micro-controllers, as found on the Alphabot2, and was therefore the protocol that

was chosen. It should be noted that while ZigBee is an open source framework,

XBee is not. However, certain XBee modules are built on top of the ZigBee frame-

work, providing the same bene�cial characteristics. While the open source nature

of ZigBee may be preferable, the XBee modules were chosen for this thesis due to

ease of availability and improved compatibility with micro-controllers such as the

Arduino Uno.

More details about this protocol are discussed in Section 3.3.3.

3.1.3 Localization

For localization of the robotic agents within the environment, wireless communi-

cation based localization techniques did not provide the desired accuracy given

the size of the environment (3.2 meters by 2.4 meters). As such, a combination of

video scene analysis and dead reckoning techniques are used for localization pur-

poses. The given environment is covered by an RGB camera which sends visual

RGB data to the central processing unit. At the central processing unit, machine

learning techniques are used for object detection and tracking. Using these tech-

niques, the two dimensional position of the robotic agents can be determined and

tracked. Using frame by frame analysis, the heading of the robots can be deter-

mined as well.

At the local level of the robotic agents, an MPU6050 (triple axis accelerometer

and gyroscope) is used for an attempt at precise navigation of the robotic agents.

The data provided by the MPU6050 is used in a dead reckoning fashion to ensure

the robotic agents navigate with guidance (straight line motion, rotation).

3.1.4 Environmental Sensing Capabilities

With regard to environmental sensing capabilities, the Alphabot2 comes built in

with an ultrasonic sensor and two infrared sensors for proximity measurement

and it comes with a line tracking module. Additionally, the Alphabot2 is Arduino
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based and the Arduino framework is quite modular, allowing for a variety of addi-

tional environmental sensors to be implemented on the robotic agents as required

by future applications.

3.2 Alphabot2 Robots in Detail

The Alphabot2 is a relatively small scale robot (diameter of 0.11 meters) with

tightly integrated features and a simple process for assembly. It consists mainly

of two major components, the lower base component and the upper Arduino in-

terface component. The assembly process requires the attachment of these two

components together using four nuts and bolts. The diagrams below label the

components of the Alphabot2 frame [47].

Figure 3.4: Alphabot2 base component [47]. Labels in Table 3.1

Table 3.1 labels all the components found in Figure 3.4. While Table 3.2 labels

all the components found in Figure 3.5.
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Label Base Component
1 AlphaBot2 control interface
2 Ultrasonic module interface
3 Obstacle avoiding indicators
4 Omni-direction wheel
5 ST188: re�ective infrared photoelectric sensor
6 ITR20001/T: re�ective infrared photoelectric sensor
7 Potentiometer
8 TB6612FNG dual H-bridge motor driver
9 LM393 voltage comparator
10 N20 micro gear motor reduction rate 1:30, 6V/600RPM
11 Rubber wheels diameter 42mm, width 19mm
12 Power switch
13 Battery holder
14 WS2812B: true-color RGB LEDs
15 Battery charging indicator
16 5V USB battery charging port
17 Power indicator

Table 3.1: Sub-components of the Base Component of the Alphabot2 [47]

Figure 3.5: Alphabot2 top component with Arduino interface [47]. Labels in Ta-
ble 3.2
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Label Top Component

1 AlphaBot2 control interface

2 Arduino expansion header

3 Arduino interface

4 Xbee connector

5 IR receiver

6 PC8574: I/O expander, SPI interface

7 Arduino peripheral jumpers

8 TLC1543: 10-bit AD acquisition chip

9 Buzzer

10 0.96 inch OLED SSD1306 driver, 128x64 resolution

11 Joystick

Table 3.2: Sub-components of the Top Component of the Alphabot2 [47]

3.2.1 Differential Drive

The Alphabot2 is a differential drive robot with two powered wheels which lie

on a collinear axis. The Alphabot2 also has two passive wheels which keep it

from tipping forwards or backwards. In a basic sense this type of robot is capable

of three distinct types of motion. When both wheels spin in the same direction

and at the same speed, the robot simply travels in a straight line. Instead, when

one wheel spins at a slower speed than the other wheel, the robot will move in

an arc that curves towards the direction of the slower wheel. Finally, when the

two wheels spin at equal speed but in opposite direction, the robot will simply

spin in place. This can be understood more clearly through formal discussion of

differential drive kinematics [50, 51].

To begin this discussion, an instantaneous center of curvature is de�ned, which

is the point located at the center of the curved trajectory of a differential drive robot

(Fig 3.6a). The term r represents the radius between the instantaneous center of

curvature and the center of the body of the robot. The term l represents the distance

between the two wheels of the robot. Finally, vl and vr refer to the velocities of the

left wheel and right wheel respectively.
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(a) Spatial parameters (b) Wheel velocities

Figure 3.6: Differential drive kinematics

Given these de�nitions, the following relationships exist between the velocity

of each wheel and the angular velocity of the robot around the instantaneous center

of curvature, w [51].

vr = w
�

r +
l
2

�
(3.1)

vl = w
�

r �
l
2

�
(3.2)

By subtracting Equation 3.2 from Equation 3.1 and simplifying, the following equa-

tion is obtained [51]:

w =
vr � vl

l
(3.3)

Alternatively, by adding Equation 3.2 with Equation 3.1 and then substituting

Equation 3.3, the following equation is obtained [51]:

r =
l (vr + vl )
2(vr � vl )

(3.4)

From these equations, it can be seen that the angular velocity of the robot is related

to the difference in speed of the two wheels. The robot will tend to turn towards the

wheel with the slower velocity. Additionally, when vr = vl , the value for angular

velocity becomes zero, indicating that the robot is moving in a straight line. In the

third case when vr = � vl , the value for r becomes zero, indicating that the robot is

spinning in place.
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3.2.1.1 Robot Pose and the Inverse Kinematics Problem

The position of a robot in a two dimensional planar environment can be de�ned by

global rectangular Cartesian coordinates. Additionally, the orientation of the robot

can be de�ned by q, the angle between the heading of the robot and the positive

x-axis. Together these three parameters de�ne the pose of the robot (x, y, q) [51].

This is visualized in Fig 3.7.

Figure 3.7: Pose of robot at(xr , yr , qr )

The inverse kinematics problem deals with the situation where given an initial

pose (x1, y1, q1) and a �nal pose ( x2, y2, q2), the proper values for vl and vr must be

found to move the robot from the initial pose to the �nal pose. This problem is

important to address for proper implementation of a hardware based multi-agent

test platform, as each agent in the test platform will face this problem individually.

In a variety of multi-agent algorithms the states of all agents in the environment is

known. Additionally the desired future state of all the agents in the environment

is typically also known or can be calculated. The solution to the inverse kinematics

problem is then what enables these agents to move from their current state to their

future desired state using an optimized control sequence.

Without any additional constraints, the inverse kinematics problem in the con-

text of differential drive robotics is over-determined as an in�nite variety of dif-

ferent paths can be taken from the initial pose to the �nal pose. Meaning that an

in�nite variety of options exist for values for vl and vr that would take the robot

from the initial pose to the �nal pose [51].

However in the case of an environment which has no obstacles in it, certain

constraints can be applied to make this problem more simple to solve. For exam-

ple, by using the following constraint where vl = vr , the robot becomes limited to
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straight line motion, allowing it to change its x and y position while maintaining a

constant orientation ( q). Similarly, if the following constraint is introduced where

vl = � vr , the robot becomes limited to spinning in place. This allows the robot to

change its orientation (q) while maintaining a constant x and y position [51].

On their own these constraints are limited, however when combined in se-

quence they can provide a direct path for the robot to go from the initial pose

to the �nal pose. Initially, the second constraint can be applied to orient the robot

towards the desired x and y coordinate. Next, the �rst constraint can be applied to

move the robot from its initial x and y position straight to its �nal x and y position.

Finally, the second constraint can be applied once more to change the orientation

of the robot to match the desired �nal pose. This is a simple yet effective method

for solving the inverse kinematics problem for a differential drive robot, and works

in environments where no obstacles are present [51].

3.3 Additional Hardware Components Used

This section describes some additional hardware components that were used in

the test platform apart from just the base Alphabot2 device.

3.3.1 Webcam for Object Detection

The overhead webcam used for covering the environment in the lab setup is a typi-

cal webcam (Fig 3.1b) with relatively low frame resolution and low frame rate. The

webcam video resolution is 640 by 480 and the frame rate is 6 frames per second.

Given intrinsic latencies and computational limitations in the central processing

unit, a relatively slow camera with low resolution is suf�cient. The �eld of view

of the camera covers an area of 3.20 meters by 2.4 meters. Fig 3.8 shows a sample

image of the environment where two Alphabot2 agents can be seen as well.

3.3.2 MPU6050 Inertial Measurement Unit

The MPU6050 is a small 4x4x0.9mm chip that contains a triple axis accelerometer,

a triple axis gyroscope and a digital motion processor. The gyroscope provides

information about the per second change in orientation of a device in three dimen-

sional space. While the accelerometer provides information about the acceleration

of a device in three dimensional space. The accelerometer also provides informa-
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Figure 3.8: Sample image of lab environment with two Alphabot2 agents

tion about the orientation of a device relative to the static gravity vector. The digi-

tal motion processor is an onboard processor that collects and combines data from

both the gyroscope and the accelerometer as an alternative method of collecting

data from the MPU6050 [52, chapter 3].

The combination of these devices into one small package allows for a vari-

ety of interesting use cases. The MPU6050 has applications in augmented reality,

panoramic photo capture, motion tracking and device localization [52, chapter 3].

The MPU6050 is Arduino compatible and can be found in the form of an Arduino

compatible breakout board (Fig 3.9). This means the MPU6050 easily �ts into the

Alphabot2 system.

Figure 3.9: MPU6050 breakout board for Arduino

In the context of this thesis, an MPU6050 unit is attached to each Alphabot2

robot in order to keep track of the three dimensional orientation of the robot using

dead reckoning. While global localization is achieved using the overhead camera

and video scene analysis techniques, the localization information provided by the
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MPU6050 is instead used for improved precision of locomotion capabilities. For

example, if a robot is given a control action to rotate 45 o clockwise, it can use data

from the MPU6050 to obtain its current heading and can actuate accordingly until

a 45o clockwise rotation is obtained. Similarly, if a robot needs to travel straight,

it can use MPU6050 data to obtain its current heading and it can then actuate ap-

propriately to ensure that the desired heading is maintained. This is discussed and

implemented in more detail in Section 3.5.

3.3.3 XBee Module

The XBee module is provided by Digi International. The term XBee simply refers

to a large collection of modules that are provided by Digi International. While

certain XBee modules make use of alternative protocols, a large portion of these

devices are built on top of the ZigBee protocol which is a low power and cost

effective wireless communication protocol that is suitable for this project. Speci�-

cally, XBee modules used in the proposed design for this thesis are built on top of

the 802.15.4/ZigBee protocol.

The bene�t of using the XBee modules provided by Digi International is that

they come fully equipped in a standardized form factor. This means they are com-

patible with popular micro-controllers such as the Arduino micro-controller. Digi

International also provides free software that can be used for quick setup and easy

implementation of these low power wireless communication modules [53]. Python

development libraries also exist for easy implementation of mesh networks with

XBee modules [54].

(a) Top view of module (b) Bottom view of module

Figure 3.10: XBee Series 2C Pro Module

Digi International provides a variety of 802.15.4/ZigBee based devices to choose
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from. The main distinction being the series 1, series 2 and series 3 modules. Se-

ries 1 modules are otherwise useful, however are limited to the 802.15.4 protocol,

meaning that they can form point to point networks but are not capable of creating

ZigBee mesh networks. Series 2 modules instead are capable of making use of the

ZigBee mesh protocol, meeting the use case requirements for this project. Series 3

modules provide some improved performance in terms of range and reductions in

power consumption, however typically come at higher cost [55]. Series 3 modules

also add additional functionality including MicroPython, Digi TrustFence Secu-

rity and an integrated Bluetooth Low-Energy framework. However, the series 2

modules are a good balance between performance, functionality and cost. For this

reason the series 2C Pro XBee modules are used in this thesis. Fig 3.10 shows a top

and bottom view of these modules. The series 2C Pro modules provide a 2.4 GHz

transceiver, a serial packet data transfer rate of 1 Mbps and an indoor communica-

tion range of 90 meters [56, pages 17 - 18][57].

(a) XBee module shield
(b) Attachment of Arduino Uno,
XBee shield and XBee module

Figure 3.11: XBee module shield for Arduino

Connecting an XBee module to an Arduino Uno micro-controller requires the

use of a speci�c Arduino shield (Fig 3.11a). The attachment of the Arduino Uno,

the XBee shield and the XBee module can be visualized in Fig 3.11b. Each Al-

phabot2 is �t with an XBee module shield and an XBee module, creating a wireless

mesh network between all �ve agents in the test platform. This complete assembly

of the Alphabot2, Arduino Uno, XBee shield, XBee module and MPU6050 module

can be visualized in Fig 3.12.
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(a) Front of complete assembly (b) Back of complete assembly

Figure 3.12: Complete assembly of Alphabot2 with XBee shield, XBee module and
MPU6050

3.4 XBee Module Con�guration

Figure 3.13: XBee module (blue) connected to a central processing unit using the
XBee explorer module (red)

An XBee explorer module allows an XBee module to be connected to a laptop or

desktop computer (Fig 3.13). On the laptop or desktop, XBee modules are con�g-

ured using the free XCTU software offered by Digi International. In XCTU, certain

parameters of the XBee can be con�gured to form a mesh network between a group

of XBee modules. These parameters include the role, 64 bit address, channel, per-

sonal area network (PAN) ID, interface data rate and the operating mode of an

XBee module.

� Role: Within a ZigBee mesh, each node of the network is assigned one of
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three roles. Each network typically has a single coordinator, which initializes

the network and allows other XBee devices to join the network. The network

also consists of routers, which can send, receive and route data to other nodes

in the network. Finally, nodes can also act as end devices which have more

limited functionality and are able to send or receive data but are not able to

route it. The lab setup for this thesis can be visualized in Fig 3.14 and consists

of a single coordinator which is connected to the central processing unit, and

�ve routers which are connected to their respective Alphabot2 base [58, page

35].

� 64 bit address: Each XBee module has a unique 64 bit address which is used

as an identi�er for sending and receiving messages. This parameter cannot

be modi�ed in the XCTU interface and comes built in with an XBee module

[58, page 54].

� Channel: In order to form a mesh network, all XBee modules in the network

must be con�gured to share the same channel [58, page 36]. For this thesis,

they were all con�gured to channel "C".

� PAN ID: Additional communication groups can be created by using the PAN

ID. Within a single channel, XBee modules must share the same PAN ID in

order to communicate with each other. In the case of this thesis as all agents

must be able to communicate with each other, all XBee modules were con-

�gured to share the same channel and PAN ID [58, page 36]. For this thesis,

they were all con�gured to channel "C" with a PAN ID of "3020".

� Interface data rate: This rate represents the rate of serial data transfer be-

tween XBee modules. In a single network, all modules must be con�gured to

the same interface data rate to allow for communication. The recommended

rate of 9600 bits/second was used [58, page 163].

� Operating mode: The default operating mode of an XBee module is trans-

parent mode or AT mode. In this mode a message sent from a transmitting

XBee to a receiving Xbee is sent as is, without any additional information at-

tached. When in AT mode, the transmitting XBee must be recon�gured every

time it needs to send a message to a new receiving device. As such, AT mode

is useful in point to point communication between two devices, or when a

transmitting device has a static destination address. However, AT mode has
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limitations when a transmitter needs to transmit to a variety of destination

addresses in a more complex mesh arrangement [58, pages 27 - 29].

This is where the application programming interface (API) mode is used. API

mode packages can be more dif�cult to use, however this mode comes with

additional �exibility. In API mode, transmitting devices can send structured

packages of data that contain the original message being sent along with ad-

ditional information. API packages can contain the source address of each

message and also can be used to calculate received signal strength. When

sending an API package, transmitting devices can also receive a success or

failure indicator back, depending on if the message was delivered to the in-

tended receiving device or not. Finally, in API mode a transmitting device

can send messages to multiple destination addresses which is a core require-

ment of the mesh architecture seen in Fig 3.14. In the case of this thesis, API

mode was used for the coordinator XBee module which is attached to the

central processing unit as it needs to send messages to multiple destination

devices [58, pages 27 - 29]. Router modules were kept on AT mode as for

the scope of this thesis they were only used for receiving data and did not

need to send information at any point. With on going work dedicated to a

more decentralized architecture, API mode can enabled on the router mod-

ules as well to enable inter-agent communication capabilities and allow for

decentralization of the test platform.

3.5 Arduino Software Implementation

The Alphabot2 is compatible with the Arduino micro-controller, and therefore an

Arduino Uno is used as the main control board for all the Alphabot2 robots in

the testing platform. The Arduino IDE is used for programming all the local logic

onboard the Arduino Uno controller.

3.5.1 Receiving Data

Wireless communication takes place through the use of the XBee module attached

to the Arduino. Each local agent is equipped with an XBee module that receives

control instructions in the form of serial data packets that are sent to the serial line

of the Arduino Uno. These data packets are sent from the central XBee module that
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