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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-

ii



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 field 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 refinements 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.



CHAPTER 1. INTRODUCTION

1.1 Motivation

As research in the field 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 benefit, 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 field 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 difficult 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 efficiently be
translated into practical implementation, and refined 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 first 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:
e Reliable inter-robot wireless communication capabilities
e Reliable localization of robotic agents within the work space

o Terrestrial locomotion agents in the form of mechatronic differential drive

robots
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CHAPTER 1. INTRODUCTION

e 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 sufficiently
tlexible 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,
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CHAPTER 1. INTRODUCTION

along with any other supplemental material can be found in the Appendix.

MASTER OF APPLIED SCIENCE THESIS 4



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
specifically 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 fields. 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.



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 defined, 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 specifics. 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 benefits over single robot systems [14]:

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

more quickly.

e 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.

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

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

e 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.

MASTER OF APPLIED SCIENCE THESIS 6



CHAPTER 2. LITERATURE REVIEW AND BACKGROUND THEORY

e 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.

211 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 defined 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]:

e 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 specific task.

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

eration between agents in the network. Typically communication in these

MASTER OF APPLIED SCIENCE THESIS 7



CHAPTER 2. LITERATURE REVIEW AND BACKGROUND THEORY

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 significant influence 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 benefit 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 benefit from the adoption of a centralized ar-
chitecture. This architecture however lacks scalability and reliability. Scalability is
difficult 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 insufficient.

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

MASTER OF APPLIED SCIENCE THESIS 8
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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 influence 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 difficult 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.

2.1.24 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 benefit of combining
the scalability and reliability of decentralized architectures, with the computation

capability and precise cooperation provided by centralized architectures.

MASTER OF APPLIED SCIENCE THESIS 9



CHAPTER 2. LITERATURE REVIEW AND BACKGROUND THEORY

2.2 Multi-agent Area Coverage Control and Optimiza-
tion

This thesis provides a design for a hardware test platform that is sufficiently flexi-
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 field of area coverage control and

optimization is presented in this section.

2.21 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 specific problem of particular
interest is area coverage control and optimization, which can be classified 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 field 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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Figure 2.1: Comparison of uniform and nonuniform risk distribution (agents are
visualized as green dots)
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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

tive agents.
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Figure 2.3: Visualization of environmental sensing capabilities of agents (agents

are visualized as green dots)
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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 definition 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 configurations 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 defined 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 Definition

Let () 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 (). Let P be a set of indices,
thatis P = {p1, p2, ..., pn} € Q, where 2 < n < oco. Given one of these indices p; as
a generator site, the corresponding Voronoi cell V; is defined as the set of all points
in () whose distance to p; 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={g9€Qld(qpi) <d(qp;) Vji>i#j} (2.1)

The Voronoi diagram V of the set P is then defined as the following set [33,
chapter 3]:

V={V, V.., Vu} (2.2)

An interesting point to note is that the formal definition allows for an infinite
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amount of generator sites to exist. However, most use cases only consider scenar-

ios with finite 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 finite 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 firm 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 definition presented above for Voronoi diagrams, the
particular distance function that is chosen can have an impact on the final struc-
ture, properties and shape of the Voronoi diagram. This can be seen in action by
first defining the following two points, P (x1,y1) and P»(x2,y2). Fig 2.5a shows the
resulting Voronoi diagram when a Euclidean distance function is used. Euclidean
distance defines the distance between P; and P, as:

d(Pr, Py) = \/(x1 — x2)2 + (31 — 2)? (2:3)

Another option is to use a Manhattan distance based function. Manhattan dis-
tance defines the distance between P; and P; as:
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(a) Voronoi diagram based on a Euclidean (b) Voronoi diagram based on a Manhattan
distance function distance function

Figure 2.5: Voronoi diagram with 20 Voronoi generators

d(Py, P2) = |x1 — x2| + [y1 — v2| (2.4)

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

to see that these two figures 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 find 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]:

e First the Voronoi cell, V, of each Voronoi generator is calculated
o Next the mass centroid of each Voronoi cell is calculated

e 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 five 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.

2.24 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 identified by a function ¢.
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 ¢(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 (), and given a partition of this planar

space V, the following basic quantities are defined [12]:
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Figure 2.6: Demonstration of Lloyd’s algorithm
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e Mass of V:
My = [ ¢(a)dg 25)

e Centroid (center of mass) of V:

1
Cy = My /V q¢(q)dq (2.6)

where g € ) and ¢(q) is the time invariant density function across Q).

2.24.1 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 Q), where Q € RV, containing a distribution
of a finite number 7 of agents. The distribution of these agents can be described by
introducing the collection P = {py, ..., p»}, with the position of the i — th agent in
the bounded environment given by p;. The coverage metric is then defined as [12]:

P)= [, max f(d(a,p))p(a)aO @7)
where ¢(g) is the time invariant density function of the environment. This density
function essentially indicates the relative importance of different points g € Q.
The function d calculates the distance between g and p; 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 (). 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 define the
Voronoi partition with respect to f [12]:

Vi={qe€Qlfdq p)) = f(dq p;),Vi>i#j} (2.8)

Introducing this definition of a Voronoi cell provided in Equation 2.8 into Equa-
tion 2.7, the following expression can be obtained [35]:

= LHp) = ) [, F000(@d0 29)

i=1

where r; = d(g, p;) is the distance between g and p;. Given the coverage metric
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defined above, the problem of area coverage optimization essentially becomes an
optimization problem defined as follows [35]:

max H(P) = mlzjax;/mf(ri)q)(q)dﬂ (2.10)

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

metric with respect to P gives [10]:

oH af (1) ‘
g~y 2 0 pe@)a0 @11)

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

(p) = 20(0) 55 @1)

i

it is possible to generalize the definitions of mass and centroid in Equations 2.5
and 2.6 respectively, defining the generalized mass and generalized centroid as
[10]:

By, = [ $(pia)dq (2.13)

1 i
Gy = —/ - a)d 214
v Viqu(r?z q)dq (2.14)

which results in the following form for Equation 2.11:

oH ~
— = My.(Cy, — p; 2.15
api Vz( Vl pl) ( )

Lloyd’s algorithm is an iterator to find local optima of the coverage metric by
driving the agents to centroidal Voronoi tessellations. Assuming that the agents

are kinematically actuated according to
ﬁi = U (216)

Lloyd’s algorithm drives the system of agents to optimal configurations (maximiz-

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

H -
M= g, = TM;i(Cy, — pi) (2.17)
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where v > 0 is a gain. Optimality is implied by the fact that the coverage metric
monotonically increases along the trajectories generated by the algorithm

. «OH -
H=Za—m-ﬁi=72M?|lcm—PiH220 (2.18)

with the equality holding at centroidal configurations C; = p;.

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
specifically, 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:

e Reliable inter-agent communication protocol.

e 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 flow 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 significant
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 find 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 sufficiently flexible 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. Specific bandwidth information for some low power protocols is provided

in Table 2.2. Some protocols that fit the low power criteria include [37-39]:

e Bluetooth Low-Energy (BLE)
o ANT/ANT+
o ZigBee

o WiFi HaLow (IEEE 802.11ah)
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e NIKE+
e Infrared Data Association (IrDA)

e 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 finally 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]:

e Broadcast: A transmitter transmits a message that is not for a specific tar-
get receiver. Any receiving modules within range will receive this message,

without providing any acknowledgement of receiving the message.

e 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.

e 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.

e 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.

e 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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Figure 2.7: Visualization of Wireless Communication Architectures [37]

These five 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 v v
Peer to Peer | v v v v v v v
Star v v v v
Scanning v v v v
Mesh v v v

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 sufficient. 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 sufficient 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 (n] /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 efficient 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 specific
application and the manufacturer.

To comment further on the range capability of these protocols, 100 meters of
range is more than sufficient 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 = —10nlog,,(d) + A (2.19)

where 7 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 flight 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 8! m/s, which multiplied
by the time of flight 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 flight. 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 flight 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 flight 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
¢ = 3 x 81 m/s) and the time difference of arrival between receivers i and j, the
following distance relationship is obtained [41]:

Lp(i ) = \/(Xl —x)2+ (Yi—y)?+(Z; —z)? — \/(X] —x)2+ (Y, —y)?> + (Z; — z)?
(2.20)
Where (X;, Y;, Z;) and (X]-, \ Z]-) refer to the positions of receivers i and j respec-
tively and (x,v,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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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 significantly 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 | Im - 10m high low
Ultra-Wideband | RSSI, AoA, ToF, TDoA | 1cm - Im low high
Bluetooth RSSI, ToF Im - 5m high low
RFID RSSI Im-5m | medium low
ZigBee RSSI 1m - 10m low medium
Infrared ToF lcm - 5m low medium
Ultrasound ToF, TDoA lcm - 1Im 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 benefit 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 filters (complementary filter, kalman

tilter) 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
offline database containing visual information and localization information pairs.
In a more specific 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 identification 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. Identifica-
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 identifier codes. This can also be implemented using pattern
matching techniques or machine learning techniques for object identification [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 specific 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 field
of robotics has seen significant advancements due to progress in related fields
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 finally 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
specifically 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].

Transmitter Receiver

/

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 reflects 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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(b) Alphabot2

(a) Alphabot

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 finding 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]

24.4 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
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with two magnetic wheel encoders for speed estimation. With regard to dead reck-
oning localization techniques, the RedBot is fitted 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 five hardware robotic sys-

tems discussed above.

System Kilobot Alphabot | Alphabot2 | UCTRONIC| SparkFun
K0072 RedBot

Cost/Unit | 160 80 80 70 160

(CAD)

Locomotion| Motor Differential | Differential | Four- Differential

Vibration Drive Drive Wheel Drive

Drive

Inter-agent | Infrared XBee  or | XBee or | XBee, XBee  or

Communi- ZigBee ZigBee ZigBee or | ZigBee

cation Bluetooth

Control Atmega Arduino Arduino Arduino Arduino

Board 168 Uno Uno Uno Uno

Obstacle v v v v

Avoidance

Wheel En- v v

coder

Accelerom- v

eter

Rechargea- | v/ v

ble

Line Track- v v v v

ing

Ambient v

Light

Sensing

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 insufficient 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 verification, 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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(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.

Inter-agent Communication

2.40 meters

3.20 meters

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

finally 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 five 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 specific 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 beneficial 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].

)

® ©C 66 CE® @

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: reflective infrared photoelectric sensor
6
7
8

ITR20001/T: reflective infrared photoelectric sensor
Potentiometer

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]

2 AlphaBot2-Ar
Mobile robot platform

WaveShare

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: 1/0 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 defined, 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 / represents the distance
between the two wheels of the robot. Finally, v; and v, 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 definitions, 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].

2
v =w (r - é) (3.2)

By subtracting Equation 3.2 from Equation 3.1 and simplifying, the following equa-
tion is obtained [51]:

Uy = W (r + E) (3.1)

vr - vl
l
Alternatively, by adding Equation 3.2 with Equation 3.1 and then substituting

(3.3)

w =

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

y = o to) (3.4)

2(v, — v;)
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 v, = v}, the value for angular
velocity becomes zero, indicating that the robot is moving in a straight line. In the
third case when v, = —uv,, 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 defined by
global rectangular Cartesian coordinates. Additionally, the orientation of the robot
can be defined by 0, the angle between the heading of the robot and the positive
x-axis. Together these three parameters define the pose of the robot (x,y, ) [51].
This is visualized in Fig 3.7.

J\Y

Y[

\F><

Xr
Figure 3.7: Pose of robot at (x;, y,, 0;)

The inverse kinematics problem deals with the situation where given an initial
pose (x1,y1,61) and a final pose (x2, 12, 02), the proper values for v; and v, must be
found to move the robot from the initial pose to the final 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 infinite variety of dif-
ferent paths can be taken from the initial pose to the final pose. Meaning that an
infinite variety of options exist for values for v; and v, that would take the robot
from the initial pose to the final 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 v; = v,, 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 (). Similarly, if the following constraint is introduced where
v} = —0y, the robot becomes limited to spinning in place. This allows the robot to
change its orientation (f) 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 final pose. Initially, the second constraint can be applied to orient the robot
towards the desired x and y coordinate. Next, the first constraint can be applied to
move the robot from its initial x and y position straight to its final x and y position.
Finally, the second constraint can be applied once more to change the orientation
of the robot to match the desired final 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 sufficient. The field 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 fits 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° clockwise, it can use data
from the MPU6050 to obtain its current heading and can actuate accordingly until
a 45° 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. Specifi-
cally, XBee modules used in the proposed design for this thesis are built on top of
the 802.15.4/ZigBee protocol.

The benefit 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].
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(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].

(b) Attachment of Arduino Uno,
XBee shield and XBee module

(a) XBee module shield

Figure 3.11: XBee module shield for Arduino

Connecting an XBee module to an Arduino Uno micro-controller requires the
use of a specific 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-
phabot?2 is fit with an XBee module shield and an XBee module, creating a wireless
mesh network between all five 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 Configuration

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 config-
ured using the free XCTU software offered by Digi International. In XCTU, certain
parameters of the XBee can be configured 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.

e 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

tive routers which are connected to their respective Alphabot2 base [58, page
35].

e 64 bit address: Each XBee module has a unique 64 bit address which is used
as an identifier for sending and receiving messages. This parameter cannot
be modified in the XCTU interface and comes built in with an XBee module
[58, page 54].

e Channel: In order to form a mesh network, all XBee modules in the network
must be configured to share the same channel [58, page 36]. For this thesis,
they were all configured to channel "C".

e 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-
tigured to share the same channel and PAN ID [58, page 36]. For this thesis,
they were all configured to channel "C" with a PAN ID of "3020".

o Interface data rate: This rate represents the rate of serial data transfer be-
tween XBee modules. In a single network, all modules must be configured to
the same interface data rate to allow for communication. The recommended
rate of 9600 bits/second was used [58, page 163].

e 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 reconfigured 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 difficult to use, however this mode comes with
additional flexibility. 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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Routers/End Devices —

Figure 3.14: XBee mesh architecture

is connected to the central processing unit. Packets are programmed to be sent in
the following format:
< by, by, b3, ..., b, > (3.5)

where < and > indicate the start and end delimiters of the packet respectively,
n represents the total number of bytes in the packet and b; — b, represents the
sequence of bytes in the packet.

When XBee modules receive a serial packet, they read it one byte at a time,
which is why this structure of packet is used. The use of the < and > symbols
as delimiters allows for the separation of the core message from additional infor-
mation that is attached to the message such as received signal strength or source
address data in the case of API data packets. When the < symbol is read by the Ar-
duino, it begins to store the following bytes of data. When > is read, the Arduino
stops storing additional bytes and concatenates the bytes that it has read into a full

message.

3.5.1.1 Control Space

After the incoming bytes of the core message are stored and concatenated, the

received message is processed and the received control actions are carried out.
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As discussed in Section 3.2.1, by applying constraints to the velocity space of the
Alphabot2, a simple solution can be found for the inverse kinematics problem for a
differential drive robot. This solution only requires three main forms of locomotion
from the robotic agent. The robot must be able to move in a straight line (forwards
or backwards). This is achieved by spinning both wheels in the same direction at
the same speed. The robot must be able to rotate in place to change its orientation.
This is achieved by spinning both wheels at the same speed but in an opposite
direction. Finally, the robot needs to be able to stop and stand still when it arrives
at the desired location, which is achieved by removing power from both wheels.
While theoretically this control space is relatively simple to achieve, experi-
mental implementation is not as trivial. Due to factors such as friction between the
wheels and the ground, variances in voltage supply to each wheel motor or battery
levels on the robot, exact straight line motion or precise rotation can be difficult to
achieve. This is why an inertial measurement unit, more specifically the MPU6050,

is used in an attempt to achieve precise localization for locomotion.

3.5.2 Inertial Measurement Unit

The MPU6050 is capable of providing information related to precise changes in ori-
entation (yaw, pitch, roll) of the Alphabot2. This information is used to then ensure
that the Alphabot2 is moving in a straight line (yaw remains constant) or is rotat-
ing a precise amount (yaw changes to a desired value). This section discusses how
MPU6050 data can be collected and processed to obtain accurate measurements of
orientation.

The MPU6050 comes packaged with a three axis accelerometer and three axis
gyroscope. Both the accelerometer and gyroscope make use of micro electro-mechanical
systems.

3.5.2.1 Capacitive MEMS Gyroscope

The use case for this thesis simply requires the measurement of the yaw of the
robot. This can be achieved by the gyroscopic capabilities of the MPU6050 alone.
The capacitive micro electro-mechanical system gyroscope makes use of Coriolis
accelerations to obtain angular velocity measurements [59]. The general mechan-
ical structure used in these types of gyroscopes resembles the structure seen in
Fig 3.15.

The structure consists of a resonating mass that is attached to springs. This
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Figure 3.15: Mechanical structure designed to relate Coriolis acceleration to angu-
lar velocity [59]

mass is actuated to oscillate in the directions indicated by the mass drive direction
arrows. This inner mass structure is attached to an inner frame. The inner frame
itself is attached to an outer frame by springs that allow motion perpendicular to
the direction indicated by the mass drive direction arrows. As the inner frame os-
cillates side to side, the distance between the electrodes on the inner frame and the
Coriolis sense fingers on the outer frame changes, causing variance in capacitance
between the two structures [59].

Fig 3.16 shows a clockwise rotating disc with this mechanical structure embed-
ded inside of it. As the resonating mass oscillates along the direction of the mass
drive actuation, the resulting Coriolis acceleration from the rotation of the disc
causes the entire inner frame to oscillate side to side. The magnitude of this side
to side oscillation motion is measured by the change in capacitance between the
outer electrodes and the fixed Coriolis sensing fingers. This variance in capaci-
tance is used to determine the corresponding angular velocity of the disc (which
is what initially caused the oscillation of the inner frame) [59]. A triple axis gyro-
scope has three of these described structures, to measure angular velocity for each

axis of rotation separately.
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Figure 3.16: Mechanical structure designed to relate coriolis acceleration to angular
velocity [59]

3.5.2.2 MPU6050 Data Collection

When connecting the MPU6050 to the Arduino Uno, the circuit seen in Fig 3.17 is

used.

NdW/oLI .
|
o

Figure 3.17: Circuit diagram for MPU6050 and the Arduino UNO

Communication between the Arduino Uno and the MPU6050 takes place using
the I2C protocol which requires the use of the Arduino wire library. In the setup
function of the Arduino code, the MPU6050 registers are reset and the MPU6050 is
configured to run at its default sensitivity values. For the gyroscope, this means a
sensitivity of +/ — 250 degrees per second. The gyroscope can also be configured
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to sensitivity levels of +/ — 500, 4+-/ — 1000 and +/ — 2000 degrees per second [52,
chapter 5].

Within the setup function of the Arduino code, gyroscopic error measurements
are also calculated. For this process the Alphabot2 and the attached MPU6050
are kept stationary. The Arduino then collects 200 unique measurements from the
MPU6050 gyroscope. Since the Alphabot2 is held stationary, the expected value
for the angular velocity is zero for all 200 measurements. Any deviation from this
expected value of zero is considered a measuring error. These errors are summed
up and divided by 200 to obtain the average gyroscopic measurement error. This
error value is then accounted for in any future measurements of angular velocity.

The process of collecting data from the MPU6050 involves accessing specific
data registers on the MPU6050. According to the official MPU6050 register data
sheet, gyroscopic data can be found on registers 0x43 - 0x48. The gyroscopic data
for each axis of rotation comes in the form of twos complement 16-bit values. Reg-
isters 0x43 and 0x44 provide the most recent measurements for angular velocity
around the x-axis. Similarly, registers 0x45 and 0x46 hold measurements for angu-
lar velocity around the y-axis. Finally, registers 0x47 and 0x48 hold measurements
for angular velocity around the z-axis. These registers can simply be accessed by
initiating communication between the Arduino and register 0x43 on the MPU6050.
From there, data from the six registers mentioned above can be requested [60,
chapter 4].

When using a particular sensitivity for the gyroscope, +/ — 250 degrees per
second in our case, the value output by the gyroscope registers must be multi-
plied by the corresponding sensitivity scale factor. The MPU6050 data sheet in-
dicates that for a gyroscopic sensitivity of +/ — 250, the sensitivity scale factor is
131 LSB/°/s. This value can be calculated by dividing the maximum value of a
twos complement 16-bit, which is 32767, by the sensitivity value of 4/ — 250 [52,
chapter 6].

The angular position of the Alphabot2 agents can be obtained by integrating
over the angular velocity values that are output by the MPU6050 gyroscope. In
terms of Arduino code this is achieved by multiplying the measured angular ve-
locity in a given direction, by the time elapsed between the previous measurement
and the current measurement.

The MPU6050 is aligned to the Alphabot2 such that the yaw of the Alphabot2
is represented by rotation around the x-axis of the MPU6050. As such the x-axis
gyroscopic data is used to determine the yaw of the Alphabot2 agent at any given
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time.

3.5.3 Straight Line Motion

In order to move straight, the robot simply needs to maintain a constant head-
ing for the duration of the straight line motion. Heading information from the
MPU6050 allows the robot to recognize when it is no longer moving straight. If
the heading of the robot moves to the left of the desired heading, the left wheel
speeds up relative to the right wheel in order to correct the heading. Similarly, if
the heading of the robot moves to the right of the desired heading, the right wheel
speeds up relative to the left wheel in order to correct the heading.

Orientation (degrees)

— 1 — 4 7 10
2 5 8 — i
3 — & 9
_60 200 400 600 800 1000

Time Elasped (ms)

Figure 3.18: Sample responses from the Alphabot2 system with a PD controller for
straight motion over 1000 milliseconds (k, = 0.05, k; = 10)

This control action is achieved through the use of a PD controller, where the
error term is defined as the difference between the current heading and the desired
heading. An integral gain is not introduced as in practical implementation, the
discrete forward motion of the robot happens so quickly that the integral term was
found to provide no benefit towards stability. Through visual trial and error, the

heuristically tuned proportional gain was found to be 0.05. Values higher than
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this would result in the robot oscillating from side to side as it moved forwards.
Values lower than this would limit the robots ability to correct its heading. A
higher differential gain of 10 was used. This higher differential gain ensured that
any deviation from the desired heading was quickly corrected.

Fig 3.18 shows 11 sample responses from this system with the PD controller
being implemented. It can be seen that over the 1000 milliseconds that the robot
travels forward, the heading of the robot remains relatively constant, only swaying
by £ 2 degrees. This was found to be sufficient for the purpose of the thesis, but not
optimal as discussed in Chapter 4 and future work will be dedicated to improving

these results.

3.5.4 Rotation

An attempt at rotational motion of the agent is achieved by obtaining the current
heading of the robot and then actuating the robot in the desired direction until the
desired heading is obtained. An example of this process is visualized in Fig 3.19.
Assuming the robot measures a heading of +90° with respect to the positive x-axis,
and the desired heading is +180° with respect to the positive x-axis. The velocity
vectors of the two wheels would have opposite direction and equal magnitude to
allow the robot to spin in place to the desired heading.

A PID controller is used to determine the appropriate actuation values required
to stabilize the robot at the desired heading given the measured heading as a start-
ing point. The PID control gains used were k, = 0.024, k; = 0.002 and k; = 10.
Where the error was modelled to be the difference between the current heading of
the robot and the desired heading of the robot.

For initial tuning of the PID controller, the second method of the Ziegler-Nichols
tuning rules was used [61, section 8.2]. When using this method for a PID con-
troller, all gains are first set to zero. The proportional gain (k) is then increased
until the system response exhibits sustained oscillations. After trial and error, this
ker value was found to be 0.04 for the Alphabot2 system. The period of these sus-
tained oscillations is defined by p., and this period was found to be 1000 millisec-
onds.

Based on these values for k., and p,,, the following formulas are used to calcu-
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Figure 3.19: Actuation required to rotate the robot in the counter-clockwise direc-
tion

late the ky, k; and k; values as per Ziegler-Nichols [61, section 8.2]:

ky = 0.6k = 0.024 (3.6)
1
k~ = = U. 2 .7
= 350 0.00 3.7)
1
kj——— —0. )
' = 5 To5m 0.008 (3.8)

Implementing these gain values resulted in a stable response by the Alphabot2,
however it was found that the system response would exhibit undesirable over-
shoot. The system would also oscillate around the desired value, resulting in
longer settling times. Both of these issues were addressed by increasing the dif-
ferential gain of the controller until a satisfactory response was obtained. The
heuristically tuned differential gain was found to be 10.

Fig 3.20 shows a plot of sample responses from this system with the PID con-
troller being implemented. These sample responses represent cases involving vary-
ing magnitudes of rotation. In all four cases the system is able to get relatively close
to the target orientation. In general the system was able to exhibit rotation accu-
racy within a range of -5 degrees. This was found to be sufficient for the purpose
of the thesis, but not optimal as discussed in Chapter 4 and future work will be
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Figure 3.20: Sample responses from the Alphabot2 system with a PID controller
for various magnitudes of rotation (k, = 0.024, k; = 0.002, k; = 10)

dedicated to improving these results. Each of these plots show system responses
from 11 trials. It can be noted that these trials have varying rise times and tem-
poral inconsistency. This inconsistency can be due to the fact that the system re-
sponses were collected from five different Alphabot2 agents, and minor differences
between these agents with respect to their electrical and mechanical components
are hypothesized to be the cause for the temporal inconsistency.

3.5.5 Obstacle Avoidance

In order to avoid inter-agent collisions, the built in ultrasonic sensor (Fig 3.21)
on the Alphabot2 robots is used. This sensor allows for proximity detection and
distance estimation to external obstacles (other Alphabot2 robots). The ultrasonic
sensor has a trigger pin which is activated to emit an ultrasonic energy signal.

The ultrasonic sensor also has a corresponding echo pin which is used to collect
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the reflected ultrasonic signal in the event that the signal hits an obstacle and is
reflected back.

Figure 3.21: Ultrasonic sensor used on Alphabot2

Once the echo pin collects the reflected signal, it will output the duration of time
that was required for the signal to be sent out, reflected back and recorded. This
is referred to as the time of flight (ToF) of the signal. Knowing that the ultrasonic
signal travels at the speed of sound (0.034cm / us), the distance to the obstacle off
which the signal was reflected can be calculated. The following formula is used:
0.034cm / us lem

~ ToF X —— (3.9)

Dist = ToF
istance oF x > 59ps

If the Alphabot2 detects an obstacle (or another Alphabot2) in its path within a
distance of 8cm, it is programmed to stop and wait until the obstacle can no longer
be detected within that range and will then continue moving forward. This ensures
that no collisions occur between any of the Alphabot2 robots and the entire multi-
agent test platform works efficiently.

3.6 Python Software Implementation

A large portion of the software implementation of this thesis is written in the
Python programming language. Common Python libraries such as Numpy and
OpenCV are used throughout the code for processing of data and visualization of
images. The TensorFlow library is used throughout the implementation for ma-
chine learning related tasks, primarily object detection and tracking. The Tensor-
Flow Object Detection API is also used for access to pretrained image classification
and object detection models [62, 63]. The Python XBee library is used for generat-

ing and transmitting serial data packets using XBee modules.
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3.6.1 Machine Learning

As mentioned in Section 3.1.3, a machine learning based object detection approach
is used to localize the agents within the covered environment. For this portion of
the thesis, the TensorFlow [64] framework is used. This section discusses the the-
ory behind machine learning, object detection, the machine model training process
and finally the implementation of the machine learning model.

3.6.1.1 Deep Neural Networks

Deep neural networks are the core machine learning component of this project. A
deep neural network is implemented to classify and localize the Alphabot2 agents
within the field of view of the overhead camera.

Neural networks in a general sense are capable of recognizing patterns and
classifying data points within a given data set. They can come in a range of com-
plexity, and are versatile enough to use on a variety of data set types (visual, audio,
numeric). In a basic sense, neural networks are great at learning to connect an in-
put value to an output value, even when the relationship between the input and
output might not be clearly defined or known [65, chapter 1].

3.6.1.2 Perceptron and Activation Functions

Having briefly discussed the capabilities of neural networks, and the methods
through which they learn, the next important step is to discuss the network ar-
chitecture. Figure 3.22 shows an image of a perceptron, the most basic unit in any

neural network [65, chapter 1].
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Figure 3.22: Perceptron Architecture [66]

A perceptron is a two layer network, with an input layer of nodes and a single
output layer. The input layer consists of n nodes, with an additional bias node,
denoted with the number "1" inside. As Figure 3.22 shows, each node is connected
to the output node in the subsequent layer with a certain weight value. The feed
forward process of the network is that each input value, is multiplied by the weight
value of its respective node. The weighted sum of all these values is then fed into
the output node [65, chapter 1]. The output node, contains a specific activation
function that takes the weighted sum as input, and gives an output value. Some
activation functions are discrete, and will fire a zero if their activation threshold is
not met, or a value of one if their activation threshold is met by the input value.
Some activation functions provide continuous output as a function of the input
that they receive. Some common activation functions include the Sigmoid function

and the ReLU function. Here x denotes the input to the activation function [65,

chapter 1].
Sigmoid:
o(x) = — (3.10)
14X '
Rel.U:
max (0, x) (3.11)

Many different types of activation functions exist, with each one having bene-
tits and drawbacks.
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Figure 3.23: Deep Neural Network [67]

3.6.1.3 Hidden Layers

The perceptron itself is relatively simple to understand. These neural network
structures can become more complex when additional "hidden layers" are added
to the architecture.

Figure 3.23 shows a deep neural network [65, chapter 3], with additional hid-
den layers on top of the regular input and output layers. It can also be seen that
the output layer in this network has multiple nodes, which can be useful for multi-
class classification problems. The layers seen here are referred to as "fully con-
nected" layers, in which all nodes in one layer are connected to all nodes in the
following layer [65, chapter 3]. As each of these connections has its own weight
value, the increase in complexity is evident. Every node in the hidden layers has
its own respective activation function as well, which determines how the input
values are fed forward to the output of the network.

3.6.1.4 Convolutional Neural Networks and the Convolutional Layer

Convolutional neural networks are another type of neural network. They spe-
cialize in dealing with visual data sets and are excellent at extracting important
features from images. This project makes use of convolutional neural networks, as
the data set used is entirely visual. At the core of all convolutional networks is the
convolutional layer [65, chapter 8].

A convolutional layer works by taking an image as an input. In the context of
Python, a normal RGB image is simply a three dimensional array. The convolu-
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tional layer applies filters to this image, looking for specific feature patterns. This
process can be seen in Figure 3.24 [65, chapter 8].
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Figure 3.24: Convolutional Layer [68]

The grid on the left side of the image shows a two dimensional array, essentially
just an image with a single colour channel (gray scale). The convolutional filter,
also referred to as a convolutional kernel, is then applied to this image. The filter
is centered on the source pixel. The center of the filter is multiplied by the source
pixel, and similarly all other squares in the filter are multiplied by the respective
pixel that they are covering. This weighted sum is then fed into the destination
pixel in the output of the layer. Due to the nature of the process, it can be seen
that if the specific portion of the image under the filter matches the structure of the
tilter, then the value fed into the destination pixel will be higher [65, chapter 8].
This implies that the desired feature that this filter is looking for is present in the
image. In this case the size of the filter is 3 x 3, however this size can be changed
as required by the application.

The filter then moves right horizontally, by a defined step size of pixels known
as a stride and repeats the process to reconstruct the feature map of the input im-
age. After hitting the extreme horizontal right, it will move down by a defined

step size of pixels and repeat the left to right scanning motion. Based on the filter
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size and the defined step sizes or strides, the dimensions of the feature map can be
much smaller than the dimensions of the initial input image [65, chapter 8].

Each convolutional layer can have multiple filters, that each provide an output
when an image is input into the convolutional layer. Each filter in a convolutional
layer has a weight value associated with each of its pixels. These weight values
update throughout the model training process, based on what features are found
to be important for decreasing the loss function of the neural network [65, chapter
8.

3.6.1.5 Object Classification and Feature Extraction

Object classification is the task of classifying the full contents of an image into
some predefined labels. Convolutional neural networks are important tools for
tackling this task as they are effective at extracting features from input images as
shown above. Throughout the training process, various optimization techniques
are implemented to optimize feature extraction for a specific task. As an example, a
neural network that is designed to classify different species of cats in RGB images
will learn to extract different features than a neural network that is designed to
classify different car models in RGB images.

Object classification is a sub-problem of the task of object detection and as such
a convolutional neural network based architecture is used in this thesis for feature
extraction. This architecture is referred to as the MobileNetV2 and its structure can

be seen in Fig 3.25.
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Figure 3.25: MobileNetV2 Architecture [69]
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The MobileNetV2 architecture makes adjustments to the typical convolutional
neural network structure. These additional features are aimed at making the Mo-
bileNetV2 infrastructure more lightweight for faster feature extraction. These fea-
tures include the introduction of:

e Depthwise Separable Convolutions:

e Inverted Residuals

e Linear Bottlenecks

The detailed impact of these additional features is explained in the original
paper introducing the MobileNetV2 architecture [69].
3.6.1.6 Object Detection

While object classification deals with the labelling of the contents of an image,
object detection deals with the localization and labelling of the contents within an
image using bounding boxes. The comparison between these two techniques is
observed in Fig 3.26.

Classification Object Detection

CAT, DOG, DUCK

Figure 3.26: Comparing object classification and object detection techniques [70]

An effective and lightweight solution for object detection is the single shot
multi-box detector framework. This framework is capable of accurate object de-
tection on just a single frame of the given environment [71]. During the training
process, the neural model must be provided sample images of the environment
with manually labelled ground truth bounding boxes around the objects of inter-
est. An example of this can be seen in Fig 3.27a.
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Figure 3.27: SSD workflow [71]

In a basic sense, the technique behind this framework places a variety of default
bounding boxes at each location on the image and on extracted feature maps of
the original input image. These bounding boxes vary in size and aspect ratio [71].
Small convolutional filters are then applied within each bounding box to classify
the contents of the bounding box [71]. Fig 3.27b shows an 8 x 8 feature map of
the original image. The proposed bounding boxes do not provide a match for the
dog, however the bounding boxes on the left side are able to detect the cat. As
the feature map is further reduced to a lower resolution in Fig 3.27c, the bounding
boxes are now able to detect the larger dog. This demonstrates that higher resolu-
tion feature maps are used for detecting smaller objects and lower resolution maps
are used for detecting larger scale objects in the image [71]. During the training
process, the model also learns to associate certain sizes of boxes or certain aspect
ratio of boxes with certain classes of objects that require detection.

At each default bounding box, the model provides confidence values to indi-
cate the probability that a certain class of object is located in the respective bound-
ing box. The class of object with the highest confidence value above a predefined
threshold is then labelled with the respective default bounding box [71].

The architecture of the original single shot multi-box detector model is shown
in Fig 3.28.

The architecture consists of an initial pretrained feature extraction model which
extracts feature maps from the input image. In the case of the original single shot
multi-box detector model this feature extractor is the VGG-16 convolutional model
[71]. In the case of this thesis, the MobileNetV2 architecture is used as the feature

extractor instead. The architecture of the single shot multi-box detector is then

MASTER OF APPLIED SCIENCE THESIS 70



CHAPTER 3. TEST PLATFORM DESIGN

conv1 to convb blocks

YVYv

Detection

Xt \ 1x1

- conv conv

— —>

A q  —

: i o &
5 1x1x256

3x3x256

5x5x256
19x19x1024 19x19x1024 10x10x512
300x300x3 38x38x512

VGG-16 Extra feature layers

Figure 3.28: Architecture of the original single shot multi-box detector model [72]

followed by a series of extra convolutional layers of varying depth for object clas-
sification and localization using bounding boxes [71].

The model used in this thesis is the single shot multi-box detector MobileNetV2
COCO, meaning that it is a combination of the single shot multi-box detector and
MobileNetV2 frameworks and it has been trained on the COCO object detection
data set already. COCO is an object detection data set that consists of over 200,000
labelled images of over 80 object classes [73].

This pretrained model is robust and comes with state of the art feature extrac-
tion and object detection capabilities due to the large COCO data set that it was
trained on. For this reason, a technique called transfer learning is used to take ad-
vantage of the existing feature extraction and object detection capabilities of the
pretrained single shot multi-box detector MobileNetV2 COCO.

This is necessary as the pretrained model is generalized and is not capable of
detecting specific objects such as the Alphabot2 agents. With transfer learning, the
pretrained model is imported along with all the weight values of its convolutional
layers. The training configuration of the model is then adapted and the model is
trained further on labelled images of the Alphabot2. This effectively builds on the
capabilities of the single shot multi-box detector MobileNetV2 model and allows
it to detect the Alphabot2 robot with high accuracy.

3.6.1.7 Transfer Learning for Custom Object Detection

Google Colaboratory: Google colaboratory was used for the transfer learning
process. Training object detection models can be computationally intensive and
therefore time consuming. However, the time required for training can be sig-
nificantly reduced by making use of a graphics processing unit to carry out the
computations required. The graphics processing unit takes advantage of a paral-
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lel computing setup to complete the job more quickly. Google colaboratory offers
free graphics processing unit usage and was therefore used as the programming

environment for the transfer learning process.

Data set: The task of object detection falls in the realm of supervised learning. In
supervised learning, the neural network is trained on a data set that is labelled. It
is based on these labels that the neural network is able to learn the task at hand. In
the case of object detection for this thesis, the neural network is trained on a data
set containing 83 images of the Alphabot2 in the lab environment from the point
of view of the overhead camera. The data set can be found at the following link:
https://github.com/Sarmyt/masters_object_detection/tree/master/images.
All images contain at least one instance of an Alphabot2, while other images
contain two or more instances. The images in this data set were manually labelled
using the Labellmg tool [74]. In this case, labelling simply refers to the addition
of ground truth bounding boxes around all Alphabot2 robots within a given im-
age. Examples of some images from the data set can be observed in Fig 3.29. All
83 images in the data set are accompanied by a respective XML file which indi-
cates the location of bounding boxes around all Alphabot2 agents in a given image.
These XML files can be found at the following link: https://github.com/Sarmyt/

masters_object_detection/tree/master/annotations/xmls.

Figure 3.29: Samples from Alphabot2 detection data set

Optimization and Loss: The process of supervised learning makes use of opti-
mization algorithms which enable neural networks to "learn". The training pro-

cess for a supervised learning task works by providing inputs to the neural model
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that is being trained. These inputs then interact with the parameters of the neural
model and come out as outputs or predictions. These outputs are then compared
with the ground truth labels of the data set. Any deviation between the outputs of
the model and the ground truth labels is then modelled as a loss function. Since
the output of the model is a direct function of the parameters within that model,
the loss function is also a function of the parameters within the neural model [65,
chapter 3].

Once this loss function is obtained, an optimization algorithm is used to mini-
mize the loss function with respect to the inherent neural model parameters. The
goal being that the next time the model receives similar input, it will provide out-
put that is more accurate to the ground truth.

In the case of object detection with the single shot multi-box detector MobileNetV2
COCO, the ground truth is represented by the bounding boxes around the Al-
phabot2 agents in the training images. The object detection model attempts to
match a variety of default bounding boxes to these ground truth boxes. With re-
spect to calculating loss, a default bounding box is classified as matching a ground
truth box if it has a higher jaccard overlap with the ground truth box than all other
default bounding boxes. A default bounding box is also considered to match a
ground truth box if it has a jaccard overlap of greater than 0.5 [71].

Using the following notation, where if the i — th default box matches the j —
th ground truth box for a class of object p then xfj = 1 and if the i — th default
box does not match the j — th ground truth box for a class of object p then x; P =
0. The overall loss function for the single shot multi-box detector MobileNetV2
framework is defined as [71]:

1

L(x,cl,g) = N (Leonf(x,¢) 4+ aLie(x,1,8)) (3.12)

where N represents the total number of matched default boxes. The localization
loss, Ly, is the loss between the parameters of a predicted box (/) and the param-
eters of a ground truth box (g). This loss is defined as [71]:

Loc(xLg)= ¥ x/smoothy, (l;”— gjﬂ) (3.13)

i€Pos
me{cy,cyw,h}

where ¢, and ¢, represent the x and y coordinates of the center of the box respec-
tively, and w and & represent the width and height of the box respectively. We also
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define the following quantities

Cx Cy
ACx __ g] di
C C
50 _ g]y o diy
] d?
y (3.14)

Where d; is the i — th default box that is matched to the j — th ground truth box g;.
The smoothy; function in Equation (3.13) is defined as [75]:

0.5x2 if x| <1
smoothy(x) = { f 1A (3.15)

|x| — 0.5 otherwise

The confidence loss, Ly, is a typical softmax classification loss for confidence
scores ¢ for multiple classes. This loss is defined as [71]:

Leonf(x,¢) = — Z xl log — Y log (é?) (3.16)
i€ Pos icNeg
where
P
& = L(Ci)p (317)
>, exp (c;)

In this expression, i € Pos refers to all positively matched default boxes. Similarly,
i € Neg refers to all negative default boxes that did not match a ground truth box.

The « value in Equation 3.12 is a balancing term used for changing the weight
ratio of the two loss terms. In the case of this implementation, this term is set to 1
[71].

Optimizer: Having defined the loss function, the next step is to define the op-
timization process for minimizing the proposed loss function. The optimizer al-

gorithm used for the training process for the single shot multi-box detector Mo-
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bileNetV2 is called RMSProp. The RMSProp is an adaptive learning rate optimiza-
tion method informally proposed by Geoff Hinton. Formally, this optimizer is
defined as [76]:

n aLt

E[(2L)2], 9

where w; 1 represents the updated weight parameter value and w; represents the

(3.18)

Wip1 = Wt —

current weight parameter value, and t € INg. The learning rate, 7, is set to 0.004 fol-
lowing the same training configuration for the SSD MobileNetV2 COCO as Huang
et al. [63].

The term 3—5; is the gradient of the loss function with respect to the weight w

at iteration f, and \/E[(9%)2]; models the square root of the moving average of
squared gradient values over all previous iterations until iteration . This term is
defined as [76]:

2
Bl ) = PG Pl + (1= ) (5t ) 619

where t € Np and E[(%)Z]o =(1-p) (g%g)z. The decay factor, B, is set to 0.9 as
suggested by Hinton et al. for typical application of this optimizer [76]. These are
the major training parameters for transfer learning, however additional training
parameters can be found in the source code file titled "ssd_mobilenet_v2_coco.config"

at https://github.com/Sarmyt/masters_object_detection [63].

Training and Loss: The training process is iterative and moves on a basis of steps.
During one step, the model trains and optimizes the loss function and network
parameters on a batch size of 24 training images. The model was trained for a total
of 1207 steps and this process took approximately 600 seconds or 10 minutes to
complete on a Tesla T4 GPU. The loss stabilized at approximately 200 steps into
the training process, however training was continued to ensure convergence. The
plot of loss versus steps is seen in Fig 3.30. The configuration of the single shot
multi-box detector MobileNetV2 was modified to only detect Alphabot2 agents
and no other onject classes, as this was all that was required for localization of the
Alphabot2 robots in the environment. This was done to improve the accuracy and
reliability of the object detection framework.
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Figure 3.30: Plot of loss versus training steps for custom object detection training
with single shot multi-box detector MobileNetV2

3.6.1.8 Inference and Results

The trained model was exported and tested in real time. It was able to consistently
detect all five Alphabot2 agents at a given time in the environment with ~ 99%
confidence. The output of the inference from the trained model is seen in Fig 3.31
on images containing multiple agents.

The lightweight structure of the MobileNetV2 feature extractor with the sin-
gle shot multi-box detector framework allows for close to real time inference. The
overhead webcam has a real time frame rate of ~ 6 frames per second at a resolu-
tion of 640 pixels by 480 pixels as mentioned in Section 3.3.1. The object detection
model was able to run inference on these images in close to real time at ~ 5 frames
per second.

With this object detection localization technique, the localization accuracy of
the Alphabot2 agents within the environment was found to be within the sufficient
range of ~1cm. Visualization of the inference results showed that when calculating
the position of the centroids of the positive bounding boxes predicted by the SSD
MobileNetV2, their position would coincide with the Alphabot2 robot in the frame
100% of the time. This indicates high accuracy indoor localization (~1cm).
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Figure 3.31: Real time inference samples for localization of Alphabot2 agents in the
environment using object detection techniques

3.6.1.9 Object Tracking

For complete localization, it is not enough to detect the object of interest, but the
movement of the object must also be tracked. A frame by frame centroid tracking
algorithm is implemented for this purpose. This algorithm is repetitive and is
repeated for every new frame collected from the video stream. The structure of
this algorithm is as follows [77]:

e Initialize: The first frame of the video stream is collected and an instance
of object detection is run on this frame. The bounding boxes of all detected
objects in this initial frame are collected, the centroid of each bounding box
is computed and each object is given a unique ID. Bounding boxes are of
rectangular shape and their position is defined by two corner points. The
upper left corner Ry = (x1,y1) and the lower right corner R, = (x,¥2).

Given these points, the centroid of a bounding box is computed as:

Centroid = (cy,cy) where ¢, = 5 y 5
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e Step 1: Collect the next frame from the video stream and run object detection

on this frame.

e Step 2: Compute the centroids of all the detected bounding boxes in the new

frame.

e Step 3: Calculate the euclidean distance between all the centroids in the pre-

vious frame and all the centroids in the new frame.

e Step 4: Update the centroid position of all objects found in the previous
frame to a new centroid position corresponding to the position of the cen-
troid in the new frame that is the smallest euclidean distance away from the

previous centroid position of each object.

e Step 5: If a new object of interest enters the field of view, then the new frame
will have more objects in it than the previous frame did. In this case, any
additional object is provided a unique ID and added to the tracking system.

e Step 6: If an object of interest leaves the field of view, then the new frame
will have less objects in it than the old frame did. In this case, any centroid
from the previous frame which is not matched to a centroid in the new frame
is considered to have left the field of view. If this object remains out of the
field of view for 50 consecutive frames, then it stops being tracked entirely.

e Step 7: Repeat Steps 1 to 6.

A common problem that can occur during object tracking is the problem of
crossing. Crossing refers to instances where the trajectories of multiple objects
cross making it difficult to resolve the new position of those object. Step 4 of the
centroid tracking algorithm helps in dealing with the problem of crossing.

Step 4 of the centroid tracking algorithm is based on the assumption that the
movement of an object between one frame to the next frame will be minimal. For
this reason the updated location of each object in the new frame is assumed to be
the location that is closest to its previous location [77]. Given the high frame rate
of cameras, this assumption holds true in most cases. Due to the high frame rate of
cameras, objects typically do not get enough travel time between frames to cross
trajectories of other objects. Additionally, due to object avoidance algorithms on
board the Alphabot2 robots, collisions between robots are rare and significantly

reduce chances of crossing occurring.
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However, an important note is that this assumption has its drawbacks in three
dimensional space, as from the point of view of a camera, objects in three dimen-
sions can overlap. However, since the hardware test platform consists of terrestrial
locomotion robots on a planar environment, overlapping of objects is not possible.

The overall performance of this centroid tracking algorithm was found to be

satisfactory as assessed by visual observation.

3.6.1.10 Determining Orientation

The object detection model and the centroid tracking algorithm are used for the
purpose of obtaining and tracking the x and y coordinate information of the Al-
phabot2 agents in the environment. In order to obtain the full pose of these agents,
their orientation must also be known. The full pose of each robotic agent is neces-
sary for determining the appropriate control actions required to navigate the agent
to its desired position.

This orientation information is obtained by recognizing the fact that the control
space of the Alphabot2 agents is limited to rotation in one spot, or straight line mo-
tion with constant heading. The instances of straight line motion by the Alphabot2
agents can be used for determining orientation.

Figure 3.32: Determining orientation and control action for the Alphabot2 robots

In Fig 3.32, this situation is analyzed. The point P;(x1,y;) represents the pre-
vious position of the agent. The agent then moves in straight line motion with
constant heading and arrives at P»(x2, 7). The point Pp (x4, y4) is the desired posi-
tion of the agent. In this situation 64 refers to the heading of the agent with respect
to the positive x-axis. The angle 6p refers to the angle with respect to the positive

x-axis of the vector which connects the agent to the desired position.
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If the coordinates of all three points are known, then 64 can be found by:

6, = tan"! (%) (3.21)

and similarly, 6p can be found using:

6p = tan~! (;Z - ;Z) (3.22)

The required control action to then get the agent to its desired position is as fol-
lows. The agent must first rotate to align its heading with its desired position. This
desired rotation is 0p - 64. After aligning its heading to the desired position, the
agent simply travels in a straight line towards the desired position.

3.6.2 Wireless Communication Network Using XBee

Section 3.5.1 discusses the process of receiving XBee data packets on the side of the
Alphabot2 agents. On the other hand this section discusses the process of sending
data from the controller XBee module to all the other receiver XBee devices that
are attached to their respective Alphabot2 agents using Python.

The open source XBee Python library is used for this implementation [54].
The implementation begins by initializing the XBee controller module which is at-
tached to the central processing unit device that is running the Python code. This
is achieved by connecting to a local port on the central processing unit that the
XBee controller is connected to. All the receiving XBee devices are then initialized
using their unique 64 bit addresses. Keeping in mind that all configuration steps
mentioned in Section 3.4 are performed first.

Once this connection is initialized, data can be sent between the controller XBee
to any specific receiving XBee device in a synchronous or asynchronous manner.
The process of sending synchronous data requires all XBee modules to be oper-
ating in APl mode. When data is sent synchronously to a receiver module, the
Python code execution is blocked until a status update is received back to the con-
troller module. This status update indicates whether the message was successfully
received by the receiver module or not. This is a slower, but more reliable form of
sending data packets as the status of data packets is provided [54].

On the other hand, data can be sent asynchronously. In this scenario, data is

sent to the receiver module and the execution of the Python code is unaffected. No
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status update message is sent back to the controller, so the successful delivery of
the data packet is never confirmed. However, the execution of this form of sending
data is more quick and simple [54].

In the case of the experiments conducted in this thesis, data from the controller
module is sent asynchronously as data packet status updates are not required. Fur-
thermore, in the lab setting, these XBee modules are relatively close in proximity
and usually have a line of sight connection with each other, making data packet

drops rare to begin with.

3.6.3 Workflow of Python Implementation

The general workflow of the Python implementation of this thesis uses a three

phase approach.

3.6.3.1 Pre-initialization

The pre-initialization phase deals with the initial placement of robotic agents within
the environment. This step is implemented manually and allows the user of the
test platform to decide the initial positions of the robotic agents in the particular
algorithm scenario being tested.

3.6.3.2 Initialization

The localization framework of the algorithm testing platform (object detection
model using overhead camera) is not linked to the wireless communication pro-
tocol of the algorithm testing platform (XBee mesh network). This is an issue be-
cause the localization framework localizes the agents in the environment and de-
termines the appropriate control action required to navigate these agents to their
respective desired location. However, after determining the appropriate control
action for each agent at a given time step, the localization framework has no way
of recognizing which unique XBee address each control action should be sent to.
The initialization phase works to link these two systems together to ensure that the
correct control action is sent to the correct XBee device.

This process of initialization is best explained through an example. The pro-
cess begins with the placement of five Alphabot2 agents in the work space. The
object detection and localization framework is then used to localize the agents in

the work space. The localization framework, in no particular order, assigns arbi-
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trary IDs to the Alphabot2 agents that it detects in order to continue tracking their
movements. In a group of five robots, each robot is assigned an ID of either 1, 2, 3,
4 or 5.

Each Alphabot2 has a corresponding XBee device attached to it as well for re-
ceiving control actions in the form of wireless data packets. These XBee devices
each have a unique 64 bit address, however for purposes of the example, assume
that the XBee devices are identified as XBee 1, XBee 2, XBee 3, XBee 4 and XBee 5.

For initialization, a control action to move forward is sent from the central pro-
cessing unit to the first XBee device, XBee 1. The localization framework then
identifies which Alphabot2 moves forward. For sake of example, if the Alphabot2
with ID 4 moves forward, then a link can now be created between XBee 1 and the
Alphabot2 robot with ID 4. This means that the first XBee device, XBee 1, is at-
tached to the Alphabot2 robot that was labelled with ID 4. Next a control action
to move forward is sent to XBee 2, and the corresponding Alphabot2 agent which
moves forward is identified. This process continues until a link is created between
all Alphabot2 agents identified by the object detection algorithm and all XBee de-
vices. This process ensures that the right message is sent to the right device during

the algorithm testing phase.

3.6.3.3 Multi-Agent System Control Algorithm Testing

The algorithm testing phase is relatively general. After a link has been created
between the robots being detected and the ID of their corresponding XBee re-
ceivers, the test platform is able to send specific control actions to specific Al-
phabot2 agents. As such, in this phase a variety of algorithms can be implemented
and tested. The next section will discuss the specific implementation and evalua-
tion of multi-agent area coverage control and optimization algorithms using this
test platform and the Python programming language.

3.6.4 Area Coverage Control and Optimization in Python

This design of a multi-agent hardware test platform is presented for general pur-
pose multi-agent algorithm testing. For the purpose of validation of the proposed
test platform design, the test platform is validated on multi-agent area coverage
control and optimization algorithms. Within this domain, simulation data is gen-
erated for three scenarios of varying complexity. These scenarios are then tested

on the hardware test platform in real time. The experimental results are then com-
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pared with the results obtained from the simulation to evaluate the plausibility of
the hardware test platform for lab testing this class of systems, and to gain insights
into intrinsic limitations posed by the hardware.

The following three scenarios are implemented and evaluated using the hard-
ware test platform:

1. Area coverage control and optimization of a rectangular convex environ-

ment, (), with uniform risk density.

2. Area coverage control and optimization of a rectangular convex environ-

ment, (), with a non-uniform risk density distribution described by:
¢(q) = aePlli=all (3.23)

where g € () and 4 is the center of the risk density distribution, correspond-
ing to the peak of the bell shaped distribution. For scenario 2, the point 4
is selected to be located at the centroid of the rectangular environment. The

parameters « and B are chosen as 1 and 0.0001 respectively.

3. The setup of scenario 3 is similar to scenario 2. However, in this case the
center of the risk density distribution, d, is selected to be off center of the
rectangular environment. This scenario is implemented to introduce asym-
metry to the environment, and to evaluate if the behaviour of the hardware
test platform is affected by this lack of symmetry.

In the context of the Python code, the convex rectangular environment is cov-
ered by the webcam mentioned in Section 3.3.1. This webcam has a pixel resolution
of 640 pixel width and 480 pixel height. It is these image representations of the en-
vironment which are processed and used for area coverage control and optimiza-
tion calculations. As such, the pixel size (640 x 480) of the images collected by the
webcam is used to represent the overall size of the environment. This means that
for scenario 2 mentioned above, the location of the center of the risk density dis-
tribution is located at the pixel center of the images collected, which is at the pixel
coordinate of 320 and 240. For scenario 3, the center of the risk density distribution
is placed at an off center location corresponding to the pixel coordinate of 485 and
320. Fig 3.33 shows a three dimensional plot of the risk density distribution in both
scenarios 2 and 3.
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Figure 3.33: Visualization of the risk density distribution ¢(g) in scenarios 2 and 3

3.6.4.1 Discretization of Environment

In order to perform real time calculations related to area coverage control and op-
timization, the environment is discretized into a coarse mesh grid (Fig 3.34) con-
sisting of 10 by 10 pixel sized cells with coordinates at the center of each cell rep-
resented by red dots. The coordinates of this mesh grid are then sampled one by
one to obtain a coarse representation of the Voronoi diagram of a particular ar-
rangement of agents in the environment. A finer mesh grid can be used to obtain
more accurate Voronoi diagram construction, however Voronoi diagram construc-
tion on a finer mesh grid demands more computing power and results in delays.
Discretization of the environment into 10 by 10 pixel cells was found to result in a

good practical balance of accuracy and speed of execution.
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Figure 3.34: Discretization of multi-agent environment

3.6.4.2 Voronoi Diagrams

The process of Voronoi diagram construction begins with the object detection frame-
work that is used for localization. Once all robotic agents in the environment are
localized, the positions of the robotic agents act as generators for the Voronoi dia-
gram construction.

The actual diagram construction process cycles through each coordinate of the
mesh grid described above in the discretization process. For each coordinate of the
mesh grid, the euclidean distance between that coordinate and all existing agents
is calculated. The coordinate being evaluated and the area of its respective cell is
then assigned to the Voronoi partition of the agent that is located the closest to that
coordinate (shortest euclidean distance away). An example of the output of this
process can be seen in Fig 3.35, where the black dots represent agent positions in
the environment. Each agent has a collection of sampled coordinate points that

were found to lie closer to it than all other agents in the environment.
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Figure 3.35: Voronoi diagram construction in a discretized environment containing
five robotic agents represented by black dots

3.6.4.3 Lloyd’s Algorithm and Centroidal Voronoi Diagrams

To refresh the background theory introduced in Section 2.2.3, centroidal Voronoi
diagrams represent optimal coverage placements in the context of multi-agent area
coverage. For this reason they are a useful tool for multi-robot networks. Lloyd’s
algorithm is an iterative technique that can be used to find centroidal Voronoi dia-
gram arrangements.

An important component of Lloyd’s Algorithm is the calculation of the gener-
alized centroid of each Voronoi partition at each iteration. This section focuses on
achieving this task in a discretized environment. Equations 2.13 and 2.14 can both
be modified and applied to a discrete environment as follows:

e Generalized mass of Voronoi cell V:

MVi = ZJ’(P:’/ Q) X farea (3.24)
Qy;

e Centroid (center of mass) of Voronoi cell V:

. 1 )
vy = 5 24P (Pir4) X Garea (3.25)
Vi Qy,

Here, Qy, represents the collection of coordinates in the discrete space that be-
long to the Voronoi cell V; and ¢(p;, q) represents the generalized risk density dis-
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tribution over the Voronoi cell V; as defined in Equation 2.12. The term g, refers
to the area of the cell of the coordinate point 4. As mentioned in Section 3.6.4.1,
the environment is discretized into cells with a dimension of 10 by 10 pixels. This
means that gar., is set to 100. This effectively approximates the integral terms in
Equations 2.13 and 2.14 in the context of a discretized environment.

To continue this discussion, the function f will be discussed. This function
describes the sensing capabilities, and consistently with the literature on area cov-
erage, it is defined to be continuously differentiable and strictly decreasing with
the argument. A commonly adopted form is

P2
f(ri) =exp (—0—3) (3.26)

which is a bell shaped function centered at the agent’s position p;. The value ¢ =
150 is adopted. This parameter is related to how the radius of influence of an
agent decays. Given that only five agents populate the environment, a relatively
large o value was chosen to ensure that there is sufficient overlap between the
radius of influence of the five agents. A value of o = 150 provides the agent with
a reasonable radius of influence of 150 pixels. The total area of such a circle is
nr? = m(150)?> = 70686. The total area of the environment is W x H = 640 x
480 = 307200. This means that each robot has the capacity to reasonably sense
~ 20 — 25% of its environment at a given time. Given that the environment is being
covered with five agents, this is a sensible value that ensures the environment will
be covered effectively by the five agents.

For future work on this test platform, a parametric approach with respect to
o is recommended. Running multiple experiments with a variety of values for ¢
will provide more insights into the behaviour of the hardware test platform and
will allow for a more complete evaluation of the test platform with respect to agent
sensing performance in area coverage control and optimization algorithms.

Adopting this form of f, and substituting into Equation 2.12, we obtain:

o

- 1 r?
$(pir1) = 7559 (9) exp (——1> (3.27)

substituting Equation 3.27 into Equations 3.24 and 3.25 and setting gar.s = 100

as discussed above, we obtain:
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~ 1 riz

My, = 11550 QZVCP(Q) exp (‘;) (3.28)
< 1 r?

= -+ 3.29

Figure 3.36 shows three plots, in which the positions of the five agents within
the environment is constant. Figure 3.36a shows the calculation of the generalized
centroid of each Voronoi partition (navy blue dots) in scenario 1, where the risk
density distribution is constant. Similarly, Figures 3.36b and 3.36c show this same
calculation for scenario 2 and scenario 3 respectively. In each of these cases, the
center of the risk density distribution is indicated by the single large red dot on
the plot. It can be seen how the risk density distribution affects the generalized

centroid calculation process.

3.6.4.4 Lloyd’s Algorithm Using Alphabot2 Agents

Once generalized centroids are calculated, the final step of a single iteration of
Lloyd’s algorithm involves moving each agent to the position of the generalized
centroid of its respective Voronoi cell. If the pose of each agent is known and the
position of the generalized centroids is known, then this task becomes trivial. A
control action can simply be sent to each agent using the XBee protocol, indicating
the change in orientation required for the agent to be facing its desired position.
The robot is then actuated forwards towards the desired position.

The complete Python workflow for the implementation of Lloyd’s algorithm
within the framework of the proposed hardware test platform design is summa-

rized below:

e Step 1: Agent positions are detected and a unique ID is assigned to each robot
for tracking

e Step 2: A Voronoi diagram is constructed using the agent positions as gener-

ators
e Step 3: The generalized centroids of all Voronoi cells are calculated

e Step 4: Each Alphabot2 agent is provided the appropriate control actions
required for it to move from its current position to the position of the gener-

alized centroid of its corresponding Voronoi cell
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e Step 5: Once all Alphabot2 agents have arrived at their corresponding gener-
alized centroid locations, the program checks if the new arrangement results
in a centroidal Voronoi diagram. If yes, then the algorithm has converged.
If no, then steps 2 to 5 are repeated until a centroidal Voronoi diagram is

constructed.

3.6.4.5 Coverage Metric

Throughout the process of convergence of Lloyd’s algorithm, the program collects
information related to the coverage metric of the environment. This helps quantify
how the area coverage optimization process is evolving over time. The definition
of the coverage metric as introduced by Equation 2.9 can be modified for a dis-
cretized space:
n
H(P) = Z Zf(”z)ﬁb(”n X area (3.30)
i=1Qy,

where P = {py, ..., pn} is the collection of the n agents’ states, the position of the
i — th agent in the environment is given by p;, Qy, represents the collection of co-
ordinates in the discrete space that belong to the Voronoi cell V; of the i — th agent.
As before, ¢(g) represents the risk density distribution over the discretized space,
and r; represents the euclidean distance between the position of the i — th agent, p;,
and the coordinate g in the work space. The term g, refers to the area of the cell
of the coordinate point 4. As mentioned in Section 3.6.4.1, the environment is dis-
cretized into cells with a dimension of 10 by 10 pixels. This means that g,/ is set to
100. This effectively approximates the integral term in Equation 2.9 in the context
of a discretized environment. The function f describes the sensing capabilities,
and consistently with the literature on area coverage, it is defined to be continu-
ously differentiable and strictly decreasing with the argument. As mentioned in

Section 3.6.4.3, the form adopted for this function is:

2
f(ri) =exp (—;3) (3.31)

where ¢ = 150.
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3.7 Simulation of Multi-agent Coverage Control and
Optimization

Simulations of each scenario were also conducted in order to verify the correspon-
dence between the the hardware test platform set up for area coverage coverage
control, and well established theoretical predictions. Simulations were conducted
in a visualization friendly application known as Processing, using Python code.
The code for the simulation can be found in Appendix C.

The simulation uses all the same principles mentioned in the previous sec-
tion, such as environment discretization and the same algorithms for calculating
Voronoi diagrams, generalized centroids of Voronoi cells and the coverage metric.
An environment with the same dimensions is used (640 by 480) and the environ-
ment is discretized into 10 by 10 cells to ensure consistency between the theoretical
simulation and the hardware test platform simulation. The same workflow is used
for Lloyd’s algorithm as mentioned in Section 3.6.4.4.

While typically we validate theory with experimentation, in this thesis we want
to compare the experimental results to simulations of well researched area cover-
age control algorithms. As this thesis focuses on the design of a hardware test
platform for multi-agent algorithms, the objective here is to evaluate if the pro-
posed hardware test platform design can plausibly reproduce behaviour that is
consistent with theoretical predictions of area coverage control algorithms. The-
oretical research on algorithms in the domain of area coverage control with time
invariant risk distribution is quite mature. Therefore if the hardware test platform
is able to show plausibility of consistent behaviour with this class of algorithms, it
will indicate that the proposed hardware test platform design has usability in this
domain.

The key differences between the simulation and the experimental implemen-
tation stem from the fact that the simulation makes use of point agents whereas
the experimental implementation makes use of Alphabot2 mechatronic agents. As
such, the simulation has no localization framework, no wireless communication
protocol and no complex process for receiving and implementing control actions
at the level of the agents. Furthermore, the kinematics of the mechatronic robotic
agents in the experimental implementation introduce inherent complexity and lim-
itations. Due to these differences, the scope of the comparison between the experi-
mental results and the simulation results is limited, and is only meant to evaluate

if the proposed hardware test platform design can plausibly reproduce the theo-

MASTER OF APPLIED SCIENCE THESIS 90



CHAPTER 3. TEST PLATFORM DESIGN

retically predicted behaviour for this class of algorithms.

For all three scenario that were tested, the initial positions of the agents used in
the experimental implementation were the same as the initial positions used in the
simulation as well for consistency. Finally, the hardware test platform has a time
factor of approximately five seconds required for it to go through the process of
executing a control action. This means the process of sending data to a receiver,
receiving that data at the receiver side and then implementing the control action
contained in that message has five seconds allocated to it. In basic terms, a con-
trol action is sent every five seconds, providing the robotic agents with a delay
during which the control action can be executed. This process is emulated in the

simulation as well to maintain consistency with respect to time of execution.

3.7.1 Higher Fidelity Simulations

On the topic of simulations, it is worth noting that higher fidelity simulation soft-
ware such as Gazebo and Webots can also be used for multi-agent algorithm test-
ing. Using higher fidelity simulation software for algorithm testing has benefits.
In simulations, a variety of robots can be used to model agents within the work
space. Simulated hardware components can be swapped in or out with relative
ease. Multiple trials can be run with varying algorithmic parameters and envi-
ronmental conditions. Finally, in simulations, unpredictable behaviour from hard-
ware components is not an issue.

However, this thesis proposed a design for a hardware based test platform with
the understanding that their exists a reality gap between simulation and experi-
ment. High fidelity simulations can still not fully capture the lessons that exper-
imental implementation can provide, such as hardware based limitations or the
effects of complex environmental factors that are difficult to model in simulation.

As such, the aim is to use this hardware based testing platform to learn which
experimental limitations exist in hardware implementation. Once these lessons
have been learned, they can eventually be migrated over to a simulated environ-
ment. This will help improve the accuracy and realism of simulated environment.
The eventual goal being to leverage both experimental implementation and high

tidelity simulation to improve multi-agent algorithm validation in the lab setting.

MASTER OF APPLIED SCIENCE THESIS 91



CHAPTER 3. TEST PLATFORM DESIGN

9000000000000 0 i. {11
i!!!!!i!!i!!!i§ ;gii g i
§ifsassasaiss i
Loo| MR i
T T 1
HEHHHH §§
200 44 g
i # 1
i % i
300 i ] 8
i i
o i
400 §3 $8
i i
i i

500
0 100 200 300 400 500 600

(a) Scenario 1

0 IIIIIIIIIIIIII

!!!i!!ii!!!!!i; g?i‘ &
g3as3ssasaasss &

Loo| HEEHE i
BB R 8
g3essssasassses 8

Loo| HREEEGHE i
i ‘e :
T o

300 - g8
- ]

8 g8

400 & &
- g8

8 ]

(1] (1]

500 0 100 200 300 400 500 600

(b) Scenario 2
0 0000000088000 0

i!!ii!ii!!i!!i; gﬁ* £
gsssssasasasas g8

00| I :
gsssssasssasast g8
HHHBHHEH ]
gisatiige i

200 H Ei
i gt

L

e

i Wit

$8 8

400 1 1
§2 &

$2 &

500 0 100 200 300 400 500 600

(c) Scenario 3

Figure 3.36: Calculation of generalized centroids for Voronoi cells in various dis-
cretized environments (agents are represented by black dots, generalized Voronoi
cell centroids are represented by navy blue dots)
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Presentation and Discussion of
Results

This chapter presents and compares experimental results and simulation results of
area coverage control and optimization. The chapter also presents a discussion of
the obtained results and evaluates if the proposed hardware test platform design
can plausibly reproduce behaviour that is consistent with theoretical predictions
of area coverage control algorithms. The discussion also identifies shortcomings
that can inform improvements to be addressed in future work.

4.1 Results

This results section is broken down into three subsections, one for each area cover-

age optimization and control scenario that was tested.

4.1.1 Scenario 1: Constant Risk Density Distribution

In this scenario, area coverage control and optimization within a rectangular (640
by 480 pixel), convex environment, (), is implemented with five agents. This en-
vironment has a uniform risk density distribution represented by ¢(g7) = 1 where
g € Q. The randomized initial positions of the five agents were (264, 116), (365,
313), (504, 279), (444, 125) and (362, 205) respectively. These same initial positions
were used in both the experimental implementation and the simulation for consis-
tency.

Fig 4.1 shows sample frames from the experimental results of area coverage
control and optimization using the proposed hardware test platform design for
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(a) Frame 1 (initial frame) (b) Frame 15

(c) Frame 30 (d) Frame 45 (final frame)

Figure 4.1: Sample frames from the experimental results of the implementation of
scenario 1

scenario 1.

Fig 4.2 provides additional details about the sample frames seen in Fig 4.1. In
Fig 4.2 we see the underlying Voronoi diagram of each frame along with param-
eters for Lloyd’s algorithm. In this figure agents are represented by black dots,
and their desired centroidal locations are represented by navy blue dots. The
Voronoi partitions are represented by a collection of adjacent points sharing the
same colour.

Fig 4.3 shows sample frames from the simulation of scenario 1. Additional
details can be seen that highlight the underlying Voronoi diagram of each frame
along with parameters for Lloyd’s algorithm. In this figure agents are represented
by black dots, and their desired centroidal locations are represented by navy blue
dots. The Voronoi partitions are represented by a collection of adjacent points shar-
ing the same colour.

Fig 4.4 shows the relative paths travelled within the environment by each agent
during the experimental implementation (blue) and the simulation (purple) for
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(b) Frame 15

(c) Frame 30 (d) Frame 45 (final frame)

Figure 4.2: Underlying Voronoi diagram and Lloyd’s algorithm parameters for
sample frames from the experimental implementation of scenario 1

scenario 1. In this scenario the underlying risk density is represented by ¢(q) = 1,
represented by the uniform distribution of orange in Fig 4.4.

To build on Fig 4.4, the plot in Fig 4.5 shows the exact pixel length of the path
taken by each agent in both the experimental implementation and the simulation
of scenario 1.

The results in Fig 4.6 show some consistency between the evolution of the cov-
erage metric during the experimental implementation and the simulation. In the
first 20 seconds, before the experimental implementation converges, the behaviour
of both curves is similar and in both cases the coverage metric increases sharply
at first and then levels out. However, the coverage metric in the simulated case
evolves more smoothly. Furthermore, in the simulated case the coverage metric
maximizes to a higher value with a longer run time to convergence. Some reasons
are provided in the discussion to explain the discrepancies seen here between the
experimental results and the simulation.

As both simulations start with the same initial conditions, the initial coverage
metric is 154109 in both cases. The experimental implementation converges to a
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(a) Frame 1 (initial frame) (b) Frame 352

(c) Frame 705 (d) Frame 1058 (final frame)
Figure 4.3: Underlying Voronoi diagram and Lloyd’s algorithm parameters for

sample frames from the simulation of scenario 1

final value of 183499. The simulation converges to a final value of 199885. Based

on these values the change in metric coverage for each scenario is:

Aexp = 183499 — 154109 = 29390
Atheo = 199885 — 154109 = 45776

Given these values the percent difference between these values is found to be
43.60%:

. JAYTAEYAN 45776—2939
% difference = 5 2ol 4 100 = % £100 = 16386 4 100 = 43.60%
2
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Figure 4.4: Paths travelled by each agent in the experimental implementation and
the simulation of scenario 1
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Figure 4.5: Lengths of paths travelled by each agent in the experimental imple-
mentation and the simulation for scenario 1
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Scenario 1
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Figure 4.6: Evolution of the coverage metric during the experimental implementa-
tion and the simulation for scenario 1
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4.1.2 Scenario 2: Time Invariant Nonuniform Risk Density Dis-

tribution Located at the Center of the Environment

In this scenario, area coverage control and optimization within a rectangular (640
by 480 pixel), convex environment, (), is implemented with five agents. This envi-
ronment has a nonuniform time invariant risk density distribution represented by
$(q) = wePlld=al where g € Q) and d is the coordinate (320, 240). The parameters
« and B are chosen as 1 and 0.0001 respectively. The randomized initial positions
of the five agents were (445, 321), (153, 403), (335, 150), (134, 154) and (420, 124)
respectively. These same initial positions were used in both the experimental im-

plementation and the simulation for consistency.

(a) Frame 1 (initial frame) (b) Frame 14

(c) Frame 28 (d) Frame 43 (final frame)

Figure 4.7: Sample frames from the experimental results of the implementation of
scenario 2

Fig 4.7 shows sample frames from the experimental results of area coverage
control and optimization using the proposed hardware test platform design for
scenario 2.

Fig 4.8 provides additional details about the sample frames seen in Fig 4.7. In
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(a) Frame 1 (intial frame) (b) Frame 14

(c) Frame 28 (d) Frame 43 (final frame)

Figure 4.8: Underlying Voronoi diagram and Lloyd’s algorithm parameters for
sample frames from the experimental implementation of scenario 2

Fig 4.8 we see the underlying Voronoi diagram of each frame along with parame-
ters for Lloyd’s algorithm. In this figure agents are represented by black dots, and
their desired centroidal locations are represented by navy blue dots. The Voronoi
partitions are represented by a collection of adjacent points sharing the same colour
and the center of the risk density distribution (320, 240) is visualized as a bright red
dot.

Fig 4.9 shows sample frames from the simulation of scenario 2. Additional
details can be seen that highlight the underlying Voronoi diagram of each frame
along with parameters for Lloyd’s algorithm. In this figure agents are represented
by black dots, and their desired centroidal locations are represented by navy blue
dots. The Voronoi partitions are represented by a collection of adjacent points shar-
ing the same colour and the center of the risk density distribution (320, 240) is
visualized as a bright red dot.

Fig 4.10 shows the relative paths travelled within the environment by each
agent during the experimental implementation (blue) and the simulation (pur-
ple) for scenario 2. In this scenario the underlying risk density is represented by
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(a) Frame 1 (initial frame) (b) Frame 153

(c) Frame 307 (d) Frame 461 (final frame)

Figure 4.9: Underlying Voronoi diagram and Lloyd’s algorithm parameters for
sample frames from the simulation of scenario 2

¢(q) = ae Plli=all" where g € Q and d is the coordinate (320, 240). The risk distri-
bution is modelled by the magnitude of intensity of the orange color in Fig 4.10.

To build on Fig 4.10, the plot in Fig 4.11 shows the exact pixel length of the path
taken by each agent in both the experimental implementation and the simulation
of scenario 2.

The results in Fig 4.12 show consistency between the evolution of the coverage
metric during the experimental implementation and the simulation. In both cases
the coverage metric increases sharply at first and then levels out. Both curves also
evolve over a similar range of time. The coverage metric in the simulated case
evolves slightly more smoothly. Furthermore, in the simulated case the coverage
metric maximizes to a slightly higher value with a longer run time. However,
the important factor here is that the general behaviour of both coverage metric
evolution curves is similar, and they both converge to maximum values that are
relatively close to each other.

As both simulations start with the same initial conditions, the initial coverage
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Figure 4.10: Paths travelled by each agent in the experimental implementation and
the simulation of scenario 2

metric is 21874 in both cases. The experimental implementation converges to a
tinal value of 27358. The simulation converges to a final value of 27681. Based on

these values the change in metric coverage for each scenario is:

Nexp = 27358 — 21874 = 5484
Appeo = 27681 — 21874 = 5807

Given these values the percent difference between these values is found to be
5.72%:

% difference =

| A o*Aexp| _ |5807—5484| 323 .
AthioJrAexp * 100 = w_ * 100 = 56455 %100 = 5.72%
—theo, —eXp
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Scenario 2
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Figure 4.11: Lengths of paths travelled by each agent in the experimental imple-
mentation and the simulation for scenario 2
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Figure 4.12: Evolution of the coverage metric during the experimental implemen-
tation and the simulation for scenario 2
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4.1.3 Scenario 3: Time Invariant Nonuniform Risk Density Dis-

tribution Located Off-center of the Environment

In this scenario, area coverage control and optimization within a rectangular (640
by 480 pixel), convex environment, (), is implemented with five agents. This en-
vironment has a nonuniform time invariant risk density distribution represented
by ¢(q) = aePlli=al* where 4 € Q and d is the coordinate (485, 320). The pa-
rameters & and B are chosen as 1 and 0.0001 respectively. The randomized initial
positions of the five agents were (300, 221), (89, 117), (174, 124), (379, 94) and (166,
301) respectively. These same initial positions were used in both the experimental

implementation and the simulation for consistency.

(a) Frame 1 (inital frame) (b) Frame 51

(c) Frame 102 (d) Frame 153 (final frame)

Figure 4.13: Sample frames from the experimental results of the implementation of
scenario 3

Fig 4.13 shows sample frames from the experimental results of area coverage
control and optimization using the proposed hardware test platform design for
scenario 3.

Fig 4.14 provides additional details about the sample frames seen in Fig 4.13. In
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(c) Frame 102

Figure 4.14: Underlying Voronoi diagram and Lloyd’s algorithm parameters for
sample frames from the experimental implementation of scenario 3

Fig 4.14 we see the underlying Voronoi diagram of each frame along with parame-
ters for Lloyd’s algorithm. In this figure agents are represented by black dots, and
their desired centroidal locations are represented by navy blue dots. The Voronoi
partitions are represented by a collection of adjacent points sharing the same colour
and the center of the risk density distribution (485, 320) is visualized as a bright red
dot.

Fig 4.15 shows sample frames from the simulation of scenario 3. Additional
details can be seen that highlight the underlying Voronoi diagram of each frame
along with parameters for Lloyd’s algorithm. In this figure agents are represented
by black dots, and their desired centroidal locations are represented by navy blue
dots. The Voronoi partitions are represented by a collection of adjacent points shar-
ing the same colour and the center of the risk density distribution (485, 320) is
visualized as a bright red dot.

Fig 4.16 shows the relative paths travelled within the environment by each
agent during the experimental implementation (blue) and the simulation (pur-

ple) for scenario 3. In this scenario the underlying risk density is represented by
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(a) Frame 1 (inital frame) (b) Frame 367

1048
Xxx

(c) Frame 734 (d) Frame 1101 (final frame)

Figure 4.15: Underlying Voronoi diagram and Lloyd’s algorithm parameters for
sample frames from the simulation of scenario 3

¢(q) = ae Plli=all" where g € Q and d is the coordinate (485, 320). The risk distri-
bution is modelled by the magnitude of intensity of the orange color in Fig 4.16.

To build on Fig 4.16, the plot in Fig 4.17 shows the exact pixel length of the path
taken by each agent in both the experimental implementation and the simulation
of scenario 3.

The results in Fig 4.18 show consistency between the evolution of the coverage
metric during the experimental implementation and the simulation. In both cases
the coverage metric increases sharply at first and then levels out. Both curves also
evolve over a similar range of time. The coverage metric in the simulated case
evolves slightly more smoothly. Furthermore, in the simulated case the coverage
metric maximizes to a slightly higher value with a longer run time. However,
the important factor here is that the general behaviour of both coverage metric
evolution curves is similar, and they both converge to maximum values that are
relatively close to each other.

As both simulations start with the same initial conditions, the initial coverage

MASTER OF APPLIED SCIENCE THESIS 106



CHAPTER 4. RESULTS AND DISCUSSION

0
—— Experimental Paths
—— Theoretical Paths
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Figure 4.16: Paths travelled by each agent in the experimental implementation and
the simulation of scenario 3

metric is 6054 in both cases. The experimental implementation converges to a final
value of 25949. The simulation converges to a final value of 27283. Based on these

values the change in metric coverage for each scenario is:

Aexp = 25949 — 6054 = 19895
Atpeo = 27283 — 6054 = 21229

Given these values the percent difference between these values is found to be
6.49%:

. Atpeo— A 21229—-1
% difference = 152l 4 100 = o 100 = A% 100 = 6.49%
2
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Scenario 3

B Experimental
BN Theoretical
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Figure 4.17: Lengths of paths travelled by each agent in the experimental imple-
mentation and the simulation for scenario 3
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Figure 4.18: Evolution of the coverage metric during the experimental implemen-
tation and the simulation for scenario 3
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4.2 Discussion

While typically we validate theory with experimentation, in this analysis we wanted
to compare the experimental results to simulations of well researched area cover-
age control algorithms. As this thesis focused on the design of a hardware test
platform for multi-agent algorithms, the objective here was to evaluate if the pro-
posed hardware test platform design can plausibly reproduce behaviour that is
consistent with theoretical predictions of area coverage control algorithms.

The simulation makes use of point agents and therefore simplifies the kinemat-
ics of robotic agents in the environment. Whereas the experimental implementa-
tion makes use of mechatronic robotic agents which introduces differential drive
kinematics, hardware latency and additional hardware based uncertainties. De-
spite this, the behaviour of the point agents in the simulation is a good indicator
of the theoretical expected behaviour of a system that is modelled by these area
coverage control algorithms.

For these reasons, the simulations of area coverage control with time invari-
ant risk distribution were used as benchmarks to evaluate the consistency of the

experimental results.

4.2.1 Evolution of Coverage Metric

In the case of area coverage control and optimization, the coverage metric is a
useful way to quantify how well an environment is being covered. In the three
scenarios that were simulated, the results obtained from the simulation were used
as benchmark values to evaluate if the experimental test platform could plausi-
bly reproduce behaviour that was consistent with theoretical predictions of area
coverage control algorithms.

In the three scenarios, the percent difference values between the final coverage
metric between the experimental results and the simulation were 43.60%, 5.72%
and 6.49% respectively. The percentage difference in the final coverage metric
value for scenario 1 was relatively large compared to the low percent difference
values in scenario 2 and 3. Given this analysis, the relatively low percent differ-
ence values in scenario 2 and 3 support the idea that the experimental test platform
can plausibly reproduce behaviour that is consistent with theoretical predictions
of area coverage control algorithms. With respect to scenario 1 in this analysis, the
percent difference value of 43.60% is unsatisfactory. The high percent difference
value appears to stem from the early convergence of the experimental implemen-
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tation of scenario 1 when compared to the simulation of scenario 1. Some reasons
are provided below relating to the precision of Alphabot2 locomotion during the
experimental implementation to address the relatively early convergence of the
experimental implementation.

Beyond just this analysis, the overall coverage metric evolution curves obtained
from experimental results and from simulation (Fig 4.6, Fig 4.12 and Fig 4.18)
showed similar behaviour in all three scenarios. In all three scenarios the curves
would increase sharply and then level out to a maximum value in both the exper-
imental results and the simulation. Furthermore, both experimental curves and
simulated curves would evolve over a similar time range indicating that the pro-
posed hardware test platform design can plausibly reproduce behaviour that is
consistent with theoretical predictions of area coverage control algorithms.

4.2.2 Inconsistencies Between Simulation and Experiment

Some inconsistencies did exist between the experimental results and the simula-
tion. When comparing the coverage metric curves, the simulated curves would
typically be more smooth and would converge to higher values, indicating more
optimal coverage. Considering that the simulations make use of point agents and
have intrinsic assumptions about the kinematics of the robotic agents, it is expected
that such discrepancies exist between experimental results and simulation.

With respect to the localization, inter-agent communication and locomotion
systems embedded in the hardware test platform design, the following observa-
tions were made.

Throughout all three experimental implementations the object detection based
localization framework performed well and was consistently able to detect and
track all five agents in the environment. Similarly, no performance issues were
found with the wireless communication protocol of the test platform. The appro-
priate controls actions were determined using area coverage control and optimiza-
tion algorithms and packets were sent to the proper agents, with no packet drops.

After a robotic agent receives a packet containing a control action, the control
action must then be executed. It is in this phase that issues were observed. As
mentioned in Sections 3.5.3 and 3.5.4, an MPU6050 inertial measurement unit was
used in conjunction with PID controllers to achieve guided locomotion. While this
process was effective, it was not perfect. Certain factors such as MPU6050 mea-

surement errors, variance in surface conditions within the environment, variance
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in battery charge on the robotic agents and minor differences in electric flow on
board the robotic agents still proved to be significant obstacles for precise locomo-
tion.

With respect to precise rotation, the robots would rotate within a range of £5
degrees of the target orientation. While this error does not seem significant, it can
be enough to cause the robots to take less than optimal paths towards their desired
positions.

With respect to straight line motion, due to the factors mentioned above, it
was difficult to ensure that the straight line motion of the robot was truly straight.
While the motion was generally straight, any minor errors had an impact on the
trajectory of the robot and effectively stopped the robot from following optimal
paths.

Furthermore, due to the same factors mentioned above, it proved to be difficult
to calculate exactly how far straight a robot would travel within a given time con-
straint. In a basic sense, it was difficult to get the robot to move a specified number
of units forward in real time as the robot localization framework was so decou-
pled from the on board locomotion system. This meant that often times when a
robot approached its desired position, it would overshoot and end up going past
its desired position.

4.2.3 Relaxed Criteria of Arrival

Due to all the previously mentioned issues with precise locomotion, a less precise
criteria had to be established for measuring when a robot had arrived at its desired
position. If a robot arrived within a 30 pixel radius of its desired position, then it
was considered to have arrived. This adjustment proved essential for the experi-
mental implementation to run smoothly without many redundant movements by
the robots.

This relaxed arrival criteria is hypothesized to be a major contributing factor
to the discrepancies between the coverage metric evolution curves seen in exper-
imental implementation and simulation, which are evident in all three scenarios
but are more pronounced in scenario 1. Since the robotic agents had a difficult
time travelling to the precise desired positions, they ended up taking less optimal
paths towards optimal coverage and were not able to arrive at the required posi-
tions to further increase the coverage metric.

This can be visualized in the results as well. In the final frame of each experi-
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mental implementation (Figures 4.1d, 4.7d and 4.13d), it can be seen that the robots
have final positions that are within 30 pixel radius of their desired position, but
not precisely at their desired positions. This means the final configuration of these
robots is close to optimal, but it is not exactly optimal. Essentially the test platform
was able to follow Lloyd’s algorithm quite well, but not optimally, due to relaxed
criteria of arrival and convergence. This means that additional improvements can
be made to the test platform in the future. This was more evident in the experi-
mental implementation of scenario 1, where the agents arrived within 30 pixels of

their respective generalized centroid after limited movement.

4.2.4 Agent Trajectories

Figures 4.4,4.10 and 4.16 provide a visual comparison of the trajectory of the agents
in the experimental implementation and the simulation. In general across the three
scenarios, it can be seen that the agents in the simulation have relatively smooth
and directed trajectories, whereas the experimental trajectories are more jagged
and less directed. This behaviour is expected as the experimental implementa-
tion is subject to more realistic environmental conditions, agent kinematics and
hardware limitations. Even though the experimental implementation of scenario
1 converged relatively quickly when compared to its simulated counterpart, the
movement of the agents in this implementation was consistent with simulation
until convergence of the experimental implementation. The general similarity be-
tween the paths taken by agents in the experimental implementation and the simu-
lations is a good indicator that the hardware test platform can plausibly reproduce
behaviour that is consistent with theoretical predictions of area coverage control
algorithms. This supports the overall usability of the proposed hardware test plat-
form design for general purpose multi-agent algorithm testing.

When comparing the specific path length in pixels of each agent throughout all
3 scenarios (Figures 4.5, 4.11 and 4.17), it can be seen that the length of the paths
taken by agents in the experimental implementation are generally equal to or less
than the length of their respective counterparts in the simulation. This makes sense
as the simulations ran longer and the agents in these simulations travelled further
in order to converge to more optimal arrangements. Situations where the agents in
the experimental implementation had path lengths equal to or greater than their
respective simulated counterparts highlight the minor inefficiencies and precise

locomotion obstacles present in the experimental setup.
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4.2.5 General Findings

In general the results indicate that the proposed design for the hardware test plat-
form can plausibly implement this class of multi-agent motion control algorithms
consistently with an established theoretical framework used to predict the response
of this class of systems. In all three scenarios the coverage metric was maximized
consistently with simulations. The paths taken by agents in the experimental im-
plementation were similar to paths taken by agents in the simulation with respect
to overall direction and intent to maximize coverage metric. The test platform
was able to compute the appropriate area coverage control and optimization algo-
rithms and the robots were able to follow the control actions they received. Fea-
tures such as localization of the agents and wireless communication within the test
platform worked as intended.

Theoretical research on algorithms in the domain of area coverage control with
time invariant risk distribution is quite mature. The hardware test platform was
able to show that it can plausibly reproduce behaviour that is consistent with the-
oretical predictions of this class of algorithms. This indicates that the proposed
hardware test platform design has usability in this domain.

Some sources of error were identified with respect to the precision of the lo-
comotion of the robotic agents. This is an area of the test platform that could use
additional work in the future. The experimental implementation could also be
sped up by decreasing computational time. Beyond that, the test platform could
be further validated with more complex area coverage control and optimization
scenarios such as scenarios including non-convex environments, time variant den-
sity distributions or stochastic intermittent communication between agents [9, 10,
35].
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Summary and Conclusions

Wireless sensor networks in the form of multi-robot networks have applications
in a variety of military and civilian tasks 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 com-
bination 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. Experimental work focuses on the hardware or simulated implementations
to test and evaluate the algorithms’” performance.

As research in the field of multi-robot networks gains more momentum and a
variety of theoretical work is being developed, a need for experimental validation
of this theoretical work becomes apparent. As such, this thesis contributed a de-
sign for a hardware test platform for evaluating and implementing algorithms in
the realm of multi-robot networks.

The design consists of a planar rectangular work space (3.2m by 2.4m) that is
populated by mechatronic agents in the form of Alphabot2 robots that have a di-
ameter of 0.11m. The proposed design leverages machine learning based object de-
tection algorithms to provide a method of localization for the mechatronic agents.
A ZigBee based protocol referred to as XBee is used to create a meshed wireless
communication architecture between the robotic agents on the test platform. The
various benefits of the XBee protocol are that it requires low power consumption,
has high range and is relatively cost effective. An MPU6050 inertial measurement
unit is embedded onto each Alphabot2 agent to allow for collection of yaw infor-
mation for each agent. This information is used in conjunction with PID controllers

to allow for more precise locomotion for the robotic agents. On board sensors on
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the Alphabot2 agents include an ultrasonic sensor and two infrared sensors for
proximity measurement and they come with a line tracking module as well.

The proposed design for the test platform introduces an intentionally cooper-
ative type of multi-robot network that is capable of strong cooperation. In terms
of the architecture of the test platform, the proposed design presents a hybrid ap-
proach that has a central unit along with minor decentralized capabilities. This
means that some control actions are computed locally by the agents themselves
(obstacle avoidance), while other actions are provided by the central unit. Ongo-
ing research is being dedicated to implement decentralized architectures by mak-
ing use of inter-agent communication capabilities provided by the XBee protocol.

In order to evaluate if the hardware test platform design can plausibly repro-
duce behaviour that is consistent with theoretical predictions of area coverage con-
trol algorithms, it was tested on a class of area coverage control and optimization
algorithms. More specifically, Lloyd’s algorithm was implemented for area cover-
age control and optimization in an environment with time invariant risk distribu-
tion. Cases involving uniform risk distribution and nonuniform risk distribution
were both tested. A simulation of these algorithms was run, and similarly an ex-
perimental implementation of these algorithms was run using the proposed design
for the test platform. Three scenarios were tested in this class of algorithms and
the behaviour of the agents in the test platform was consistent with the behaviour
of the agents in the simulation.

In all three experimental scenarios, the test platform was able to compute the
appropriate area coverage control and optimization algorithms and the robots were
able to follow the control actions they received. The localization framework and
wireless communication protocol both worked effectively with no issues.

In scenarios 2 and 3 the coverage metric in the experimental implementation
was maximized consistently with simulations, over similar ranges of time. In these
two scenarios, the percent difference values between the final coverage metric be-
tween the experimental results and the simulation were 5.72% and 6.49% respec-
tively. The paths taken by agents in the experimental implementation for these
two scenarios were similar to paths taken by agents in the simulation with respect
to overall direction and intent to maximize the coverage metric. In scenario 1, the
behaviour of the test platform was similar to simulation, however the percent dif-
ference value between the final coverage metric between the experimental results
and the simulation was 43.60%. This was relatively larger than the percent differ-

ence value between the same metric in scenarios 2 and 3. Issues related to precise
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locomotion of the Alphabot2 agents were hypothesized to be a contributing factor
for this larger percent difference value between the final coverage metric values
for the experimental implementation and the simulation for scenario 1.

These precise locomotion issues were caused by certain factors such as MPU6050
measurement errors, variance in surface conditions within the environment, vari-
ance in battery charge on the robotic agents and minor differences in electric flow
on board the robotic agents. Precise locomotion is a component of the test plat-
form that could use additional work in the future to improve the precision of the
experimental test platform.

In general the results indicated that the proposed design for the hardware test
platform could implement this class of multi-agent motion control algorithms con-
sistently with an established theoretical framework used to predict the response
of this class of systems. Overall, the proposed hardware test platform design is
a first step for my research team towards evaluating and implementing complex
multi-robot network algorithms in a real time hardware based setting. Future work

includes:

e Decreasing computational time required to speed up convergence of test
platform.

e Exploring additional scenarios such as non-convex environments, time vari-
ant density distributions or stochastic intermittent communication between

agents.
e Improving precise locomotion capabilities of Alphabot2 agents.

e Exploring the implementation of a decentralized architecture for the hard-
ware 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.

o Testing on different multi-agent control and estimation algorithms and eval-

uate versatility and robustness of the test platform.
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Appendix A

Robot Localization and Control Code
in Python

The main code in Python is split into two parts. The first file is the main "Run.py"
file. The second file is the "Lib.py" which contains all the utility classes and func-
tions used inside the "Run.py" file.

A.1 Main Run.py File

The source code can be found at the following link: https://github.com/Sarmyt/
masters_python_code/blob/master/Run.py.

Below is a snapshot of the code to support the thesis submission:

A.1.1 Pre-initialization

# Dependent libraries

import Lib

# Importing utility libraries
import numpy as np

import tensorflow as tf
import cv2

import math

import time
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import random

import msvecrt

import argparse

import os

from matplotlib import pyplot as plt
import shutil

from utils import label_map_util

# Importing XBee libraries for wireless communication with
Alphabot2 robots

from digi.xbee.devices import XBeeDevice
from digi.xbee.devices import RemoteXBeeDevice

from digi.xbee.devices import XBee64BitAddress

# Defining test configuration , if true then code is run on sample
video for testing purposes

test = False

# Defining risk density option and parameters

option = 3 # Define which area coverage scenario is being tested
(possible values include 1, 2 or 3)

alpha =1

beta = 0.0001

assert option == 1 or option == 2 or option ==

# Ensure that data collection directory exists , reset data

collection for new run

if not os.path.exists("data"):
os.mkdir("data")

if not os.path.exists("data/option{}".format(option)):

os .mkdir("data/option{}".format(option))
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if

if

oS

oS

os.path.exists ("data/option{}/frames".format(option)):
shutil . rmtree(’data/option{}/frames’.format(option))

os.path.exists ("data/option{}/ plots".format(option)):
shutil .rmtree(’data/option{}/ plots’.format(option))

.mkdir('data/option{}/frames’. format(option))
.mkdir ( "data/option{}/ plots’.format(option))

# Defining paths to label map and frozen inference graph for

object detection

PATH_TO_FROZEN_GRAPH = ’frozen_inference_graph.pb’
PATH_TO_LABELS = ’label_map.pbtxt’

#

Variable assignment for pre—initialization phase

iterator = 0

if

not test:

# Define Controller Device

device = XBeeDevice("COM4", 9600) # Pick your specific port

# Open Controller Device

device.open()

# Define Remote Devices

remote_devices = []

remote_devices.append (RemoteXBeeDevice (device,
XBee64BitAddress. from_hex_string ("0013A20040D835D1")))

remote_devices.append (RemoteXBeeDevice (device,

XBee64BitAddress. from_hex_string ("0013A200418FE7A3")))

remote_devices.append (RemoteXBeeDevice (device,
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XBee64BitAddress. from_hex_string ("0013A200415E8441")))
remote_devices.append (RemoteXBeeDevice(device,

XBee64BitAddress. from_hex_string ("0013A2004190B158")))
remote_devices.append (RemoteXBeeDevice(device,

XBee64BitAddress. from_hex_string ("0013A200417CA46A")))

else:

remote_devices = [[0], [1]]
# Variable assignment for initialization phase

positionInit = [] # Initialization position variable
changePosition = []

distancelnit = [] # Initialization distance wvariable
idOrder = [] # For matching XBee id to object detection id

orientationlnit = [] # Initialization orientation variable
# Variable assignment for main run loop phase

iterations = 0

frame_count = 0

edgeTimer = []

timer = []

pass_var = [] # Indicates if this agent should be passed this
iteration
isSuccess = [] # Indicates if desired position has been achieved

isEdge = [] # Indicates if agent is near an edge

reset = []

distanceDes = [] # Real time distance between agent and desired
position

currentPosition = [] # Current position of agent

prevPosition = [] # Previous position of agent

timestepDistance = [] # Distance between current position and

previous position of agent
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orientation = [] # Current orientation of each agent

orientationDes = [] # Current orientation of each agent

angle = [] # Angle from current orientation , to optimal
orientation

messageArray = [] # The message to be sent to each agent

for i in range(len(remote_devices)):
# Initialization variable assignment

positionInit.append(None) # Initialization position variable

changePosition .append (None)

distancelnit.append(0.0) # Initialization distance variable

idOrder .append (None) # For matching XBee id to object
detection id

orientationlInit.append(None) # Initialization orientation

variable
# Run loop wvariable assignment

edgeTimer.append (time. time ())

timer .append (time . time () )

pass_var.append(False) # Indicates if this agent should be
passed this iteration

isSuccess .append(False) # Indicates if desired position has
been achieved

isEdge .append (False) # Indicates if agent is near an edge

reset .append(True)

distanceDes .append (None) # Real time distance between agent

and desired position

currentPosition .append(None) # Current position of agent

prevPosition.append (None) # Previous position of agent

timestepDistance .append(None) # Distance between current
position and previous position of agent

orientation .append(None) # Current orientation of each agent
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orientationDes .append (None) # Current orientation of each
agent

angle .append (None) # Angle from current orientation , to
optimal orientation

messageArray . append (None) # The message to be sent to each

agent
# Define centroid tracker object
tracker = Lib.Tracker ()

# Define object for Voronoi diagram and Lloyds algorithm
calculations

voronoi = Lib.Voronoi ()

# Define object for utility functions
function = Lib.Function ()

# Define frozen inference graph from path

detection_graph = tf.Graph()
with detection_graph.as_default():
od_graph_def = tf.compat.vl.GraphDef()
with tf.io. gfile.GFile (PATH_TO _FROZEN_GRAPH, ’'rb’) as fid:
serialized_graph = fid.read ()
od_graph_def.ParseFromString (serialized_graph)
tf .import_graph_def(od_graph_def, name="")

# Define label map from path
category_index = label_map_util.
create_category_index_from_labelmap (PATH_TO_LABELS,

use_display_name=True)

# Start video capture from webcam, or from "Test.mp4” video is
testing code
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if test:

vidcap = cv2.VideoCapture("Test.mp4")
else:

vidcap = cv2.VideoCapture (0)

success , frame = vidcap.read()
# Define the discretized space

width_sections = 64
height_sections = 48

xdim = np.linspace (5, frame.shape[l] — 5, width_sections)
ydim = np.linspace (5, frame.shape[0] — 5, height_sections)
X, Y = np.meshgrid (xdim, ydim)

# Define map of risk density based on selected option

if option ==
risk = np.ones((height_sections, width_sections))

elif option == 2:
target = [frame.shape[1l]/2, frame.shape[0]/2]
risk = voronoi.risk_density (xdim, ydim, target, alpha=alpha,
beta=beta)
print(target)

elif option ==
target = [485, 320]
risk = voronoi.risk_density (xdim, ydim, target, alpha=alpha,
beta=beta)
print(target)

if not test:

# Start pre—initialization loop
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while True:

success , frame = vidcap.read()

if (success):
cv2.imshow ( "Frame" , frame)

cv2.waitKey (1)
if msvcert.kbhit(): # Record user input from keyboard

key = msvcrt. getch ()
print (key)

if key == b'w’:
message = "P,F>" # If you press "w” the robot
will go forward

if key == b’a’:
message = "P,90>" # If you press "a” the robot
will rotate 90 degrees counter—clockwise

if key == b’s’:
message = "P,B>" # If you press "s” the robot

will go backwards

if key == b’d’:
message = "P,270>" # If you press "d” the robot

will rotate 90 degrees clockwise

if key == b’z":
message = "P,S5>" # If you press "z” the robot
will stand still

if key == b’q’:
iterator = iterator — 1 # If you press "q”, you
will take control of the previous robot

message = "P,5>"

if (iterator < 0):
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iterator = 0

if key == b’e’:
iterator + 1 # If you press "e”, you

iterator =
will take control of the next robot

message = "P,5>"
if key == b’'x’": # If you press "x" the pre—
initialization loop will end
break
if (iterator > (len(remote_devices) — 1)):
break

device.send_data_async(remote_devices[iterator],
message )
print (message)

A.1.2 Initialization

# Start object detection

with detection_graph.as_default() as graph:
with tf.compat.vl.Session() as sess:

if not test:

# Start initialization loop

while True:

for i in range(0, len(remote_devices)):

success , frame = vidcap.read()

np.expand_dims (frame,

frame_expanded
axis=0)

= function.

output_dict
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run_inference_for_single_image (
frame_expanded, graph, sess) #
Detect Alphabot2 in the frame

rects = []

# Draw rectangles around all Alphabot?2
robots detected

for j in range(0, len(remote_devices)):
if output_dict[ detection_scores’][j]
> 0.85:

(startY , startX, endY, endX) =

output_dict[ "detection_boxes

10 ]

rects .append ([ int (startX*frame.
shape[1]), int(startY xframe.

shape[0]) , int(endXxframe.
shape[1]), int(endYxframe.
shape[0]) ])

cv2.rectangle (frame, (int(
startX«frame.shape[1l]), int(
startY «frame.shape[0])), (
int (endXxframe.shape[1]),
int (endYxframe.shape[0])),
(0, 255, 0), 1)

objects = tracker.update(rects) # Begin
tracking all Alphabot2 robots that

are detected

for (objectID, centroid) in objects.
items () :
text = "ID_{}".format(objectID)

cv2.putText(frame, text, (centroid
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[0] — 15, centroid[1] — 25),
cv2 .FONT_HERSHEY_SIMPLEX, 0.5,
(0, 255, 0), 2)
cv2.circle (frame, (centroid[0],
centroid[1]), 4, (0, 255, 0),
—1)
positionInit[objectID] = centroid

cv2 .imshow ( "Frame" , frame)

cv2.waitKey (1)

device.send_data_async(remote_devices[i
1, "P,F>") # Send command for robot

to move forward

for j in range(0, 35):

success , frame = vidcap.read()

frame_expanded = np.expand_dims(

frame, axis=0)

output_dict = function.
run_inference_for_single_image (

frame_expanded, graph, sess)
rects = []

for k in range (0, len(
remote_devices)):
if output_dict[ detection_scores’
I[k] > 0.85:

(startY , startX, endY, endX
) = output_dict[’

detection_boxes " ][ k]

rects .append ([ int (startXs
frame.shape[1]), int(
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startY «frame.shape[0]),
int (endXxframe.shape[1])

, int(endYxframe.shape

(01D

cv2.rectangle (frame, (int(
startX*frame.shape[1]),
int(startY «frame.shape
[0])), (int(endXxframe.
shape[1]), int(endYx
frame .shape[0])),
(0, 255, 0), 1)

objects = tracker.update(rects)

for (objectID, centroid) in objects
.items () :
text = "ID_{}".format(objectID)
cv2.putText(frame, text, (
centroid [0] — 15, centroid
[1] — 25),
cv2 .FONT_HERSHEY_SIMPLEX,
0.5, (0, 255, 0), 2)
cv2.circle (frame, (centroid[O0],
centroid[1]), 4, (0, 255,
0), -1
changePosition[objectID] =
centroid
distancelnit[objectID] =
function . get_distance (pointl
=positionlnit[objectID],
point2=changePosition [
objectID])

cv2.imshow ("Frame", frame)

cv2.waitKey (1)

idOrder[i] = np.argmax(distancelnit) #
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Record ID of robot that moved

forward

device.send_data_async(remote_devices[1i

1,

HP’B>H)

for j in range(0, 35):

success , frame = vidcap.read()

frame_expanded = np.expand_dims(

frame, axis=0)

output_dict = function.

rects

run_inference_for_single_image (

frame_expanded, graph, sess)

[]

for k in range(0, len(

remote_devices)):
if output_dict[ detection_scores’
I[k] > 0.85:

(startY , startX , endY, endX
) = output_dict[’
detection_boxes ][ k]

rects .append ([ int (startXx
frame.shape[1]), int(
startY «frame.shape[0]),
int (endXxframe.shape[1])

, int(endYxframe.shape

[(0hH 1D

cv2.rectangle (frame, (int(
startX*frame.shape[1]),
int(startY«frame.shape
[0])), (int(endXxframe.
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shape[1]), int(endY=x
frame.shape[0])),
(0, 255, 0), 1)

objects = tracker.update(rects)

for (objectID, centroid) in objects
.items () :
text = "ID_{}".format(objectID)
cv2.putText(frame, text, (
centroid[0] — 15, centroid
[1] — 25),
cv2 .FONT_HERSHEY_SIMPLEX,
0.5, (0, 255, 0), 2)
cv2.circle (frame, (centroid[0],
centroid[1]), 4, (0, 255,
0), =1
positionInit[objectID] =

centroid

cv2.imshow ("Frame" , frame)

cv2.waitKey (1)

orientationInit[idOrder[i]] = function.
get_orientation (pointl=positionInit]|
idOrder[i]], point2=changePosition[
idOrder[i]]) # Record initial

orientation of robot

device.send_data_async(remote_devices[i
1, "I," + str(orientationInit]|
idOrder[i]]) + ">"

# Check wuser input

print (idOrder)
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testl = function.test_1(idArray=idOrder,
numRobots=len (remote_devices)) # Test 1
that all robots were detected and
initialized correctly

test2 = function.test_2 (idArray=idOrder,
numRobots=len (remote_devices)) # Test 2
that all robots were detected and

initialized correctly

if testl:
print("Test_1 _passed.")

if not testl:
print("Test_1_failed.")

if test2:
print("Test_2_passed.")

if not test2:
print("Test_2_failed.")

success , frame vidcap .read ()

frame_expanded
=0)

np.expand_dims (frame, axis

output_dict = function.
run_inference_for_single_image (

frame_expanded, graph, sess)
rects = []
for i in range(0, len(remote_devices)):
if output_dict[ detection_scores’]J[i] >

0.85:

(startY , startX, endY, endX) =
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output_dict[ "detection_boxes " ][1i]

rects .append ([ int (startX*frame.shape
[1]), int(startYxframe.shape[0]),
int (endX«frame.shape[1]), int(endY
xframe.shape[0]) ])

cv2.rectangle (frame, (int(startXs
frame.shape[1]), int(startYxframe.
shape[0])), (int(endXxframe.shape
[1]), int(endYxframe.shape[0])),
(0, 255, 0), 1)

objects = tracker.update(rects)

for (objectID, centroid) in objects.items():
text = "ID_{}".format(objectID)
cv2.putText(frame, text, (centroid[0]
— 15, centroid[1] — 25),
cv2 .FONT_HERSHEY_SIMPLEX,
0.5, (0, 255, 0), 2)
cv2.putText(frame, str(
orientationInit[objectID]), (
centroid [0] — 15, centroid[1] —
50),
cv2 .FONT_HERSHEY_SIMPLEX,
0.5, (0, 255, 0), 2)
cv2.circle (frame, (centroid[0],
centroid[1]), 4, (0, 255, 0), —1)
cv2.arrowedLine (frame, (centroid[0],
centroid[1]), (changePosition]|
objectID ][0], changePosition|
objectID J[1]), (255, 0, 0), 1)
cv2.line (frame, (centroid[0],
centroid [1]), (centroid[0] + 30,
centroid [1]), (255, 0, 0), 1)

cv2.imshow ("Frame" , frame)
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cv2 . waitKey (1)

inputVar = input("Are_you_satisfied with_the_
initialization?_(y/n)") # Ask for user
input that initialization results make

sense

if (inputVar == "y’):
break

if cv2.waitKey (1) & OxFF == ord("x"
break

A.1.3 Run Loop

# Start run loop
idOrder_array = np.array (idOrder)

data_txt = open("data/option{}/data.txt".format(
option), "w") # Begin saving data to text file

while True:

success , frame vidcap .read ()

frame_expanded = np.expand_dims(frame, axis=0)

output_dict = function.
run_inference_for_single_image (frame_expanded,
graph, sess)

rects = []

for i in range(0, len(remote_devices)):

if output_dict[ detection_scores’][i] > 0.85:

(startY , startX, endY, endX) = output_dict]

"detection_boxes "J[1]
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rects .append ([ int (startX*frame.shape[1]),
int(startY «frame.shape[0]), int(endXx
frame.shape[1]), int(endYxframe.shape

[0 1)

cv2.rectangle (frame, (int(startX=xframe.
shape[1]), int(startY xframe.shape[0])),
(int (endXsframe.shape[1l]), int(endY=x
frame.shape[0])),
(0, 255, 0), 2)

objects = tracker.update(rects)
agentPosition = []

for (objectID, centroid) in objects.items():

text = "ID_{}".format(objectID)

cv2.putText (frame, text, (centroid[0] — 15,
centroid[1] — 25),
cv2 .FONT_HERSHEY_SIMPLEX, 0.5, (0, 255, 0),

2)

cv2.circle (frame, (centroid[0], centroid[1]),
4, (0, 255, 0), —-1)

agentPosition .append ([ centroid [0], centroid

[111)
# Get desired location of each robot

distance_update , voronoi_update, index_update =
voronoi.voronoi(agentPosition=agentPosition,
numAgents=len (remote_devices), xdim=xdim, ydim=
ydim) # Calculate Voronoi diagram given agent

positions
if np.sum(isSuccess) == len(remote_devices) or np.
sum(reset) == len(remote_devices): # If all

robots have arrived at desired location , or this
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is the first run through of the loop
iterations = iterations + 1
desPosition = []

for n in range(len(remote_devices)):
desPosition.append(voronoi. centroid (
voronoi_update[n], index_update[n], risk
, agentPosition[n])) # Find centroid of
each Voronoi partition

isSuccess[n] = False
coverage = 0

for i in range(len(remote_devices)):

cv2.circle (frame, (int(desPosition[i][0]), int(
desPosition[i][1])), 4, (255, 0, 0), —1)

cv2.circle (frame, (int(desPosition[i][0]), int(
desPosition[i][1])), 30, (255, 0, 0), 1)

coverage += voronoi.coverage_metric(
agentPosition[i], voronoi_update[i],
index_update[i], risk) # Calculate coverage

metric at current time
# Write data to text file

if np.sum(reset) == len(remote_devices):
start_time = time.time ()
data_txt.write("Time: _{}, _Coverage Metric:_{},
Iteration:_{}, _Agent_Positions: {},_Desired
Positions:_{}".format(0, coverage,
iterations , agentPosition, desPosition))
else:
data_txt.write("Time: _{},_Coverage_Metric:_{},_
Iteration:_{},_Agent_Positions: _{},_Desired
Positions: _{}".format(time.time() —

start_time , coverage, iterations,
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agentPosition, desPosition))
data_txt.write("\n")

for agent in range(len(remote_devices)):
# Check distance from desired location

distanceDes[agent] = function.get_distance (
pointl=desPosition[agent], point2=
agentPosition[agent]) # Check distance from

an agent to its desired position

if (distanceDes[agent] > 30.0): # If distance
is more than 30 pixels, then the agent has
not arrived

isSuccess[agent] = False

if (distanceDes[agent] <= 30.0 and isSuccess]|

agent] == False): # If distance is less than
30 pixels , then the agent has arrived
if (reset[agent] == True) and not
test:

index = np.where(idOrder_array==
agent)
device.send_data_async(
remote_devices[index[0][0]], "
A," + str(orientationInit]|
agent]) + ">")
if (reset[agent] == False) and not
test:
index = np.where(idOrder_array==
agent)
device.send_data_async(
remote_devices[index[0][0]], "
A," + str(orientation[agent])

+ v|>vl)

isSuccess[agent] = True
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pass_var[agent] = True

# Check edge conditions , if robot is at the edge of the
boundary then a control action is sent to make it turn

around

if (((time.time() — edgeTimer[agent]) >= 5) and
((agentPosition[agent][0] <= frame.shape
[1]¥0.01) or (agentPosition[agent][0] >=
frame.shape[1]x0.99) or (agentPosition[agent
I[1] <= frame.shape[0]*0.01) or (
agentPosition[agent][1] >= frame.shape
[0]%0.99))):
isEdge[agent] = True
timer[agent] = time.time() + 5

edgeTimer[agent] = time.time ()

currentPosition[agent] = agentPosition][
agent ]

orientationDes[agent] = function.
get_orientation (currentPosition[agent],

desPosition[agent])

if (agentPosition[agent][0] <= frame.shape
[1]%0.01) and not test:
index = np.where(idOrder_array==agent)
device.send_data_async(remote_devices|
remote_devices[index[0][0]]], "E,L,"

+ str(orientationDes[agent]) + ">")

if (agentPosition[agent][0] >= frame.shape
[1]%0.99) and not test:
index = np.where(idOrder_array==agent)
device.send_data_async(remote_devices|
remote_devices[index[0][0]]], "E,R,"

+ str(orientationDes[agent]) + ">"
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if (agentPosition[agent][1] <= frame.shape

[0]%0.01) and not test and not (

agentPosition[agent][0] <= frame.shape

[1]x0.01 or agentPosition[agent][0] >=

frame.shape[1]%0.99):

index = np.where(idOrder_array==agent)

device.send_data_async(remote_devices|
remote_devices[index[0][0]]], "E,U,"
+ str(orientationDes[agent]) + ">")

if (agentPosition[agent][1] >= frame.shape
[0]%0.99) and not test and not (
agentPosition[agent][0] <= frame.shape
[1]x0.01 or agentPosition[agent][0] >=
frame.shape[1]%0.99):
index = np.where(idOrder_array==agent)
device.send_data_async(remote_devices|

remote_devices[index[0][0]]], "E,D,"

+ str(orientationDes[agent]) + ">"

# Check time conditions
if ((((time.time() — timer[agent]) >= 5) or (
reset[agent])) and not isSuccess[agent] and

not isEdge[agent] and not pass_var[agent]):

# Determine orientation and position of each robot

timer[agent] = time.time ()
if (reset[agent] == False): # If not
first run through of loop for this
agent
messageArray[agent] = "F"

timestepDistance[agent] =
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function. get_distance(
currentPosition[agent],
agentPosition[agent])
if (timestepDistance[agent] > 5):
prevPosition[agent] =
currentPosition[agent]
currentPosition[agent] =
agentPosition[agent]
orientation[agent] = function
.get_orientation (
prevPosition[agent],
currentPosition[agent])
orientationDes[agent] =
function. get_orientation (
currentPosition[agent],
desPosition[agent])
angle[agent] = function.
get_angle (orientation[
agent], orientationDes|
agent])
messageArray[agent] =
function.angle_to_message(

angle[agent])

if not test:
index = np.where(
idOrder_array==agent)
device.send_data_async(
remote_devices[index
[0][0]], "R," +
messageArray[agent] + ">")
print (" Object_ID:_" + str(agent)

n

+ "_Orientation: " + str(

orientation[agent]) [:4] + "

[

n

Desired Orientation: " + str(
orientationDes[agent]) [:4] + "
_Message_Sent: "+ messageArray

[agent][:4])
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if (reset[agent] == True): # If first run
through of loop for this agent
reset[agent] = False
currentPosition[agent] =
agentPosition[agent]
if not test:
orientation[agent] =
orientationlnit[agent]
else:
orientation[agent] = 0
orientationDes[agent] = function.
get_orientation (currentPosition[
agent], desPosition[agent])
angle[agent] = function.get_angle(
orientation[agent], orientationDes
[agent])
messageArray[agent] = function.
angle_to_message(angle[agent])
if not test:
index = np.where(idOrder_array==
agent)

device.send_data_async(

n
4

remote_devices[index[0][0]

"

]
R," + messageArray[agent] + ">
H)
print (" Object_ID: " + str(agent) + " _

"

Orientation: " + str(orientation]|

agent]) [:4] + "_Desired,,

"

Orientation: " + str(

orientationDes[agent]) [:4] + "
Message_Sent: "+ messageArray [

agent][:4])

isEdge[agent] = False

pass_var[agent] = False

# Annotate image
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cv2.line (frame, (agentPosition[agent][0],
agentPosition[agent][1]), (int(desPosition[agent
1[0]), int(desPosition[agent][1])), (255, 0, 0),
1)

# Display image, and store plots for this frame
fig , axs = plt.subplots(1l, 1, figsize=(15, 10))
for i in range(len(remote_devices)):
X, y = zip(xvoronoi_update[i])

plt.scatter(x, y, s=80)

x, y = zip(xdesPosition)

plt.scatter(x, y, color="b’, s = 150)
x, y = zip(xagentPosition)
plt.scatter(x, y, color="k’, s = 150)

if option == 2 or option ==

plt.scatter (target[0], target[1l], color="r")

plt.axis( off”)

plt.gca().invert_yaxis ()

plt.savefig("Data/option{}/ plots/plot{}".format(
option, frame_count))

plt.close(’all”)

if option == 2 or option ==
cv2.circle (frame, (int(target[0]), int(target
[1])), 4, (0, 0, 255), —1)
cv2.imwrite ("Data/option{}/ frames/frame{}.jpg".
format (option, frame_count), frame)
cv2.imshow ( "Frame" , frame)
cv2.waitKey (1)

frame_count = frame count + 1

MASTER OF APPLIED SCIENCE THESIS 141



APPENDIX A. ROBOT LOCALIZATION AND CONTROL CODE IN PYTHON

# End loop if "x" key is pressed

if cv2.waitKey (1) & OxFF == ord("x"):
for i in range(0, len(remote_devices)):
if not test:
device.send_data_async(remote_devices|[i
], "P,S>")
break

# Close video capture and windows

cv2.destroyAllWindows ()
vidcap.release ()
data_txt.close ()

if not test:

device.close ()

A.2 Supporting Lib.py File

The source code can be found at the following link: https://github.com/Sarmyt/
masters_python_code/blob/master/Lib.py.

Below is a snapshot of the code to support the thesis submission:

A.2.1 Voronoi Diagram Functions

from scipy.spatial import distance as dist

from collections import OrderedDict
# Importing wutility libraries

import numpy as np
import tensorflow as tf
import cv2

import math

import time

import random

class Voronoi:
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def get_distance(self, pointl, point2): # Calculate distance
between two points
distance = math.sqrt((pointl [0] — point2[0]) *x2 + (
pointl[1] — point2[1]) *%2)
return distance

def voronoi(self, agentPosition, numAgents, xdim, ydim): #
Calculate the Voronoi diagram given agent positions ,
number of Voronoi generators and xy coordinates of a
discretized space
distanceArray = []
distanceCollection = []
indexCollection = []
voronoiCollection = []

counter = 0

for n in range(numAgents):
distanceArray.insert(n,[])
indexCollection.insert(n,[])
voronoiCollection.insert(n,[])
for i in range(len(ydim)):
for j in range(len(xdim)):
dist = self.get_distance(agentPosition[n], [
xdim[j], ydim[i]]) # Check distance
between agent "n” and coordinate [j, i]
distanceArray[n].append(dist)
distanceCollection.insert(n, np.array(distanceArray[n

]) .reshape( np.size(ydim) ,np.size (xdim) ))

for n in range(numAgents):
for ii in range(len(ydim)):

for jj in range(len(xdim)):

for m in range (numAgents) :
if distanceCollection[n][ii,jj] <=
distanceCollection[m][1ii,jj]: # Check
that the point [ii, jjl is closer to
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” ”

agent "n” than all other agents

counter = counter + 1

if counter == numAgents:
voronoiCollection[n].append ([ xdim[ jj
], ydim[ii]])

indexCollection[n].append ([jj ,ii])
counter = 0

return distanceCollection, voronoiCollection,

indexCollection

def risk_density(self , x_dim, y_dim, target, alpha, beta):
phi = np.zeros((len(y_dim), len(x_dim)))

# Assign risk density to each coordinate on the mesh grid

given a distribution function

for i in range(len(y_dim)):
for j in range(len(x_dim)):
dis = self.get_distance ([x_dim[j], y_dim[i]],
target)
dis = disx*x*2
phi[i][j] = alphax(np.exp(—betaxdis))

return phi

def centroid(self, vor, index, risk_den, agent_pos): #
Function for finding the centroid of a Voronoi cell given
the risk distribution in that cell
risk = 0

risk_x =

Il
o O

risk_y

for i in range(len(vor)):
dis = self.get_distance(agent_pos, vor[i])

MASTER OF APPLIED SCIENCE THESIS 144



APPENDIX A. ROBOT LOCALIZATION AND CONTROL CODE IN PYTHON

risk += risk_den[index[i][1]][index[i][0]]*100.0% self
.sensing (dis)

risk_x += vor[i][0]*risk_den[index[i][1]][index][i
J[0]]*100.0% self.sensing(dis)

risk_y += vor[i][1]*risk_den[index[i][1]][index[i
J[0]]*100.0% self.sensing (dis)

C_x

Cy

(risk_x/risk)
(risk_y/risk)

return [C_x, C_y]

def sensing(self, dis): # Sensing capabilities of an agent
with respect to calculation of the coverage metric
sense = np.exp(—(dis*x*2)/(150%%2))

return sense

def coverage_metric(self , agent_pos, vor, index, risk_den): #
Calculating the coverage metric over a single Voronoi

cell

coverage = 0

for i in range(len(vor)):
dis = self.get_distance (agent_pos, vor[i])
coverage += risk_den[index[i][1]][index[i][0]]* self.

sensing (dis) *100.0

return coverage

A.2.2 Centroid Tracker Functions

class Tracker(): # Credit for this code goes to Adrian Rosebrock
at https://www. pyimagesearch.com/2018/07/23/simple—object —

tracking —with—opencv/

def __init__(self, maxDisappeared=50):
# initialize the next unique object ID along with
two ordered
# dictionaries used to keep track of mapping a
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given object
# ID to its centroid and number of consecutive
frames it has
# been marked as "disappeared”, respectively
self . nextObjectID = 0
self . objects = OrderedDict()
self .disappeared = OrderedDict()

# store the number of maximum consecutive frames
a given
# object is allowed to be marked as "disappeared”
until we
# need to deregister the object from tracking

self .maxDisappeared = maxDisappeared

def register(self, centroid):
# when registering an object we use the mnext
available object
# ID to store the centroid
self . objects[self.nextObjectID] = centroid
self . disappeared[self.nextObjectID] = 0
self . nextObjectID += 1

def deregister(self, objectID):
# to deregister an object ID we delete the object
ID from
# both of our respective dictionaries
del self.objects[objectID ]
del self.disappeared[objectID]

def update(self, rects):
# check to see if the list of input bounding box
rectangles
# is empty
if len(rects) ==
# loop over any existing tracked objects
and mark them
# as disappeared
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for objectID in list(self.disappeared.

keys()):
self . disappeared[objectID] += 1

# if we have reached a maximum
number of consecutive

# frames where a given object has
been marked as

# missing, deregister it

if self.disappeared[objectID] >
self .maxDisappeared:

self .deregister (objectID)

# return early as there are no centroids
or tracking info
# to update

return self.objects

# initialize an array of input centroids for the
current frame
inputCentroids = np.zeros((len(rects), 2), dtype=

"int")

# loop over the bounding box rectangles
for (i, (startX, startY, endX, endY)) in
enumerate(rects):
# use the bounding box coordinates to
derive the centroid
cX int ((startX + endX) / 2.0)
cY int ((startY + endY) / 2.0)
inputCentroids[i] = (cX, cY)

# if we are currently not tracking any objects
take the input
# centroids and register each of them
if len(self.objects) ==
for i in range(0, len(inputCentroids)):

self . register (inputCentroids[i])
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# otherwise , we are currently tracking objects so
we need to
# try to match the input centroids to existing
object
# centroids
else:
# grab the set of object IDs and
corresponding centroids
objectIDs = list(self.objects.keys())
objectCentroids = list(self.objects.
values ())

# compute the distance between each pair
of object

# centroids and input centroids,
respectively — our

# goal will be to match an input centroid
to an existing

# object centroid

D = dist.cdist(np.array(objectCentroids),
inputCentroids)

# in order to perform this matching we
must (1) find the

# smallest value in each row and then (2)

sort the row

# indexes based on their minimum values
so that the row

# with the smallest value as at the x
frontx of the index

# list

rows = D.min(axis=1).argsort ()

# next, we perform a similar process on
the columns by
# finding the smallest value in each

column and then
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# sorting using the previously computed
row index list

cols = D.argmin(axis=1)[rows]

# in order to determine if we need to
update , register ,

# or deregister an object we need to keep

track of which

# of the rows and column indexes we have
already examined

set ()

set ()

usedRows

usedCols

# loop over the combination of the (row,
column) index
# tuples
for (row, col) in zip(rows, cols):
# if we have already examined
either the row or
# column value before , ignore it
# val
if row in usedRows or col in
usedCols:

continue

# otherwise , grab the object ID
for the current row,

# set its mnew centroid , and reset
the disappeared

# counter

objectID = objectIDs[row]

self . objects[objectID] =
inputCentroids[col]

self . disappeared[objectID] = 0

# indicate that we have examined
each of the row and

# column indexes , respectively
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usedRows.add (row)
usedCols.add(col)

# compute both the row and column index
we have NOT yet

# examined

unusedRows = set(range (0, D.shape[0])).
difference (usedRows)

unusedCols = set(range (0, D.shape[1l])).
difference (usedCols)

# in the event that the number of object
centroids is
# equal or greater than the number of
input centroids
# we need to check and see if some of
these objects have
# potentially disappeared
if D.shape[0] >= D.shape[1]:
# loop over the unused row
indexes
for row in unusedRows:
# grab the object ID for
the corresponding row
# index and increment the
disappeared counter
objectID = objectIDs[row]
self .disappeared[objectID
] += 1

# check to see if the
number of consecutive

# frames the object has
been marked "
disappeared”

# for warrants
deregistering the

object
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if self.disappeared]|
objectID] > self.
maxDisappeared:
self . deregister (
objectID)

# otherwise , if the number of input
centroids is greater
# than the number of existing object
centroids we need to
# register each new input centroid as a
trackable object
else:
for col in unusedCols:
self . register (

inputCentroids[col])

# return the set of trackable objects

return self.objects

A.2.3 Utility Functions

class Function () :

def angle_to_message(self , angle): # Convert angle to
string in order to send to Alphabot2 robot
message = str(angle)

return message

def get_angle(self, anglel, angle2): # Get angle
difference between the orientation of a robot and the
desired orientation of a robot
angle = angle2 — anglel
if angle > 360:
angle = angle — 360
if angle < 0:
angle = angle + 360

return angle
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def get_distance(self , pointl, point2): # Get distance
between two points
distance = math.sqrt((pointl [0] — point2[0]) %2 + (
pointl[1] — point2[1]) *%2)

return distance

def get_orientation(self, pointl, point2): # Get
orientation of a robot given its previous position and
its current position
orientation = math.degrees(math.atan2(pointl[1] —
point2[1], point2[0] — pointl1[0]))
if orientation < O:
orientation = 360 + orientation

return orientation

def test_1(self, idArray, numRobots): # Test 1 to ensure
proper initialization , check that all IDs are present
and in order
testl = False
testSum = ((numRobots — 1) *(numRobots)) /2
sum = 0
for i in range (0, numRobots):

sum += idArray[i]

if (sum == testSum):
testl = True

return testl

def test_2(self, idArray, numRobots): # Test 2 to ensure
proper initialization , check that all IDs are unique
test2 = False
testArray = []
for i in range(0, numRobots):

testArray.append(idArray[i])

if (len(testArray) == len(set(testArray))):
test2 = True
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return test2

def run_inference_for_single_image(self, image, graph,
sess): # Given an image, use TensorFlow to run object
detection on the image to localize Alphabot2 robots
# Get handles to input and output tensors
ops = tf.compat.vl.get_default_graph().
get_operations ()

all_tensor_names = {output.name for op in ops for
output in op.outputs}

tensor_dict = {}

for key in |

"num_detections’, ’‘detection_boxes’, ’
detection_scores’,

"detection_classes’, ’detection_masks’

tensor_name = key + ":0’
if tensor_name in all_tensor_names:
tensor_dict[key] = tf.compat.vl.
get_default_graph () . get_tensor_by_name(
tensor_name)
if ’detection_masks’ in tensor_dict:

# The following processing is only for single

image

detection_boxes = tf.squeeze(tensor_dict[’
detection_boxes’], [0])

detection_masks = tf.squeeze(tensor_dict[’

detection_masks’], [0])

# Reframe is required to translate mask from box
coordinates to image coordinates and fit the
image size.

real_num_detection = tf.cast(tensor_dict[’
num_detections " ][0], tf.int32)

detection_boxes = tf.slice(detection_boxes, [0,
0], [real_num_detection, —1])

detection_masks = tf.slice (detection_masks, [0,

0, 0], [real_num_detection, -1, —1])
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detection_masks_reframed = utils_ops.
reframe_box_masks_to_image_masks (
detection_masks, detection_boxes, image.shape
[1], image.shape[2])
detection_masks_reframed = tf.cast(

tf . greater (detection_masks_reframed, 0.5), tf

.uint8)
# Follow the convention by adding back the batch
dimension
tensor_dict[ "detection_masks’] = tf.expand_dims(

detection_masks_reframed , 0)
image_tensor = tf.compat.vl.get_default_graph().

get_tensor_by_name(’image_tensor:0 ")

# Run inference
output_dict = sess.run(tensor_dict,
feed_dict={image_tensor:

image})

# all outputs are float32 numpy arrays, so convert
types as appropriate

output_dict[ 'num_detections '] = int(output_dict[’
num_detections " ][0])

output_dict[ "detection_classes’] = output_dict]

"detection_classes "]J[0]. astype(np.int64)

output_dict[ "detection_boxes’] = output_dict[’
detection_boxes ' ][0]

output_dict[ "detection_scores’] = output_dict[’
detection_scores ' ][0]

if “detection_masks’ in output_dict:

output_dict[ "detection_masks’] = output_dict[’
detection_masks " ][0]

return output_dict
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Arduino Code on Alphabot2 Robots

The source code can be found at the following link: https://github.com/Sarmyt/
masters_arduino_code/blob/master/Final_Arduino/Final_Arduino.ino.

Below is a snapshot of the code to support the thesis submission:

B.1 Setup Code

#include <Wire.h>

#define PAMA 6 // Left wheel power pin

#define AIN2 A0 // Left wheel forward power pin
#define AIN1 Al // Left wheel backwards power pin
#define PAMB 5 // Right wheel power pin

#define BIN1 A2 // Right wheel backwards power pin
#define BIN2 A3 // Right wheel forwards power pin
#define ECHO 2 // Echo pin for ultrasonic sensor
#define TRIG 3 // Trig pin for ultrasonic sensor

const int MPU = 0x68; // MPU6050 register

float AccX, AccY, AccZ; // Variables for storing accelerometer
information

float GyroX, GyroY, GyroZ; // Variables for storing gyroscope
information

float accAngleX, accAngleY, gyroAngleX, gyroAngleY, gyroAngleZ;
// Variables for storing accelerometer and gyroscopic angles

float roll, pitch, yaw; // Variables for storing roll , pitch and
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yaw information

float AccErrorX, AccErrorY, GyroErrorX, GyroErrorY, GyroErrorZ;
// Variables for storing accelerometer and gyroscopic reading
error

float elapsedTime, currentTime, previousTime; // Variables for
storing time measurements

int ¢ = 0;

void processIincomingByte (const byte); // Function to process
incoming byte data

void process_data (const char); // Function to process collection
of bytes

const unsigned int MAXINPUT = 50; // Max message character
length

void calculatelmuError(); // Function to calculate accelerometer
and gyroscopic reading errors

int distance; // Storing distance reading from ultrasonic sensor

int orientation; // Storing orientation of robot

long integral = 0; // Variable used for PID calculation (integral
term)

unsigned int last_proportional = 0; // Variable used for storing
previous proportional error

int target = 0; // Variable for storing target orientation of
robot

double timer = 0; // Timer variable for timing behaviour of robot

int distanceTest(); // Function for testing distance from robot

void robotForward(int, bool); // Function to make robot move
forward

void robotBackward(int); // Function to make robot move backwards

void robotTurn(int, bool); // Function to make robot turn

void robotStop(); // Function to make robot stop

void setup () {
Serial .begin(9600) ;
Wire.begin () ;
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Wire.beginTransmission (MPU) ; // Begin communication with
MPU6050

Wire . write (0x6B) ;

Wire . write (0x00) ;

Wire.endTransmission (true) ;

calculateImuError(); // Get accelerometer and gyroscopic erros
delay (20) ;

// Define all pins

pinMode (ECHO, INPUT) ;
pinMode (TRIG, OUTPUT) ;

pinMode (PAMA, OUTPUT) ;
pinMode (AIN2,OUTPUT) ;
pinMode (AIN1,0UTPUT) ;

pinMode (PWMB,OUTPUT) ;
pinMode (BIN1 ,OUTPUT) ;
pinMode (BIN2 ,OUTPUT) ;

robotStop () ;
}

B.2 Loop Code

void loop () {
while (Serial.available() > 0) { // Look for availability of
serial data
processIncomingByte (Serial.read ()); // If serial data is

available then process it

void process_data (char s data) { // Decode message that was
received by robot
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const char x splitData;

2

splitData = strtok(data, ","); // Split message by ”,” token

switch (splitData[0]) {
case 'P’: // Pre—intialization message type
splitData = strtok (NULL, ",");
switch (splitData[0]) {
case 'F’:
robotForward (1000, false); // Move robot forward for one
second
break;

case 'B’:
robotBackward (1000); // Move robot backwards for one second
break;

case ’'S’:
robotStop (); // Stop robot
break;

default:
robotTurn (atoi(splitData), false); // Turn robot by a given
angle
break;

}
break;

case 'l’: // Initialization message type
splitData = strtok (NULL, ",");
orientation = atoi(splitData);
break;

case 'E’: // Edge message type
splitData = strtok (NULL, ",");
switch (splitData[0]) {
case 'U’:
robotTurn (180, true); // Robot has hit an edge, turn robot
by 180 degrees
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break;

case 'D’:

robotTurn (180, true); // Robot has hit an edge, turn robot
by 180 degrees

break;

case 'L’:
robotTurn (180, true); //

by 180 degrees
break;

Robot has hit an edge, turn robot

case 'R’:

robotTurn (180, true); // Robot has hit an edge, turn robot
by 180 degrees

break;

default:
break;
}
break;

case 'A’: // Arrival message type

robotStop (); // Robot has arrived

where it needs to be, stop
it
splitData = strtok (NULL, ",");
orientation = atoi(splitData);
break;

case 'R’: // Run message type

splitData = strtok (NULL, ",");

robotTurn (atoi(splitData), true);

amount indicated in message
break;

// Turn robot by desired

default:
break;
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void processIncomingByte (const byte inByte) |{
static char input_line [MAXINPUT];

static unsigned int input_pos = 0;

switch (inByte) {

s 7

case '>’: // This character indicates end of message

input_line [input_pos] = 0;
process_data (input_line);

input_pos = 0;
break;

default: // Message has not ended so move onto next byte
if (input_pos < (MAXINPUT — 1))
input_line [input_pos++] = inByte;
break;

void getOrientation() { // This code is derived from Dejan at
https ://howtomechatronics.com/tutorials /arduino/arduino—and—

mpu6050—accelerometer —and—gyroscope—tutorial /

previousTime = currentTime;
currentTime = millis ();
elapsedTime = (currentTime — previousTime) / 1000; // Time

elasped from previous reading

Wire . beginTransmission (MPU) ;

Wire. write(0x43); // Access first gyroscope register

Wire.endTransmission ( false);

Wire.requestFrom (MPU, 6, true); // Access data from all 6
gyroscopic registers

GyroX = (Wire.read () << 8 | Wire.read()) / 131.0; // Divide
data collected by sensitivity scale factor

GyroY = (Wire.read () << 8 | Wire.read()) / 131.0; // Divide
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data collected by sensitivity scale factor
GyroZ = (Wire.read () << 8 | Wire.read()) / 131.0; // Divide
data collected by sensitivity scale factor

GyroX = GyroX — GyroErrorX; // Adjust for gyroscopic error in x
—axis

GyroY = GyroY — GyroErrorY; // Adjust for gyroscopic error in y
—axis

GyroZ = GyroZ — GyroErrorZ; // Adjust for gyroscopic error in z

—axis

gyroAngleX = gyroAngleX + GyroX * elapsedTime; // Integrate
gyroscope acceleration over time to get change in angle
gyroAngleY = gyroAngleY + GyroY x elapsedTime; // Integrate
gyroscope acceleration over time to get change in angle
gyroAngleZ = gyroAngleZ + GyroZ x elapsedTime; // Integrate
gyroscope acceleration over time to get change in angle

yaw = gyroAngleZ;
roll = gyroAngleX;
pitch = gyroAngleY;

void calculateImuError () { // This code is derived from Dejan at
https ://howtomechatronics.com/tutorials /arduino/arduino—and—

mpu6050—accelerometer —and—gyroscope—tutorial /

while (c < 200) { // Collect gyroscope data 200 times
Wire.beginTransmission (MPU) ;
Wire. write (0x43) ;
Wire.endTransmission( false);
Wire . requestFrom (MPU, 6, true);
GyroX = Wire.read () << 8 | Wire.read();
GyroY = Wire.read () << 8 | Wire.read();
GyroZ = Wire.read () << 8 | Wire.read();

GyroErrorX = GyroErrorX + (GyroX / 131.0);
GyroErrorY = GyroErrorY + (GyroY / 131.0);
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GyroErrorZ = GyroErrorZ + (GyroZ / 131.0);

C++;

GyroErrorX = GyroErrorX / 200; // Average out the 200 readings
to obtain average error reading

GyroErrorY = GyroErrorY / 200; // Average out the 200 readings
to obtain average error reading

GyroErrorZ = GyroErrorZ / 200; // Average out the 200 readings

to obtain average error reading

int distanceTest ()

{

digitalWrite (TRIG, LOW); // Set trig pin off

delayMicroseconds(2); // Wait two milliseconds

digitalWrite (TRIG, HIGH); // Set trig pin on

delayMicroseconds (10); // Wait 10 milliseconds

digitalWrite (TRIG, LOW); // Set trig pin off

float Fdistance = pulseln(ECHO, HIGH); // Turn on echo pin to
listen for reflection of emitted signal

Fdistance= Fdistance /59; // Calculate distance to obstacle

return (int)Fdistance;

void robotForward (int duration, bool isRun) // Moves robot

forward for a given duration

getOrientation (); // Get orientation of robot
target = roll; // Set heading of robot, this must be maintained
constant for straightline motion

unsigned long destination = millis () + duration; // Determine

length of time to move forward

analogWrite (PWMA, 0); // Left wheel power to zero
analogWrite (PAMB, 0); // Right wheel power to zero
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digitalWrite (AIN1,LOW) ;
digitalWrite (AIN2,HIGH); // Left wheel to move forward
digitalWrite (BIN1,LOW) ;
digitalWrite (BIN2 ,HIGH); // Right wheel to move foward

while (millis() < destination) {

getOrientation () ;

int proportional = roll — target; // Calculate proportional
error for PID

int derivative = proportional — last_proportional; // Calculate
derivative error for PID

integral += proportional; // Calculate integral error for PID

last_proportional = proportional; // Store proportional error
for mnext time

int power_difference = proportional /20 + derivative«10; // Use

PD controller to determine appropriate control action
const int maximum = 60;

if (power_difference > maximum)
power_difference = maximum;
if (power_difference < — maximum)

power_difference = — maximum;

if (power_difference < 0)
{
analogWrite (PWMA maximum + power_difference); // Robot
orientation is moving right , spin right wheel faster than
left wheel
analogWrite (PWMB, maximum) ;
}
else
{
analogWrite (PWMA, maximum) ;
analogWrite (PWMB, maximum — power_difference); // Robot
orientation is moving left , spin left wheel faster than
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right wheel

distance = distanceTest();

if (distance <= 3) {
robotStop (); // If obstacle in the way then stop moving

if (isRun) { // If robot receives another message then stop

the forward motion
if (Serial.available() > 0) {

destination = millis() — 1;

}

integral = 0; // Reset wvariable to 0
last_proportional = 0; // Reset wvariable to 0
robotStop (); // Stop the robot

void robotBackward(int duration) // Look at "robotForwards” for

reference , this function just makes the robot move backwards

getOrientation () ;
target = roll;

unsigned long destination = millis () + duration;

analogWrite (PAWMA, 0);
analogWrite (PAMB, 0);

digitalWrite (AIN1,HIGH) ;
digitalWrite (AIN2,LOW) ;
digitalWrite (BIN1,HIGH) ;
digitalWrite (BIN2,LOW) ;
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while (millis () < destination) {

getOrientation () ;

int proportional = roll — target;
int derivative = proportional — last_proportional;
integral += proportional;

last_proportional = proportional;
int power_difference = proportional /20 + derivative x10;
const int maximum = 60;

if (power_difference > maximum)
power_difference = maximum;
if (power_difference < — maximum)

power_difference = — maximum;

if (power_difference < 0)
{
analogWrite (PWMB, maximum + power_difference);
analogWrite (PWMA maximum) ;
}
else
{
analogWrite (PWMB, maximum) ;
analogWrite (PWMA, maximum — power_difference);
}
}
integral = 0;
last_proportional = 0;
robotStop () ;

void robotTurn(int angle, bool isRun) // Spins robot by a given
angle amount

unsigned long timer = millis ();
analogWrite (PWMA, 0); // Left wheel power to zero
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analogWrite (PAMB, 0); // Right wheel power to zero

if (angle > 180) { // Normalize angle between —180 to 180
degrees
angle = angle — 360;

getOrientation(); // Find current orientation of robot

target = roll + angle; // Determine desired orientation of
robot

// Serial .println(roll);

while (abs(target — roll) > 2) { // Until the robot is within 2
degrees of desired angle, keep turning robot
if ((millis() — timer) > 8000) { // If robot has been turning
for over 8 seconds, then stop turning
break;

getOrientation () ;

int proportional = roll — target; // Calculate proportional
error for PID

int derivative = proportional — last_proportional; // Calculate
derivative error for PID

integral += proportional; // Calculate integral error for PID

last_proportional = proportional; // Store proportional error

for mext time

int power_difference = proportional/40 + integral /500 +
derivativex10; // Use PID controller to determine
appropriate control action

power_difference = abs(power_difference);

const int maximum = 60;

if (power_difference > maximum)
power_difference = maximum;

if (power_difference < 0)
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power_difference = 0;

if (target < roll) { // If clockwise rotation is required
digitalWrite (AIN1,LOW) ;
digitalWrite (AIN2,HIGH) ;
digitalWrite (BIN1,HIGH) ;
digitalWrite (BIN2 ,LOW) ;
}
else { // If counter—clockwise rotation is required
digitalWrite (AIN1,HIGH) ;
digitalWrite (AIN2,LOW) ;
digitalWrite (BIN1,LOW) ;
digitalWrite (BIN2,HIGH) ;

analogWrite (PWMB, power_difference); // Use PID controller
output to determine appropriate control action

analogWrite (PANMA, power_difference); // Use PID controller
output to determine appropriate control action

)

integral = 0; // Reset wvariable to 0

last_proportional = 0; // Reset variable to 0

robotStop (); // Stop the robot

if (isRun) {
robotForward (1000, isRun); // When done turning, move robot

forwards for one second

void robotStop ()
{ // Stop the robot by stopping all motors
analogWrite (PWMA,0) ;
analogWrite (PWMB,0) ;
digitalWrite (AIN1,LOW) ;
digitalWrite (AIN2,LOW) ;
digitalWrite (BIN1,LOW) ;
digitalWrite (BIN2,LOW) ;
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Simulation Code Using Processing

The source code can be found at the following link: https://github.com/Sarmyt/
masters_processing_simulation/blob/master/Masters_Simulation/Masters_Simulation.

pyde.
Below is a snapshot of the code to support the thesis submission:

C.1 Setup Code

# Import required Python libraries

import time

import random

from functools import reduce
from operator import mul
import math

import atexit

# Define a linspace function , this function has the same
behaviour as the numpy.linspace () function

def linspace(start, stop, num=50, endpoint=True):
num = int (num)
start = start *x 1.

stop = stop * 1.

if num == 1:

169


https://github.com/Sarmyt/masters_processing_simulation/blob/master/Masters_Simulation/Masters_Simulation.pyde
https://github.com/Sarmyt/masters_processing_simulation/blob/master/Masters_Simulation/Masters_Simulation.pyde
https://github.com/Sarmyt/masters_processing_simulation/blob/master/Masters_Simulation/Masters_Simulation.pyde

APPENDIX C. SIMULATION CODE USING PROCESSING

yield stop
return

if endpoint:

step (stop — start) / (num — 1)

else:

step (stop — start) / num
for i in range(num):

yield start + step x i

# Define a meshgrid function , this function has the same

behaviour as the numpy.meshgrid () function

def meshgrid (xdim, ydim):
X =[]
Y =[]
for i in range(len(ydim)):

X.append (xdim)

for i in range(len(ydim)):
temp_Y = []
for j in range(len(xdim)):
temp_Y .append (ydim[1i])
Y.append (temp_Y)

return X, Y

# Define an exit handling function , saves all data to a text file

when the program exits

def exit_handler():
global string_list
saveStrings ("data/option{} _data_theo.txt".format(option),
string_list)

atexit.register (exit_handler)

# This reshape function reshapes a Python list into a specified
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shape

def reshape(lst, shap):
if len(shap) == 1:
return lIst
n = reduce(mul, shap[1:])
return [reshape(lst[i*n:(i+1)*n], shap[1:]) for i in range(
len(1lst)//n)]

# Width and Height of the environment in pixels

w = 640
h = 480

# Discretization of the environment into 64 width sections and 48
height sections

width_sections = 64

height_sections = 48

# Creation of mesh grid to discretize environment

xdim = list(linspace(5, w — 5, width_sections))
ydim = list(linspace(5, h — 5, height_sections))
X, Y = meshgrid (xdim, ydim)

step_size = 50 # Step size taken by a point agent towards its
desired position

num_agents = 5 # Number of agents in the environment
# Variables for defining the risk distribution scenario

option = 3 # Variable for selecting between scenario 1, scenario
2 and scenario 3

a=1
b = 0.0001
isSuccess = [False, False, False, False, False] # Array
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indicating which agents have arrived at desired position
reset = True # Variable indicating first run through of the loop
moving = [False, False, False, False, False] # Array to indicate
point agent motion for 5 seconds
abso_start = millis () # Recording start time of program
buffer = 0 # Time correction to offset time required for

simulation setup

start = [millis (), millis(), millis(), millis (), millis ()] #

Initiating movement timer
# Variables used for changing position of point agents

[0, 0, 0, 0, O]
changey = [0, 0, 0, 0, O]
temp_agent_x = [0, 0, 0, 0, O]

changex

temp_agent_.y = [0, 0, 0, 0, O]
# Variables used for storing data output information

iteration = 0

string_list = [] # Storing data to be written t otext

# Color of different Voronoi regions

trans = 150

vor_colors = [[0, 255, 255, trans], [0, 255, 0, trans], [255,
255, 255, trans], [255, 255, 0, trans], [255, 0, 255, trans]]
# Color palette for Voronoi regions

# Array for containing centroids of each Voronoi region

cent = [[0, O], [0, O], [o, O], [0, O], [0, O]]

# Defining initial agent positions and risk distribution based on
selected option

risk = []

MASTER OF APPLIED SCIENCE THESIS 172



APPENDIX C. SIMULATION CODE USING PROCESSING

if option == 1:
agent_pos = [[264, 116], [365, 313], [504, 279], [444, 125],
[362, 205]]

elif option == 2:
target = [320, 240]
agent_pos = [[445, 321], [153, 403], [335, 150], [134, 154],
[420, 124]]

elif option == 3:
target = [485, 320]
agent_pos = [[300, 221], [89, 117], [174, 124], [379, 94],
[166, 301]]

for i in range(len(ydim)):
temp_risk = []
for j in range(len(xdim)):
if option ==
temp_risk.extend ([1.0])

else:
dis dist (xdim[j], ydim[i], target[0], target[1l])
dis = dis*x2
temp_risk.append (ax*(math.exp(—bxdis)))

risk .append (temp_risk)

# Setup function to create environment with defined Width and

Height in pixels

def setup():
size (w, h)
noStroke ()
global max_distance
max_distance = dist(0, 0, width, height)

# Loop function which runs continously until program is closed
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C.2 Loop Code

def draw () :
# Erasing background with each new loop
background (0)

# Bringing all global variables defined earlier into the "draw”
function

global agent_pos
global agent

global reset

global cent

global start

global step_size
global option
global moving
global changex
global changey
global temp_agent_x
global temp_agent_y
global abso_start
global buffer
global iteration
global string_list
global xdim

global ydim

# Voronoi diagram calculation

dis_array = []

distance = []
index = []
vors = []

for n in range(num_agents):
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dis_array.insert(n,[])
index.insert(n,[])

vors.insert(n,[])

for i in range(len(ydim)):
for j in range(len(xdim)):
dis = dist(agent_pos[n][0], agent_pos[n][1], xdim
[j], ydim[i]) # obtain distance between agent

n” and point [i, j]
dis_array[n].append(dis)

distance.insert(n, reshape(dis_array[n], [height_sections

, width_sections]))

for n in range(num_agents):
for i in range(len(ydim)):
for j in range(len(xdim)):

# Ensure that distance between agent "n” and

point [i, jl is less than distance between all
other agents and point [i, j]

if distance[n][i][j] \
<= min(distance [O][i][j],
distance [1][i][j],
2101101,
distance [3][i][j],
distance [4][i][j]):

distance

- s s

vors[n].append ([ xdim[j],ydim[i]])
index[n].append ([j,i])

for i in range(num_agents): # Draw the Voronoi diagram
fill (vor_colors[i][0], vor_colors[i][1], vor_colors[i
1[2], vor_colors[i][3])
for j in range(len(vors[i])):
ellipse(vors[i][j][0], vors[i][j][1], 15, 15)

# Centroid calculation for Voronoi cells
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if sum(isSuccess) == 5 or reset: # If this is first loop of

program , or all agents have arrived at desired location
iteration = iteration + 1

for i in range(num_agents): # Calculate the centroid of

each Voronoi cell given the risk distribution

isSuccess[i] = False
risk_t =0
risk_x =0
risk_y = 0

for j in range(len(vors[i])):
dis = dist(agent_pos[i][0], agent_pos[i][1l], vors
[i][j100], vors[i][jI[1])
sense = math.exp(—(dis**2)/(150%x2))

risk_t += risk[index[i][j][1]][index[i][]
1[0]]1%100.0* sense

risk_x += vors[i][j][O0]*risk[index[i][j][1]]I
index[i][j][0]]*100.0*sense

risk_y += vors[i][j][1]*risk[index[i][j][1]]I
index[i][j][0]]*100.0%sense

C_x = (risk_x/risk_t)
Cy = (risk_y/risk_t)
cent[1][0] = C_x
cent[i][1] = C_y

fill (255, 0, 0)
if not option ==
ellipse (target[0], target[1], 10, 10) # Draw the target (
center of risk distribution)

fill (0, 0, 255)
for i in range(num_agents):
ellipse(cent[i][0], cent[i][1], 10, 10) # Draw the
centroid of each Voronoi region
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fillr (o, 0, 0)
for i in range(num_agents):
ellipse (agent_pos[i][0], agent_pos[i][1], 10, 10) # Draw
the position of all agents

for agent in range(num_agents):
if moving[agent] == False: # If the agent is currently
not moving then initiate movement

angle = math.atan2(—(cent[agent][1] — agent_pos[agent
1[1]), cent[agent][0] — agent_pos[agent][0]) #
Calculate angle of movement to get robot to its
desired position

temp_distance = dist(agent_pos[agent][0], agent_pos]
agent][1], cent[agent][0], cent[agent][1]) #
Calculate distance between agent and its desired
position

# Calculate the required movement of agent in the X
direction

if (cent[agent][0] — agent_pos[agent][0]) < O:
changex[agent] = max(—math.cos(angle)x(—
temp_distance), —math.cos(angle)x*(—step_size))
elif (cent[agent][0] — agent_pos[agent][0]) > O:
changex[agent] = min(math.cos(angle) *(
temp_distance), math.cos(angle)x*step_size)
else:

changex[agent] = 0

# Calculate the required movement of agent in the Y
direction

if (cent[agent][1] — agent_pos[agent][1]) < O0:
changey[agent] = max(math.sin(angle)x(—
temp_distance), math.sin(angle)*(—step_size))

elif (cent[agent][1] — agent_pos[agent][1]) > O:
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changey[agent] = min(—math.sin (angle) *(
temp_distance), —math.sin(angle)x*step_size)
else:
changey[agent] = 0

temp_agent_x[agent] agent_pos[agent][0]

temp_agent_y[agent] agent_pos[agent][1]

moving[agent] = True # Record that the robot is now
moving , and will move for 5 seconds

start[agent] = millis () # Start 5 second timer for

robot movement
# Coverage metric calculation

global_coverage = 0

for i in range(num_agents): # Calculate coverage metric of
the environment in this particular frame of the simulation
coverage = 0
for j in range(len(vors[i])):
dis = dist(agent_pos[i][0], agent_pos[i][1], vors[i]]
i 1101, vors[i1[j1I1])
sense = math.exp(—(dis*%2)/(150%%2))
coverage += risk[index[i][j][1]][index[i][j][O0]]*
sensex100.0

global_coverage += coverage
fill (255, 255, 255)

saveFrame ("data/Option_{}/ frame —######.png" . format (option)) #
Store current frame of simulation for data collection

# Record data metrics of the simulation

if reset:
reset = False
buffer = millis() — abso_start
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string_list.append("Time:_{},_Coverage_Metric:_{}

Iteration:_{}, _Agent_Positions:_{},_Desired_Positions:
_{1".format(0, global coverage, iteration, agent_pos,
cent))
else:
string_list.append("Time:_{}, _Coverage_Metric:_{},_
Iteration:_{},_Agent_Positions:_{}, _Desired_Positions:
)" . format ((millis () — abso_start — buffer)/1000.0,

global_coverage, iteration, agent_pos, cent))

for agent in range(num_agents):

# Record the amount of time an agent has been moving

diff = millis () — start[agent]

# If point agent has been moving for less than 5 seconds
then continue moving agent to desired position

if (diff <= 5000):
agent_pos[agent][0] = temp_agent_x[agent] + changex|
agent |*((diff)/5000.0)
agent_pos[agent][1] = temp_agent_y[agent] + changey]|

agent ] ((diff)/5000.0)

# If point agent has been moving for more than 5 seconds

then stop moving agent

else:

agent_pos[agent][0] temp_agent_x[agent] + changex|

agent ]

agent_pos[agent][1] = temp_agent_y[agent] + changey]|
agent|]

moving[agent] = False
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if int(cent[agent][0] — agent_pos[agent][0]) == 0 and
int(cent[agent][1] — agent_pos[agent][1]) == 0: #
If distance between agent and its desired
position is zero, then agent has arrived at
desired position

isSuccess[agent] = True
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Code for Training SSD MobilenetV2
COCO to Detect Alphabot2 Robot in
Google Colab

The source code can be found at the following link: https://colab.research.
google.com/drive/1_qgZ8TM8YvMEtIhbZXg-49j5Nz0Dt6hU?authuser=2#scrollTo=
zFef(QLaSqo_V.

While all supporting data sets, training configuration files and utility folders
can be found at: https://github.com/Sarmyt/masters_object_detection.

Below is a snapshot of the code to support the thesis submission:
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APPENDIX D. CODE FOR TRAINING SSD MOBILENETV2 COCO TO DETECT
ALPHABOT2 ROBOT IN GOOGLE COLAB

Ensure that Python version is between 3.5.x and 3.7.x for proper execution.

!python --version

Ensure that TensorFlow 1.15.x is installed for proper execution.

%tensorflow_version 1.x

import tensorflow as tf
print (tf.__version__)

Navigate to root directory.

%ed

Clone the object detection repository from GitHub.

!git clone --quiet https://github.com/Sarmyt/masters_object_detection.git

Install required Python libraries for proper execution.

'apt-get install -qq protobuf-compiler python-tk
!pip install -q Cython contextlib2 pillow lxml matplotlib PyDrive
!pip install -q pycocotools

Run compiler for protocol buffer definition files.
%cd ~/masters_object_detection/research
!protoc object_detection/protos/#*.proto --python_out=.
Build and install the setup file to allow for training of the SSD Mobilenet V2 COCO object
detection model.
!python setup.py build
!python setup.py install
Install the TensorFlow Slim package to use the Mobilenet V2 model.
%ed slim
!pip install -e .
Run test to check that object detection models are built properly.
hed ..
!python object_detection/builders/model_builder_test.py
Navigate to main GitHub directory.

%ed ..
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Initiate training process to to iterate through the custom dataset for the Alphabot2 and optimize
object detection.

[ 1: !'python ~/masters_object_detection/research/object_detection/legacy/train.py
--pipeline_config_path=ssd_mobilenet_v2_coco.config \
--train_dir=train \
--logtostderr \

Navigate through directories to evaluate the training results.
[ 1: %cd train
[1:'1s
[1: %ed ..

[ J:|# Run 411 Cells Above

Use a TensorFlow provided script to export the trained object detection model as an inference
graph for use in the lab. Make sure to change the checkpoint number to the specific checkpoint
for your training process.

[ ]: !mkdir fine_tuned_model

!python ~/masters_object_detection/research/object_detection/
—export_inference_graph.py --input_type image_tensor --pipeline_config_path
—»ssd_mobilenet_v2_coco.config --trained_checkpoint_prefix train/model.
~ckpt-1207 --output_directory fine_tuned_model

[ J: %cd fine_tuned_model
[]1: !1s

Download the inference graph for use with local code.

[ 1: from google.colab import files
files.download('frozen_inference_graph.pb')
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Appendix E

Cost of Test Platform

The cost of the major components of the hardware test platform design are pro-
vided. The cost for a laptop/desktop as a central processing unit is not included, as
this cost may vary depending the specifications of the central processing unit. The
total cost of the proposed hardware test design comes to 1100 CAD. The proposed
hardware design has the added benefit of being relatively low cost and modular,

making it easy to scale.

Item Cost per Unit (CAD) | Number of Units | Total (CAD)
Alphabot2 80 5 400
14500 Batteries 4 10 40
Battery Charger 30 1 30
Arduino UNO 30 5 150
MPU6050 IMU 10 5 50
XBee Series 2X Pro 65 5 325
XBee Shield 15 5 75
XBee Explorer 30 1 30

Table E.1: Cost of Components for the Hardware Test Platform

TOTAL: 1100 CAD
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Appendix F

Raw Data for Experiment and

Simulation

Raw data for this thesis can be found at the following link: https://drive.google.
com/drive/folders/17o07wstouWP3vnLcLDFxX6qCyarM7WFql?usp=sharing

The data related to the main results of the thesis as presented in Chapter 4 can
be found in the folder labelled "results".

Supplementary data, such as data for the object detection model training (Sec-
tion 3.6.1.7) and data for the sample responses from the Alphabot2 system with
PD/PID controllers (Sections 3.5.3 and 3.5.4) can be found in the folder labelled

"supplementary".
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