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Abstract

The work presented in this thesis relates to one of the major ongoing
problems in robotics: Developing control architectures for cooperation in Multi
Robot Systems (MRS). It has been widely accepted that Embodiment is a
prime requirement for Robotics. However, in the case of MRS research, two
major shortfalls were identified. First, it was highlighted that no effort had been
made into research platforms for Embodied MRS. Second, it was also observed
that, generally, the more units in an MRS the lower their capabilities and as a
result the poorer their degree of embodiment. These two issues were addressed
separately.

Firstly, a novel concept for MRS development platform named ‘Re-
embodiment’ is presented. Re-embodiment aims to facilitate research on
control systems for MRS by minimising the effort required to ensure that the
robots remain embodied and situated. Using Re-embodiment, researchers can
implement and test largely different control algorithms at virtually the same
time on large fleets of robots.

Secondly, an innovative mono vision distance measurement algorithm is
presented. The intention is to provide a cheap, yet information rich, sensory
input that can be realistically implemented on large fleet of robots. After a
‘one off” calibration of the image sensor, distances from the robot to objects in

its environment can be estimated from single frames.
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Alternatively, “People Cannot Memorise Computer Industry
Acronyms.”
PhD................... Philosophy Doctor. Alternatively amongst PhD students,
Permanent Head Damage or Patiently Headed Downbhill.
PSU Board ........ Power Supply Unit.
R2D2........c..c.... Relative Robot Direction Determination.
RAM........ce... Random Access Memory.
RCX Brick ........ Robot Command Explorer Brick.

RF i Radio Frequency.
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ROM................. Read Only Memory.

SAS .. Software Agent System.

SMPA .......ccceee. Sense-Model-Plan-Act paradigm.

USART ............. Universal Synchronous Asynchronous Receiver Transmitter.
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Chapter 1 Introduction

1.1 Preamble

Mankind has evolved into a unique species amongst the creatures on
earth. Its emerging intelligence has fuelled its thirst for knowledge. In modern
human civilisation, the understanding of the world has grown further than ever
before, from the infinitely small to the infinitely large. This has driven people’s
ability to create and achieve. Yet mankind is still puzzled about man,
furthermost by the understanding of his own intellect. For centuries, man has
dreamed to be able to reproduce his ultimate power: intelligence. The first
records of this fantasy date back to the ancient Greeks who were clearly
ensnared with the idea of creating artificial living beings. This was to be the

root of Artificial Intelligence and modern Robotics.

Much progress has been achieved in the period between those early
attempts to the latest humanoid biped [Honda, 2004], but robots are still far
from having the versatility and intelligence of humans. Nowadays, Robotics is
not just about creating artificial beings and mimicking intelligence. It is a
converging point for many sciences. Robots are complete systems; they include
mechanical, electric and electronic parts in both their sensors and actuators.

The robot controller is the result of many fields of research, from psychology
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to computer science. Multi Robot Systems, in particular, have emerged as

being ideal platforms for the integration of all those sciences.

1.2 Motivation and Objectives

The work presented in this thesis relates to one of the major ongoing
problems in robotics: Developing control architectures and cooperation in
Multi Robot Systems (MRS). MRS have aroused a great deal of interest
amongst Robotics researchers. As a logical extension to single-unit Robotics,
MRS have emerged as a distinct field of research. Although this field has been
the subject to much theoretical and experimental work for over the last two

decades, no definitive solution has yet emerged.

The first effort in the work presented in this thesis was to review and
assess existing work and different control paradigms designed for, or applied
to, Multi Robot Systems. One of the fundamental principles of Robotics,
acknowledged in almost all current research, is embodiment. Based on this
review, two key points, neglected or overlooked by research until now, were

identified. Each of these points was then addressed in turn.

The basic idea behind embodiment is that robots are meant to be
progressing in an environment [Brooks, 1991a; Brooks, 1991b; Anderson,
2003a]. They must be able to both ‘sense’ and ‘act-upon’ their environment.
As a result robots are complex systems. Furthermore, for the research to remain

of interest to potential users, theoretical concepts have to be implemented and
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tested in the real world. Yet, no research effort has concentrated on test and

development platforms that facilitate embodiment.

To address this, a novel concept for MRS development platforms named
‘Re-embodiment’, is presented. Inspired by dualisms, soul and body are
defined as the two building blocks of embedded robot systems. The proposed
paradigm allows for largely different control systems to be implemented and
tested, on a single hardware platform, by a number of researchers at virtually
the same time. The effort required to ensure that the implemented system

retains a good level of embodiment is minimised.

The first and most apparent appeal of multi robot systems is that
increasing the number of units, performing the same task, should increase the
overall performance. Unfortunately, larger fleets tend to consist of robots with
lower capabilities, usually at both the computational and sensory-motory
levels. One may assume that cost restrictions only allow for more
computational power, better sensors and actuators on single units. Yet to
remain as embodied as possible, robots must have good sensory and motory
abilities.

This problem is addressed by the development of a simple, cheap, yet
information rich, sensory input. A novel mono vision distance measurement
method is proposed. Images are captured from an inexpensive camera. The
computational requirements, especially those for image analysis, remain

relatively low. After a one-off calibration, to derive intrinsic and extrinsic
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parameters, distance can be measured between the robot and objects in the

environment, from single image frames.

1.3 Outline of Thesis

The preceding section outlined the motivation and objectives of the work
presented here. This thesis contains a further three main chapters and a

conclusion.

In the second chapter, a literature review of theoretical and experimental
work related to cooperation and control of MRS is presented with a special
emphasis on embodiment. Two main weaknesses in the research field are
highlighted. They are then addressed, one by one, in the subsequent two
chapters. Each of these chapters is self-contained and includes a specific
literature review, a material and methodology subsection where applicable, a

theoretical section, as well as discrete results, discussions and conclusions.

Chapter Three introduces the novel “Re-Embodiment” concept for MRS
development platforms. A specific literature review presents previous works.
Then, the robots used for tests and experiments are described. Subsequently,
the architecture is formally introduced through a series of axioms. Possible
applications are highlighted, putting forward advantages. Simple experiments
demonstrate the abilities of such a system. Finally, two applications of the
architecture are presented, firstly, on a fleet of six PC-based robots and

secondly, a larger fleet of small microcontroller-based robots.
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The fourth chapter presents the innovative mono vision distance

measurement algorithm. A literature review presents existing related sensing
methods. Then the underlying mathematical model is detailed together with a
theoretical accuracy analysis. An implementation on a cheap webcam is
presented together with experimental accuracy results. Finally an application

example in a simulated environment is demonstrated.

The fifth chapter concludes the work and highlights the contributions of
the research presented in this thesis. A number of suggestions for future work

are put forward.
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Chapter 2 Literature Review

2.1 The Roots of Robotics

It is in ancient Greece that one may find the earliest record of automatons,
which were to become the roots of modern robotics. In Iliad [Homer, 2002],
Homer describes several fictional artificial beings such as the ‘tripods’ and the
‘golden maids of Hephaestus’. The Statesman, Philosopher and major
Pythagorean mathematician Archytas of Tarentum built a wooden pigeon that
it is said could flap its wings and fly [Encyclopaedia Britannica, 2004a]. In
China during the Han dynasty, around 300BC, craftsmen built a mechanical
orchestra [Encyclopzdia Britannica, 2004b]. Following the decline of Greece
and Rome, interest in automata was rekindled in Mesopotamia. Abu al-Razzaz
Jazari was an engineer working for the Artukid sultan Nasir ad-Din Mahmud
(1200-1222). He built automata the technical perfection of which pleased the
sultan, such as a clock made with a palanquin with characters and dragoons, set

on an elephant and his mahout [al-Jazari, 1975].

In the 18th century clockwork automata, such as the ‘The flute player’
and ‘The duck’ created by Jacques de Vaucanson [Encyclopzdia Britannica,
2004c], re-introduced the idea of ‘artificial beings’ who could do what humans

can do.
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In 1921, the Czech author Karel Capek coined the term Robot in his best
known work, the play “Rossum's Universal Robots” (R.U.R.), which featured
machines created to simulate human beings [Capek, 1921]. The term is
believed to be derived from the Czech word for ‘forced labour’ or serf. R.U.R's
theme, in part, was the dehumanization of man in a technological civilization.
Surprisingly, Capek’s robots were not mechanical in nature but were created

through chemical means.

The term 'Robotics' referring to the study and use of robots was
introduced and first used by the Russian-born American scientist and writer
Isaac Asimov. He wrote prodigiously on a wide variety of subjects and was
best known for his many works of science fiction. The word 'Robotics' was
first used in Runaround, a short story published in 1942 [Asimov, 1942]. ‘I,
Robot’, a collection of several of these stories in which Asimov proposed his
three ‘Laws of Robotics’, was published in 1950 [Asimov, 1950]. He later

added a 'zeroth law'.

“Zeroth Law: A robot may not injure humanity, or, through

inaction, allow humanity to come to harm.

First Law: A robot may not injure a human being, or, through
inaction, allow a human being to come to harm, unless this would violate

a higher order law.
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Second Law: A robot must obey orders given it by human beings,

except where such orders would conflict with a higher order law.

Third Law: A robot must protect its own existence as long as such

“

protection does not conflict with a higher order law.

After the second world war, together with the appearance of the first
computers such as the ‘Manchester Mark I’ [Encyclopzdia Britannica,
2004d], the first modern mobile robots made their appearance. Those were to
renew interests in mobile robots, arouse imaginations and ambitions in modern

society to finally bring robotics to the forefront of research and technology.

2.2 Emergence of Modern Mobile Robots

In the late 1940's Walter carried out pioneering research with
autonomous mobile robots, ‘The Machina Speculatrix’, at the Burden
Neurological Institute in Bristol [Walter, 1950; Walter, 1951; Walter, 1963].
As part of his quest to model brain functions, he was attempting to research the
basis of reflex actions and tested his theory on complex behaviour arising from
neural interconnections, (see Figure 2-1). The highly successful experiments
with his tortoises, robots ‘Elsie’ (Light sensitive with Internal and External
stability) and ‘Elmer’ (ELectro MEchanical Robot), are a landmark of robotics
research [Holland, 1997; New Scientist, 1998]. It is fascinating to see that
Walter’s ideas and experiments included, at least, three of the main

components of modern robotics research: Reactive control, behaviour arising
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from neural interconnections and the use of a system comprising several

robots. Walter’s robots were using reactive control by means of sensory
stimuli, in this case light, to directly influence actions. Such a control
architecture was not used throughout the ‘Classical’ Artificial Intelligence era
of robotics. It is not until the 1980s that Braitenberg [Braitenberg, 1984]
developed Walter’s experiments. A few years later, Brooks extended Walter’s
architecture to the so-called behavioural approach, as discussed later. The
theory stipulating that behaviour arises from neural interconnections was the
basis of extensive research much of which was to be applied to robotics, such
as neural networks. Finally, Walter employed in his experiment two robots. It
is not apparent that he was purposely researching properties arising from the
use of multiple robots. However there is evidence that ‘Elsie’ and ‘Elmer’ did
interact during experiments (see Figure 2-5). This may have inspired others to
investigate robot interaction.

. Lately an international workshop titled “Biologically-Inspired Robotics:
The Legacy of W. Grey Walter” was organised in Bristol. The workshop
commemorated the 25th anniversary of Walter's death. It focussed on his
pioneering work in cybernetics and artificial life, on the many important and
exciting developments in the field since his death, on recent trends in
biologically-inspired robotics, and the potential of the field for the future

[Holland, 2003].

In 1964 at John Hopkins University Applied Physics Lab, ‘Beasts’ were

presented [Moravec, 1998]. They were able to wander white corridors using
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ultrasound sensors, until their batteries ran low. Then they would seek black

wall outlets with special photocell optics, and plug themselves in by feel with
their special recharging arm (see Figure 2-2). After recharging, they would
resume patrolling. The Beasts were much more complex than Elsie or Elmer,

and demonstrated some deliberate behaviour.

From 1966 through 1972, Shakey, so-called because of its jerky motion,
was developed at the Stanford Research Institute (The SRI's Artificial
Intelligence Center nowadays) [Fikes ef al., 1972; Nilsson, 1984]. It had a TV
camera, a triangulating range finder, and bump sensors, and was connected to
DEC PDP-10 and PDP-15 computers via radio and video links (see Figure
2-3). Shakey used programs for perception, world-modelling, and acting. Low-
level action routines took care of simple moving, turning, and route planning.
Intermediate level actions strung the low level ones together in ways that
robustly accomplished more complex tasks. The highest level programs could
make and execute plans to achieve goals given to the robot by a user. The
system also generalized and saved these plans for possible future use. Shakey
was the first mobile robot to reason about its actions and has had a substantial
legacy and influence on present-day artificial intelligence and robotics. It now

resides in the Computer History Museum in Mountain View, CA.

10
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In the early 1970s, the Stanford Cart was developed at Stanford

University [Moravec, 1983]. It was first designed to follow a white line but
could be remotely operated as well. A prototype vision system was added in
1979 (see Figure 2-4). This enabled it to cross a thirty-meter room dotted with

obstacles but travel time was a lengthy five hours!

From then on research in Artificial Intelligence and robotics became
more and more widespread and as a result the number of research projects and

commercial platforms being developed increased.

Even if, nowadays, the general perception of robots still undoubtedly
overshadows the reality of their abilities, Robotics remains at the forefront of
technology. It is a converging point to many sciences and provides an ideal

platform to integrate research from different fields into complete systems.

2.3 Robot Control

Robotics researchers are faced with the task of engineering machines that
gather information about their environment via sensors and effect action via
actuators. The link between the sensor data and the actuator effect is the
control. To understand the evolution of the underlying ideas behind robots

control, one has to go back to eighteenth century dualism.

11
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