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Abstract

This thesis addresses the problem of intelligent control of autonomous
mobile robots, particularly under circumstances unforeseen by the de-
signer. As the range of applications for autonomous robots widens and
increasingly includes operation in unknown environments (exploration)
and tasks which are not clearly specifiable a priori (maintenance work),
this question is becoming more and more important.

It is argued that in order to achieve such flexibility in unforeseen
situations it is necessary to equip a mobile robot with the ability to au-
tonomously acquire the necessary task achieving competences, through
interaction with the world.

Using mobile robots equipped with self-organising, behaviour-based
controllers, experiments in the autonomous acquisition of motor com-
petences and navigational skills were conducted to investigate the vi-
ability of this approach.

A controller architecture is presented that allows extremely fast ac-
quisition of motor competences such as obstacle avoidance, wall and
corridor following and dead end escape: these skills are obtained in
less than five learning steps, performed in under one minute of real
time. This is considerably faster than previous approaches. Because
the effective wiring between sensors and actuators is determined au-
tonomously by the robot, sensors and actuators may initially be wired
up arbitrarily, which reduces the risk of human error during the set-
ting up phase of the robot. For the first time it was demonstrated
that robots also become able to autonomously recover from unforeseen
situations such as changes in the robot’s morphology, the environment
or the task. Rule-based approaches to error recovery obviously cannot
offer recovery from unforeseen errors, as error situations covered by

such approaches have to be identified beforehand.



A robust and fast mapbuilding architecture is presented that en-
ables mobile robots to autonomously construct internal representations
of their environment, using self-organising feature maps. After a short
training time the robots are able to use the self-organising feature map
successfully for location recognition.

For the first time the staged acquisition of multiple competences in
mobile robots is presented. First obtaining fundamental motor compe-
tences such as wall following and dead end escape (primary skills), the
robots use these in a second stage to learn higher levels of competence
such as the navigational task of location recognition (secondary skills).
Besides laying the foundation of autonomous, staged acquisition of
high level competences, this approach has the interesting property of
securely grounding secondary skills in the robot’s own experience, as

these secondary skills are defined in terms of the primary ones.

Kurzfassung

Diese Dissertation befafit sich mit dem Problem der intelligenten
Steuerung autonomer mobiler Roboter, insbesondere in vom Ingenieur
nicht vorhergesehenen Situationen. Diese Frage gewinnt zunehmend an
Bedeutung, da das Einsatzspektrum autonomer Roboter sich standig
erweitert und in zunehmendem Mafle den Einsatz in unbekannter
Umgebung (Exploration) sowie a priori schlecht parametrierbare Auf-
gaben (Wartungsarbeiten) umfaft.

Um Flexibilitat in solchen unvorhergesehenen Situationen zu er-
reichen, ist es notwendig, Robotersteuerungen zu entwickeln, die es
dem Roboter erlauben, die bendtigten Fahigkeiten autonom, in Inter-
aktion mit der Umwelt zu erwerben — so die hier vertretene These.

Um die Brauchbarkeit dieses Ansatzes zu untersuchen, wurden Ex-

perimente mit autonomen mobilen Robotern durchgefiihrt, die die An-
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wendbarkeit von selbstorganisierenden, verhaltensbasierten Steuerun-
gen fir den Erwerb von motorischen Fahigkeiten und fir Navigation

untersucht haben.

Eine Steuerung wird vorgestellt, die das extrem schnelle Lernen von
motorischen Fahigkeiten wie Hindernisausweichen, Wandfolgen, Kor-
ridorfolgen und Entweichen aus Sackgassen erlaubt. Diese Fahigkeiten
werden in weniger als fiinf Lernschritten in unter einer Minute Echtzeit
erworben. Dies ist erheblich schneller als bisherige Ansatze. Da die ef-
fektive Verbindung zwischen Sensoren und Aktuatoren vom Roboter
selbst bestimmt wird, konnen Sensoren und Aktuatoren anfangs in be-
liebiger Weise angeschlossen werden. Dies vermindert die Anfalligkeit
fiir Bedienfehler wahrend der Installationsphase des Roboters. Erstma-
lig wurde gezeigt, dal Roboter auf unvorhergesehenen Situationen wie
Anderungen der Robotermorphologie, Anderungen in der Umwelt oder
Anderungen der Aufgabe reagieren konnen, ohne ihre Einsatzfahigkeit
zu verlieren. Regelbasierte Ansatze zur Fehlerkorrektur sind dazu nicht
geeignet, da fir solche Ansatze die Fehlersituationen schon von vorn-

herein bekannt sein miissen.

Ein robustes und schnelles Kartographiesystem auf der Grund-
lage von selbstorganisierenden Merkmalskarten wird vorgestellt,
welches es mobilen Robotern ermoglicht, in autonomem Betrieb eine
Repréasentation der Umgebung zu erstellen. Nach kurzer Trainingszeit
sind die Roboter in der Lage, mit Hilfe dieser Karten eine Ortserken-

nung erfolgreich durchzufiihren.

Erstmalig wird auch der stufenweise Erwerb mehrerer Fahigkeiten
durch Roboter prasentiert. Nachdem grundlegende Fahigkeiten wie
Hindernisausweichen, Wandfolgen oder Entweichen aus Sackgassen er-
lernt sind (Priméarfahigkeiten), verwenden die Roboter diese in einer

zweiten Stufe des Lernprozesses zum Erwerb komplexerer Fahigkeiten
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wie der der Ortserkennung (Sekundarfahigkeiten). Zum einen ist dies
der Grundstein fiir den autonomen, stufenweisen Frwerb komplexerer
Fahigkeiten, zum anderen hat dieser Ansatz die interessante Eigen-
schaft, da} die Sekundarfahigkeiten des Roboters in den Erfahrungen
des Roboters und nicht in von auflen vorgegebenen Definitionen ver-
ankert sind, da die Sekundarfahigkeiten durch die Primarfahigkeiten

definiert sind.

Résumé

Tandis que les applications des robots autonomes mobiles sont de plus
en plus nombreuses - par exemple lorsqu’il s’agit déxplorer des terri-
toires largement inconnus (par exemple, Mars) ou de travailler dans
des environnements incertains (par exemple pour lutter contre un in-
cendie ou pour travailler dans une centrale nucléaire) - les systémes
de contréle de ces robots vont devoir de plus en plus s’accomoder de
circonstances non prévues par leur concepteurs.

Cette these traite de ce probleme, cést-a-dire de la question de
savoir comment un contréleur de robot mobile peut s’avérer flexible
en circonstances imprévues. Alors que les tentatives antérieures pour
assurer une plus grande flexibilité en matiere de contréle robotique se
sont focaliseés, soit sur des solutions mettant en ceuvre des stratégies
prédéfinies — destineés a résoudre des situations dérreur connues a
priori — soit sur la construction de controleurs a partir de modules
robustes, indépendants et auto-suffisants, la these soutenue ici est que,
pour s’accomoder de situations reéllement imprévues par son concep-
teur, un robot doit pouvoir acquérir des compétences et s’adapter a
des circonstances changeantes de facon autonome.

Au moyen des robots mobiles Alder et Cairngorm, qui ont

été construits dans le cadre du projet ”"Really Useful Robots” du
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Département d’Intelligence Artificielle de I’Université dEdimbourg, di-
verses expériences ont été réaliseés afin dé’tudier les mécanismes qui
permettent a des robots mobiles d’apprendre a modifier leur comporte-
ment, par essais et erreurs, si cela s’avere nécessaire a la réalisation de
leur objectif et a s’auto-adapter en cas de circonstances imprévues. Ce
résultat a été acquis grace a la coopération de composants figés et de
composants modifiables au sein des controleurs de ces robots, les com-
posants figés mettant en ceuvre ce qu’on pourrait appeler des regles in-
stinctives (éxécutant des comportements immuables et prédéfinis) et les
composants modifiables étant implémentés au moyen d’architectures

de calcul connectionnistes (Réseaux de Neurones Artificiels).

Au cours déxpériences ayant trait a I’acquisition d’aptitudes motri-
ces fondamentales, Alder et Cairngorm ont appris par essais et erreurs
a éviter des obstacles, a sé’chapper de culs-de-sacs, a suivre des murs
et des corridors. Ces robots se sont avérés capables de s’accomoder
de circonstances imprévues telles que des changements dans leur en-
vironnement ou dans leur propre morphologie: ils se sont remis de
ces changements et ont repris la tache qu’ils cherchaient a accomplir.
D’autres expériences ont également montré que ces robots peuvent ex-
ploiter une information contextuelle et agir intelligemment dans des

circonstances différentes.

Au cours déxpériences portant sur la reconnaissance de lieux,
Alder et Cairngorm ont utilisé des cartes topographiques auto-
organiseés comme représentations distribueés de leur environnement.
Générés a partir des stimuli déntreé provenant de leurs capteurs sen-
soriels ou des actions motrices effectueés par les robots, les schémas
déxcitation émergents au sein de ces cartes topographiques se sont
avérés fidélement corrélés aux emplacements du monde reél. De ce

fait, les robots étaient capables de reconnaitre les lieux qu’ils avaient



déja visités dans leur environnement.

Enfin, au cours de recherches portant sur l’apprentissage par étapes,
des expériences sur 'acquisition de compétences motrices et sur la
reconnaissance de lieux ont été combineés: Cairngorm a ainsi ap-
pris d’abord a éviter les obstacles, a sé’chapper des cul-de-sacs et a
suivre les murs puis, apres que ces compétences aient été acquises, a
les utiliser pour entrainer un systéme a base de carte topographique
auto-organiseé & reconnaitre les lieux parcourus.

Grace aux controleurs auto-organisés décrits dans cette these, il
a été montré que des robots mobiles peuvent acquérir de maniere au-
tonome les compétences permettant de mener une tache a bien et qu’ils
peuvent s’accomoder avec succes de situations imprévues. Pour la
premiere fois, il a été également montré que des robots peuvent tirer
bénéfice de compétences acquises antérieurement pour réaliser ensuite
d’autres apprentissages. Un tel apprentissage par étapes est nécessaire
pour le développement autonome d’aptitudes plus élaboreés chez les

robots.

The composition of this thesis and the research re-
ported in it are entirely my own work, except where oth-

erwise stated.

Ulrich Nehmzow
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Chapter 1

Experiments in Competence

Acquisition for Autonomous

Mobile Robots

1.1 Introduction

One of the most striking features of intelligent beings is that they can
cope with situations they have never encountered before, and that they
can apply previously acquired knowledge to such unforeseen situations.

This thesis addresses the problem of coping with unforeseen situa-
tions in the inanimate world, in mobile robotics. Are there mechanisms
we can successfully employ to achieve flexibility of mobile robots in un-
foreseen situations, and what are the appropriate means to investigate
this research topic? These are the questions I try to answer in this
thesis.

When talking about unforeseen situations, I use the word unfore-
seen in the strict sense of the word. It describes the fact that a sit-
uation has not been anticipated by the designer of a robot controller,

and it describes a situation that has neither been identified nor been



experienced before the actual event.
To be able to achieve this flexibility in unforeseen situations three

properties are necessary. The agent must be able to:
1. acquire knowledge in the first place,
2. detect changing circumstances, and

3. find appropriate actions in the unforeseen situation, possibly us-

ing previously acquired knowledge.

Why would it be desirable to build robot controllers based on these
principles? If such flexibility could be achieved in a mobile robot, it
would enhance the robot’s capability of staying operational, because
the robot could recover even if single components fail. It would in-
crease the robot’s versatility, as such a robot could be used even if the
world it is going to be used in is unknown to the designer beforehand.
Examples of possible applications are the exploration of unknown
territory (e.g. planets), performing maintenance work in inaccessible
areas (e.g. blocked pipes) or work in dangerous or contaminated envi-
ronments (e.g. nuclear power stations). Finally, setting up such robots
would be easier and less prone to error, as the effective wiring between
sensors and actuators could be established autonomously by the the
robot itself. The first two points, however, lie in the future — the
work reported here starts at the very beginning, at the acquisition of
basic competences in mobile robotics. The last point has already been
achieved to some extent: for the robots described in this thesis sensors
and motors may initially be connected arbitrarily, an effective wiring
between them is established by the robots themselves. The questions
are these: what are the components required for a robot controller that
allow the robot to react flexibly and effectively in an unforeseen situa-

tion? Which are the factors in the robot and its controller that make



the robot either succeed or fail? Identifying these factors is crucial
for building robots exhibiting task-achieving behaviours, even under

unforeseen circumstances.

1.2 Tools for Investigation

Before any attempt to answer this can be made, a fundamental point
has to be discussed: which are the appropriate means to investigate
the subject? The validity of the investigation method used has to be
established first, as it is obvious that the investigation method will
influence the results. In 1981 Tversky and Kahneman conducted the
following experiment on the framing effect' (after [Matlin 89]).

Problem 1: Imagine that the United States is preparing for
the outbreak of an unusual Asian disease, which is expected
to kill 600 people. Two alternative programs to combat
the disease have been proposed. Assume that the exact
scientific estimate of the consequences of the programs are

as follows:

o If program A is adopted, 200 people will be saved.

o If program B is adopted, there is a one-third proba-
bility that 600 people will be saved, and two-thirds

probability that no people will be saved.
Out of 152 students given these two options, 72% chose
program A and 28% chose program B.

Problem 2: Now imagine the same situation, with these

two alternatives:

1The effect that the way a question is asked (framed) and the background con-

text of the choice itself can influence the outcome of the decision.



o If program C is adopted, 400 people will die.

o If program D is adopted, there is a one-third proba-
bility that nobody will die, and two-thirds probability
that 600 people will die.

Out of 155 different students given these two options, 22%

favoured program C, but 78% favoured program D!

The point is obvious: the value of answers received or the validity
of results obtained has to be interpreted with respect to the question
asked or the investigation method used, respectively.

For scientific research in general, and for research in intelligent
mobile robotics in particular, two approaches can be taken: simulating
or experimenting?. Simulation tries to reproduce what are judged to be
just the significant events or processes under test conditions. Initially
specifying rules, relationships, operating procedures and initial state
of the simulation, the designer of the simulation then tries to relate
the results obtained by simulation to the actual process simulated. In
the area of autonomous mobile robots simulation almost always means
computer-based simulation. Experiment, on the other hand, stands for
the actual experiments, the “real McCoy”, without prior judgement as
to what is significant. In mobile robotics this means the use of mobile
robots, operating in a niche of the real world (I say niche, because
whatever the world the robot is operating in is like, it is never going
to be the whole of the whole world).

To date, in mobile robotics research computer-based simulation has
been used far more often than actual experimentation; for what rea-

sons? There are advantages to simulation. It is — or at least was

?Throughout this thesis I use the term “experiment” for actual physical exper-

iments, conducted with robots.



until recently — easier to set up. The equipment for the simulation
of intelligent agents can be found in every Artificial Intelligence or
Computer Science laboratory: the computer. It is often faster than an
experiment. It works within clearly defined boundaries, all parameters
that influence the simulation are defined by the designer. Simulation of
identical environment states is possible, because these states are clearly
defined and can be set again and again. This is in fact a major differ-
ence between simulation and experiment: the simulation assumes that
sufficient information about the current environment state is available,
so that the state of the controller can be assumed to be identical to the
current environment state. The experiment, on the other hand, shows
that identical world states can never be reached again. Only identical
controller states are possible — equivalence of world state and con-
troller state cannot be assumed and is not assumed. Because of this
fundamental difference, I use different terms throughout this thesis
when I talk about simulation and experiment: agent and environment
for simulations, robot and world for experiments.

As simulation is often easier to set up and cheaper to implement,
as it is often faster than experiments and offers very clearly defined
boundaries which are easier to analyse, as it offers the possibility to
investigate identical environment states again and again in order to
find a suitable set of parameters, why have I chosen to conduct ez-
periments to investigate the question of competence acquisition and
flexibility in unforeseen situations in mobile robotics? The reason is
this: simulation is only as good as the data it is based on. In order to

build a scientifically useful simulator, one must either

e have sufficient data from previous experiments, or

e use data obtained directly from the world.



Following page: simulated turbine wheel, as used in finite element

analysis.



Here is an example for a scientifically useful simulation, based on a
wealth of experimentally acquired data: at NEI Parsons generator and
turbine manufacturers in Newcastle, simulation of turbine blades under
the influence of pressure, high temperature and centrifugal forces has,
in some cases, replaced the ‘test wheel’ which was especially built to be
tested under realistic conditions. Whereas building a test wheel took
months, a simulation is done in days (a simulated turbine blade for the
finite element analysis is shown on page 6). A test wheel cost 250,000
pounds, the computer and software for the simulation a fraction of the
price. The simulation used was carefully developed by Rolls Royce,
another turbine manufacturer, and yet it was only possible for Parsons
to successfully use this simulator because test wheels were available
that could be used to fine-tune the simulation. Without the knowledge
based on experiments, both at Rolls Royce and Parsons, the simulation
of turbine blades would have been of little use for the engineering of

new turbines.

Unfortunately, in intelligent mobile robotics this wealth of data
from experiments is not yet available, nor is the theory that is also a
necessary prerequisite to the building of such simulators. Not all es-
sential parameters that make a robot succeed in its task in the world
have been identified yet. This is a difficult problem. It means that it is
impossible to “simply concentrate on the most important points” when
implementing a simulation, because to date it is not at all clear to us
what the most important points are! Obviously, important factors in-
fluencing a robot’s behaviour will be its dimensions, the signals coming
from its sensors and the effects of its actuators. But what about the
influences of wear, backlash, fatigue, slippage, friction, stiction, asym-
metries and climate? Can these be ignored in a simulation without

affecting its usefulness?



Experiments suggest that many of these “minor” aspects of robotics

do play an important role>.

To make things even worse, even including all known aspects will
not guarantee that simulated agent and robot will behave identically.
The interaction of robot and world produces effects that cannot be as-
cribed to properties of robot or world alone (figure 1.1 gives a graphical
demonstration of this). For example, pushing hard against an obsta-
cle will displace either the obstacle or the robot, thus changing their

relative positions.

Often, stochastic processes help the robot to overcome problems,
although one would not have expected this from a theoretical analysis.
The following result from an experiment highlights this fact: suppose a
mobile robot is built that uses two tactile sensors mounted at the front
of the robot to steer away from obstacles. Such a robot is shown in
figure 1.2. Whiskers reverse the turning direction of a motor when they
are on (this is indicated by a “-” in the diagram), which means that
the robot will turn left when the right whisker is on, right when the left
whisker is on and reverse when both whiskers are on. Such a vehicle
is similar to the ones discussed by Braitenberg ([Braitenberg 84]). In
Braitenberg’s vehicles, sensor excitation is proportional to the action
of the motor connected to the sensor, whereas in the example shown
in figure 1.2 the sensors are binary sensors, and simply reverse the

turning direction of the motors when they are on.

[ have programmed “Alder” (a robot) to behave that way and, as
expected, the robot turns away from solitary obstacles. Something
surprising happens, though, when the robot is put in a dead end, as

shown in figure 1.3: instead of turning left and right forever, possibly

3[Malcolm 91] reports that a particular assembly robot “reliably” failed on Mon-

day mornings, because of slightly smaller dimensions due to being cold!



Figure 1.1: Arcimboldo: The interaction of parts produces effects that

are not present in the mere collection of them.
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Figure 1.2: Simple, obstacle avoiding vehicle.

reversing occasionally, the robot often (not always) eventually touches
the left wall with its right whisker, or the right wall with its left whisker,
which will make it leave the dead end.

This is not a result of the wiring between sensors and actuators (in
fact it happens despite the wiring, rather than because of the wiring),
but is due to effects that stem from the interaction of the particular
robot with its world. Alder, for example, does not turn symmetrically
to the left and to the right, but has a bias to one side (every robot has
such asymmetries). If the dead end is not too tight, this will make the
robot turn more towards one direction than turning back in the other,
so that eventually the robot will be able to leave the dead end.

This experiment shows that an intelligent agent cannot be seen

independently from its task