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Avstract

Explorations Into the Behaviour-Oriented Nature of Intelligence:

Fuzzy Behavioural Maps

by Ana Maria Gonzalez de Miguel

Abstract

This thesis explores the behaviour-oriented nature of intelligence and presents the definition and use of
Fuzzy Behavioural Maps (FBMs) as a flexible development framework for providing complex autonomous

agent behaviour.

The explorations into the behaviour-oriented nature of intelligence provide an overall view of what has been
achieved and, what remains to be done to prove the validity of the Behaviour-Based (BB) approach to
Artificial Intelligence. The thesis elaborates the fundamentals of this field, identifies many contributions
(ideas, tendencies and, perspectives) from Autonomous Agents and, summarises recent implications and
research issues around the realisation of truly artificial autonomous creatures. Further, it concentrates on the
development problem, describes current approaches to develop BB Systems and, discusses some technical

issues found with the application of these various approaches to construct complex BB models.

FBMs are appropriate tools for prototyping BB models. The thesis explores numerous interpretations and
uses of FBMs. It describes several ways to interpret the design of FBMs, addresses their overall performance
(using some computing algorithms) and, provides a number of examples with varying degrees of complexity.
However, it is important to underline the fact that this thesis does not define (or decide for) any particular
technique to implement FBMs. It is not a thesis on, for example, Fuzzy Logic Control techniques. It only

provides some general guidelines and experimental results on the use of these.

A simple FBM draws pictures about the potential behaviours of an agent (nodes) and their causal
interactions (edges). This BB network can be designed using fuzzy numerical information (degrees of
membership functions of fuzzy sets) and, fuzzy words (linguistic variables and fuzzy edges) to mean dual,
intrinsic characterisation of fuzzy sets and fuzzy systems. More complex FBMs incorporate feedback loops.
These FBMs are designed with recurrent topology networks that make them able to operate dynamically and,
to converge towards possible asymptotic behaviours. Their behaviour nodes can evolve (over time of

interaction) until some terminating condition has been reached.
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Abstract

The most generic FBMs allow extending and/or refining the number and type of BB components as to
consider some possible external modules (relative to the activities, morphological set-up and, environmental

conditions of the agent) that influence (and/or become causally affected) by the internal behaviour nodes.

The thesis provides a proof-of-concept for simple FBMs, including some experimental results in Mobile
Robotics and Fuzzy Logic Control. This practical work shows the design of a collision aveidance behaviour
(of a mobile robot) using a simple FBM and, the implementation of this using a Fuzzy Logic Controller
(FLC). The FBM incorporates three causally related sensorimotor activities (moving around, perceiving
obstacles and, varying speed). This Collision Avoidance FBM is designed (in more detail) using fuzzy
relations (between levels of perception, motion and variation of speed) in the form of fuzzy control rules. The
FLC stores and manipulates these fuzzy control (FBM) rules using fuzzy inference mechanisms and other
related implementation parameters (fuzzy sets and fuzzy logic operators). The resulting FBM-FLC
architecture controls the behaviour patterns of the agent. Its fuzzy inference mechanisms determine the level
of activation of each FBM node while driving appropriate control actions over the creature’s motors. The
thesis validates (demonstrates the general fitness of) this control architecture through various pilot tests
(computer simulations). This practical work also serves to emphasise some benefits in the use of FLC

techniques to implement FBMs (e.g. flexibility of the fuzzy aggregation methods and fuzzy granularity).

More generally, the thesis presents and validates a FBM Framework to develop more complex autonomous
agent behaviour. This framework represents a top-down approach to derive the BB models using generic
FBMs, levels of abstraction and refinement stages. Its major scope is to capture and model behavioural
dynamics at different levels of abstraction (through different levels of refinement). Most obviously, the
framework maps some required behaviours into connection structures of behaviour-producing modules that
are causally related. But the main idea is following as many refinement stages as required to complete the
development process. These refinement stages help to identify lower design parameters (i.e. control actions)
rather than linguistic variables, fuzzy sets or, fuzzy inference mechanisms. They facilitate the definition of
the behaviours selected from first levels of abstraction. Further, the thesis proposes taking the FBM
Framework into the implementation levels that are required to build BB control architecture and provides
and application case study. This describes how to develop a complex, non-hierarchical, multi-agent
behaviour system using the refinement capabilities of the FBM Framework. Finally, the thesis introduces
some more general ideas about the use of this framework to cope with some, current complexity issues

around the behaviour-oriented nature of intelligence.
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iniroaucuon. An introaucition 1o ine visseriaiion rrreseniing in€ 1nests

1. The presentation of FBMs as a new approach to design behaviour-based models.

2. The development of a FBM in Mobile Robotics i.e. the design, implementation and testing of a Collision

Avoidance FBM for a simulated mobile robot.

3. The extension of all this work into the definition and use of a FBM Framework based on some features

of the current developments of Behaviour-Based Systems and related complexity research issues.

A. Fuzzy Behavioural Maps

A FBM is a network with a graph topology where the nodes represent behaviours and the edges represent

their causal interactions. It is a concept fundamentally motivated by:

o Fuzzy Cognitive Maps [Kosko-86a; Kosko-86¢; Kosko-87; Kandel-87; Kosko-88; Taber-91; Kosko-94],
o other Cognitive Mapping Techniques [Tolman-84; Sholl-87; Levenick-91; Branback & Malaske-95],

¢ Non-Hierarchical Behaviour Decompositions [Brooks-86; Brooks-91a; Brooks-91b; Mataric-94a;

Mataric-94b],
e Behaviour-Based Networks [Maes-89b; Tyrrell-92] and,

e Dynamical Behaviour-Based Systems [Smithers-94; Smithers-95; Steels-94b; Steels-95])

The overall performance of a FBM results from driving causal interactions (cause-effect flows) among the
levels of activation of the behaviours that it represents. Further, it is possible being flexible in the way that
the design of this map is addressed and, the way that the terms behaviour and cause-effect interaction are

interpreted using this.
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Introduction: An Introduction to the Dissertation Presenting the Thesis

With these definitions, this dissertation argues that FBMs are flexible designing tools in the sense that their

use underlines several interpretations and uses. Indeed, one of the major statements of this thesis is that we

can use FBMs with:

o nodes as physical resources of an agent (e.g., infrared sensors of a mobile robot) or, other more abstract

behaviour views (e.g., hunger awareness of an animal) and,

e edges representing either physical communication links or, other more abstract interactions such as co-

operation and (or) competition of behaviour-producing modules.

B. The Development of a FBM in Mobile Robotics

In recent years, there has been a resurgence of interest in the field of Robotics inspired, largely, by the
Behaviour-Based (BB) viewpoint [Brooks-91a; Brooks-91b; Maes-94a; Maes-94b; Mataric-94a] that this
thesis explores. From the research carried out so far (overviewed in chapter 1), it is clear that, in order to
produce effective BB Systems, mobile robots will need to acquire and develop their own knowledge in order
to adapt to the demands of a complex and changing environment. A number of techniques have been
proposed and explored to address this issue (explained, for example, in [Brooks-86; Cliff ef al-93a; Smithers-

95; Steels-94a; Mataric-94a; Maes-89b; Rosenblant & Payton-89]).

Whilst successful, this approach to BB Robotics (also called Autonomous Robotics) becomes unwieldy as the
number and the complexity of the behaviours and interactions involved increase. This leads to difficulties in
the practical design of BB Systems for mobile robots. Artificial Neural Networks have been proposed as
providing a mechanism to address this problem and some applications of these control systems do appear to

be able to implement basic BB architectures.
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Introduction: An Introduction to the Dissertation Presenting the Thesis

The thesis presents the FBMs as simple designing tools to try to handle this complexity more effectively,
exploiting ideas from Fuzzy Systems Theories, Fuzzy Logic Control (FLC) techniques and, some current

approaches to develop BB Systems.

In this dissertation, we summarises the results of our initial investigations with FBMs. This work to date
concentrates on the design and control of a mobile robot’s behaviour using simple FBMs and FLC
implementation techniques (see Figure 1.3). We provide a proof-of-concept of simple FBMs through the

design, implementation and testing of a FBM for a mobile robot to exhibit collision avoidance behaviour.

More particularly, this part of the thesis brings:

the study of Fuzzy Systems and FLC techniques (providing a generic FLC architecture) to control

sensorimotor behaviours of a mobile robot,

¢ the design of a collision avoidance behaviour-producing module using a FBM (a Collision Avoidance

FBM) and some preliminary analysis of the avoidance strategy,
e the implementation process of an FLC architecture,

e the mapping of the Collision Avoidance FBM onto the FLC architecture to control the final activation of

the avoidance behaviour (FBM global node) using fuzzy inference mechanisms and,

o some pilot tests of the resulting FBM-based architecture using different types of fuzzy inference

mechanisms (to control the activation of the avoidance behaviour) and the corresponding analysis of the

behaviour displayed by the mobile robot.

In general, the use of Fuzzy Systems (FSs) has been advocated because of their abilities to handle uncertain
information using fuzzy sets, fuzzy weightings and other operations related to the aggregation and

comparison of fuzzy sets of objects [Zadeh-65; Bellman & Zadeh-70; Kandel-87; Zadeh & Kacprzyk-92;
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Foulloy-93; Safiotti-97; Gorrini & Bersini-94; McNeill & Thro-94]. However, our main reason for believing
that these systems will be effective for developing BB Systems is due to a specific feature of fuzzy logic
processing, namely that it provides a changeable output rather than the (straightforward) weighted sum of

other controllers such as those based on ANNs.

Even though this functionality appears to be suitable for designing BB Systems, FSs do not seem to have
received much attention in this research area. The only examples found in the literature refer to the
development of Hybrid or, Fuzzy Neural Nets [Narazaki & Ralescu-92; Keller et al-92; Goode & Chow-94;
Goonatilake & Khebbal-95; Hercock & Barnes-96; Pipe & Winfield-96a; Pipe et al-96b; Safiotti-97] that
incorporate special network propagation algorithms with computations driven by Fuzzy Logic inference.
Though, from our point of view, these examples do not involve direct applications of Fuzzy Logic such as
the FLCs based on input-output fuzzy relations and fuzzy inference mechanisms [Mamdani-76; Wang & Loe-

93].

The analysis of the collision avoidance strategy discussed in this dissertation begins with a simple linguistic
algorithm similar to one used by [Braitenberg-84]. Then we improve this strategy designing a Collision
Avoidance FBM (that exploits some features of the fuzzy approach) and implement it using a FLC
architecture that includes five functional components (Fuzzification Interface, Data Base, Rule Base,

Decision Making Logic Unit and Defuzzification Interface).

Basically, the implementation of the Collision Avoidance FBM using the FLC architecture consist of
converting the nodes and edges of the map onto fuzzy logic control rules. We have implemented this
heuristical verbalisation of the Collision Avoidance FBM within the FLC Rule Base so that the fuzzy
inference mechanisms (driven by the Decision Making Logic Unit) activate the avoidance behaviour of the
mobile robot. In doing so, we demonstrate that simple FBMs can be implemented using Fuzzy Logic

parameters such as fuzzy sets, linguistic variables and fuzzy implication methods.
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Further, the results of the pilot tests presented here demonstrate that the resulting FBM-based architecture
combines the designing features of the proposed FBMs with some important capabilities of the fuzzy
approach. These pilot tests show that in simulation and, using Mamdani and Larsen’s fuzzy inference
techniques [Mamdani-76; Wang & Loe-93], the mobile robot follows different patterns of collision
avoidance behaviour. It displays one behaviour pattern or another depending on the fuzzy inference

technique that is used (Mamdami or, Larsen’s).

C. The Fuzzy Behavioural Maps Framework

The most generic type of FBM that this thesis introduces refers to FBM-based architectures. This
dissertation demonstrates that it is possible to ex'tend and/or refine the number and type of components of the
behaviour producing modules of an FBM so that some of these sub-modules become causally affected by the
changes of others that might include (but are not limited to) environmental stimuli, internal components /

mechanisms of the AA or, external resources.

A generic FBM can incorporate as many nodes (sub-nodes) and interactions (sub-links) as the designer needs
in order to design a set of behaviour producing modules and their interactions. The FBM-based architectures
incorporate different types of behaviour-oriented modules. They include both internal and external modules
interacting with each other. Some external modules or, their changes (if identified) can directly cause the
activation of an FBM (and so, engage the agent to perform the behaviour it represents) or, increase / decrease
the levels of activation of some of its internal behaviour nodes (e.g., make the agent to start performing some
other actions). Similarly, the level of activation of the external nodes can be increased / decreased by the
effect of the internal ones. Indeed, the flow of an FBM can include and drive many feedback connections
(and related computations), to allow changes on the components that influence this map, as to implement

many possible consequences of behaviours.
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The keywords explored here are: levels of abstraction and refinement. These extend the mapping of FBMs
onto fuzzy architectures considering that it is possible designing FBMs at different levels of abstraction and,
refining these by identifying lower behaviour-oriented design parameters rather than linguistic variables,

fuzzy sets or, fuzzy inference mechanisms.

The thesis presents the FBM Framework in comparison to other current techniques to develop large-scale
behaviour-oriented models. It describes the key initial features of this framework to assess the advantages of
this technique. Finally, the dissertation presents an example about how to design a large-scale BB System
using the FBM Framework. This work is largely inspired by the “Interaction and Intelligent Behaviour”
presented in [Mataric-92b] and represents our initial work towards the development of more complex and

more natural behaviour systems.

Dissertation Outline

Before moving into the presentation of these contributions to knowledge around the definition and use of
FBMs, this dissertation surveys our investigations into the behaviour-oriented nature of intelligence
concentrating on the current approaches to develop BB Systems and research issues that have motivated the

thesis. In doing so, we pursue four main objectives:

1. Presenting an overall view of what has been achieved and what remains to be done to prove the validity

of the behaviour-oriented viewpoint in Artificial Intelligence (AI).

2. Elaborating the fundamentals of this field by identifying different contributions (e.g. ideas, solutions,
theories, etc.) made by research groups that, falling into cognitive, technical and biological tendencies,
study either natural or artificial creatures and establish some scientific basis to the behaviour-based

models.
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3. Underlying the role played by Computer Science providing useful formal frameworks (e.g., fuzzy
frameworks, neural nets and soft computing paradigms) together with other more general technological
perspectives used to build models through the development of artificial systems (i.e., moving from the

selected forms of intelligence to the physical or, computational systems).

4. Exploring and evaluating the potential of the proposed FBMs to design behaviour-based models.

Chapter 1: Research Into Behaviour-Oriented Views of Intelligence

Chapter 1 presents our overall view of the behaviour-oriented nature of intelligence from the foundations of

three recent research areas (represented in Figures I.1 to 1.4):

o arelatively new Behaviour-Based Approach to Artificial Intelligence (BB Al, founded around 1985) that
firstly focused on behaviour-oriented forms of intelligence considering these were “more realistic” than

using earlier knowledge-based ones,

o a school called Autonomous Robotics, mainly dedicated to design and build behaviour-based robot

control systems and,

e a multi-disciplinary group of research communities known as Autonomous Agents, offering a great

diversity of ideas and methods to study, model and build different sorts of creatures (not only robots) able

to act autonomously.

The overview of the BB AI fundamentals (concepts, ideas, techniques and, methods) presented in this
dissertation includes three subsections. The first one (1.1.1) shows definitive points of departure that express
the shift made from an early Knowledge-Based approach to AI (KB AI also called “the conventional

approach” or, “good-old-fashioned AI”) to BB Al. These are:
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e modelling and building behaviour-based forms of intelligence,
e not using conventional symbolic-processing architectures and,

e avoiding world modelling techniques.

The next subsection (1.1.2) focuses on the beginning of BB Al i.e. the pioneering work of Rodney A. Brooks
and the influence of this within the classical field of Robotics. This includes some explorations within the
Autonomous Robotics school (building behaviour-based control systems for recent generations of “robots”)
that help to identify some of the basis of the practical work within BB Al. Finally, the subsection 1.1.3
summarises the most general insights about the behaviour-oriented viewpoint (“objectives and tasks”,

“slogan” and “claim”).

The work within AAs (described in section 1.2) offers a broader view on the behaviour-oriented nature of
intelligence. This extends the BB Al fundamentals into a multi-disciplinary groundwork and identifies
relevant contributions made by research groups that fall into cognitive, biological and technological
perspectives. The subsection 1.2.1 briefly introduces the concept of AA and examines some of its forms. The
next subsection (1.2.2) discusses how to understand behaviour-oriented views of intelligence with AAs. This
presents an overview of the state-of-art of Autonomous Agents describing the following major tendencies

that have motivated the thesis presented in this dissertation:
¢ understanding behaviours (1.2.2.1),

e robots as animals and animals as robots (1.2.2.2),

e brain-like models (1.2.2.3),

e genetic side (1.2.2.4) and,

e technological perspectives (1.2.2.5).
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All these studies include a variety of ideas (e.g., design perspective, mechanisms) that influence and/or
motivate the behaviour-based models being studied and used in this dissertation. For example, the
technological perspectives discussed in 1.2.2.5 gathers some design aspects about two successful
Computational Techniques (Fuzzy Systems and Artificial Neural Networks) while making emphasis on the

contributions of the Fuzzy approach.

The next section (1.3) argues for some implications and active research issues. This focuses on the currently
required higher levels (large-scale models) with which the thesis starts proving some potential benefits of the
FBM approach. Further, this subsection discusses how the most recent work within BB AT and AAs points to
the realisation of more realistic artificial autonomous creatures that in turn represents a very complex
problem (that cannot be easily resolved). Section 1.4 completes the survey (the research context of the thesis)
by concentrating on the development of BB Systems (principal tools of the investigations). The introduction
of this section outlines some key aspects about the development of these systems. The subsection 1.4.1
provides the most general steps we have found in the literature to develop BB Systems. The subsection 1.4.2
presents a classification of approaches to the development of these artificial systems (Subsumption
Architectures, BB Networks, Dynamical BB Systems, Evolutionary Approaches and Hybrid Paradigms).
Finally, the subsection 1.4.3 discusses some technical problems found with the application of these various

approaches i.e. the major motivations of the FBM Framework presented in the thesis.

Chapter 2: Fuzzy Behavioural Maps

In chapters 2 to 5, this dissertation presents the work to date exploring and evaluating the role of the FBMs

as designing tools of behaviour-based models.

Chapter 2 introduces the main features of FBMs. Section 2.1 describes influences and motivations. The main

features of FBMs are described in section 2.2. The next section (2.3) provides examples of simple and more
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complex FBMs. The most general intuitions we have about the definition and use of FBMs are summarised

in section 2.4.

Chapter 3: The Development of a FBM for a Mobile Robot

The proof-of-concept of FBMs and initial investigations around the use of the Fuzzy Approach to implement

these maps is widely described in chapter 3.

Section 3.1 introduces some general features about mobile robots and our initial evaluations of FLC
implementation techniques. Section 3.2 summarises the analysis of the avoidance behaviour i.e., our
preliminary studies on perception, motion, avoidance and, the use of Fuzzy Logic parameters. In the
Appendix A and, for the convenience of the reader, we summarise Fuzzy Sets and Fuzzy Relations
definitions used in the rest of the chapter. Similarly, in appendix B, we provide some general features of

Fuzzy Logic Control techniques.

The Collision Avoidance FBM (and how to map this graph onto our FLC architecture) is shown in sections
3.3 to 3.5. Section 3.3 provides the design of the FBM. In section 3.4, we identify all the main features,
functional components and implementation parameters that are required for implementing a FLC
architecture. Section 3.5 shows the FL.C-based implementation of the FBM for the mobile robot called
Khepera. Finally, section 3.6 describes our computer simulations (3.6.3), including a complete description of
the FBM-FLC control program that we have developed and built within Khepera Simulator system (3.6.2).
Further, section 3.6 describes the results of our experiments (testing the general fitness of this architecture=
and compares the performance of the avoidance behaviour displayed by the mobile robot (variation in the
trajectories followed by the robot) when using different types of fuzzy inference techniques (Mamdani and

Larsen) within the inference mechanism of the FLC.
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Chapter 4: The FBMs Framework

Chapter 4 extends our explorations with FBMs and defines a development framework based on the use of
these behaviour-oriented maps. Section 4.1 describes generic FBMs. The next section of this chapter (4.2)
outlines the proposed FBM Framework in terms of levels of abstraction, refinement and the most general
ideas explored in the thesis to cope with complex BB Systems developments. The next section (4.3) outlines
an application case study base on the use of this FBM Framework. Finally, section 4.4 presents an

application case study of the proposed FBM Framework based on the development of a cdmp]ex, multi-agent

BB System.

Chapter 5: Conclusions

Chapter 5 summarises our conclusions i.e. the statements of the thesis and contributions to knowledge around

the definition and evaluation of FBMs.

Chapter 6: Future Research Work

Finally, chapter 6 describes future research objectives around more definitions and uses of FBMs as possible

extensions of the thesis.
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Chapter 1

Research Into Behaviour-Oriented Views of Intelligence

Abstract

This chapter surveys the following investigations as the research context of the thesis:

a) The description of BB Al fundamentals to study and use behaviour-based models instead of the early

knowledge-based ones (section 1.1).

b) The specification of a broader view on the behaviour-oriented nature of intelligence based on a multi-
disciplinary groundwork known as “Autonomous Agents” and, concentrating on cognitive, biological

and technological perspectives (section 1.2) that we have been considered to present the FBMs.

c) The identification of active research issues around the currently required higher levels of intelligence

(section 1.3) with which the dissertation starts proving the potential benefits of the FBM Framework.

d) The presentation of a classification of approaches to the development of BB Systems (Subsumption
Architectures, Behaviour-Based Networks, Dynamical Behaviour-Based Systems, Evolutionary
Approaches and Hybrid Paradigms described in section 1.4) based on some development decisions

raised with the proposed FBM Framework.
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1.1. Behaviour-Based Atrtificial Intelligence

The goal of Al researchers has always been the modelling and building of forms of intelligence [Newell-82;
Wilson-85; McEachern-93]. They have done much work to study intelligence by modelling human activities
(e.g., reasoning, communication, learning) and applying these models to construct artificial intelligent
systems (creatures, robot systems or, computer programs). Since 1986, however, “a general belief is that a
new life has emerged in the study of AI” [Brooks-91b]; “a new life is being brought to the field...” [Maes-
92b] (see also [Brooks-90b; Brooks-90c; Brooks-91a; Brooks-91e; Resnick-92; Brooks-94; Wilson-91;

Mataric-91b; Mataric-94a; Pfeifer-96b]).

The most recent communities of Al investigate an approach called Behaviour-Based Al (BB Al) that has
challenged conventional Knowledge-Based Al (KB AlI) [Maes-92b; Pfeifer & Verschure-95; Saunders et al.-
94; Wilson-91]. Their main objective is studying intelligence by introducing and using non-conventional,
behaviour-oriented models and techniques. They investigate new types of problems, adopt new techniques

and search for new solutions to design and implement the artificial intelligent systems.

More particularly, the research of these recent communities of Al reflects into the field of Robotics, a
benchmark area of Al for longer than thirty years. Their practical work is being devoted, mainly, to the
investigation of new robots (artificial creatures with physical bodies) able to perform some activities within
their natural surroundings. Further, their investigations lead to the institution of a new school known as
Autonomous Robotics that concentrates on the realisation of autonomous robots (robots that can perform
some actions without much human intervention) while making strong connections between the biological
inspiration [Brooks-91e; Brooks-91f; Steels-94a; Brooks-91g] and, the use of the physical basis of Artificial
Neural Networks [Grossberg-78; Grossberg-80; Bose & Liang-96; Kosko-92; Schmajuk-94; Bezdek-92;
Mariano & Morasso-94] and other Artificial Life techniques [Langston-90; Beer et al.-90; Brooks-91f; Beer-

90; Moran et al.-95] to develop robot systems.
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All these aspects of BB Al are discussed below in more detail.

1.1.1. Points of Departure

There are three significant points of departure from the early KB Al to the current BB Al

1.1.1.1. Modelling and Building Behaviour-Based Forms of Intelligence

In 1986, the Al paradigm shifted from the study and replication of high level and knowledge-oriented forms
of intelligence [Drescher-91; McEachern-93] to the analysis and synthesis of lower level and behaviour-
oriented ones [Brooks-91a; Bfooks-91d; Wilson-91; McFarland & Bosser-94; McFarland-95; Maes-92b;
Mataric-92b]). Indeed, the literature reflects that, while the researchers of the “good-old-fashioned” KB Al

focused on knowledge-based models, the recent communities of BB Al study behaviour-based models.

The researchers of the early KB Al associated the concept intelligence to the term knowledge [Newell-82].
Their work focused on the study of forms of intelligence such as reasoning or, problem solving [McEachern-
93; Hendler-88], motivated by the fact that computers could mimic human thoughts [Minsky-86; Grossberg-
78; Grossberg-82; Grossberg-86; Bond & Gasser-88]. They built artificial intelligent systems by identifying,
formalising and representing some specific knowledge [Minsky-86]. They had many successful applications
in areas where the level of machine intelligence could be measured in terms of the amount and significance

of knowledge that the systems were able to manipulate (e.g. Game Playing or Reasoning,).

The most recent communities of Al use a concept of intelligence that is strongly related to the term “natural
behaviour” (behaviour displayed by living organisms) [Brooks-91d; Brooks-91c]. Their work represents a
general move towards the study of behaviour-based forms of intelligence such as adapration, learning or,
interaction dynamics, mainly, because of two general beliefs. First, the KB concept of intelligence is “ill-

defined” in the sense that it does permit “viable machine intelligence with clear biological inspiration”
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[Brooks-91a]. Second, KB models and systems are not realistic enough to advocate Al (they can only work

for simulated toy problems [Maes-92a; Maes-92b]).

Nowadays, humans and other natural beings (animals) can be said to be intelligent not because they can store
and process some knowledge but, because they can intelligently respond to their environments [Brooks-91b;
Maes-92b; Pfeifer-96b]. They can determine their own representations and investigate new (appropriate)
ones [Pfeifer & Verschure-95]. They are observed to adapt their actions to the changes of their environments
and learn from this [Brooks-93; Aitken-94; Barto-90; Barto et al.-95; Bryson-96; Maes & Brooks-90c;
Mataric-90a; Mataric-90b; Maes-92a; Mataric-94b]. “Intelligence is determined by dynamics of interaction
with the world” [Brooks-91b]. It is “an emergent property of the interaction of the physically embodied agent

with the real world” [Brooks-91a].

Consequently, the recent communities of AI introduce and use new technical solutions to construct
behaviour-oriented systems. They use, for example, “bottom-up” development methods (that substitute the
classical “top-down” methodologies) [Brooks-91b; Brooks-91f; Brooks-91g] or, “non-centralised” control
mechanisms (that clearly differ from conventional mechanisms which structure and functioning depends on a
central engine) [Maes-92a; Maes-92b; Brooks-91a]. Other, more general, points of departure from KB to BB

Al are described below (see also [Brooks-86; Brooks-94; Mataric-95a; Smithers-95; Pfeifer-96b]).

1.1.1.2. Not Using Conventional Symbolic-Processing Architectures

The classical knowledge-based models were built using conventional symbolic-processing architectures such
as Sense-Model-Plan-Act (SMPA). These architectures, however, do not seem to be appropriate for building

the behaviour-based models.

Building a KB model using a SMPA architecture means constructing a system is such a way that, when it is
placed in a determined situation (well-known environment) and, it is equipped with appropriate symbolic

representations (goals and copies of the world), it can recognise certain aspects of its surroundings (sensing)
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and plan actions for achieving its goals (thinking) before performing these (acting). It is a matter of designing
and implementing a system based on three specific-purpose units: a sense unit (that collects the symbols
about the objective features of the environment), a planner unit (or central engine that delivers a plan
according to the input coming from the sense unit and an internal copy of the environment) and, an act unit
(that performs the set of actions delivered by the planner). Further, the effort is concentrated on the logical
operations of the planner unit. In fact, the system can only perform the required functionality if its planner
unit “knows” how to correlate the senor unit’s information with its internal, engineered copy of the outside

world (see, for example, [Newell-82]).

By contrast, building a BB model means constructing a system in such a way that it can adapt its actions to
(or learn from) the real world situations that it encounters (as described, for example, in [Maes-92b; Mataric-
92b]). It requires solving issues such as how to design behaviour-producing modules (in a non-centralised
and self-contained manner) and make these working within the real world situations, not how to symbolically
represent and process some symbols to respond to a given (well-known) problem domain [Steels-93a; Steels-
94a). The BB architectures are not intended to plan some actions according to an engineered environment
[Maes-92b; Peng & Williams-92; Pfeifer & Verschure-95; Chapman-92; Mataric-91b; Mataric-92a;
Smithers-94; Pfeifer-94]. They have to be designed using open architectures because the ability of the
system to adapt and/or learn depends on its capabilities to dynamically interact with the real world [Brooks-
91a; Brooks-91b; Pfeifer-94; Smithers-92; Resnick-92; Smithers-94]. They have to relate mutually to their
natural (non-engineered) domains [Maes-92b]. They have to solve many problems at a time [Brooks-91b;

Chapman-92; Beer-95]. Their designers need to worry about the “environmental pressures” [Steels-94a].

These and other related behaviour-oriented architectures are discussed in sections 1.1.2 and 1.4.
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1.1.1.3. Avoiding World Modelling Techniques

The conventional world modelling techniques are not appropriate for building behaviour-based models.
These techniques are unrealistic and limit the well performance of the systems [Mataric-91b; Maes-92b;

Mataric-92b; Brooks-91b; Pfeifer-94; Steels-93a; Steels-94a].

A world model is unrealistic because it is far remote from the real one; because it can hardly reflect the
objective reality; because the physical world is too complex to admit of a complete engineered version.
Making a complete world model is hard to believe and, very difficult to foresee (as discussed, for example, in
[Mataric-91b; Brooks-90b]). We can only achieve partial models that suffer from the uncertainty and limit
the well performance of the architecture since they are time-consuming. Indeed, the time that is required for a
system (or component of a system) to correlate some current input values (like sensor readings of a robot) to
a large (even moderate) world model can delay the computation of the final outputs (actions) until a point

that makes the creature failing its real time performance [Mataric-92b; Mataric-95a].

[Brooks-91e] proposes an alternative solution to world modelling techniques. This consists of trying to “find
out what the creature is sensing and how its sensory information can be organised/manipulated so that it
accomplishes its tasks successfully”. It is not clear, however, whether this work can effectively substitute the
use of world models. As we shall see in sections 1.1.2 and 1.4, it is not difficult making the creature to
display basic behaviours within some not-modelled situations but, the physical world is too complex and, it is
very difficult making the behaviour-oriented system to successfully respond to very unpredictable situations.
In section 1.2.2.5, we describe these issues is more detail and discuss how the Fuzzy approach can help to

solve the uncertainty problem.

Dissertation of the Thesis v4.1 ' Pag. 21
Copyright © Ana Maria Gonzdlez de Miguel, CMS, SHU
June, 2002



Chapter 1: Research Into Behaviour-Oriented Views of Intelligence

1.1.2. Autonomous Robotics: The Beginning

The project of constructing mobile robots has a history of several centuries. Previously, control systems for
such devices varied from simple stimulus/response architectures to more complex ones based upon the
Physical Symbol System or, the “sense-think-act” model above described. In 1986, Rodney A. Brooks
criticised those traditional approaches considering that they were “unable to deliver real-time control in

dynamic worlds”.

1.1.2.1. The Pioneering Work of Rodney A. Brooks

In 1986, Rodney A. Brooks presented the Subsumption Architecture as a new kind of robot control structure
based on simple behaviour producing modules (which could be fully wired from sensors to motor outputs)
and, more complex ones added as separate layers (affecting the simple ones by inhibition and suppression
mechanisms). Further, he made the following contributions to start solving the operation of robots within real

world situations:

e vertical decompositions (where every component can combine several functions to contribute to a
particular behaviour) instead of horizontal ones (where each component is responsible for a specific
function like planning or, world representation) to guarantee real time response when needed (see also

[Brooks-91b]),

o new development decisions and analysis tools to achieve the complete engineering of autonomous robot

systems (see also [Brooks-91a; Brooks-91b; Brooks-91f]),

® new architectures to follow biological inspirations while achieving autonomy, interaction and, reactive
behaviours (see also [Brooks-91c; Brooks-91d; Brooks-9le; Brooks-91f; Brooks-91g; Brooks-93;

Brooks-94]).
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1.1.2.2. Recent Generations of Mobile Robots

The classical robots were developed as thoughtful creatures able to respond to some well-known inputs (as
discussed, for example, in [Brooks-85; Brooks-91g; Cliff er al.-92; Clancey-95]). By contrast, the recent
Autonomous Robotics communities build robots as reactive and autonomous creatures able to perform some
activities without being completely dependent on their designers [Mataric-91b; Maes-92b; Pfeifer &

Verschure-95; Mataric-92a; Smithers-94; Pfeifer-94].

Following the pioneering developments at MIT, these last roboticists demonstrate the new intelligent skills of
the robots without using much human intervention. Further, most of their work focus on finding new
functional components (e.g. non-centralised control programs [Maes-92a; Mataric94a; Garforth et al.-97])

and tools (e.g. programming languages [Brooks-90a; Steels-96]).

Most recent generations of robots are built using simple mechanisms that can directly generate some
behaviour-oriented activities. These basic mechanisms associate the selected behaviours to low level
sensorimotor processes that can control the performance of the physical devices (e.g. wheel motors) without
need of perception, planning or, execution units. The main idea is that the architecture has to include
complete (non-dependent) behaviour-producing modules incorporating, for example, their own perceptual,
modelling and planning requirements. Only some arbitration mechanism are aggregated so the robot can

select (or decide) which module controls which part of its physical body, at any given instant in time.
More generally, there are three approaches to tackle the design of the new robot systems.

® Brook’s approach based on an incremental but, handcrafted design of subsumption schemes with vertical

organisations [Brooks-86; Brooks-91g; Mataric-94a]).

e A learning approach that automates the design of the control systems [Thorton-96; Maes & Brooks90c;

Barto-90; Aitken-94; Bryson-96; Barto et al.-95; Millan-94; Pipe et al.-94; Schmajuk-94]. Here the
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computer sets up, at least, some control parameters that help to automatically generate the behaviour

specification when the algorithm being used has a clear demonstrable convergence.

o An evolutionary approach that concentrates on evolving the behaviour-based control architectures using
Genetic Programming techniques [Goldberg-89; Koza-92; Colombetti & Dorigo-92; Dorigo & Bersini-
94; Reynolds-94; Beer-96]. Here the control system is evolved instead of being designed or, programmed

by hand [Cliff et al.-92].

1.1.2.3. Some Explorations with Autonomous Robots
The literature reflects that most explorations with autonomous robots focus on:

e how to develop the systems,
o how to cope with the uncertainties of the world,

e what behaviours should be displayed and, how to solve behaviour-related processes.

The developments seem to be carried out so that there is no need to isolate the physical embodiments from
the computational components [Brooks-91e]. The aspects of uncertainty that are investigated refer to: the
uncertain values that are delivered by the sensors, the sensor readings themselves and, the uncertain effects of
control/action executions. It is possible trying to avoid some negative effects of these uncertainties by
designing tight couplings between the robot and its environment (e.g. using low level sensing-acting
Jfeedback loops [Brooks-91f; Horswill & Brooks-88; Horswill-96]) or, using the Fuzzy Approach [Zadeh-83;

Bohner-95; Hercock & Barnes-96; Pipe & Winfield-96a; Saffiotti-97].

Behaviours such as obstacle avoidance, wall following or, target-seeking have a considerable remark in this
area (see, for example [Brooks-86; Mataric-94a; Cliff et al.-93a; Schmajuk-94; Duchon-96]). Other

investigations refer to the behaviour-oriented processes such as: adaptation, robustness, autonomy or,

Dissertation of the Thesis v4.1 Pag. 24
Copyright © Ana Maria Gonzdlez de Miguel, CMS, SHU
June, 2002



Chapter 1: Research Into Behaviour-Oriented Views of Intelligence

emergence. Some behaviour-producing modules are described as being adaptive and/or robust because the
robots that are equipped with these perform well under different environmental conditions (e.g., they improve

their movements [Holland & Melhuish-96; Maes-91; Kaelbling-95; Horswill-95]).

The most adaptive and robust behaviour modules can be obtained, for example, identifying the right amount
and type of control actions that have a global impact on the surroundings of the robot (see, e.g. [Mataric-
94a]). In other words, adaptive behaviour is very close to intelligent behaviour [Beer-90; Maes-91;
Smithers-92; McFarland & Bosser-93; Barto et al.-95]; it is the result of an optimisation process [Verschure
& Pfeifer-92]. The concept of autonomy describes the interaction between the robot and its environment
[Beer-95] or, self-controlling [Steels-89; Steels-95]. Finally, the emergence of behaviours (what is not
designed) has negative and positive side effects. It has negative effects because “it is not predictable” and, it

has positive effects because it means “less human intervention” [Steels-94a].

1.1.3. Major Insights

There exists strong ties between Autonomous Robotics and BB Al but, as [Steels-94a] suggests, they *“should
not be equated”. The school represents, without any doubt, the main community working with practical
solutions. Its major goal is the analysis, design and synthesis of behaviour-based control architectures for the

robot systems to behave more autonomously than classical ones (see e.g. [Brooks-91b; Mataric-94a]).

The BB Al researchers, on the other hand, work on general ideas about the study of the behaviour-oriented
models. They try to formulate how to replicate behaviour-based models. They also propose philosophical
statements regarding the potential success of the behaviour viewpoint (see e.g. [Varela & Bourgine-92}).
Further, they open up “an artificial life route to artificial intelligence” [Steels-93a; Steels-93b; Steels-95;
Wilson-85; Wilson-91; Meyer & Guillot-94; Smithers-95; McFarland-92] while contributing to the following

insights.
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1.1.3.1. Objectives and Tasks; Models, Mechanisms and Systems

The main objective is building creatures that can truly sense their environment and physically act upon this
[Brooks-91e], “artefacts which are 'really’ intelligent... intelligent in the physical world, not just intelligent in

a virtual world" [Steels-94a]. To achieve this, the work is focused on three major tasks:

e The observation (analysis) of natural behaviour displayed by living organisms within real environments

(discussed in section 1.2).

e The selection of models based on, for example, internal and/or external mechanisms (e.g., simple
sensorimotor processes or, more complex ones that include learning processes) that contribute to the

production of behaviour in terms of actions and/or other functionalities.

e The realisation of the models through the development of BB Systems (see section 1.4), including some
other useful mechanisms such as behaviour-aggregation (finding a way to connect the behaviours as to
control the performance activities of the creature) or, behaviour selection (the ability to change from one

behaviour to another and according to the experience of world [Mataric-90za]).

1.1.3.2. Slogan: Understanding Behaviour by Building Atrtificial Creatures

The slogan means understanding intelligent behaviour by building physical artificial creatures [Pfeifer-96a;
Pfeifer-96b; Pfeifer-97]. Synthesis is necessary [Mataric-94a]. Indeed, the work in simulation tends to be
considered as an early stage of development (that can reduce final production costs); as a tool for exploring
and testing the artificial mechanisms although, *“‘very often results from simulation only partially carry over to

artificial systems” [Steels-94a].
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1.1.3.3. Claim: Biological Fidelity of the Approach

KB AI lacks of biological inspiration [Brooks-91b]. The artificial systems built upon its principles cannot
display it. BB Al, on the other hand, has a strong biological orientation. It takes inspiration from Biology to
regulate behaviour change [Brooks-91a; Brooks-91b; McFarland & Bosser-93; Steels-94a; Mataric-95b]; it

uses biological models [Pfeifer-94], as we shall see in section 1.2.

Engineers and biologists work together for constructing the artificial systems [McFarland-85; Brooks-86;
Brooks-91b; Brooks-9le; Mataric-91b; Maes-92b; Pfeifer & Verschure-95; Mataric-92a; Smithers-94;
Pfeifer-94]. This permits analysing the mechanisms that produce the BB forms of intelligence [Pfeifer-94;
Brooks-91f], investigating what makes natural behaviour being adaptive and intelligent [McFarland-91]),
how observed behaviour emerges from internal mechanisms [Steels-94a; Brooks-91g], how optimal
behaviour can be associated to adaptation and learning abilities [McFarland & Bosser-93] or, what are the

links between natural behaviour and learning processes [Maes & Brooks-90c; Brooks-93].

In summary, Nature offers “the keys” to reproduce behaviour (to some extent) and, the investigations
advance so that the mechanisms being incorporated to the artificial creatures become closer to the biological
models. In fact, one of the major claims is that it is necessary replicating more biologically inspired models
of intelligence [Langston-90; Beer et al.-90; Beer-90; Moran et al.-95] instead of using, for example, simple,

brain-like models [Roitblat-82; Gregory-66; Grossberg-80; Grossberg-86].

1.2. Autonomous Agents

Here we extend the major BB insights and argue for a multi-disciplinary area of research termed
Autonomous Agents, based on the belief that a fundamental part of this contributes to the foundation

(consolidation) of the behaviour-oriented approach to Al In addition, we gather some aspects of successful
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Computational Techniques (e.g. Fuzzy Systems) while making emphasis on the role played by Computer

Science within the current investigations.

Autonomous Agents (AAs) is a group of research communities that investigate a more complex paradigm
than that of BB Al It represents the result of many years of investigations within a wide variety of disciplines
(e.g., Computer Science, Cognitive Science, Neuroscience, Biology, Ethology, Developmental Psychology,
Mechanical Engineering, Artificial Life) that look for the establishment of general theories about the study
and construction of creatures (agents) able to act autonomously. Indeed, the literature reflects that this group
appeals to a great diversity of ideas, formalisms and architectures that can be unified by the following

common concerns:

o searching for general principles to analyse, design and build the biological models (see, for example,

[Pfeifer-96a; Albus-96; Wilson-96; Horswill-96]),

o trying to find new development methodologies and techniques (e.g. bottom-up methods [Maes-92a;
Pfeifer & Verschure-92; Maes-94a; Pfeifer-96a; Pfeifer-97] or, dynamical systems techniques [Smithers-

92; Steels-94b)),

o defining and using new characterisations of agents (e.g. principled agent-environment interactions in

robot systems and programs [Smithers-94; Agre-95; Verschure & Pfeifer-92; Beer-95]) and,

o investigating the use of recent formal-frameworks like, for example, hybrid computational techniques

[Saffiotti-97; Zadeh-96; Azvine et al.-96; Goode & Chow-94; Goonatilake & Khebbal-95],

in order to guide

o the study of living organisms: their morphology (animals’ bodies [McFarland-91; McFarland & Bosser-

93)]), their underlying mechanisms (e.g. observed learning mechanisms [Roitblat-82; Roitblat-94;
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McFarland-95]) and, their abilities (innate and evolved behaviours [Gould-82; McFarland-85;

McFarland-87; McFarland-92; Nepomnyashchikh & Gremyatchikh-96]),

o the experimental work with artificial creatures, focusing on the physical setups of robots [Clancey-95;
Connell-90; Pfeifer-97; Ferrell-93; Scheider & Mataric-96; Webb-94; Webb & Hallam-96] or, the

underlying control architectures [Beer-96; Kortenkamp & Chown-92; Belanger & Willis-96],

e the investigation of behaviour-related capabilities such as: autonomy and self-sufficiency [Wilson-85;
Wilson-96], cognitive control [Sholl-87], emotions and motivations [Toates & Jense-91; Spier &
McFarland-96], adaptivity and learning [Peng & Williams-92; Thornton-96; Scutt-94; Juille & Pollack-
96], coorperation [McFarland-94; Mataric-94b; Arkin & Ali-94; Weiss-92; Parker-92; Kube & Zhang-

92; Watt-961]), evolution [Floreano & Mondada-94; Cliff & Miller-96; Deugo & Oppacher-92], etc.

o the design and synthesis of new artificial intelligent agents [Beer et al.-90; Maes-90a; Maes-91; Maes-

94b; Hallam-95; Mataric-95b; Pfeifer & Verschure-92; Pfeifer-96b; Steels-94b].

The success of the BB approach to Al requires some cognitive, biological and technological tendencies
investigated within AAs. These tendencies are necessary to re-define concepts, ideas and methods to model
and build the behaviour-oriented forms of intelligence. They study a wide variety of creatures (e.g. animals,
brain-like models, cognitive structures or, hybrid forms) and help to smash the old dilemma of Al into a
number of aspects of intriguing interest for the BB Al objectives. They investigate a very complex paradigm
[Pfeifer-96b] and work on the establishment of quite complete theories. They use scientific basis that are
necessary to consolidate the validity of the behaviour viewpoint although, as we shall see in section 1.3, there

are many research issues that need being resolved before this can be demonstrated.

The following sub-sections describe all these common concerns and ideas in more detail.
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1.2.1. What is an Autonomous Agent?

“Autonomous Agent” is a concept that has been proposed by researchers wishing to explore what acting
intelligently means; a self-sufficient, adaptive and organised intelligent creature; a creature able to sequence
its activities without need of human intervention; a concept that is associated (and sometimes identified) with

many types of systems such as (see also [Maes-90a; McFarland-91; McFarland & Bosser-93; Pfeifer-96a;

Pfeifer-97]):

o Software agents: computers and networks inhabiting in a cyberspace [Lyons & Arbib-89; Brooks-91f;
Lynch-93; Maes-95; Nwana & Wooldridge-96c; Noble & Cliff-96; Pfeifer-97; Tyrrell-93; Tyrrell-94;

Watt-96; Michel-96; Titmuss et al.-96; Belanger & Willis-96].

e Robotic agents: physical, synthetic robots [Brooks-91g; Cliff et al.-92; Clancey-95; McFarland-91;
McFarland & Bosser-93; Blumberg et al.-96; Perkins & Hayes-96; Mataric-91b; Pfeifer & Verschure-95;

Mataric-92a; Smithers-94; Pfeifer-94; Arkin & Ali-94] or, market (useful) robots [McFarland & Bosser-

93].

o Cognitive structures: man-like machines based on assimilation processes, accommodation tasks and other
related human intellectual skills [Khube & Zhang-92; Levenick-91; Albus-96; Williamson-96;

Rutkowska-94; Blythe et al.-96].

e Animats: animal-like systems, cyber animals or, biobots that establish important landmarks in Robotics
and Computer Science (see, for example, [Wilson-85; Wilson-91; Brooks-91e; Meyer & Willot-94;

Werner & Dyer-92; Bersini-94; Blumberg-94; Blumberg et al.-96; Cliff & Miller-96; Rowe-98]).

e Hybrids: physical and software agents (e.g. [Dickinson & Dyer-96; Hallam et al.-97]) or, cognitive-

software agents [Webb-94; Web & Hallam-96; Dygney & Gupta-94; Titmuss-96].
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1.2.2. Understanding Behaviour-Oriented Views of Intelligence

There are many fields that have influenced the thinking in BB Al while investigating AAs. We describe the

most relevant tendencies (also motivating the thesis presented in this document) in the following sections.

1.2.2.1. Understanding Behaviours

The concept of intelligent, natural “behaviour” is being studied from psychological, cognitive and ethological

tendencies.

Psychology and the Study of Behaviours

Psychologists explore what behaviour means. They address numerous experiments while observing
individuals, measuring their behaviours and, establishing theories that guide some attempts to develop
artificial organisms. Their Reinforcement Learning Theories, for example, have been extensively used in BB
Al [Mataric-91a; Prescott-93; Bersini-94; Digney-96; Humphrys-96; Mahadevan & Connell-91; Munos &
Patinel-94; Ring-92]). Other interesting psychological experiments refer to the motivation and
accomplishment of behaviour [Werner-94; Spier & McFarland-96; Toates & Jense-91; Deugo & Oppacher-
92; Donnart & Meyer-94; Donnart & Meyer-96; Dellaert & Beer-96; Nepomnyashchikh & Gremyatchikh-
96; Blythe et al.-96]. Some criticisms to this work refer to the limitations of the controlled environmental

conditions on which they (psychologists) work (see, for example, [Mataric-94a]).

Cognition and Behaviours

The problem of building full cognitive structures has been extensively studied in KB Al and still represents a
major issue in BB Al [Piaget-62; Toates-94]. In KB Al, cognition was associated with perceptual, learning,

reasoning, thinking processes [Watt-96] and related Information Processing Theories [Grossberg-81].
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The BB approach to Al, on the other hand, associates cognitive to behaviour. It focuses on lower levels of
cognition [Clancey-95; Deugo & Oppacher-92; Prescott-96b]; it concentrates on “frames of cognition” for

describing, for example, “time-varying interactions of the agent with its environment” [Toates-94].

Animal Behaviours

Modern Ethologists study the behaviour of animals. They focus on the causation, development and survival
evolution of the animals’ abilities and behaviours [McFarland-85; Bonner-88; Toates & Jensen-91]. They
extensively contribute to the current discussions on innate abilities [Gould-82; McFarland-87], intelligent
interactions [McFarland-85; Webb-96; Beer-90], learning and adaptive behaviours [McFarland-87,
McFarland-91; Thornton-96; Roitblat-94; Steels-94a; Prescott-96b], ethological perspectives to the analysis

of intelligent behaviour [McFarland & Bosser-93; Blumberg et al.-96] and, many other related issues.

1.2.2.2. Robots as Animals and Animals as Robots

The study of robots as animals and animals as robots represents another important contribution to the BB
viewpoint [Brooks-91f; Pfeifer-96b; Smart & Hallam-94; Tani-96b; Todd & Wilson-92; Wiener-48;
McFarland & Bosser-93; Todd et al.-94; Darley-94; Webb & Hallam-96; Werger & Mataric-96; Belanger &
Willis-96; Prescott & Redgrave-96a]. This establishes some key insights about the behaviours that are
displayed by both animals and robots (e.g. the creature’s interaction with its environment [Gould-82; Arbib
& Liaw-95], adaptive behaviour [McFarland-91; Steels-89; Beer-90; Steels-91], autonomy, self sufficiency
and self-control [McFarland-91; McFarland-95], etc.). Other relevant investigations focus on “the learning

problem in the context of AAs” [McFarland-85].

Here modern ethologists describe the learning problem in terms of behaviour change [Roitblat-82; Roitblat-
94; McFarland-95]. Basically, these researchers suggest that natural learning mechanisms involve more

complicated structures than simple stimulus-response connections and/or inhibitory/excitatory schemes
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[McFarland-85; McFarland-87; McFarland-92; McFarland-95; Smithers-95; McFarland & Bosser-93; Green-

94; Roitblat-94; Maes & Brooks-90c; Mataric-90b; Brooks-91b; Brooks-93]).

1.2.2.3. Brain-Like Models

Here autonomous roboticists and neuroscientists are working. together for a better understanding of how
biological and artificial neural systems work. Their common work points to general observations (formalisms
and applications) about how to relate structure and function of neural systems, from lessons on Neuroscience
to Technology and, vice versa [Gregory-66; Grossberg-80; Sholl-87; Tolman-84; Braitenberg-84; Scutt-94;
McFarland-85; Edelman-87; Beer-90; Beer et al.-90; Brooks-91e; Maes-92b; Pfeifer & Verschure-95;

Moran et al.-95; Smithers-94; Pfeifer-94].

The most significant biological design principles brought to BB Al can be found in the biological models
used to design agent’s brains. The engineers reproduce brain-like models using topology networks of
Artificial Neural Network (ANN) Controllers and related Machine Learning Techniques (see section
1.2.2.5). They use neural network-like controllers to mimic, for example, the natural connections that link
some sensory and motor neurones found in the biological brain. Indeed, most mechanisms used to construct
behaviour-producing modules are based on explicit ANNs that link sensory devices of mobile robots to their
actuators (motors) (see, for example, [Schmajuk & Blair-92; Tani-96a; Ziemke-96b; Munos & Patinel-94;
Miller & Cliff-94]). Further, the work is updated with the latest models, theories and systems so that

roboticists and neuroscientists help each other.

[Rowe-98] argues that the development of cyber-animals (also called biobots or, animats) is of interest for
biologists who are trying to test causality links among certain neural activities and behavioural patterns in
animals. Basically, as he argues, they (biologists) have spent decades trying to theorise how behaviours of
animals are associated to neural activities of their brains. They observe and analyse patterns of behaviour

while recording samples of their neural activities (neural signalling). However, it has been (and still is)
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extremely difficult for them to demonstrate that both behavioural and neural activities are “causally” linked.
They can isolate some neural networks and simulate the features of some external stimuli that fire the neural
activities to control some activities. However, their work cannot be developed using real organisms. The

building and use of biobots (cyber animals or, animats) helps them to carry out their experiments.

Using these artificial creatures (animats), they can reproduce certain neural signalling they record in the
animal and, test whether or not these display the behaviours that have been advocated (anticipated) as
causally associated. They use robot systems more often than computer programs because they think that the
artificial creature has to face the real world. Furthermore, they work with roboticists and replicate the
animal’s mechanisms that are relevant for both neural and behavioural activities [Schmajuk & Blair-92;
Prescott & Redgrave-96a; Prescott-96b; Prescott-97; Ziemke-96a; Ziemke-96b]). They work together for
constructing the artificial versions of natural receptors and they need specific ANNs to truly control the

behaviours of the creature when placed in the real world.

In summary, the use of artificial devices and ANN controllers help biologists to demonstrate what they try to
theorise and this implies that “it ig not necessary for biologists to look too deeply into the results of their
experiments” [Rowe-98] because some behaviours can be displayed from extraordinary simple control
mechanisms. Indeed, some biologists tend to complicate the description of behaviours and the way these are
linked to neural activity because, for example, they assume that most behaviours need intentions (e.g., goal-
secking) that might be located their nervous systems. The problem is that they cannot find intention-like
neural activities, perhaps, because this does not exist. Thus the simple mechanisms being investigated help

them to understand that “life might not be as complicated as they think” [Rowe-98].

1.2.2.4. Genetic Side

Evolution is a “designing agent” [McFarland & Bosser-93]. It is characterized by the natural selection and

reproduction processes that identify best elements in populations [Bonner-88]. It makes living organisms
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learning in their lifetime while evolving their innate behaviours over generations. Further, evolution
represents one of the most important mechanisms that effect on the formation of new structures in the brain

(see e.g. [Edelman-87]).

From a more technical perspective, there exist an evolutionary approach to develop the artificial intelligent
systems using Artificial Life techniques. Here the evolutionary tools are studied from a mathematical
viewpoint. The main idea is evolving architectures instead of designing the systems by hand or, using
learning mechanisms [Cliff et al.-92; CIliff et al.-93a; Cliff et al.-93b; Harvery et al.-94; Floreano &
Mondada-96], although the differences between evolution and learning approaches do not seem to be clearly

identified (they usually come together).

The tools used to evolve the architectures that control the activities of the agents fall into Evolution
Strategies (see e.g. [Schwefel-81]) and, Genetic Algorithms [Goldberg-89]. Simple ANNs (finite state
machines), for example, can be evolved using Genetic Algorithms [Wilson-91]. Dynamical ANNs can also
be evolved using the same tools (see e.g. [Yamauchi & Beer-94; Cliff et al.-93b; Miller & Cliff-94; Hallam

et al.-97; Colombeti & Dorigo-92; Floreano & Mondada-94; Floreano & Mondada-96]).

[Koza-91] reports some results about the simulation of navigation behaviours of a robot using genetic
programming implementations. [Harvey et al.-94] evolve control architectures and use dynamical networks
[Cliff et al.-93a). [Gallagher & Beer-92] analyses whether it is possible generating appropriate control
signals that allow an agent to exhibit adaptive behaviour and conceive this as natural consequence of the

dynamics of recurrent networks.

1.2.2.5. Technological Perspectives

Here we describe some models, computer programs, programming languages and other techniques that have

also contributed to the thinking in BB Al
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The Use of Models

The shift in Al represents passing a frontier in the definition and use of models. From the KB Al perspective,
the model is the system whereas BB Al provides (is based on) a more physicalist view that might be stated as
only the system is the system [Brooks-90b; Brooks-90c; Brooks-91a; Brooks-91e; Resnick-92; Brooks-94;

Wilson-91; Mataric-91b; Mataric-94a; Pfeifer-96b].

Scientists use models to describe possible representations about the real facts (phenomena) that they
observe and analyse [McFarland-87; Roitblat-94; Green-94]. Engineers, on the other hand, are involved with

the best and more efficient way to construct systems based on these models.

BB Control engineers, for example, decompose the problem of controlling the behaviours of a creature into a
number of sub-processes that facilitates the design, implementation and evaluation of the required systems
[Hopfield-82; Cliff-91; Lynch-93; Arbib et al.-94; Cruse et al.-96]. Further, they combine all these sub-
processes in such a way that optimal, global control is provided for the creature to perform efficient, coherent

and robust behaviours within real-world situations [Mataric-91b; Maes-92b; Mataric-92b; Pfeifer-94; Steels-

94a].

Robot Control Programs

The most valuable BB approaches to design robot control programs fall into (see also [Brooks-91f; Steels-

94a]):

Algorithmic Approaches

Some behaviour-oriented control programs use traditional computer programming techniques (i.e. hand
coded). An example can be seen in [Brooks-86]. Brook’s architecture uses an algorithm that is compatible
with Turing descriptions (state-space representations). Other algorithmical approaches are based on Fuzzy

Logic strategies. An illustration can be in http://borneo.gmd.de/EIA/moria.html. Here the robot is provided
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with ultrasonic sensors to supply some environmental (sensory) information that is converted into linguistic

variables to control its navigations.

Artificial Neural Network Approaches

The ANNs can be used to develop control programs in close relation to neural, biological structures. These
systems represent neural-like control structures based on neurone-like units that are weighted so that, when
the sum of the weighted inputs to a unit exceeds a pre-established threshold value, an activation process
propagates through the net and towards its output units [McCullock & Pitts-43]. The learning algorithms
used to train these networks help to automate the design process of the control mechanisms being
investigated [Maes & Brooks-90c; Schmajuk & Blair-92; Brooks-93; Millan-94; Tani-96a; Ziemke-96b;

Spector & Stoffel-96].

Circuit Approaches

Here the programming of combinatorial circuits is used to design hardware implementations of behaviour-
producing modules using VLSI techniques. The components of these circuits are connected one to other

forming completely fixed networks, in a similar fashion to static (non dynamical) ANNS.

Dynamic Approaches

These help to formulate dynamic processes using, for example, differential equations (see [Smithers-93a]).
Here the behaviour programs use a cycle control loop that maintains internal quantities and performs
appropriate behaviour changes. The major advantage of the approach is that it gives rise to smoother

behaviours since it is not limited to discrete, fixed conditions (see section 1.4.2.3).

Programming Languages

Some programming languages have been specially defined to develop BB robot control programs. [Brooks-

90a}, for example, presents a behaviour language and uses this to design Subsumption Architectures. [Lyons
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& Arbib-89] presents another programming language for ANN-based control programs. The language

described in [Steels & Vertommen-93b] serves to implement dynamical behaviour programs.

Environment-Based Programming Techniques

Environment-based programming techniques have been explored in BB Computer Science. [Basye et al. -95]
presents an example of these techniques. These authors address agent-environment interactions in such a way
that the agent influences input/output pairs of the environment it is presented by while exploring new
strategies. The inputs of the environment represent the actions that the agent executes. The outputs
correspond to some perceptual information that is available for the agent. [Barto et al.-95] presents a
dynamic programming technique that solves the learning problem (when the system under control is
completely unknown) while compiling some planning results into reactive strategies (real-time control).
[Hammond et al.-95] also presents a very innovative approach to match agents to their environments. This
illustrates an agent that improves its performance by stabilising its environment. [Agre-95] describes some
simple techniques to develop program agents that decide what to do next from some useful structures that the
agents find in their environment. He also describes action-oriented perception using Genetic Algorithm

techniques.

Computational Intelligence: Fuzzy Systems, Artificial Neural Networks and Soft Computing

Computational Intelligence represents a significant shift in Computer Science. It replaces the classical
Information Processing Theories (used by computer scientists for longer that 40 years) with Agent

Technologies that incorporate ANNs, Fuzzy Logic and Soft Computing techniques.

Artificial Neural Networks

ANNs are considered as excellent control architectures because these systems allow storage without
knowledge of location [Grossberg-78; Grossberg-80; Takagi et al.-92; Kosko-92; Bezdek-92]; because

ANNs propagate activation rather than only storing symbols; because the methods used to design ANNs
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differ from Hard Computing methods (i.e. centralised storage) (see, for example, [Millan-94; Tani-96a;

Ziemke-96b; Mariano & Morasso-94].

There exist two main types of ANNs: Feedforward ANNs (FANNs) and Recurrent ANNs (RANNs). The
perceptron was the first (more simple) trainable FANN [McCullock & Pitts-43]. Its learning algorithm
compares output values with some desired outputs (the training data). The Multilayer FANNs contain several
layers of units that are connected with learnable connections. Most learning algorithms that are associated to
these nets consist of presenting input samples and determining how some error values can be reduced
adjusting the weights of the connections. The RANNs (continuous-time response ANNS) are non-linear
dynamical systems. They present very rich temporal and spatial behaviours (fixed points, limit cycles or,
chaotic behaviours). Further, these nets can learn using unsupervised techniques as to self-organise
themselves (see, for example, [Hopfield-82; Kosko-92; Mariano & Morasso-94; Bose & Liang-96] for more

complete descriptions about these dynamical nets and their applications).

The learning techniques for the ANNSs fall into two main groups: Unsupervised Learning and Reinforcement
Learning. In the first group, the system is presented with samples but it does not know how well is doing.
The second group makes the ANNs receiving some feedback (also called reward or punishment) that tells
the systems whether their responses are right or not. Then, according to this feedback, the nets use a search
strategy to try finding the outputs that correspond to maximum rewards. This reinforcement learning
technique seems to be preferred upon the non-supervised methods, mainly, because the learner does not

receive complete supervisions [Barto-90; Mataric-94; Munos & Patinel-94; Foner & Maes-94].

[Maes-89b] presents and describes a BB System that is constructed using ANNs (a hierarchy-based

aggregation of ANNs). This and other examples of ANN-based BB Systems are described in section 1.4.2.2.
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Fuzzy Systems

Fuzzy Systems (FSs) incorporate fuzzy sets [Zadeh-65] and fuzzy logic methods (see section appendix A) to
cope with the uncertainties of real world situations [Bellman & Zadeh-70; Zadeh-72a; Zadeh72b; Zadeh-72c;
Zadeh-72d; Zadeh-73a; Zadeh-73b]. They have been advocated because of their abilities to handle uncertain
information using fuzzy sets, fuzzy weightings and other operations related to the aggregation and
comparison of fuzzy sets of objects (see, for example, [Zadeh-72d; Zadeh-74; Zadeh-75; Zadeh-83; Zadeh &

Kacprzyk-92]).

FSs and, more particularly, Fuzzy Logic Controllers [Mamdani-76; Pappis & Mamdani-77; Smets-88;
Zadeh-83; Zadeh-89; Foulloy-93; Foulloy-93; Lee-90; Zadeh-83; Zadeh-89; Zadeh-92] have had successful
applications in AI [Zadeh-83; Kandel-87; Zadeh-89; Dubois & Prade-83; Zadeh-72d; McNeill & Thro-94;

Wang & Loe-93; Keller ef al-92; Schmajuk & Blair-92; Brooks-93; Gorrini & Bersini-94].

However, as far as we are aware at the time of writing this document, there are not many examples of FSs
within BB AI and AAs research. The unique references that we know at the time of writing this dissertation
(i.e. [Bohner-95; Hercock & Barnes-96; Pipe & Winfield-96a; Pipe et al.-96b; Saffiotti-97]) focus on how
FSs can deal with the complexity of the real-world situations that cannot be handled using either

-

deterministic or stochastic frameworks. Lo

This thesis emphasises other potential benefits in the use of FSs such as the flexibility of the fuzzy
aggregation methods, fuzzy granularity and other aspects. Further, our research work has been motivated by
the fact that FSs could be used in the tractability of complexity in behavioural competences and related
interaction processes (i.e. in the development process of rather complex behaviour-oriented systems).
Because, as we discuss in section 1.3, the complexity issues of the behaviour-oriented approach refer not
only to the underlying uncertainty of the real world but also, to the complexity of the behaviour patters that

must characterize the current artificial intelligent systems. Indeed, the current BB Systems have to reproduce
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more and more complex behaviours displayed by natural systems and, FL fools can help to reduce this

complexity [Zadeh-83; Zadeh & Kacprzyk-92].

Intelligent Soft Computing

Soft Computing introduces a new revolution of Intelligent Software Systems and Agent Technologies to
develop reactive software systems using Hybrid Intelligent Systems [Zadeh-94; Zadeh-96; Smith &
Mamdami-96; Titmuss et al.-96; Wilde-96; Nwana et al.-96a; Nwana & Ndumo-96b; Azvine et al.-96;

Goonatilake & Khebbal-95]. Some of these hybrid systems are:

o  Fuzzy Neural Systems [Narazaki & Ralescu-92; Keller et al-92; Goode & Chow-94; Gorrini & Bersini-

94; Goonatilake & Khebbal-95] and,

o Fuzzy Genetic Algorithms [Wilson-85; Kosko-92, Mariano & Morasso-94; Wang & Loe-93; Donnart &

Meyer-94].

All these examples suggest that the fuzzy approach is now bearing fruit.

1.3. Implications and Research Issues

Perhaps, the main problem is that the work carried out so far with autonomous creatures is not extensive
enough to demonstrate all the claims that have been made with the behaviour viewpoint. In other words,
things have only been demonstrated to work well in terms of designing principles and practice of simple
behaviour-based models whereas, the understanding of more complex ones are still seen at a quite remote
(even idealised) distance. But we think that the modelling of more realistic autonomous agents (discussed,
not solved, within this dissertation) is not even well understood because the multi-disciplinary context of
AAs raises too many research issues. Indeed, some of the ideas (conjectures) to build truly autonomous

creatures are actually contradictory and/or exclusive.
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The difficulties found in defining general design techniques [Maes-94a; Pfeifer-94; Pfeifer & Verschure-95;
Pfeifer-96b], for example, refer to the fact that the design principles that can be of interest for the cognitive
scientists differ from those defended by the engineers [Pfeifer-96a; Brooks-91b]. Other serious research
issues refer to the biological fidelity of the systems being developed. It has been argued that the Organic
Neural Networks cannot be compared with the ANNs being used (see [Brooks-94; Pfeifer-96a; Pfeifer-97;
Rowe-98]); that biological methods of assessment are of no use in appraising ANNs. Formal models are only
and; the work with ANNS is fundamentally motivated by a very distant goal i.e. the understanding of the real, *

complex nervous system. Perhaps we have to wait until biologists know more about this biological system ...

Furthermore, we believe that, nowadays, there is no general, single methodology to fully support the
biological fidelity of the behaviour-based models. First, because we are still not sure about the nature of the
behaviours and the way these can be related to the internal workings of the living organisms. Second,
because the techniques currently used remain too simple to replicate what biologists have experimentally

demonstrated about how neural systems and behaviours relate to each other.

In summary, “AAs” can be understood as a substantial conceptual problem arising from those different
perspectives that have contributed to its emergence. However, many authors now feel (e.g., [Brooks-91b])
that discussion on this is untimely unless the other, technical issues (discussed in section 1.4.3) concerning
the viability of the approach can be resolved. It is necessary finding, at least, the basis of more general
frameworks to build large-scale behaviour-based models and, in order to achieve this, it is worth trying to re-

solve the technical problems found with the current approaches to develop BB Systems.

This thesis has been strongly motivated by some of these technical research issues. The research work that is
presented in this dissertation focuses on the problem of modelling large-scale behaviour-oriented networks. It
follows some suggestions in [Brooks-94] that point to a possible solution by looking for other (new) levels of
abstraction rather than the action selection mechanisms most widely applied in BB Al [Maes-89b; Maes-90a;

Beer et al-90; Kortenkamp& Chown-92; Mataric-92b; Parker-92]. The FBMs (presented in chapters 2 to 4)
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are based on innovative levels of abstraction at which it is possible arriving through a number of refinement

stages.

1.4. The Development of Behaviour-Based Systems

The main idea is following a bottom-up approach: “... start by decomposing the problem into pieces, solving

the sub problems for each piece, and then composing the solutions™ [Brooks-86].

1.4.1. General Steps
The most general steps for building behaviour-oriented artificial models can be summarised as follows:

1. identifying behaviours,

2. constructing the system to perform these competences,

3. leaving the creature to operate within its real environment,

4. recording data from the way it performs the competences and,

5. comparing these to the original behaviours (the ones that have been observed),

6. stepping back (if necessary) to modify the model until observing more efficient behaviours.

Other key principles about the development of BB Systems (BBS) are outlined below (see also [Maes-90a;

Maes-92b; Mataric-92b; Mataric-94b; Mataric-95b; Maes-94a; Steels-93a; Steels & Vertommen-93b; Steels-

94a; Steels-95; Pfeifer-96b]).
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1.4.1.1. Selecting and Describing Behaviours

The development of a BBS usually starts selecting the behaviours, observing the creature that is able to
perform these and, analysing what causes them [Mataric-92b; McFarland & Bosser-94]. However, the
mechanisms and/or processes that cause the behaviours are not always observable i.e. analysis does not

always help.

Following [Steels-94a], “functionalities and behaviours belong to the descriptive vocabulary of the observer”

whereas “the mechanisms play a central role in establishing the behaviours”.

o The functionalities (i.e. avoiding obstacles, locomotion, etc.) represent what the agent needs to achieve

(what robots might be designed for [Brooks-96¢]; tasks or goals [Maes-90b; Millan-94]).

o The behaviours represent more theoretical units than the functionalities. Sometimes, a behaviour unit can
be identified with the functionality (or, functionalities) to which it contributes. However, this is not the
normal case. Usually, several behaviours contribute to the same functionality and depend on very
complex internal mechanisms of the creature and external aspects of its environment. Further, the same
behaviour can be characterised in a number of different ways. It is possible, for example, identifying
agent-environment interaction processes [Smithers-95] or, functions dependent on the internal states and

sensory information of the creature [Pfeifer-96].

o The mechanisms have physical existence and cause the behaviours. A mechanism can be either an
internal component of the agent (e.g. sensors, internal states, adaptive mechanisms) or, an internal process
(e.g. a change of an internal state or, a the transformation of this into control commands, etc.). Simple
mechanisms can give rise to very complex behaviours [Braitenberg-84; Steels-94; Pfeifer & Verschure-

95; Pfeifer-97].
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Therefore, neither the behaviours nor the mechanisms might be easily described. It is necessary studying,
describing and combining the related functionalities, components and/or processes that can be easily

designed and implemented.

1.4.1.2. Designing and Implementing the Behaviour-Producing Modules

Once we have been able to describe the selected behaviours (using related components, mechanisms and/or
processes), it is necessary designing and implementing the modules able to produce them. Some guidelines

for the development of these behaviour-producing modules are:

o Self-contained behaviour-producing modules. Each module is responsible for producing behaviour. It
does not need to depend on any other module although interaction might help to produce more complex
behaviours (see below). The creature has to be able to decide what actions to take without using any

reasoning engine or, centralised module [Mataric-92b].

o Avoid user-driven methods when the environment interactions are needed. These modules have to be

developed so that they can be directly related to the environment of the agent.

e Keep them simple. A strong tendency is designing the behaviour-producing modules as simple as
possible; selecting the simplest mechanism that produces the desired behaviour. This is directly

associated to the dislike of complex objective world models (discussed, for example, in [Brooks-91e]).

o Design reactive modules. The behaviour-producing modules cannot be implemented as static structures.
They must be able to react to the internal changes of the agent and, the external changes of the physical
world. For example, a reactive obstacle avoidance module must be able to make the agent avoiding new

obstacles placed within its real environment.
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* Use reactive control rules. One of the simplest way of implementing the behaviour-producing modules is
using simple “if condition do action” rules. In the presence of a condition, the rule is activated so that
control is driven to the actuators of the robot. Other more complex mechanisms can be used instead. For
example, we can associate strengths to the rules using, for example, ANNs. Section 1.4.2 describes some

of these control architectures.

o Specialisation can reduce complexity. It is much more effective concentrating on the development of
mechanisms that produce the desired behaviour (e.g. those that can couple sensing and acting) rather than
designing general-purpose modules [Brooks-91b, Steels-94a]. And, in order to develop these
mechanisms, it might be helpful exploiting the physics of the world and the morphology of the agent
[Brooks-91b; Smithers-94; Smithers-95; Pfeifer-96a; Pfeifer-97]. For example, [Horswill-92] develops a
navigation module and demonstrates how the complexity of this can be reduced by making assumptions
about the physics of the environment. He optimises some sub-activities rather than encoding situation-
specific information. Further, any designer can improve the performance of an agent by specialising the
modules. [Horswill-95] makes distinctions between “specialisation to an environment” (related to the
properties of the environment) and “specialisation to a task” (formal transformation that help to map

mechanisms with behaviours).

o Simple and more complex modules. Some behaviour-producing modules might be implemented very
easily (e.g. sensor-motor connections) whereas other, more complex ones might require more

computational effort (see, for example, the map building behaviours described in [Mataric-90]).

1.4.1.3. Organising and Aggregating the Behaviour-Producing Modules

The next step consists of organising and aggregating the behaviour-producing modules into a single
architecture so that the agent can optimally switch (or select) from one to another. The most general

principles for building this architecture can be summarised as follows.
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The architecture has to be open, scalable, distributed and interaction-based. The overall architecture has
to be able to cope with the changes of the environment. Another major concern is producing very scalable
architectures so that new behaviour-producing modules can be aggregated to earlier ones. It is also
necessary using highly distributed structures because the modules must be able to operate in parallel
[Maes-92b] while allowing fast reactions [Smithers-95]. Finally, the architecture must incorporate the

modules in such a way that these can interact with each other as with the physical world (when needed).

Selection mechanisms might be useful. Some arbitration methods are commonly used for the agent to
select the appropriate behaviour. This can solve multiple conflicting actuator commands. For example,
[Maes-89b] implements a “winner-take-all” arbitration network whereas [Brooks-86] implements a hand-

coded “priority network” (see also [Kortenkamp & Chown-92]).

Hierarchical organisations are not needed. The organisation of the behaviour-producing modules can be
based on a hierarchy of layers (as presented in [Brooks-86]) but, this is not needed; it does not seem to be

a flexible organisation [Maes-92b; Maes-94a].

Evaluate environmental changes. The architecture should be able to adapt the behaviour selection to the
environmental changes. [Maes-90] presents a BBS (called Action Selection Mechanism) that evaluates

some environmental changes doing parallel searches of actions.

1.4.1.4. Hardware and Software Platforms

There has been a large amount of work on building the hardware and software platforms for BBSs. Some of

these are described in sections 1.1.2 (robot control systems), 1.2.2.5 (technological tendencies within AAs)

and 1.2.3 (the role played by Computer Science using, for example, ANN techniques). Other examples are

outlined with the classification of approaches presented below.
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1.4.2. A Classification of Approaches

Several authors have classified the development of BBSs according to different, relevant criteria. [Maes-
94a], for example, distinguishes between “developmental approaches” and, “incremental approaches”. A
more general classification is discussed in [Pfeifer-96]. This author categorises the work according to three
different perspectives: functional, learning and developmental and, evolutionary. He suggests that, in
practice, these perspectives “contribute in a complementary way”. [Steels-94a] follows the line of how BB
Al seems to contribute to Artificial Life and looks at the progress made in designing and implementing

specific competences (navigation towards a target, avoidance, etc.).
In this dissertation, we provide another valuable classification based on the following development decisions:
e) the description and definition of the behaviour units (i.e. procedural, algorithmical, etc),

f) the methods used to design and implement the BBSs (i.e. aggregation methods, how to drive the

functionality, etc.) and,
g) the selection of formal frameworks, techniques and tools (e.g. ANNs, Genetic Algorithms, etc.)

and discuss how the major achievements of the behaviour-oriented viewpoint roughly fall into five
tendencies: Subsumpion Architectures, BB Networks, Dynamical BBSs, Evolutionary Approaches and,

Hybrid Paradigms.

1.4.2.1. Subsumption Architectures

Brook's Subsumption Architecture (SA) [Brooks-86] and its hierarchical versions (see e.g. [Rosenblant &
Payton-89; Ferrell-93]) represent the first reactive architectures designed through the use of layers of robot

competences that operate asynchronously. Conflict resolution and communication is allowed between the
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behaviour-producing modules of these architectures. Other important features of this approach can be

summarised as follows (see also [Kaelbling-87; Maes-89a; Connell-90]).

In all SAs (mostly developed at MIT), each behaviour unit is described as a layer of control that couples

sensing and acting capabilities of the agent; each behaviour module hides low level design details.

The behaviour units of a SA are described using algorithms and Turing compatible functions. Each unit is an
Augmented Finite State Machine with a number of internal registers used to hold input (e.g. sensory signals)
and output (e.g. the result from some computations) values as well as some states through which it cycles
until a condition is reached. At any instant of time, each unit can either move to another state or, change the

contents of its internal registers.

These behaviours are self-controlled: they can be active (at any instant in time) and change their states
according to the input hold in the corresponding internal registers. Further, the SAs can use an internal clock

to make the behaviours waiting during a certain time and resume operation after that.

The overall control mechanism is based on hierarchical and distributed subsumption relations. All the
behaviour units operate together and drive control from sensors to actuators. One behaviour unit can inhibit
some input values (or other action parameters) of another and so, stop the second behaviour unit to change its

state and resolve computations according to this.

The development of these architectures (also called BB programming) consists of building control layers in
an incremental fashion [Brooks-91f]. New, higher levels behaviour units can be aggregated while the already
implemented ones keep functioning. Then conflict resolution mechanisms are used to arbitrate the different
control layers that are needed for the system to perform correctly. These mechanisms usually work at the
action level i.e. using a priority scheme to decide which particular behaviour unit has its output(s) routed to
the actuators of the system. These simple action-arbitration schemes seem to be appropriate for navigation

tasks. The states of each lower level control layers (e.g. leg up) can be used as a precondition to provide
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coherent sequencing of movements and, the higher level layers can modulate the motion of the lower level

ones.

The use of pure Finite State Automata architectures is large in the scope within the SA approach to develop
BBSs. There have been a number of state-based characterisations of behaviour-oriented controllers using
different variable sets. [Holland et al.-96], for example, defines a motion controller using bi-directional
sensitivities provided by radial distances to points of sources that the agent has to find. [Mataric-90b] uses

Subsumption Architectures to implement wall-follow and avoidance behaviours.

Other developments incorporate learning capabilities to the first, “brooksian™ approaches; focus on trying to
solve how to learn behaviours using similar subsumption mechanisms. [Mataric & Brooks-90c] describe this
problem and propose an ANN-based solution. Here the behaviour units have associated strengths and make
the system modifying the behaviour outputs according to the inputs that it receives (e.g. using sensor/actuator

calibrations).

1.4.2.2. BB Networks

This group includes most connectionist approaches used in BB Al [Bond & Gasser-88; Cruse et al.-92;
Schmajuk & Blair-92; Tyrrell-93; Werner-94; Schmajuk-94; Ziemke-96a; Ball-94; Aitken-94; Munos &
Patinel-94; Yamauchi & Beer-94; Morasso & Sanguineti-94; Beer-96; Donnart & Meyer-96; Ferrel-96;

Blumberg et al.-96].

The Action Selection Mechanisms [Maes-89a; Maes-89b; Maes-90b; Beer et al.-90; Tyrrell-92; Tyrrell-93;
Tyrrell-94; Weiss-92; Kortenkamp & Chown-92; Blumberg ef al.-96; Humphrys-96] represent a clear
example of this type of architecture. Here, the definition of the behaviour units consist of mapping the
required functionalities into local, simple operations of (simple) processor units that operate in parallel. The

processor units connect to each other within a network structure. The output of one processor unit is an input
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of another processor unit. The signals propagate through the network and relating sensing to acting. Several

processing units (a sub network) can be responsible of a specific behaviour.

The BB Networks are characterised with parallel and local operations that facilitate the design and overall
performance of the behaviour-oriented control schemes. [Narazaki & Ralescu-92; Aitken-94; Millan-94;
Schmajuk & Blair-92; Tani-96a; Ziemke-96b; Munos & Patinel-94; Miller & Cliff-94;‘ Moran et al.-95].
Additionally, mathematical formalisms can help on the representation and manipulation of the underlying

structures of the BB Networks.

Control in simple BB Networks is due to the selection of parameters [Beer et al.-90]. Multi-layered networks
can be used to implement more complex BB Networks and, more particularly, to combine several behaviour
units (each provided within one of the layers). Categorisation is also available in the scope of the BB
Network approach. This allows the agents to distinguish, in real time (while the agent performs some
actions), between different aspects of their environments. An adaptive categorisation is investigated in
[Scheicher & Lambrinos-96]. Their approach includes some actions of the agent into the categorisation of

objects.

Traditionally, the classification processes were solved in the basis of information processing techniques that
allowed the creature to map some input data (sensory information) onto internal representations and,
sometimes, via supervised learning schemes. The main problem of this classical approach was the wide
number of input patterns that could be mapped onto the same internal representation. In the BB Network
approach, on the other hand, adaptive categorisation can be achieved through sensory-motor coordination
[Maes & Brooks-90c; Brooks-93]. The Temporal Kohonen’s map described in [Kohonen-82] implements
such categorisation processes including conditioned associations between learned sensory-motor mappings

and some behaviours units. An example of this map can be seen in [Ball-94].
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Most BB Networks have been implemented using ANNs. Action Selection Mechanisms are developed using,
for example, RANNSs [Blumberg et al.-96]. These networks usually associate sensor signals to motor outputs.
Further, ANNs are beneficial for the construction of BB Networks, mainly, because their learning power can
automate the design process. Cognitive Mapping represents another valuable technique to develop BB

Networks. This technique has been widely used to develop navigation systems [Gould-86].

A Cognitive Map represents a record in the central nervous system of macroscopic relations between
behaviourally important points in their environment. It is motivated by the fact that some animals (e.g.
insects) record these relations and use them to plan movements through their environment (to navigate
according to the geometric position that is represented in the animal’s metric maps). Topological and Feature
Maps are special types of Cognitive Maps [Tolman-84; Sholl-87; Laszlo ef al.-93; Smart & Hallam-94; Tsuji
& Li-92). The Map Builders (e.g. [Levenick-91; Drescher-91; Laszlo et al.-93]) can also be classified within
the same group. These allow the agent to learn navigation competences through Self-Organising ANNs
[Malaka et al.-96]; these network-like systems do not represent static models of the world because they can
use dynamic processes such as “moving averages from duration to turn angles” [Mataric-95a). Topographic
maps are also developed using similar BB Networks (see, for example, [Morasso & Sanguineti-94; Ferrell-
96]). These can orient the agent towards sources of stimuli (e.g. visual and auditory ones). Orientation
behaviour can serve the agent to direct its sensory signals while making it to explore its environment. These
maps seem to be inspired by the discovery of organised networks within the brain of mammalian vertebrates
[Kohonen-82]. In practice, these networks are reproduced with structures of spatio-temporal representations.
For example, the Topographically Organised Networks used in [Ferrell-96] self-organise and effect multi-
modal information (of the space and temporal domains of the agent and its environment) according to

experience. The dynamics of this network is affected by the behavioural performance of the agent.

BB Networks vary in form and complexity. Most of them are characterised with simple units (e.g. TLU's

used in Perceptron FANNs). There are also more complex BB Networks where the units of the net are.
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associated to specific components of the internal mechanisms/structures of the agent (e.g. actions and goals).
[Maes-89a] represents a clear illustration of these networks. [Maes-90a] provides a wide review of Action
Selection Mechanisms (and other BB Networks). The Action Selection Mechanism presented in [Maes-90b]

includes time-varying goals using explicit representations of the agent’s goals.

[Maes & Brooks-90c] provides some examples about how to learn (select) behaviours (actions) while trying
to solve some problems found with the original version of Maes’ architecture (ASM). This last architecture
introduces some ideas about how to scale-up the BBS (when the arbitration mechanism cannot cope with
large action-selection problems). The system also introduces time-varying goals; it can be classified within

“learning to select behaviours” (focuses on what the agent learns).

The learning algorithms are used to adapt the weighting factors of networks. In explicit applications of
ANNE, several learning algorithms have been proposed and tested according to the time of convergence (or
time required for the learning method to settle on a stable set of weighting factors that provide the required
control outputs of the ANN controller). There are supervised and unsupervised learning methods. The
unsupervised methods, however, seem to be more beneficial for the BB objectives (see e.g. [Mataric-91a;
Bersini-94; Schmajuk-94; Munos & Patinel-94]). In [Mahadevan & Connell-91], the agent concentrates on
learning the arbitration network among some primitive actions. This represents another example of “learning
from experience” (as suggested by Maes); further, the agent seems to learn “new composite actions™ in
applying Reinforcement Learning through the use of a mechanism that can generalise over the state space.
[Maes-92a] presents a model builder (learning to select behaviours). She presents an approach to design
spreading activations where the behaviour is defined in terms of conditions, primitive (or composite) actions
and expected results. The architecture is purely “goal-oriented” since the exploration strategy biases

experimentation of the environment towards the goals of the agent.
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1.4.2.3. Dynamical BBSs

This approach to develop BBSs uses dynamical control mechanisms as opposed to conventional information
processing architectures [Smithers-95; Steels-95; Tani-96a; Tani-96b; Thornton-96; Verschure & Pfeifer-92;

Gallager & Beer-92; Neven et al.-96; Wilde-96; Pfeifer-96a] or discrete computational systems [Steels-93a].

The main idea is incorporating dynamic aspects into the description of the observed behaviours i.e. avoiding

the use of discrete characterisations of behaviours.

The description of a dynamic behaviour unit does not need specifying neither observer-based interpretations
of the environment (i.e. abstracting external situations that effect on the agent’s behaviours) nor static
associations between these interpretations and appropriate control actions (e.g. fixed sensor-to-motor
actions). A dynamic behaviour unit is like a property of a two-component dynamic structure i.e. the
interaction space of the agent and its environment [Smithers-95; Steels-95]; like a sub-system that Aincludes
different structures and processes, extracts the information it needs from the physical world and, decides

when to become active.

A dynamic behaviour unit is commonly defined as a set of processes that links many continuously varying
variables [Steels-94a] like sensor readings or, motivational variables [McFarland-87; McFarland & Bosser-
93]. Each of these processes can increase / decrease a quantity (as a consequence of the evolution of some

other quantities) while playing different roles in one or more behaviour units.

The design of the Dynamical BBSs consist of using dynamical system equations and, representing the
behaviours that the agent can perform in terms of the stable solutions of these equations (variable and value
pairs). Further, there are two key principles for designing these systems: combination and cooperation. The
overall control mechanism of a Dynamical BBS can be a distributed one. The behaviour-producing modules,
however, do not influence each other using a subsumption relation. The “combined effect of the behaviours

is added at the level of actions” [Steels-94a]; the behaviour units can cooperate through their effects at the
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level of actions. Therefore, additive control replaces the layering used, for example, in Subsumption
Architectures. All the dynamic behavioural solutions are located at the same level and help on scalability

issues that cannot be easily addressed using simple Subsumption Architectures.

The formal frameworks, techniques and tools used to develop Dynamical BBSs (e.g. difference equations of
continuous-time dynamic systems) are very similar to those used in Classical Control and Dynamical System
Theories. The recurrent versions of ANNs can also be used to implement Dynamical BBSs. [Smithers-95;
Schmajuk-94], for example, use these networks. [Beer-95] provides an interesting example of a Dynamical
BBS. This author presents a rather theoretical framework designing an agent and its environment as “two
coupled dynamical systems” whose interaction is responsible for the agent’s behaviours. The two dynamical
systems of Beer’s framework fit in an adaptive fashion that can be analysed from the satisfaction of

constraints in the underlying trajectories.

1.4.2.4. Evolutionary Architectures

Evolutionary Architectures try to evolve the BBSs instead of having to design them by hand or, using
learning mechanisms (see, for example, [CIiff et al.-92; Deugo & Oppacher-92; Gallagher & Beer-92; CIiff
et al.-93a; CIiff et al.-93b; Floreano & Mondada-94; Floreano & Mondada-96; Saunders & Pollack-96; Juille
& Pollack-96; Werner & Dyer-92; Colombeti & Dorigo-92; Werner-94; Harvery et al.-94; Reynolds-94;

Beer-96; Cliff & Miller-96}).

An Evolutionary Architecture represents an evolving structure that looks for some internal organisations.
Here each behaviour units represents a solution in a space of solutions of the architecture. [Koza-91] shows
how to evolve programs for obstacle avoidance and wall-following behaviour systems. The primitive

building blocks of the program are: sensory inputs and actions
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The methods used to design these structures start from a population of behaviour systems, each representing

a solution in a certain space of solutions. Individuals with higher fitness reproduce more often and, therefore,

their distribution changes in the global populations.

Reproduction means that copies are made, possibly after mutation (which introduces a random change), or
recombination (which combines parts of two algorithms). Recombination may potentially result in a better
algorithm. The algorithm can be further reinforced by the selection step so that the overall process evolves
towards better regions of the search space. However, as I describe latter in section 1.4.3, this work has only

been proved of benefit in the simulation of rather simple behaviours.
The behaviour-oriented systems are evolved using Artificial Life Techniques like:
o Evolution Strategies (see e.g. [Schwefel-81; Brooks-91f]) or,

o Genetic Algorithms [Goldberg-89] usually operating on Classifier Systems [Holland-85; Wilson-85;

Booker-88; Iba et al.-92; Dorigo & Bersini-94].

These techniques allow some parameter optimisations using bit strings that represent the populations of the
behaviour units being evolved [Floreano & Mondada-94; Floreano & Mondada-96; Reynolds-94]. [Koza-92]
reports on a more innovative, higher level of abstraction for representing Genetic Algorithms. RANNs have

also been used in combination with Genetic Algorithms to speed up the evolution of the BBSs (see, for

example, [Beer-96]).

1.4.2.5. Hybrid Paradigms

There are BBSs that cannot be classified within any of the approaches that I have described before. These

represent the group of Hybrid BBSs.

The hybrid behaviour units can be described, for example, as dynamic and distributed systems.
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Some hybrid development methods are discussed in [Hendler-88; Cliff et al.-93b; Koza-91; Laszlo et al.-93;

Goode & Chow-94].

Fuzzy, Neural and Genetic Systems have been used, in combination, to develop Hybrid BBSs (see, for
example, {Goonatilake & Khebbal-95; Zadeh-96; Smith & Mamdami-96; Titmuss et al.-96; Wilde-96;
Nwana et al.-96a; Azvine et al.-96; Hercock & Barnes-96]). Various authors (e.g., [Pfeifer-96a]) have
suggested the potential benefits of using these hybrid approaches. The FBM approach presented in this
dissertation can also be classified as a Hybrid BBS. In fact, as I describe latter in chapters 2 to 4, FBMs have

been widely motivated by the features of BB Networks and Dynamical BBSs.

1.4.3. The Technical Issues

Generally speaking, all the current approaches to develop BBSs work for a short number of rather simple
behaviour patterns (i.e. with short-scale behaviour-based models); they all can make an artificial creature
displaying some simple behaviour and/or actions although there are, of course, important differences from
one group to another. The current investigations, however, advance towards the construction of large-scale
behaviour-based models incorporating more and more complex behaviour patterns and, here is the problem.
Each group faces some kind of technical problem that makes these complex models difficult to foresee. In
fact, the validity of the approaches does not seem to be demonstrated with the upper levels of the bottom-up

development processes.

SAs based on complex behaviours seem to be difficult to foresee. These architectures have a limited
scalability because the behaviour units have to be built on top of others and, the required subsumption

relations can only work well with basic sensory-motor competences [Steels-94a].

The design and implementation of BB Networks using ANNS is not sufficient either for the development of a

complex BBS. These BBSs might be able to perform different (even complex) behaviours which design is
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limited by the use of ANNs. It is difficult to express the behaviours in neural-network terms [Steels-94a].
Further, the nets do not really learn from experience [Pfeifer-96a; Pfeifer-96b]; they behave as fixed
structures (after the training phase) that limit the adaptation of the system to its changing environment
[Pfeifer & Verschure-95; Ziemke-96a; Ziemke-96b]. Building non-computational agents supervised learning
methods also face a number of problems. [Steels-94a] argues that the “supervised methods require a teacher
which is more intelligent that the agent”. Further, the time of convergence of these methods grows with the
number of behaviours that are implemented within the architectures. Reinforcement learning also faces
serious difficulties with physical AAs (e.g. “it is unrealistic to assume that the gent gets a clear scalar
reinforcement signal after each action or series of actions” [Steels-94a]). [Maes & Brooks-90c] suggests that
the problem of learning new behaviours will not be solved in a near future; that it might be necessary finding

new learning techniques that can provide an automatic acquisition of new behavioural competences.

The Dynamical BBSs also require further investigations, mainly, because these systems seem to lack of
appropriate integration methods. Following [Steels-94a], there exist an urgent need of formal frameworks to
develop these systems (e.g., mechanisms able to integrate the time-varying behaviour sub-systems). Other
disadvantages of Dynamical BBSs discussed in [Steels-94a] are: a) the design is hard to admit by those who
are used to algorithmic approaches, b) it is not possible to explicitly control the timing of actions. [Steels-95]
suggests that there exists a fundamental problem in the implementation of structural integration of dynamic

BB units.

[Brooks-91f] and [Steels-94] argue that the Evolutionary approach is still not a feasible solution. According
to this survey, the main problem of this approach is that it takes too much time to converge. [Brooks-91f]
also explores the difficulties inherent in transferring the evolved programs in a simulated environment to run
on an actual robot. Other problems discussed by this author are: a) the design of the evolutionary control
systems depends on structures of search which have to be carefully designed (and need to much

computational effort [Steels-94a]) and, b) natural evolution affects neural controllers and physical entities
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through the same genetic mechanisms whereas, in the experiments which have been reported so far, this type
of evolution (co-evolution) does not take place. The problem with the Hybrid approaches is that these require
additional integration mechanisms that complicate the design process [Mataric-94a]. It is not possible

guarantying that such hybrid methodologies can help on the construction of large-scale BBSs.

Finally, the technical problems of the BB viewpoint seem to go beyond the suitability of the current
approaches to design and implement these systems. In 1994, Rodney Brooks argued that most of these BBSs
fail in their approach to reproduce natural systems due to the levels of abstraction that were used by their
designers. As he discusses, most of these approaches focus on the abstraction of priority schemes to select
among one (or maybe more) particular control action(s). The SA, for example, uses fixed selection schemes
to define the sequences of the agent’s competencies from the activation of some logical rules (preconditions).
Action Selection Mechanisms are based on the abstraction of actions, goals and environmental conditions
[Maes-89b]. Their arbitration scheme (in the top level of the hierarchy of behaviours) incorporates
representational information (from the environmental conditions that the robot can experience) to facilitate
the execution of lower level tasks (show, for example, in [Mataric-94]). “... We must be careful that we
choose the right abstraction to simulate. Traditional Al chooses the symbol level as a higher abstraction.
Many now feel that this was the wrong level of attack. The situated robotics community must also be
prepared to carefully, and rethink, about its level of abstraction” [Brooks-94]; ... an appropriate level of

abstraction has to be found” [Pfeifer-96a).
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Chapter 2

Fuzzy Behavioural Maps

Abstract

In this chapter, we start presenting the contributions to knowledge of the thesis i.e. the work to date exploring

and evaluating the role of the Fuzzy Behavioural Maps.
More particularly, the following sections present:

a) The concept of a Fuzzy Behavioural Map based on some influences from Kosko’s Fuzzy Cognitive

Maps, other Cognitive Mapping Techniques and BB Systems

b) Some examples of Fuzzy Behavioural Maps of varying degrees of complexity (“simple” and “more

complex” Fuzzy Behavioural Maps)

¢) The most general intuitions we have about Fuzzy Behavioural Maps as designing tools of behaviour-

based models (their possible forms and uses).
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2.1. Influences and Motivations

The concept of FBM draws its inspiration from many sources. Foremost amongst these are Kosko’s Fuzzy
Cognitive Maps (FCMs) [Kosko-86a; Kosko-88], Adaptive FCMs [Kosko-94] and, other Cognitive Mapping
Techniques (e.g. Cognitive Maps used to represent organism-environment interactions [Tolman-84; Sholl-87;

Tsuji & Li-92; Levenick-91; Brannback & Malaske-95]).

Non-hierarchical behaviour decompositions [Brooks-86; Mataric-94a; Mataric-94b], BB Networks [Maes-
89b; Tyrrell-92] and, Dynamical BBSs [Smithers-94; Smithers-95; Steels-95] also influence the definition

and use of the FBMs.

The following sub-sections (2.1.1 and 2.1.2) describe the major aspects of these various systems that we have

considered to define the concept of FBMs.

2.1.1. Fuzzy Cognitive Maps

FCMs model causal webs with simple directed graphs [Kosko-86a; Kosko-88] that “provide qualitative
information about the (hidden, non apparent) inferences in complex social and psychological models”
[Craiger & Coovert-94]. Their nodes and edges show how some concepts of a specific model effect others.

They are also non-linear dynamic systems because they incorporate feedback connections [Kosko-88].

FCMs have been used as alternative techniques to classical mathematical models [Kosko-86], differential
equations [Kosko-94] and statistical models [Craiger & Coovert-94] because they do not state equations nor
suffer from some limitations commonly attributed to structural equation modelling techniques (i.e. problems
in model identification). FCMs are suitable tools for modelling real situations (see, for example, [Kosko-

941). These environments could be modelled using either stochastic or deterministic techniques. But such

Dissertation of the Thesis v4.1 Pag. 62
Copyright © Ana Maria Gonzdlez de Miguel, CMS; SHU
June, 2002



(":#&3 21# R>21: *' " ): >21: *' 3'&%# 2): >21: *' 10) ) 1#2& * (#S GE'3@'! H5 6 3 ,2
R >#. "2, & *2%# *># (':#&& ); '" 218 *121 &. ,"($&#- :.)2( , 2): * (#1#%'&% ); $>#)'(#)2
6 3 21# #2& "'1 $1'*'*.$ ); (':#&3 2): "'1 233#33 ); ;&'82& )"'1(2* ') " ' ($&#- 2): :.)

2): 8#>2% '012& $1',#33#3S G 12 ;#1 L "' %#1*! HS5

># "'&&'? ); $' )*3 30((21 3# '*>#1 ('1# 3$#, ", 23%#,*3 28'0* *># 6 2$%$1'2,> *>

)3 #LH#: * H#" )# 64 35 ># (2 ) 1 ""#1#),#3 8H*?H#HH#) 6 3 2): 64 3 21# :#3,1 8#: ) 3#,*

2K 28#&3 " #:,#3 ) 6 3

S# &28#& '" 2 6 #:i# ,2) BHIR (#2) $'3 * %# 1#&2* ') '1 ,>2):# ) *># 32(# : 1#,* )K
# H* (#2) YH#:2*% %# 1#&2* ') "1 ,>2):# ) '$$'3I# (#D§,H)")R03A&

1#&2* ')3> $K5

*&. #&S$-#
&"$( &++ . # S

&$ ( 0 #>"# +2

0 U*&. #&$-# R + H& # < .#+ #& # =
$-# U&"$( &++ . # $V + #& # <. #+ #& # =

0 U&"$( &++ .# $ R + H& # <. .#+ #& # =
$-# &S ( 0 #>"# +2R . #+ #& # < + #& # =

(& ( + 0

& , 0110



>#3# 3.(8'& , #::#3 1#$1#3#)* ,20328& 1#&2* ')3> $3 8#*?2##) $2 13 '" )':#35 6'1 #-2
#3,1 8#3 *?' #:;#3 '" 2 6 "'0): ) GE'3@'! BH5 > 3 (2% ),'1$'12*#3 *>1## )':#3 JRS
R20*' 2,, :#)*3S 2): R$2*1'& "1#QO0#),.SK 2 $'3 * %# #:;# J"1'( R82: ?2#2*>#1S *' R20*
YH# 2% %# #::# J"1'( R20*' 2,, :#)*3S *' R$2*1'& "1#QO#),.SK (#2) ); *>2* " *># R82: 1
Ji#,1#23#3K *>#) R20*' 2,, (#)*3S ), 1#23#3 J:#,1#23#3K 2): " R20* 2,, :#)*3S ), 1#:

R$2*1'& "1#QO#),.S :#,1#23#3 J ),1#23#3K5

6 ;01# 5 1#$1#3#)*3 2 ,'($&#*# 6 "'0): ) GE'3@'! 2H5

3&2( ,
60):2(#)*2& 3(

128

"% #¥ 23 ,2& 3(
($#1 28& 3*
L12) r1e #11'1 3(
#82)")
1#) ;%>
" #B2)# 8#
o H1) (#)*
(Y& " % o ( + + @? - =8 &A,
8K "T#3 2): #:;#3 '" 2 6 R,'"0&: 8# "099.S
) E'3@' 30:;#3*#: *>2% *># )':#3 '" 2 6 ,'0&: 8# "099. 3#*3 2): *>2% *3 #: #3
($&#(#)*#: 2 *> "099. 1#&2* ')35
' " ( )$ #$ )

& , 0110



Cnaprer Z: I'uzzy penaviourai vaps

“Nodes stand for fuzzy sets or events that occur to some degree... directed edges stand for fuzzy rules ...”.
“The FCM system turns each picture into a matrix of fuzzy rule weights” [Kosko-94]. However, published
examples of FCMs with fuzzy nodes, fuzzy edges or, fuzzy rule weights are difficult to find. An examination
of the standard literature:

e modelling, analysing and combining expert knowledge [Taber-91],

e modelling social and psychological processes [Craiger & Coovert-94] and,

e modelling virtual worlds with Adaptive FCMs [Kosko-94; Dickerson & Kosko-94]

only reveals relatively simple architectures based on crisp strategies.

The nodes and edges of a FBM can be fuzzy. Indeed, one of our ideas around the design of behaviour-

oriented models using FBMs is to allow the use of fuzzy nodes and fuzzy edges (see section 2.2.1).

c) FCMs behave as dynamic systems

[Kosko-88] draws and uses FCMs as dynamic systems. This author exploits the dynamic behaviour of FCMs
to search for hidden patterns of the edges of these maps. He presents input vectors to the FCMs and let these

structures evolve until they converge to a hidden pattern that can be either:

® afixed point (a recurring pattern; a stable state with length = 1 from which the system provides a stable

outcome) or,

e an attractor cycle (a sequence of patterns, a stable state with a length > 1 in which the system remains

until something was changed or, it was provided with a new input vector) or,

®  arandom state (an unstable equilibrium from which the system cannot give any stable outcome).
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The basic threshold FCMs have node strings expressed as (see Figure 2.3)
C(t,)=(c(t,)mcy(®,) (Equ. 2.1)

that change according to the following law (see [Kosko-88] for a complete explanation on this equation).
N
¢, +D=8Y e, (t,)*c.(t,) (Equ. 2.2)
k=1

The output equilibrium of a FCM is an answer to a causal “what-if”’ question. FCMs store a set of rules “if
C(0) then equilibrium A” and recall patterns as they equilibrate. What if an initial node string occurs? For
example, if the FCM given in Figure 2.3 is presented with an initial node string C(0) = (0, 0, 0, 1, 0), its
output equilibrium is the answer to “what if...” and could be a four-step limit cycle CI -; C2->C3->C4

resulting from the sequence C2 = CI*E, C3 = C2*E, C4 = C3*E and, CI = C4*E.

d) Inference equations, connection matrices and augmented FCMs

FCMs are “graphical means of representing directional influences among concepts (variables)” which
implications can be calculated simply via matrix algebra and used to evaluate time-evolving effects of its
components [Craiger & Coovert-94]; like Fuzzy Associative Memory Systems [Kosko-87]. These structures
can be transformed into connection matrices whose components are the numerical values of the causal

relationships of its nodes.

Figure 2.3 shows an example of a FCM found in [Craiger & Coovert-94). The inference equation of this

FCM is expressed as:

i k
ci+)=0G)=Y ¢, *E,, (Equ. 2.3)

n=1 m=1
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2.1.2. Behaviour-Based Systems

The concept of FBMs has also been influenced by non-hierarchical (flexible) behaviour decompositions
[Brooks-86; Mataric-94a; Mataric-94b] and BB Networks [Maes-89b; Tyrrell-92], namely, to recognise the
fact that artificial behaviour-producing systems should be built on highly distributed and richly connected

networks.

In section 2.2.2, we describe the similarities and differences between FBMs and these BB Systems (non-

hierarchical behaviour systems and, BB Networks).

2.2. Main Features

A Fuzzy Behavioural Map (FBM) is a behaviour-oriented network. Its nodes represent behaviours and, its
edges represent their causal interactions. It represents a tool that helps to model behaviour-oriented forms of

intelligence i.e. the natural behaviours that the researchers of AAs observe and analyse.

The nodes (behaviours) of a FBM can fire to some degree. These have associated levels of activation that can
vary on time of interaction of an agent with its environment. The performance of a FBM results from driving

its causal interactions (its cause-effect flow) among the levels of activation of the behaviours it represents.

These behaviour-oriented maps do not state explicit equations about the competences of the autonomous
creatures. They do not represent alternative techniques to the current algorithmic, ANN-based or dynamic
approaches to design behaviour control mechanisms (described in section 1.2.2.5). FBMs are suitable tools
for modelling the behaviour-oriented structures before identifying and/or implementing any control

mechanism.

As we shall see later in this dissertation, the fuzzy and dynamic capabilities of the FBMs allow the modelling

of rather complex behaviour-based situations to later recognize the best way of designing and implementing
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the required BB System. For example, the designer can use a BB Network approach such as an Action
Selection Mechanism to develop a behaviour-based control architecture. But complex behaviours and their
relationships cannot be easily modelled using these approaches (as discussed in section 1.4.3). FBMs can be
used instead. These maps facilitate the modelling of dynamic, time-evolving behaviour-oriented phenomena
and related processes. In other words, FBMs can be used as tools for prototyping behaviour-producing
modules before implementing these. They introduce dynamical aspects and fuzzy frameworks that help on

the modelling of autonomous agents’ competences (and related internal mechanisms).

The following sections concentrate on these modelling capabilities of simple and more complex FBMs while
presenting some examples of these structures. Then, in chapters 3 and 4, we focus on the engineering
problem of FBMs. There we decompose the problem of controlling the behaviours of the creature into a
number of development steps that facilitates the design, implementation and evaluation of the resulting BB
System. Further, we combine a number of behaviour-oriented processes in such a way that optimal, global

control can be provided to make the creature performing the required functionality more efficiently.

2.2.1. FBMs and FCMs

Simple FBMs draw pictures about the behaviours of AAs and how these can be causally related. They are
FCM-like networks which symbolic edges show possible causal interactions among the degrees of firing of

their nodes (behaviours).

More complex FBMs incorporate feedback cause-effect connections that make FBMs behaving as dynamical

systems. But the scope of these dynamic features of FBM:s is very different to that of FCMs.

The convergence (or stability feature) of FCMs has been used to evaluate psychological processes. For
example, in [Craiger & Coovert-94], the FCM nomenclature is used to evaluate effects of a specific model by

introducing a number of bit vectors with elements representing states of one of the concepts of the model.
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This author applies an appropriate inference equation so that the overall output vector (global state of the
model) changes until the map repeats a hidden pattern (equilibrium after few iterations) and the
corresponding output vector can be interpreted. [Kosko-94] uses the same procedure (mapping input states to

limit equilibrium) to give virtual worlds with new equilibrium behaviour (to reveal mode implications).

Complex FBMs help to design behaviour-based models instead of psychological processes or, virtual worlds.
These maps can be used to evaluate global behaviour models by introducing a number of behaviour-oriented
units with elements representing the levels of activation (or firing degrees) of these. We exploit the dynamic
features of complex FBMs to model behaviour-oriented forms of intelligence so that the autonomous agent
can perform stable behaviours (or, actions) from the evolution (time-dependent changes) of many possible

behaviours and related mechanisms that causally affect each other.

Other, more specific similarities and differences between FBMs and FCMs are summarised below.

a) The edges of a FBM are labelled and weighted using qualitative and quantitative information

A FBM incorporates nodes and edges that help to model the behaviours of an AA. Here the edges are

labelled to indicate either positive or negative cause-effect relations among the behaviour nodes.

The weighting factors of an edge of a FBM are numbers between —1 and 1. Simple FBMs have edges with
weighting factors in {-1, 0, +1}. Everytime we connect two behaviours with one of these edges, we represent
a causal relationship between their degrees of activation. Further, we can associate a qualitative label (a
weighting word suc‘h as little or, more or less). Thus, FBMs provide quantitative and qualitative data about

causal relationships of their behaviour nodes.
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b) The nodes of a FBM can fire to some degree

The nodes (behaviours) of a FBM can fire to some degree (as FCM’s nodes) and, in their most simple forms,

they can be just on or off (as in Kosko’s FCMs or, in deterministic ANN math structures).

Using simple FBMs, we set behaviour nodes and link them to others. Using large-scale FBMs, we model
more complex and dynamic behaviour-oriented structures. Each behaviour node can fire on its own time
scale and, each causal connection can have its own time scale too. Further, it is possible using non-linear

mechanisms to design these maps so that both nodes and edges change accordingly (see chapter 4).

c) Nodes and edges of a FBM “can be fuzzy”

The structure of FBMs differs from Kosko’s FCMs, mainly, in that the former can incorporate truly fizzy

parameters.

Nested FCMs seem to incorporate fuzziness by means of mapping processes. A nested FCM can be used to
divide a concept (node) into number of sub-concepts (more nodes). For example, the “auto accidents” node
represented in Figure 2.1 can be divided into three different sub-nodes: “large auto accidents”, “small auto
accidents” and “medium auto accidents”. Following [Kosko-94], these sub-concepts form a Fuzzy System (or

a set of fuzzy rules) that map input to outputs by linking fuzzy sets and, in practice, each sub-concept can

map to different tactics so that new feedback loops are incorporated to the initial FCM.

By contrast, the degrees of activation of the behavioural nodes and the causal relations of FBMs can be
designed using:
o  fuzzy numerical information (degrees of membership functions of fuzzy sets) and,

® fuzzy words (linguistic variables and fuzzy edges)

Dissertation of the Thesis v4.1 Pag. 72
Copyright © Ana Maria Gonzdlez de Miguel, CMS; SHU
June, 2002



Lnaprer £: ruzzy penaviourai viaps

to mean “dual, intrinsic characterisation of fuzzy sets and fuzzy systems” [Zadeh-94]; to introduce fuzzy
functions as any Fuzzy System should do [Zadeh-72d; Zadeh-73a; Zadeh-73b; Zadeh-72d; Zadeh-74; Zadeh-

75; Zadeh-83] (see also appendix A). In other words, FBMs do apply truly fuzzy design parameters.

The levels of activation of the FBM nodes can be designed using membership functions and descriptive
values of fuzzy sets. Here the use of membership functions means that the behaviour nodes of the FBM get
any value between ~1 and 1 (i.e. fuzzy granularity as described, for example, in [Zadeh-65; Zadeh-72a;
Zadeh72b; Zadeh-72¢; Zadeh-72d]). The linguistic variables that characterize the fuzzy sets help to design
behaviour-oriented maps adding descriptive information about behaviours and their relationships. For
example, we can design a FBM where some behaviour nodes are completely activated (i.e. it is possible
observing these behaviours) whereas other competences (behaviours) are somehow activated (i.e. it is
possible observing these behaviours very soon) or, not activated at all (i.e. these behaviours cannot be

observed at all).

The edges of an FBM can be fuzzy sets too. It is also possible using the membership functions and
descriptive values of fuzzy sets to design the edges of a FBM. Here the use of membership functions means
that the cause-effect relationships between the behaviour nodes can increase (decrease) to some extent (i.e.
the edges can also get numbers between ~1 and 1). The linguistic variables, on the other hand, help to design
the FBMs so that, for example, some behaviour nodes affect the degree of activation of others very little,

quite much, usually or, very often.

Further, we can implement FBMs using fuzzy control parameters. In fact it is possible mapping a FBM onto
a Fuzzy Logic Controller (or any other Fuzzy System). We can convert the fuzzy relations that the FBM
represents onto fuzzy control rules and manipulate these using some fuzzy inference mechanisms. The fuzzy
control rules help to control the behaviours of the agent. The fuzzy inference mechanisms serve to determine

the level of activation of each behaviour node.
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In section 2.3, we present an example of a FBM that incorporates fuzzy sets (membership functions and
linguistic variables) to design both nodes and edges. In chapter 3, we describe how to design a FBM and map
this onto a Fuzzy Logic Controller, including complete definitions of fuzzy sets, fuzzy relations, fuzzy
control rules and, fuzzy inference mechanisms. Doing so, we model, design and control the activation of an
avoidance behaviour of a simulated robot. We convert all the fuzzy nodes/edges of a FBM onto fuzzy control
rules and use several fuzzy inference mechanisms (and other fuzzy control design parameters) to implement
the behaviour map (FBM). Further, in chapter 3, we emphasise some potential benefits in the use of the fuzzy
approach to develop BB Systems, mainly, the flexibility of the fuzzy aggregation methods, fuzzy granularity

and other related aspects.

d) Simple formal frameworks to manipulate FBMs

Simple and dynamic FBMs can be manipulated using some of the formal frameworks (tools) that Kosko uses
with FCMs. For example, we can calculate the behaviour implications of a FBM using the matrix algebra
described in [Craiger & Coovert-94] and [Kosko-87]. We can use the equation Equ. 2.1 to express behaviour
strings (or, behaviour vectors introduced in section 2.3.1) of a FBM and, Equ 2.2 to represent how these

behaviours change over time of interaction of an agent with its environment (see example in section 2.3).

The convergence of this law means that we have found a stable behaviour solution. This helps to evaluate
behaviour-oriented processes. We present the FBM network with behaviour vectors representing the level of
activation of some competences of an autonomous agent. The inference equation (Equ. 2.2) helps us to
evaluate how the global behaviour solution (the behaviours that the agent can display) changes until the map
repeats some hidden pattern. This is very useful for modelling the behaviour-oriented systems for AAs, as

described in chapter 1.

Each FBM can be transformed into a connection matrix, as Figure 2.3 illustrates, with components meaning

numerical values of causal relationships among the behaviour nodes of the map. This helps us to graphically
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represent the influences among the behaviours nodes and, to easily calculate (using the equation Equ 2.3)
time-dependent evolutions (changes) of some crisp behaviour activation values (0, 1 or, -1). However, as we
shall see later in this section, these matrix components should correspond to degrees of behaviour activation

by means of using membership functions of fuzzy sets.

Finally, we can manipulate FBMs as Augmented FCMs (Figure 2.4) to study and model some complex
behaviour-oriented situations but, again, the matrix components (that, in this case, represent the influences
among complete behaviour maps) should not be limited to some crisp numerical values. Degrees of
behaviour maps activation should be used instead. The equation Equ 2.4 (expressing an inference equation
for a collection of FBMs that interact with each other), for example, should be converted into truly fuzzy
inference mechanisms. We use flexible fuzzy relations for manipulating large-scale FBMs rather than crisp

weighted sums.

In section 2.3, we provide some examples of all these formal representations of FBMs. The use of fuzzy

relations and fuzzy inference mechanisms with FBMs are widely described in chapter 4.

2.2.2. BB Aspects

The main behaviour-oriented features of FBMs can be summarised as follows.

a) The realisation of refined behaviour-oriented systems

Using FBMs, we search for the realisation of refined behaviour-oriented systems where it is possible (in
latter stages of design), for example, identifying node strings with behaviour-oriented commands that will

control specific components of a robot/agent (see chapter 4).

Here the concept refinement is used to identify lower design parameters (i.e. control actions) rather than

linguistic variables or, fuzzy sets (as it corresponds to a fuzzy implementation technique like the FLC
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described in chapter 3). This refinement helps on the definition of the behaviours selected from first levels of
abstraction. For example, an avoid collision behaviour (a FBM node) can be refined down to movements
and specific control actions over the motors of a mobile robot. This is, the avoidance behaviour of a mobile
robot can be defined with control actions such as turn left or turn right that might control the left and right

wheels of the agent.

This refinement process (that we associate to the design of FBMs) relates to the fuzzy mapping techniques
firstly introduced by Lofti Zadeh in 1972. The fuzzy mapping applies to those complex scenarios that can be
defined using fuzzy terms, as opposed to deterministically described. “For the control of physical systems
with uncertainty, it may be desirable to have a robust control, robust in the sense that the controller is simple
and gives guaranteed performance within the uncertain range. A first step in this direction is the introduction

of fuzzy functions ...” [Zadeh-72d].

b) FBMs and Non-Hierarchical BB Systems

Following the investigations summarized in chapter 1, the non-hierarchical behaviour decompositions such
as Brooks’ Subsumption Architectures) help to design behaviour units as layers of control that couple
sensing and acting capabilities of an artificial creature (i.e. low level design details). Further, these systems
allow self-controlled competences that can be active and change their states according to inputs that the
creature receives from its environment. At any instant of time, each behaviour unit can either change its
internal state or, change the contents of some internal registries that hold input and output values for the

agent to perform the required functionalities.

c) FBMs and BB Networks

The BB Networks facilitate the design of behaviour-oriented control schemes by introducing parallel and

local operations. The Action Selection Mechanisms [Maes-89a; Maes-89b; Maes-90b; Beer et al.-90;
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Tyrrell-92; Tyrrell-93; Tyrrell-94; Weiss-92; Kortenkamp & Chown-92; Blumberg et al.-96; Humphrys-96],
for example, help to define behaviour units by mapping the competences of the creature into local, simple
operations of some units that are connected to each other using a network structure. Further, most of these
systems are implemented using Recurrent ANNs because, as discussed in chapter 1, these control structures

have learning capabilities that help to automate the design processes.

FBMs also represent network structures that help to design behaviour units. However, these maps are not
intended to map the competences of the creature into simple processing units. Each behaviour unit can
represent a complex competence that has to be refined before any processing unit can be identified and

implemented.

The learning capabilities of FBMs are discussed as possible extensions of the work presented in this
dissertation (see chapter 6). These ideas are widely inspired by the learning features of Kosko’s FCMs and

Learning BB Networks.

Action Selection Mechanisms help to build BB Systems by identifying goals, sensor inputs and behaviour
networks (e.g. Maes’ Action Selection Mechanisms) for the agents to be able to select actions in diverse
situations [Maes-89b]. These maps implement communication links from the goals and sensors of the agent
to a behaviour network which activation spreads around once this has been activated from some external
links. However, the literature of AAs seems to reflect that BB Networks lack feedback connections from the
behaviour network to its external causes; these systems do not seem to implement truly agent-environment

interactions; it is difficult to describe natural behaviour using their neural-network terms [Steels-94a].

By contrast, FBMs can be activated from external causes that fire/change the level of activation of one/all the
levels of activation of its behaviour nodes. This dynamical process can effect the external inputs and, in this
way, FBMs model circular causality that non-hierarchical BB Networks do not seem to implement. We

describe this in more detail in chapter 4.
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d) FBMs and Dynamical BBSs

The FBMs are closely related to these Dynamical BB Systems too. In fact, both types of systems emphasise
the fact that the activities of an agent (behaviours, actions, goals, etc.) need interacting with each other while

being modified by (part of) other possible agent-environment interaction processes.

The Dynamical BB Systems approach incorporates dynamic aspects into the description of the behaviour
units [Smithers-94; Smithers-95; Steels-95; Tani-96a; Tani-96b; Thornton-96; Verschure & Pfeifer-92;

Gallager & Beer-92; Neven et al.-96; Wilde-96; Pfeifer-96a].

Each behaviour unit of a Dynamical BBS is a dynamic element that forms part of an interaction space
between the agents and their environments [Smithers-95; Steels-95]. Further, these dynamical units can

cooperate with each other at the level of actions.

The behaviour nodes of a FBM are like dynamical units. Additionally, we can combine multiple FBMs so
that these maps cooperate at the level Of activating their behaviour units or, internal components (see chapter

4).

€) More general BB features of FBMs

A FBM represents something more than a hybrid (FCM, non-hierarchical, distributed and dynamical) system.

An FBM is a behaviour-oriented system that can be used as a tool to address:

o the analysis and modelling of behaviour-oriented forms of intelligence (e.g. animal behaviours),

o the way these seem to be organised and displayed (performed) by complex organisms (refer to examples

in section 2.3) and,

o the abstraction and description (through refinement processes described in chapter 4) of large-scale BB

Systems.
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The last feature is an extension of the work presented in this chapter. It represents the basis of the FBM
Framework i.e. the formal relationships between the FBMs (designing tool) and the development of BB
Systems (tasks and processes). In chapter 4, we present the basis of this framework to design and implement
large-scale FBMs and, a case study on how to derive a BB System using this. As we shall see, this work
serves to demonstrate that FBMs help in the tractability of some complex behavioural competences and
related interaction processes. Because, as we discussed in chapter 1, the complexity issues of the behaviour-
oriented approach refers not only to the uncertainties found in real world situations. There are also many

problems to handle complex behaviour-oriented scenarios.

2.3. Examples

In the following sections, we introduce some examples of FBMs with varying degrees of complexity.

2.3.1. Simple FBMs

As we described above, simple FBMs is a FCM-like directed graph in which the nodes represent behaviours
the designer is hoping to implement within an AA and, the edges are labelled to indicate either a positive or

negative cause-effect relations.

In simple FBMs, a positive edge means a causal increase (change in the same direction) whereas a negative
edge represents a causal decrease (change in opposite directions). That is, positive (negative) means that as
the cause increases, the effect on the connected nodes increases (decreases). These cause-effect connections
provide a view of the interaction between competencies (or, physical components) of the agent. But the idea
is that the strengths of these interconnections should be expressed in Fuzzy Logic terms using, for example,

fuzzy sets (membership functions and linguistic terms) or, fuzzy inference mechanisms.
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