Concern Processing in Autono mous Agents

by

                                                                       Stephen Richard Allen

                                                                                             A thesis submitted to

                                                                                      the Facult y o f Science of

                                                                            The Universit y of Bir mingham

                                                                                                    for the degree of

                                                                              DOCTOR OF PHILOSOPHY

School of Co mputer Science

Cognit ive Science Research Centre

The Universit y of Bir mingham

Januar y  2001

Abstract

             Concerns are broadly defined as dispositions to desire the occurrence or non-occurrence
of a given kind of situation . In this thesis we present an infor mat ion-level analysis o f the
mechanis ms that render the concerns  of intelligent agency in the symbo lic, situated, and

^emot ional~ programming paradigms ˘ to give an account of the funct ions, constraints and
types of concern processes, and to invest igate cognit ive architectures that are capable of
supporting such processes.

             Part I introduces the research topic and descr ibes the motivated agent framework  used
within the Cognit io n and Affect Project, and this thesis, to elucidate the architectural
requirements for intelligent autonomous agency. Part II focuses on the issue of concer n-
processing in autonomous agency. We ident ify weaknesses in current deliberat ive and
behaviour- based design approaches, and provide two case studies o f our concern-centr ic
infor mat ion- level design-based approach to intelligent autonomous agent design. Part III
applies our design methodology to the requirements for human emotional states. We present a
infor mat ion- level analysis o f leading theories of emotion, and descr ibe a ser ies of broad agent
architectures for elucidat ing emergent infant- like emotional states. Part IV summar ises the
different strands of research presented within this thesis, and identifies so me fertile areas for
future research.

             By descr ibing a var iet y of functions using the design stance at the infor mat ion-level, and
showing how they account for human- like mental states and processes, we aim to provide a
r ich explanatory framework for intelligent autonomous agency.

                                                                                                               Ac knowledgements

            I would like to express my deep gratitude to Aaron Slo man for his inspirat ion, guidance,

and energet ic commit ment to my research, and for establishing the tradit ion of the Cognit ion

and Affect Project at the Universit y of Bir mingham.

            I would like to thank Matthias Klusch, E lisabeth André, Martin Klesen, Catriona

Kennedy, Luc Beaudo in, David Mo ffat, Juan Velásquez, Stan Franklin, Lee McCaule y, Lo la

Cañamero, Michael Schillo, Alastair Burt, Steffen Hantschel, Patrick Gebhard, Klaus Fischer,

Jörg Siekmann, Br ian Logan, John Fox and Donald Peterson for their support,

encouragement, and valuable cr it iques of ear lier drafts of this thesis. I would also like to thank

Manfred Ker ber, Ricardo Poli, and Peter Hancox for their continued support as members of

my thesis group.

            Finally, I would like to thank Thorsten Bohnenberger and Susanne Baier-Allen for proof-

reading the final drafts.

            This research was partially supported by a Universit y o f Bir mingham Studentship.

Table of Contents
blank

P

      ART
                        I

1 Intr oduc tion ................................ ................................ ............................... 1

         1.1 Research Contribut ions ................................ ................................ ............................. 2

         1.2 Research Methodology ................................ ................................ .............................. 3

                1.2.1 Intentionality ................................ ................................ ................................ ...... 3

                1.2.2 The Design-based Approach ................................ ................................ ............... 4

         1.3 Requirements of Aut onomous Agency ................................ ................................ ...... 5

         1.4 Thesis Structure and Guide ................................ ................................ ....................... 6

         1.5 Summar y ................................ ................................ ................................ .................. 9

2 M otivated Age nt Framewor k ................................ ................................ .. 10

         2.1 The Mind as a Control System ................................ ................................ ................ 10

         2.2 A Three-Layered Cognit ive Model ................................ ................................ .......... 16

         2.3 Summar y ................................ ................................ ................................ ................ 18
blank

P

      ART
                        II

3 Concer n Processing ................................ ................................ ................. 20

         3.1 Deliberat ive Concer n Processing ................................ ................................ ............. 20

                3.1.1 The Procedural Reasoning System ................................ ................................ .... 21

                3.1.2 Conclusions ................................ ................................ ................................ ...... 25

         3.2 Behaviour-Based Concer n Processing ................................ ................................ ..... 26

                3.2.1 Subsumption ................................ ................................ ................................ ..... 27

                3.2.2 Fine-Grained Subsumption and Command Fusion ................................ ............ 29

                3.2.3 Agent Network Architecture ................................ ................................ .............. 31

                3.2.4 Free- Flow Hierarchy ................................ ................................ ........................ 36

                3.2.5 Inhibition and Fatigue ................................ ................................ ...................... 39

                3.2.6 Conclusions ................................ ................................ ................................ ...... 42

         3.3 Summar y ................................ ................................ ................................ ................ 42

4 M otivational Contr ol States ................................ ................................ .... 44

         4.1 Funct ional Attributes of Motivators ................................ ................................ ........ 44

         4.2 Case Study: A Motivated Agent ................................ ................................ .............. 47

         4.3 Perturbance and Affective States ................................ ................................ ............. 54

         4.4 Case Study: A Proto-^E motional~ Agent ................................ ................................ . 55

         4.5 Summar y ................................ ................................ ................................ ................ 58
blank

P
      ART

                        III

5 Emotional Contr ol States ................................ ................................ ........ 60

        5.1 Classificat ion of E motions ................................ ................................ ...................... 60

        5.2 Cognit ive Theor ies of E motion ................................ ................................ ............... 62

                 5.2.1 Affect Theory ................................ ................................ ................................ .... 63

                 5.2.2 Motivational and Emotional Control of Cognition ................................ ............ 65

                 5.2.3 The Emotion Process ................................ ................................ ........................ 68

                 5.2.4 The Emotional Brain ................................ ................................ ........................ 74

                 5.2.5 The Somatic Marker Hypothesis ................................ ................................ ....... 78

                 5.2.6 Conclusions ................................ ................................ ................................ ...... 84

        5.3 Summar y ................................ ................................ ................................ ................ 86

6 ^Emotional~ Age nts ................................ ................................ ................. 87

        6.1 Related Work ................................ ................................ ................................ .......... 87

                 6.1.1 Will ................................ ................................ ................................ .................. 87

                 6.1.2 Cathexis ................................ ................................ ................................ ........... 91

                 6.1.3 CMattie ................................ ................................ ................................ ............ 93

                 6.1.4 Motivated Society of Mind ................................ ................................ ................ 97

                 6.1.5 Conclusions ................................ ................................ ................................ .... 103

        6.2 Case Study: Extended Motivated Societ y of Mind ................................ ................. 104

                 6.2.1 Implementation Details ................................ ................................ ................... 107

                 6.2.2 Experiment 1: Motivational Control of Behaviour ................................ .......... 111

                 6.2.3 Experiment  2: Affective Control of Motivation ................................ ................ 119

                 6.2.4 Conclusions ................................ ................................ ................................ .... 124

        6.3 Summar y ................................ ................................ ................................ .............. 125

7 Towar ds an Infant-Like ^Emotional~ Age nt ................................ ....... 126

        7.1 Concern-Centric Design ................................ ................................ ........................ 126

                 7.1.1 Co-evolution within Abbott ................................ ................................ ............. 127

                 7.1.2 Emergent Emotional States ................................ ................................ ............. 134

                 7.1.3 Conclusion ................................ ................................ ................................ ..... 143

        7.2 Summar y ................................ ................................ ................................ .............. 144

8 Impleme ntatio n and Critique ................................ ................................ 145

        8.1 Putting Theory into Practice ................................ ................................ .................. 145

                 8.1.1 Requirements Specification ................................ ................................ ............. 145

                 8.1.2 Implementation Details ................................ ................................ ................... 148

                 8.1.3 Expe rimental Results ................................ ................................ ...................... 154

                 8.1.4 Strengths and Weaknesses ................................ ................................ .............. 165

                 8.1.5 Conclusions ................................ ................................ ................................ .... 168

        8.2 Requirements for Basic Human E motions ................................ ............................. 168

         8.3 Summar y ................................ ................................ ................................ .............. 171
blank

P

      ART
                        IV

9 Conclusions ................................ ................................ ............................ 173

         9.1 Main Contr ibut ions of Thesis ................................ ................................ ................ 173

         9.2 Future Work ................................ ................................ ................................ ......... 176

                 9.2.1 Autonomous Agency and Human Emotions ................................ ..................... 176

                 9.2.2 Nursemaid Scenario ................................ ................................ ....................... 177

         9.3 Summar y ................................ ................................ ................................ .............. 180

10 List of References ................................ ................................ ................... 181
blank

A

       PPENDICES

A Exte nde d SIM _AGENT Toolkit ................................ ........................... 195

         A.1 Virtual Machines ................................ ................................ ................................ ... 195

         A.2 The SIM_AGENT Toolkit ................................ ................................ .................... 196

         A.3 The Gr idland Extensio n ................................ ................................ ........................ 196

         A.4 The Gr idland Scheduler and Environment ................................ ............................. 197

         A.5 Supporting Different Agent Architectures ................................ ............................. 201

B Abbott E xperime nts ................................ ................................ ............... 203

C A Quic k T our of Brain Anatomy ................................ .......................... 204

D Definition of Hormones ................................ ................................ ......... 206

E Survival M achines ................................ ................................ ................. 207

         E.1 The Selfish Gene ................................ ................................ ................................ ... 207

         E.2 The Selfish Meme ................................ ................................ ................................ . 208

         E.3 Evolut ion of Mind ................................ ................................ ................................ . 210

         E.4 Conclusio n ................................ ................................ ................................ ............ 213

List of Illustrations

Figure 2.1 -1 Control States of varying Scope and Duration ................................ ................................ ............ 13

Figure 2.2 -1 Towards an Architecture for an Intelligent Autonomous Agent ................................ .................... 16

Figure 3.1 -1 PRS Architecture ................................ ................................ ................................ ........................ 21

Figure 3.1 -2 Idealised BDI Interpreter Loop ................................ ................................ ................................ ... 22

Figure 3.1 -3 PRS Interpreter Loop ................................ ................................ ................................ ................. 23

Figure 3.2 -1 The  Control Layers of a Subsumption Architecture [Brooks  86] ................................ .................. 27

Figure 3.2 -2 Subsumption Behaviour Module [Brooks  86] ................................ ................................ .............. 28

Figure 3.2 -3 Flow of Activation in a Fine-Grained Connectionist Architecture ................................ ............... 29

Figure 3.2 -4 Spreading Activation Algorithm ................................ ................................ ................................ .. 31

Figure 3.2 -5 The Agent Network Architecture ................................ ................................ ................................ . 33

Figure 3.2 -6 Node Structure and Sources of Activation Energy ................................ ................................ ....... 34

Figure 3.2 -7 Agent Network Architecture Plan Structure ................................ ................................ ................ 35

Figure 3.2 -8 Unfair biasing of Nodes in ANA ................................ ................................ ................................ . 35

Figure 3.2 -9 Get Food hierarchy [Tyrrell  93a, pages  161 and  166] ................................ ................................ 37

Figure 3.2 -10 Combining Preferences in FFHA [Tyrrell  93a, page  193] ................................ ......................... 38

Figure 3.2 -11 Requirements of a Behaviour Selection System [Tyrrell  93a, pages  173-174] ............................ 39

Figure 3.2 -12 Hamsterdam Action Selection Algorithm ................................ ................................ ................... 40

Figure 4.1 -1 The role of the Attention Filter ................................ ................................ ................................ ... 45

Figure 4.1 -2 Motivator Adoption [extended Beaudoin  94, page  84] ................................ ................................ 46

Figure 4.2 -1 Simplified view of the NML1 architecture ................................ ................................ ................... 48

Figure 4.2 -2 NML2 as a layered Procedural Reasoning System ................................ ................................ ...... 51

Figure 4.3 -1 The Relationship Between Emotions and Perturbant States ................................ ......................... 54

Figure 4.4 -1 Simplified view of the MINDER1 architecture ................................ ................................ ............. 56

Figure 5.1 -1 Motivated Agent Framework [Sloman  99] ................................ ................................ .................. 61

Figure 5.2 -1 Requirements for a Theory of Affect ................................ ................................ ............................ 63

Figure 5.2 -2 Model of the Innate Activators of Affect [Tomkins  95, page  46] ................................ .................. 64

Figure 5.2 -3 The Emotion Process [Frijda  86, pages  454-456] ................................ ................................ ....... 69

Figure 5.2 -4 Information Fl ow leading to a Primary Emotion State ................................ ................................ 70

Figure 5.2 -5 Secondary Emotion featuring Deliberative Context Evaluation ................................ ................... 71

Figure 5.2 -6 Secondary Emotion triggered by Deliberative Thought Processes ................................ ............... 72

Figure 5.2 -7 Tertiary Emotion featuring loss of control of Deliberative Management ................................ ...... 72

Figure 5.2 -8 Central and Peripheral Emotional Sub-Classes ................................ ................................ .......... 73

Figure 5.2 -9 The Low  and High Roads to the Amygdala [LeDoux  96, page  164] ................................ ............. 74

Figure 5.2 -10 Amygdala Pathways in Fear Conditioning [modified  LeDoux  95,  96] ................................ ....... 75

Figure 5.2 -11 Emotion Mechanisms [modified Damasio  96, pag es  132 and  137] ................................ ............ 79

Figure 5.2 -12 Emotion Mechanisms and our Three-Layered Architecture ................................ ....................... 80

Figure 5.2 -13 Somatic Markers and the Body Loop (real and ^as if~) ................................ ............................. 82

Figure 6.1 -1 The Will Architecture [Moffat  97] ................................ ................................ .............................. 88

Figure 6.1 -2 Cathexis Emotion-Based control Framework [Velásquez  98] ................................ ...................... 91

Figure 6.1 -3 CMattie´s Playing Field [Bogner  98, page  36] ................................ ................................ ........... 94

Figure 6.1 -4 CMattie´s Architecture [Bogner  99, page  58] ................................ ................................ ............. 95

Figure 6.1 -5 Emotion Intensity Calculation [McCauley  99, page  30] ................................ .............................. 96

Figure 6.1 -6 The Abbott Architecture ................................ ................................ ................................ ............. 98

Figure 6.1 -7 Abbott´s Action Selection Algorithm ................................ ................................ ........................... 99

Figure 6.2 -1 Abbott2 Architecture ................................ ................................ ................................ ................ 105

Figure 6.2 -2 Gridland Scenario ................................ ................................ ................................ .................... 107

Figure 6.2 -3 Abbott´s Eye S ensor ................................ ................................ ................................ ................. 111

Figure 6.2 -4 Abbott´s Behaviour Selection Algorithm ................................ ................................ ................... 115

Figure 7.1 -1 The Abbott3 Architecture ................................ ................................ ................................ ......... 126

Figure 7.1 -2 Abbott3a (base competence level) ................................ ................................ ............................. 128

Figure 7.1 -3 Abbott3b (showing competence level  1) ................................ ................................ .................... 130

Figure 7.1 -4 Abbott3c (showing competence level  2) ................................ ................................ .................... 131

Figure 7.1 -5 Abbott3d (showing competence level  3) ................................ ................................ .................... 133

Figure 8.1 -1 Action Proposer Agent Selection Algorithm ................................ ................................ .............. 150

Figure 8.1 -2 Abbott responding to being bitten ................................ ................................ ............................. 151

Figure 8.1 -3 Behaviour Selection Algorithm ................................ ................................ ................................ . 152

Figure 8.1 -4 Motivator Deciding Algorithm ................................ ................................ ................................ .. 153

Figure 8.1 -5 Motivator Scheduling Algorithm ................................ ................................ ............................... 153

Figure 8.1 -6 Simple Motivator Meta-Management Algorithm ................................ ................................ ........ 154

Figure 8.1 -7 Survival Times for Competence Level 0-3 Architectures ................................ ............................ 155

Figure 8.1 -8 The Advantage of Level 2 ................................ ................................ ................................ ......... 156

Figure 8.1 -9 Stressing the Architecture ................................ ................................ ................................ ......... 157

Figure 8.1 -10 The Relative Advantage of Somatic Markers in Level 1 ................................ ........................... 157

Figure 8.1 -11 With Enemies that do not die ................................ ................................ ................................ .. 158

Figure 8.1 -12 Removing Individual Agents ................................ ................................ ................................ ... 159

Figure 8.1 -1 3 Contribution of Relevance Evaluation Agent ................................ ................................ ........... 159

Figure 8.1 -14 Removing Agents Under Different Conditions ................................ ................................ ......... 160

Figure 8.1 -15 Simple Motivator Manager ................................ ................................ ................................ ..... 161

Figure 8.1 -16  Filter Relaxation Parameters ................................ ................................ ................................ .. 163

Figure 8.1 -17 Generating a Self-Protection drive from a Marked Percept ................................ ..................... 164

Figure 8.1 -18 Generation of a Secondary ^Emotion-like~ State ................................ ................................ .... 164

Figure 8.1 -19 Trace of an Emergent Perturbant State ................................ ................................ ................... 165

Figure 9.2 -1 Technical Nursemaid Scenario ................................ ................................ ................................ . 178

Figure A.1 -1 The Gridland ^Virtual Machine~ ................................ ................................ ............................. 195

Figure A.4 -1 Gridland Scheduler and the SIM_AGENT toolkit ................................ ................................ ...... 198

Figure A.4 -2 Gridland File Menu ................................ ................................ ................................ ................. 199

Figure A.4 -3 Gridland Run Menu ................................ ................................ ................................ ................. 199

Figure A.4 -4 Gridland System Menu ................................ ................................ ................................ ............. 199

Figure A.4 -5 Gridland Status Menu ................................ ................................ ................................ .............. 200

Figure A.4 -6 Accessing Abbott´s Society of Mind (SoM) members ................................ ................................ . 200

Figure A.4 -7 Accessing SIM_AGENT´s extensive debug features ................................ ................................ .. 201

Figure A.5 -1 SoM Compound Agent ................................ ................................ ................................ ............. 202

Figure A.5 -1 Graphical Shell for the Gridland Scenario ................................ ................................ ............... 203

Figure A.5 -1 Brain Regions involved in Emotion and Reasoning [Damasio  96 ;  LeDoux  96] ......................... 204

Figure E.3 -1 Darwinian Creatures [Dennett  95, page  374] ................................ ................................ .......... 210

Figure E.3 -2 Skinnerian Creatures [Dennett  95, page  375] ................................ ................................ .......... 211

Figure E.3 -3 Popperian Creat ures [Dennett  95, page  375] ................................ ................................ ........... 211

Figure E.3 -4 Gregorian Creatures [Dennett  95, page  378] ................................ ................................ ........... 212

List of Tables

Table 2.1 -1 Functional Attributes of Common Control States of Intel ligent Agency ................................ ......... 14

Table 2.1 -2 Functional Attributes of Future Control States of Intelligent  Agency ................................ ............. 15

Table 4.1 -1 Motivational Profile ................................ ................................ ................................ ..................... 47

Table 4.2 -1 NML1 Goal Activat ion States ................................ ................................ ................................ ....... 50

Table 4.2 -2 Attributes of Goals ................................ ................................ ................................ ....................... 53

Table 4.4 -1 MINDER1 Motive Activation States ................................ ................................ .............................. 57

Table 6.1 -1 Physiological variables used to define Abbott´s Body Stat e [Cañamero  97, Table  2] ................... 100

Table 6.1 -2 Abbott´s Motivations and their Corresponding Drives [Cañamero  97, Table  4] .......................... 100

Table 6.1 -3 Innate External Stimuli Triggering Emotions [Cañamero  97] ................................ ..................... 101

Table 6.1 -4 Selected Behaviour and Main Effect ................................ ................................ ........................... 102

Table 6.2 -1 Experiment  1 ˘ Sensor Agents ................................ ................................ ................................ .... 112

Table 6.2 -2 Experiment  1 ˘ Direction Neme Agents ................................ ................................ ...................... 113

Table 6.2 -3 Experiment  1 ˘ Map Agents ................................ ................................ ................................ ....... 114

Table 6.2 -4 Experiment  1 ˘ Recogniser Agents ................................ ................................ ............................. 114

Table 6.2 -5 Experiment  1 ˘ Motivation Agents ................................ ................................ .............................. 115

Table 6.2 -6 Exp eriment  1 ˘ Winner-takes-all Attention Filter Agent ................................ .............................. 116

Table 6.2 -7 Experiment  1 ˘ Manager Agents ................................ ................................ ................................ 116

Table 6.2 -8 Experiment  1 ˘ Behaviour Agents ................................ ................................ ............................... 117

Table 6.2 -9 Expe riment  1 ˘ Effector Agents ................................ ................................ ................................ .. 117

Table 6.2 -10 Experiment  1 ˘ Body Agents ................................ ................................ ................................ ..... 118

Table 6.2 -11 Experiment  2 ˘ Emotion Agents ................................ ................................ ................................ 120

Table 6.2 -12 Experiment  2 ˘ Emotion Selectio n Agent ................................ ................................ .................. 121

Table 6.2 -13 Experiment  2 ˘ Sensor Agents ................................ ................................ ................................ .. 121

Table 6.2 -14 Experiment  2 ˘ Motivation Agents ................................ ................................ ............................ 122

Table 6.2 -15 Experiment  2 ˘ Behaviour Agents ................................ ................................ ............................. 122

Table 8.1 -1 Filter Relaxation Parameters for Level 2 ................................ ................................ .................... 162

Table 8.1 -2 Filter Relaxation Parameters for Level 3 ................................ ................................ .................... 162

List of Definitions and Abbreviations

Abbott  is the name of the agent init ially developed by Cañamero  [97] and extended within the

                         confines o f this thesis ˘ chapters  ^E mot ional~ Agents , 7 , and  8 .

Affects  are the innate bio logical dr ives, or motivat ing systems most commo nly associated

                         with emotion ˘ chapter  5 .

AFP  ˘ Attention Filter Penetration theor y [Slo man  92] ˘ sect ion  4.1 .

ANA  ˘ Agent Network Architecture [Maes  89] ˘ section  3.2.3 .

Appraisal  is the process of evaluat ion of significance or meaning.

BDI  ˘ Belief-Desire-Intent ion architecture [Bratman  87] ˘ section  3.1.1 .

CAP  ˘ Cognition and Affect Project at Bir mingham Universit y ˘ chapter  4 .

CNS  ˘ Central Nervous System.

Cognitive Appraisal  is the process of appraisal at a complex infor mat ion-processing level.

Concerns  are broadly defined as disposit ions to desire the occurrence or non-occurrence of a

                         given kind o f situation ˘ chapter  3 .

Control states  are infor mat ion-bear ing representations o f an infor mat ion-processing control

                         system ˘ section  2.1 .

Core-self  refers to the innate concern-processing mechanisms o f the agent ˘ section  7.1.2 .

Dispositional States  are cognit ive states disposit ionally related to action ( i.e., connected, but

                         not as a necessar y and sufficient condit ion). Disposit ions can be related to one another

                         hierarchically, so me having ver y indirect links with external behaviour.

Effectance Motivation  is the intr insic need for an effect ive interaction wit h the environment,

                         which makes explorat ion, stimulus seeking, and a wide var iet y of related behaviours

                         rewarding.

Emotional Arousal  is the disposit ional state that results fro m affect ive appraisal. States of

                         emotional arousal share a number of special features: valence; change in act ion

                         readiness; intensit y; insistence; and persistence.

Emotional Episodes  are states of emotional arousal which include interruption of attentive

                         processing.

Extended-self  refer s to the concern-processing mechanisms that evolve as the agent interacts

                         with the environment ˘ section  7.1.2 .

FFHA  ˘ Free-Flow Hierarchical Architecture [Tyrrell  93a] ˘ section  3.2.4 .

FGCA  ˘ Fine-Grained Cognit ive Architecture [Rosenblatt and Payton  89] ˘ section  3.2.2 .

Information-level  descr iptions refer to descript ions of the representational for m ( i.e.

                         motivations  and goals ) that the infor mat ion takes at each stage of the control process ˘

                         sect ion  2.1 .

Insistence  is defined as the propensit y to pass through the attention filter and thereby divert

                         and ho ld attention ˘ sect ion  4.1 .

KAs  ˘ Knowledge Areas ˘ sect ion  3.1.1 .

MINDER1  is the name of the agent developed by Wr ight  [97] for elucidat ing proto-emotional

                         states ˘ section  4.4 .

Motivational Control States  move an agent towards a desired phys ical/mental state.

NML1  is the name of the agent developed by Beaudo in  [ 94] for elucidat ing goal-processing

                         in autonomous agents ˘ section  4.2 .

Perturbance  is an emergent disposit ional state in which an agent temporarily lo ses attentive

                         control over some of its management processes ˘ section  4.3 .

Primary Affects  are based upon specific hard-wired systems in the brain invo lving general

                         response tendencies to the environment.

Primary Appraisal  is the process of relevance evaluat ion within the react ive layer of an agent

                         architecture. Appraisal at this level must rely on quick and simple heur ist ics, not

                         complex infor mat ion-processing ˘ sect ion  5.2 .

Primes  are the pr imar y motivational systems ˘ reflexes, inst incts, primar y dr ives, pr imar y

                         affects, and effectance motivations.

PRS  ˘ Procedural Reasoning S ystem [Georgeff and Lansky  86] ˘ section  3.1.1 .

SoM  ˘ Society o f Mind [Mins ky  87] ˘ sect ion  6.1.4 .

Subsumption Architecture  [Brooks  86] argues that the design of an agent should be

                         constructed along the lines o f behavioural co mpetence levels wherein the higher

                         competence levels are able to completely subsume the behaviours of the lower levels.

                         The architecture can be partit ioned at any level, with the levels below for ming a

                         complete and self-contained agent ˘ section  3.2.1 .

Valence  is the posit ive or negat ive `character´ of an appraisal.

Ventromedial Prefrontal Cortex  in neuroanatomical termino logy is the under belly ( ventral)

                         of the frontal lobe in the proximit y to the midline (medial) or inside sur face of the

                         brain (so met imes also referred to by the less specific term orbital cortex). Damage to

                         this region has a number of ser ious effects on cognit ion and emotion ˘ appendix C .

1.2  Research Methodology

            One of the challenges faced by researchers in the construction of intelligent autonomous
agents is the need to develop a systemat ic framework in which to answer quest ions about the
types of control mechanisms such agents might need, and how those different control
mechanis ms might interact. In this sect ion, we argue for an infor mat ion-level design-based
approach to the study of intelligent autonomous agents ˘ wherein each new design gradually
increases our explanatory power and allows us to account for more and more of the
pheno mena o f interest. These broad designs help to build our understanding o f the different
attributes of infor mat ion- level representations, their functional roles, and their causal
relat ionships. Further, by adopting infor mat ion- level descr ipt ions, we are able to offer a r ich
explanatory framework for explor ing human- like mental states in terms of the infor mat ion-
processing and control funct ions of the under lying architecture.

1.2.1  Intentionality

            ^I ntent ionalit y~ is a philosophical term for aboutness. Something exhibits ^intent ionalit y~
if its co mpetence is in so me way about  so mething else. A ther mostat is an ^intentional~
system ˘ it contains representations of both the current temperature (the curvature of the
bimetallic strip) and the desired temperature (the posit ion of the dial). Autonomous agents are
also ^intent ional~ systems, but at levels o f r ichness and complexit y orders of magnitude
greater than the humble ther mostat.

            Treating agents (people, animals, objects, or machines) as ^intent ional~ systems is one of
the techniques we use in our ever yday lives to understand the behaviour of complex systems

[Dennett  78, 87, 96]:

            1)  The physical stance . We apply the phys ical stance to objects when we refer our

                         predict ions to the classic laws of physics, i.e. objects fall to the ground because they

                         are subject to the law of gravit y. The phys ical stance affords us a great deal of

                         confidence in our predict ion.

            2)  The design stance . When we wish to understand and predict features of design , we

                         need to adopt the design stance. The design stance allows us to ignore implementation

                         details and make predict ions based on designed for  characterist ics, i.e., that the alar m

                         clock will make a loud no ise at  7:15.

            3)  The intentional stance . We adopt the intent ional stance whenever we treat observed

                         systems as if  they were rational agents who governed their ^cho ice~ of ^act ion~ by a

                         ^considerat ion~ of their ^beliefs~ and ^desires.~ The intentional stance is the most

                         powerful, and yet the most risky o f Dennett´s predict ive stances. Its riskiness stems

                         fro m two connected problems: ( i)  we are non-pr ivileged obser vers having to infer

                         intent ion ( in the philosophical sense of aboutness ) fro m obser ved behaviour; and ( ii)

                         complex systems are inherent ly resource-bounded, and as such can only approximate

                         rationalit y (without rationalit y there can be no basis for inferr ing intent ion from

                         observed behaviour). But even with these caveats, the intent ional stance is st ill a

                         remarkably robust tool. It allows us to make workable predict ions about the external

                         behaviour of ver y co mplex systems such as animals and other human beings.

            Dennett suggests that ^ if done with care , adopting the intentional stance is not just a good

idea, but offers the key to unravelling the myster ies o f the mind~ [Dennett  96, page  27].

However, such an approach extorts a heavy pr ice: (a)  care must be taken not to confuse the

philosophical term ^intent ionalit y~ ( aboutness ) with the commo n language term referr ing to

whether so meone´s act ion was intentional or not ˘ as in the case of intent ional control states

[Bratman  87] (and sect ion  3.1.1 ); and (b) care must also be taken to recognise the limits of

agent rationalit y. Much behaviour is simply automatic  (neit her rational or irrational), and

devo id of any for m o f ^considerat ion~. Such behaviour often appears rational because we are

adept at spotting patterns and regular it ies in our environment. Some of these regular it ies are

der ived fro m the designed for  characterist ics of the system, be that a chess playing machine

designed to win, an animal designed to carry genes fro m one generation to the next, or a

stressed nursemaid designed to handle mult iple goals. Other regular it ies emerge fro m the

physical  character istics of the system, i.e. the resource constraints of the architecture, or the

temperature of the room.

            In realit y, the limits of agent rationalit y, and the requirement of balancing mult iple

compet ing concer ns in an unknowable environment, ensures that the ^intent ional stance~ is at

best a methodology of approximat ion rather than one of design and analysis. By assuming

that systems behave as if they were rational agents the ^intent ional stance~ allows us to

approximate behaviour by approximat ing the ^intent io nalit y~ ( aboutness ) of the system.

However, these approximat ions invar iably mask the real ^intent ionalit y~ of the const ituent

components, leading to an overest imate of the complexit y o f the system in what Braitenberg

calls the ^law of uphill analysis and downhill invent io n~ [Braitenberg  84, page  27].

1.2.2  T he Design-based Approach

            There is another approach. Complex systems can also be understood through a succession

of designs, in the downhill mode o f invent ion. Here, each design gradually increases our

explanatory power and allows us to account for more and more of the pheno mena of interest.

            The design-based approach [Slo man  93b; Beaudo in  94; Wr ight  97] takes the stance of an

engineer attempting to build a system to exhibit the pheno mena/behaviour of interest.

Formally, this can be represented as a recursive methodology with five parallel threads of

execution. Threads  1-3 represent commo n engineering practices, and threads  4-5 give the

methodology the rigour needed for scient ific validit y:

             1)  A requirements analysis of the system of interest , i.e. a specification o f the capabilit ies

                         of the autonomous agent using infor mat ion- level descr ipt ions. These should include:

                         the key features of the environment; the resource constraints within the agent; the

                         behaviours the agent must exhibit and their causal links; and a descr ipt ion of the

                         agent´s concer ns and coping strategies. A preliminar y requirements analysis is given

                         sect ion  1.3 , with more detailed requirements specifications given in subsequent

                         chapters.

             2)  A design specification for a working system to meet those requirements . This is an

                         architectural analysis of the design, to include its major components and the causal

                         links between these co mponents. A design can be recursive, replicat ing threads  1-5 at

                         individual co mponent levels, i.e. a low-level implementat ion specificat ion of one

                         component and a theoretical analysis o f another.

             3)  A detailed implementation or implementation specification of the working system .

                         Depending on the object ives of the research, this can take the form o f a simulat ion

                         with predict ive power, or a realist ic model, accurate to some level o f detail. In this

                         thesis we will develop a cognit ively inspired agent architecture for elucidat ing

                         ^emot ional~ states. Our agents will init ially be deve loped in the Gr idland Scenar io

                         (see sect ions 6.1.4  and appendix A ).

             4)  A theoretical analysis of how this design meets the initial requirements . It is more than

                         likely that an implementation will not meet all the requirements set out in the

                         requirements analysis. A design ver ificat ion analysis is therefore required to determine

                         the extent to which: (a)  the design meets the requirements; and (b) the

                         implementation/simulat ion embodies the design. Ideally this should take the for m of a

                         r igorous mathemat ical proof, but in pract ice we must rely on intuit ive analys is

                         combined wit h systemat ic testing of the implementation.

             5)  An analysis of similar designs in design-space . By consider ing the implicat ions of

                         alternat ive options to a particular design, we can often obtain a deeper understanding

                         of that design. The literature review in
parts II
 and

III
 can be seen as part of this process

                         of explorat ion. The exper imental results descr ibed in chapter 8  provide a further

                         explorat ion of the design- space.

1.3  Requirements of Autonomous Agency

            Before starting on our quest towards a better understanding of concern-processing in
autonomous agents, we must fir st establish exact ly what we mean when we talk about
intelligent autonomous agents:

             1)  An autonomous agent  is a system situated within, and as part of, an environment that

                         senses that environment and acts on it, over time, in pursuit of its own agenda and so

                         as to affect what it senses in the future [Franklin and Graesser  96].

            2)  An intelligent agent  is a versat ile and adapt ive system that performs diverse

                         behaviours in its efforts to achieve mult iple goals in a dynamic, uncertain environment

                         [Morignot and Hayes-Roth  94].

            By co mbining these definit io ns we get the outline o f a set of basic requirements for our

intelligent autonomous agent. Namely, it must be capable of: ( i)  handling mult iple sources of

mot ivat ion with limited resources; ( ii) having and pursuing an agenda; and ( iii) being robust

and adaptable in the face of a hostile and uncertain environment.

            Autonomous agents have multiple sources of motivation . These sources var y in their

nature, importance, urgency, duration, and range of associated behavioural responses.

Motivat ions need to be generated asynchronously to each other, and they must be capable of

interrupting/diverting ongo ing activit y ( mental and/or physical). Autonomous agents have

limited resources with which to satisfy these motivat ions. They mo ve at finite speeds, they

have a fixed number of manipulators/sensors, their processing is bounded, and they have

limited knowledge o f the environment.

            Autonomous agents must be capable of having and pursuing an agenda . That is to say,

they must have a purpose or ^missio n~ in life. This agenda might simply be to preserve its

own well- being, or it might be required to balance its own needs against those of its

supervisor/programmer/provider.

            Autonomous agents must be robust and adaptable in the face of uncertain and dynamic

environments . In particular, their beliefs may be out-dated, false or even contradictory, their

inter nal processes may operate asynchronously and at different speeds, and their intentions/

actions might fail. Robustness and adaptabilit y require act ion on two levels: ( i)  at a

mot ivat ion processing level to select alternat ive behaviour s when init ial behaviours fail to

satisfy a concer n; and ( ii) at a motivation generat ion level to modify the agent´s motivational

profile to better match its environment (reducing or increasing the sensit ivit y to certain

concerns).

1.4  T hesis Structure and Guide

            This thesis is presented in the engineer ing style o f the ^design-based~ research

methodology [Slo man  93b] to guide the reader towards a greater understanding of the types o f

mechanis ms that render the concerns  of intelligent autonomous agents.

            Part I  introduces the research topic and descr ibes the motivated agent framework  used

within the Cognit io n and Affect Project, and this thesis, to elucidate the architectural

requirements for intelligent autonomous agency; part II  focuses on the issue of concer n-

processing in autonomous agency. We ident ify weaknesses in current deliberat ive and

behaviour- based design approaches, and provide two case studies o f our concern-centr ic

infor mat ion- level design-based approach to intelligent autonomous agent design; part III

applies our design methodology to the requirements for human emotional states. We present a

infor mat ion- level analysis o f leading theories of emotion, and descr ibe a ser ies of broad agent
architectures for elucidat ing emergent infant- like emotional states; part IV  summar ises the
different strands of research presented within this thesis, and identifies so me fertile areas for
future research; the references  sect ion provides pointers to the primar y and secondar y sources
of literature used within this research; the
appendices
 provide supportive background
infor mat ion for the thesis itself.

             Alt hough we have wr itten each chapter as a self- contained module, the ear lier chapters do
provide useful background mater ial for the concepts presented later. We would therefore
recommend that at least some of this ear lier material is read before launching into the heart of
the thesis descr ibed in part III . However, we also recognise that readers are in the best position
to decide on the relevance of each chapter to their own particular interests, and so a br ief
guide to each chapter is provided to aid this navigation process:

Part I

Int roduction

Chapter  1 The fir st chapter provides a general introduction into the problem area by

                                            establishing: ( i)  the research object ives; ( ii) the research methodology; and

                                            ( iii) a requirements specificat ion for intelligent autonomous agency.

Chapter  2 The second chapter presents the main strands of the motivated agent

                                            framework used within the Cognit io n and Affect Project. We introduce the

                                            idea of a mind as an infor mat ion-processing control system, and ident ify

                                            some of the control states that are likely to play an important role in

                                            intelligent autonomous agency. We also take the fir st steps towards

                                            elucidat ing these control states by descr ibing their functional  attributes, and

                                            proposing a three- layered model wit hin which to explore the structural  and

                                            dimensional  attributes.

Part II

                                                                                                                     Concern Processing

Chapter  3 The third chapter provides a design-based analysis o f concern-p rocessing in

                                            exist ing deliberat ive and behaviour-based autonomous agent designs. We

                                            argue that many of the ident ified weaknesses in exist ing designs can be

                                            addressed by taking a concern-centr ic stance towards intelligent autonomous

                                            agent design.

Chapter  4 The fourth chapter analyses previous work completed within the Cognit io n

                                            and Affect Project in relat ion to concern-processing in intelligent

                                            autonomous agent architectures. We introduce Sloman´s Attention Filt er

                                            Penetration theory of emotions [Slo man  92], and explain how the

                                            architectural requirements imposed by a dynamic and uncertain environment

                                            can lead to the emergence of proto-emotional states [Beaudoin  94;

                                            Wr ight  97]. This chapter forms the init ial design specification for an agent

                                            architecture to meet the basic requirements of intelligent autonomous

                                            agency.

Part III

                                                                                                                       ^Emotional~ Agents

Chapter  5

                                            The fift h chapter presents an infor mation- level design-based analys is of the

                                            pheno mena we co mmo nly call emot ion. We start by arguing that a lot of the

                                            confusio n surrounding the term emotion can be attributed to the fact that

                                            different theorists focus on different concern-processing mechanisms

                                            ( reactive , deliberative , or reflective ) active in the emot ion process ˘ this is

                                            related to our argument that emotions are emergent mental states. We then

                                            extend our analysis by mapping leading cognit ive theories of emotions

                                            [Fr ijda  86; Damasio  94; LeDoux  96] on to our motivated agent framework,

                                            and ident ify the different mechanis ms act ive in primary , secondary  and

                                            tertiary  emotions.

Chapter  6

                                            The sixth chapter presents an infor mat ion- level design-based analysis o f

                                            ^emot ional~ agent architectures. We start with a brie f over view of related

                                            work on emotional agents [Moffat and Fr ijda  95; Velásquez  96; McCauley

                                            and Franklin  98; a nd Cañamero  97]. We then present two implementations

                                            of broad-but-shallow ^emotional~ agent architectures ˘ integrating different

                                            control states active in the emotion process into an extended motivated

                                            Society of Mind  (based on Cañamero  [97] and Minsky  [ 85 ]). These

                                            implementations look at both deliberat ive and reactive mechanis ms of

                                            concern mediat ion within our motivated agent framework.

Chapter  7

                                 The seventh chapter presents an abstract design o f a cognit ively inspired

                                            agent architecture for elucidat ing ^emot ional~ states ˘ integrating the

                                            different research strands explored in chapters  1  through  6 . We descr ibe how

                                            the different concern-processing competence levels of our three-layered

                                            architecture co-evolve, and ident ify the different processes act ive in the

                                            emergence o f ^emot ional~ states.

Chapter  8

                                 The eighth chapter presents an implementation of our agent design, and an

                                            analys is of similar designs in design- space. We also present a crit ique of our

                                            design, and address so me of the architectural requirements needed to support

                                            basic human emot ions.

Part IV

Conclusions

Chapter  9
                                            Chapter nine summar ises the contribut ions this research makes to the field of

                                            understanding concer n-processing in intelligent autonomous agents, and

                                            points to new direct ions in which the research can be taken in the future.

Chapter  10 Chapter ten provides a list of references to the primar y and secondar y

                                            literature sources used within this thesis.

Appendices

Appendix A descr ibes the ex tensio ns we made to the Sim_Agent  [Slo man and Po li  96]

                                            toolkit to provide the test and development environment for this thesis.

Appendix B
                                            explains how to run the source code provided wit h each of the Abbott agent

                                            architectures developed in the thesis ˘ descr ibed in chapters  6  and  8 .

Appendix C
                                            provides a br ief over view of the important structures invo lved in both

                                            reasoning and emotion in the human brain. This appendix provides useful

                                            background infor mat ion for our analys is of the neuro logical basis for

                                            emotions in chapter  5.

Appendix D provides an overview of the different types of chemical messengers

                                            (hormones) active in the human brain ˘ giving useful background

                                            infor mat ion for our analysis o f emotional agents in chapters  6 , 7 , and  8 .

Appendix E
                                            descr ibes the evo lut ion of mind fro m the perspect ive of our ^selfish~ genes

                                            and ^selfish~ memes ˘ providing the context for future work described in

                                            chapter  9 .

1.5  Summary

             In this chapter we have introduced the research object ives, the research methodology, and
a requirements specificat ion for a cognitively inspired intelligent agent. In the next chapter we
will provide so me scaffo lding for this framework by introducing the termino logy o f
mentalistic control states , and a cognit ively inspired three-la yered agent architecture. In parts

II  and III , we will further extend the framework by: (a) analys ing case studies on the
requirements of goal-processing [Beaudo in  94] and proto-emotions [Wr ight  97] in
autonomous agents; ( b) using the framework to descr ibe the functional , dimensional , and
structural attributes of the mentalist ic concept we call ^emot ion~; and finally (c) building an
agent that supports emergent ^emot ional~ control states.

2  Motivated Agent Framework

             When attempt ing to understand human behaviour we often find it useful to build a partial

model o f a person´s internal mental state ˘ in a sense we adopt an extended ^intent ional

stance~ (see sect ion  1.2.1 ). In applying mentalist ic concepts such as ^frustrated~, ^happy~, or

^stressed~, we implicit ly make certain assumptions about the type o f infor mat ion-processing

architecture required to support such states. Although the architecture does not need to

contain specific mechanisms for each mentalist ic concept, as many concepts refer to emergent

states, the mechanisms emplo yed wit hin the architecture must satisfy certain requirements if

the use of mentalist ic concepts is not to be mis leading [Sloman  97]. For example, the

mentalist ic concept of ^frustration~ places a requirement on the architecture to not only

support a motivat ional attitude towards goal achievement, but also a mechanism to detect

when a goal is not being achieved.

             The notion of using mentalist ic concepts to describe the internal state of artificial agents

will inevitably meet with so me opposit ion ˘ we are not claiming that at anyt ime in the

foreseeable future our agents will have the same degree of r ichness of mental states as we

have ourselves. However, the use of certain  mentalist ic concepts can be just ified by referr ing

such concepts to the under lying infor mat ion- level processing mechanisms of the system (see

Slo man  [97] for a more de tailed discussio n on this po int). Further, in explor ing mentalist ic

concepts in artificial agents, we can start to make valuable inferences as to the types of mental

infor mat ion-processing mechanis ms that are necessar y to support similar states in humans.

             This chapter lays the foundat ion for such an approach by present ing a motivated

architectural framework for an intelligent autonomous agent. We use the label ^mot ivated~ to

reflect our concern-centric design stance ˘ focusing on the requirements of explicit

mot ivat ional control states within the architecture.

2.1  T he Mind as a Control System

             In the fo llowing discussio n we will start from the assumpt ion that human minds are

incredibly complex information-processing machines . If we also adopt the definit io n of

infor mat ion as ^so mething to which so me process is causally sensit ive~ (or to use a more

memorable slogan, ^infor mat ion is a difference that makes a difference ~ [Bateson  72 in

Chalmer s  97, page  281; also Franklin  95, page  34]), we can start to see the proble m we face

when attempt ing to understand the infor mat ion-processing machiner y o f the mind ˘ How do

you descr ibe processes that act on an intangible commodit y which itself only exists in relat ion

to a choice  of process within the machiner y you wish to describe?

             Different scient ific disciplines take different approaches to the problem o f studying the

mind: neuro logists study the phys ical structures of the brain and make educated guesses as to

each structure´s funct ion by looking at brain activity wit h modern scanning tools, the way in

which the structures are inter-connected, and the disabling effects of disease; psycho logists
treat the mind as a black- box and make inferences as to its internal structure by observing
how people and animals react to exper iments fro m without; and philo sophers dream up
elaborate thought exper iments to dissect the mind fro m within. Our so lution is to: (a) treat the
mind as an incredibly co mplex infor mat ion-processing control system ; and then (b) adopt the
engineer ing st yle of the design-based approach (sect ion  1.2.2 ) to study mental phenomena by
actually building systems that meet similar requirements ( i.e. explore the design space of
artificial minds).

What Are Control States?

                         ^[T]he idea of a mind as [a] control syst em lea ds to a new analysis of the concept of

                         `representation´: a representation is part of a control state: and differ ent kinds of

                         representations play differ ent roles in control mechanisms.~ ˘ [Sloma n  93a, page  7]

            At the start of this chapter we talked of the need to refer mentalist ic concepts (such as

^frustrated~, ^distracted~, and ^stressed~) to informat io n-level descr ipt ions o f the under lying
infor mat ion-processing architecture. But with a substance as ethereal as infor mat ion, what do
we really mean by information-level descriptions  of the architecture?

            Being ^frustrated~ places a requirement on the architecture to support a motivat ional
attitude towards goal achievement. Our infor mat ion-level descr ipt ions therefore refer to
descr ipt ions of the representational for m ( i.e. motivations  and goals ) that the infor mation
takes at each stage of the control process ˘ we do not actually need to model each neuron to
create an artificial mind, we just need to capture the flow of infor mation created by those
neurons (although the for mer might help the latter). When we talk about infor mation-level
descr ipt ions of the minds of autonomous agents, we refer to descr iptions of infor mat ion-
bear ing representations, or ˘ if we treat the mind as a control system ˘ dispositional control
states  (adopting the termino logy o f a control state  also allows us to grow our agent
architectures step-by-step without having the burden of account ing for the full r ichness o f
human mental attitudes  and mentalistic concepts  r ight fro m the beginning).

            Complex control systems (such as the minds o f humans or intelligent autonomous agents)
are capable of supporting many different types of control state ˘ we regular ly base our
predict ions of human behaviour upon observations such as ^he is in a bad mood~, without
referr ing to the desires  or beliefs  of the obser ved person. The fact that we can use ^mood~ as a
predictor of behaviour is a good indicator that it refers to some concrete configuration/state of
the under lying infor mat ion-processing structure that is called a mind. However, a more
scientific for m of qualificat ion is called for: control states  are infor mat ion-bear ing
representations of an infor mat ion-processing control system.

            Formally, we define two types o f attribute for a control state [Beaudoin  94, sect ion  3.1.1]:

(a) Dimensional attributes  refer to the quant itative attributes such as duration, and intensit y;

whereas (b) S tructural attributes  descr ibe the ^virtual machines~ through which control states

are realised (these structural attributes are often linked to the agent´s ontology). For example,

plans  may have dimensio nal attributes of importance, status (active, suspended, partial

expansio n, etc.), and relevance; wit h structural attributes such as valid predicates, relat ions,

and propositions. An important subset of structural attributes are those that reflect

mechanis ms which modify other representations (at ever y step of the control process

infor mat ion has the potential to be transfor med into other forms of representation) ˘ for

example, mechanisms which transfor m beliefs  into either standards  or attitudes , or modify

exit ing beliefs on the basis o f new goals . Finally, we allow values of dimensio nal attributes to

be expressed in terms of the structural attributes ˘ i.e. the duration of an emotion can be

expressed in ter ms of the emergence of a perturbant state in which a motivator repeatedly

grabs and ho lds attention.

            In addit ion to dimensio nal and structural attributes, we also find it useful to talk about

control states at a more abstract level ˘ and so we will add functional attributes  to the above

list. Functional attributes  simply descr ibe the role a control state plays within a control

system, without attempt ing to describe how this is achieved.

How are Control States Realised?

            Our view o f a ^control system~ is clear ly at odds with the standard notion of a control

system used by physicists and control engineers. Conventional control systems have a fixed

degree of complexit y, allowing their behaviour to be completely descr ibed by a system o f

partial different ial equat ions. However, the intelligent control systems that we wish to

descr ibe do not have a fixed architecture, and are capable o f evo lving dur ing the lifet ime of

the agent. Further more, within such intelligent systems, many o f the control states exhibit

changes that are more like changing structures than like changing values of numer ic var iables

˘ beliefs  beco me r igid attitudes , and learnt behaviours  beco me ho med skills .

            Control states are realised as ^virtual machines~ which operate on infor mat ion-level

representations within the agent architecture. A belie f-like control state implies the existence

of mechanisms for belief generat ion, representation, storage, evaluat ion and execut ion. In the

case of a mechanical ther mostat, the different ial expansio n of two metal str ips provides the

belief generation, the curvature of the bimetallic strip provides the belief representation and

storage, and the making or breaking of an electrical contact provides the belief evaluat ion and

execution. However, not all control states require specific supporting mechanisms wit hin the

architecture. Some control states emerge fro m the interact ion of lower level mechanisms,

whereas others may share co mmon co mponents, only differ ing in the way they int eract (i.e.

beliefs , standards , and attitudes ).

What Control States are Needed for Intelligent Agency?

            There are no hard and fast rules for determining the number and nature of control states

needed for intelligent agency. Many successful agents have been built wit hin the classic BDI

(belief, desire, intent ion) framework, and in pr inciple all agents can be reduced to purely
reactive architectures with dedicated circuits for ever y function. However, we believe that
there are definite benefits to be gained in working with appropriate levels of abstraction ( for
example, it may be useful to dist inguish reflexes  fro m skills  or behaviours  within the
architecture). The flexibilit y o f our approach allows us to explore the requirements of control
states  without committ ing ourselves to rigid representational for ms. Figure 2.1 - 1  shows the
var iat ion in scope and duration of so me likely control states  of intelligent agency.

                                                                                              Long term

                                                                                              Relatively hard to change,

                                                                                              very slow learning, causes

                                                                                              and effects diffuse and

                                                                                              indirect.

                                                                                              Short term

                                                                                              Changeable, more specific

                                                                                              causes and effects,

                                                                                              semantic content.

Personality,

Skills.

Attitudes,

Standards,

Preferences.

Moods,

Emotions.

Desires,

Intentions,

Plans.

Classification of Control States

            Thinking of co mplex systems as co llect ions of interact ing, partially-independent, sub-
systems (or control states) provides two useful funct ions. Fir stly, it allows us to ask questions
about what types of control state complex systems might possess, and secondly, it allows us
to ask how those different control states might interact.

            A ther mostat can be represented by three control states: belief-like; desire-like; and
intent ion- like ˘ the ther mostat can ho ld a belief that ^the room is at  20°C~, a desire to ^make
the temperature  23°C~, and an intent ion to ^turn the radiator on~. But, control states are  not
restricted to the classic BDI for malism. Control states can operate asynchronously, at different
rates, and at different/mult iple levels wit hin the architecture. Table 2.1 - 1  gives the funct ional
attributes of some of the commo n control states used in the design of intelligent autonomous
agents.

                                                    Figure 2.1 - 1  Control States of varying Scope and Duration

        Control State Functional Attributes

      Goals Goals are states-of -affairs towards which the agent is motiv ationally directed.

                                                             Goals f orm the junctures of  plans and sub-plans, and are generated in response

                                                             to concerns . Goals are considered purely deliberativ e structures within the

                                                             context of  this research, marking a boundary between reactiv e and deliberative

                                                             concern representations. Reactiv e goal-processing mechanisms (such as

                                                             Nilsson´s  [94] Tel eo-Reactiv e Programs) are more akin to skills ˘ Table 2.1 - 2 .

      Intentions Intentions  are states-of -aff airs towards whose achiev ement the agent has made

                                                             some f orm of  a commitment [Bratman  87; Cohen and Lev esque  90].

      Plans Plans  are semantically rich structures that guide an agent towards a goal. Plans

                                                             make use of  a number of  deliberate control states such as images  and goals , as

                                                             well as belief s about reactiv e control states such as skills  and competencies .

      Beliefs Beliefs are states-of -aff airs which the agent holds to be true or f alse, but due to

                                                             the dynamics of  the environment and the limits of  perception of  the internal/

                                                             external world model, may or may not be so. Belief s are probabilistic

                                                             ^statements of  f act~ that range f rom high probability belief s about new sensor

                                                             data, to belief s about belief s, and belief s about inf erred reactiv e belief s.

                                                             W right  [97] distinguishes two types of  belief: sensor-based belief s, which are

                                                             generated with regard to sense data, and agent-based belief s, which are

                                                             generated with regard to agent actions.

      Behaviours Behaviours  are arbitrary complex action patterns made in response to external

                                                             stimuli or inf erred internal motivational states. W e distinguish between appetitiv e

                                                             and consummatory behav iours: (i)  Consummatory  behaviours provide an

                                                             immediate direct benef it to the agent; whereas (ii) Appetitive  behaviours require

                                                             f urther expenditure of  time and energy bef ore any benef it is realised.

            In addit ion to the common control states already used in autonomous agents, we can also

ident ify so me more esoteric states (see Table 2.1 - 2 ) that we feel are likely to play a role in

future intelligent autonomous agents ˘ for example, Ortony et al.  [88] different iate emotional

states on the basis o f whether events match/mismatch goals , standards , and attitudes ; whereas

Damasio  [96] uses images  and somatic markers  to connect deliberative reasoning wit h

reactive processing.

          Table 2.1 - 1  Functional Attributes of Common Control States of Intelligent Agency

through the attentive state of the agent ˘ although the reactive concern-processing
mechanis ms are also subject to longer-term adaptive change.

2.3  Summary

            In this chapter we have introduced the concepts of (a) the mind as a control system , and

(b) representations as information-bearing sub-states of that control system. Ar med with this
conceptual framework, we ident ified three attributes ( functional , structural , and dimensional )
with which to descr ibe the control states of intelligent agency, and proceeded to describe the
functional  attributes of the control states we feel will be needed in an intelligent autonomous
agent that is able to deal wit h the real-time constraints and co mplexit y o f human
environments. Finally, we introduced an architectural framework within which we can
descr ibe the structural  and dimensional  attributes of these control states.

                              Part II

Concer n Processing

3  Concern Processing

                         ^Concern is defined as a disposition to desire occurrence or nonoccurrence of a

                         given kind of situation. Such dispositions are assumed to exist when an individual

                         initiates activity to achieve given kinds of situations and spends time, effort, or money

                         in doing so; or when he explicitly expresses desire to achieve such a kind of situation;

                         or when there is emotional response upon events implying achievement or

                         nonachievement  of such a kind of situation.~

˘ Frijda, The Emotions  (page  335)

             Infor mat ion exists in relat ion to a choice  of process, and in intelligent autonomous agency
that cho ice is made in relat ion to the concerns  of the agent. In this chapter we argue for a
concern-centr ic approach to the design of intelligent autonomous agents.

             The architectural requirements for the expressio n of agent concerns have received ver y
little attention in the research literature on autonomous agent design (a notable except ion
being Brat man  [87]). This is so mewhat surpris ing given the fact that concern-processing lies
at the heart of autonomous agency, but can in part be attributed to the success that has so far
been achieved with our exist ing repertoire of concern-processing control states proposed by

Bratman (beliefs, desires, and intent ions) and others. However, as we indicated in the last
chapter, belief , desire , and intentional control states alone are unlikely to be sufficient to build
the types of co mplex intelligent autonomous agents that populate environments such as our

Nursemaid scenar io ˘ a view partly born out by current research trends towards hybr id and
affect ive agent architectures (where the emphasis is on utilis ing different types of control
structures at different levels o f the agent architecture), and partly by noting the semant ic
r ichness of the mentalist ic terms we use in our ever yday life to describe human behaviour and
action. In this chapter, we will attempt to further elucidate the requirements for intelligent
autonomous agency (see sect ion  1.3 ) by providing a  concern-centric  analys is of exist ing
deliberat ive and behaviour- based agent architectures.

3.1  Deliberative Concern Processing

            The tradit ional ^symbo lic~ AI approach to rational agency has been to treat control states
as semant ically r ich infor mat ion structures to be manipulated according to Newell´s pr inciple
of rationalit y ( If an agent has knowledge that one of its actions will lead to one of its goals,
then it will select that action [Newell  82, page  102]). Naturally, this  approach has
concentrated on those state-of-affair s type control states with clear ly defined structural
attributes that can be approximated  at a single high-level o f abstraction ( i.e. the short-term
states of Figure 2.1 - 1  ˘ beliefs , desires ,  plans and intentions ). The concerns of such rational
agents are either expressed as act ive goals , or else lie dormant within Scr ipts [Schank and

Abelso n  77], Teleo-Reactive Programs [Nilsson  94], Reactive Act ion Packages [Fir by  89], or

Knowledge Sources/Areas [Hayes-Roth  85, 95; Georgeff and Lansky  86]. In this sect ion we

will concentrate on the concern-processing credentials of the Procedural Reasoning System.

3.1.1  T he Procedural Reasoning System

            The Procedural Reasoning System (PRS) [Georgeff and Lansky  86; Georgeff and

Ingrand  89] is a gener ic BDI (belief-desire- intent ion) architecture for represent ing and

reasoning about actions and procedures in dynamic environments. BDI architectures are so

named as they view beliefs , desires , and  intentions  as being necessar y (and to some extent

sufficient ) control structures for resource-bounded practical reasoning agents [Bratman  87] ˘

see Georgeff and Rao  [95] for an argument as to the necessit y (although not adequacy) of

beliefs, desir es and intent ions in do mains where real-time per for mance is required fro m both a

quant itative decisio n-theoretic perspect ive and a symbo l reasoning perspect ive.

                                                                                                         Database

                                                                                                  (Facts, Beliefs)

Plan Library

Knowledge Areas

Interpreter

( Reasoner)

                                                                                                              Goals

                                                                                                         (Desires)

Intention

Structure

Command

Generator

                                                                                                            Monitor

Environment

Effectors

                                                                                                           Sensors

main data paths

main control paths

            The Procedural Reasoning System (PRS) architecture, shown in Figure 3.1 - 1 , can be sub-

divided into peripheral and reasoning components. The peripheral co mponents are: (i)

sensors ; ( ii) a monitor  to translate sensor infor mat ion into agent beliefs; ( iii) a command

generator  to translate primit ive act ions into effector commands; and ( iv) effectors  to generate

events in the outside environment. The reasoning co mponents are: (i)  a database  containing

current beliefs and facts about the world which is automat ically updated; ( ii) a librar y o f

plans, called Knowledge Areas  ( KAs) used to achieve given goals or react to particular

                                                                                                      Figure 3.1 - 1  PRS Architecture

situations; ( iii) a set of current goals  (PRS uses the term goals  to refer to desires  that are
consistent and obtainable) ; ( iv) an intention structure  containing a partially ordered set of all
plans (KA stacks) chosen for execution at runtime; and (v) an interpreter  (or inference
mechanis m) to select appropriate plans in response to system beliefs and goals, commit the
selected plans to the intent ion structure, and execute them.

Operation

             The operation of the PRS interpreter can best be explained in two steps: (i)  as an idealised

BDI interpreter; and (ii) by invoking meta- level KAs to explain the Deliberate()  process.

             The idealised BDI interpreter loop is shown in Figure 3.1 - 2 : (i)  the interpreter checks for
new events; ( ii) for ever y new event (belief and/or goal) in the event queue, the

OptionGenerator () attempts to unify the event against the invocation condit ions of each of the
knowledge areas (KAs). Unified KAs are added to the list of possible plan options; ( iii) the
interpreter then uses Deliberate()  to select an appropriate KA for insertion into the intent ion
structure; (iv) the chosen KA is inserted into the intent ion structure (the intent ion structure
contains mult iple intent ion stacks, which are either running in parallel, suspended unt il so me
condit ion occurs, or ordered for execution in some way). If the KA arose out of the
acquisit ion o f a new goal or belief, it is inserted as a new intent ion stack. If the KA arose out
of the processing of an exist ing intention, it is pushed on to the stack of KAs associated with
that intent ion. ; (v) the interpreter selects an intention fro m the root of one of the intention
stacks, and executes one step of that intention. This results in eit her the per formance of a
pr imit ive act ion ( including mental act ions of believing so me new proposit ion), or the
establishment of a new subgoal; ( vi) successful and impossible attitudes ( in this case, goals
and intentions) are removed fro m the goal database and intent ion structure; (vii) the
interpreter returns to the start of the loop.

                                      InitialiseState();

                                      repeat

                                         EventQueue = GetNewEvents();

                                         Options = OptionGenerator(EventQueue);

                                         SelectedOptions = Deliberate(Options);

                                         UpdateIntentions(SelectedOptions);

                                         Execute(SelectIntention());

                                         DropSuccessfulAttitudes();

                                         DropImpossibleAttitudes();

                                      end repeat

Update

Intention

Structure

Generate

Plan

Options

Deliberate

Plan

Options

Get New

Events
Select

Intention

Execute

Selected

Intention

Drop

Impossible

Attitudes

Drop

Successful

Attitudes
                                    [ Rao and Georgeff 95, section 5]

                                    BDI ˘ interpreter

                                                                              Figure 3.1 - 2  Idealised BDI Interpreter Loop

             The actual PRS interpreter loop is shown in Figure 3.1 - 3 . The PRS interpreter implements

the Deliberate()  funct ion as a meta- level KA. The meta-level KA is executed from the

intent ion structure in the same way as any other intention, and is therefore interruptible,

maintaining the reactivit y o f the PRS. The actual operation of the interpreter loop is as

fo llo ws: ( i)  the interpreter checks for new events; (ii)
FindSoak()

 returns a Soak (Set Of

Applicable KAs) which unify wit h the new events. If the Soak is empty the interpreter jumps

to iv (below), select ing an intent ion fro m the exist ing intent ion structure and execut ing one

step of that intention; ( iii) if the Soak is not empty, the interpreter recursively  (a) posts meta-

facts about the Soak on to the database (generating new events); and ( b) unifies these events

against meta- level KAs to create a new Soak; until  (c) the new Soak returned is an empt y list.

The previous ( non-empt y) Soak is retrieved, and a meta-level KA (to perform the
Deliberate()

funct ion) is chosen at random for insertion into the intent ion structure; (iv) the interpreter loop

inserts the intention into the intention structure and continues as descr ibed in the idealised

BDI interpreter loop above.

                                       InitialiseState();

                                       repeat

                                          Soak = FindSoak(G etNewEvents())

                                          while (ListEmpty(Soak) == False)

                                             PostSoak MetaFacts(Soak );

                                             PreviousSoak  = Soak;

                                             Soak = FindSoak(GetNewEvents())

                                          end while

                                          if (ListEm pty(PreviousSoak) == False)

                                              PostSoakMetaFacts(Soak);

                                              Intend(SelectRandomly(PreviousSoak));

                                          end if

                                          Execute(SelectIntention());

                                          DropSuccessfulAttitudes();

                                          DropImpossibleAttitudes();

                                          PreviousSoak = Soak;

                                       end repeat

                                       (Soak = Set of Applicable KAs)

Update

Intention

Structure

Generate

Soak

Post

Soak

MetaFacts

Get New

Events

Select

Intention

Execute

Selected

Intention

Drop

Impossible

Attitudes

Drop

Successful

Attitudes

Meta-level KA selection

Generate

Soak

Get New

Events

                                     [ Ingrand and Coutance 93, section 3.3]

                                     PRS ˘ interpreter

PRS Operators

             The PRS operators allow the system to represent a wide var iet y of goals, including goals

of achievement, goals of maintenance, and goals to test for given condit io ns. The basic PRS

operators [Ingrand et al.  96] are: (i)
achieve C

 (somet imes wr itten as
!C

) which causes the

system to attempt to achieve the goal C ; ( ii) test C  or ( ?C ) which tests for the condit ion C ; ( iii)

wait C

                      or (
                                   ^C

                                             ) which causes the system to suspend the current intention unt il the condit io n is

true; (iv)
                                preserve C

                                                                     or (
                                                                                  #C

                                                                                           ) which passively preserves the goal
C

; and (v)
maintain C

 or (
%C

)

which act ively maintains the goal
                                                                                                                     C

 ( interrupting the current activit y to re-establish the goal

                                                                                              Figure 3.1 - 3  PRS Interpreter Loop

should it fail). The PRS language also includes two operators to modify beliefs about the
environment (including beliefs about the internal state of the system): assert C  or ( =>C ),  and
retract C
                              or (

                                           ~>C
                                                        ).

Event- and Goal-Driven Behaviour

             Alt hough the posting of beliefs and goals are both treated as events, the notion of goal-
and event-driven behaviour is ver y different in PRS. Goals (stored in the goal database) are
treated as object ives that the interpreter attempts to satisfy by any means , i.e. by
systemat ically tr ying one KA after another. Goal-dr iven behaviour is tested for success/failure
on each successive adoption of a KA, and only considered to have failed after all valid KAs

( i.e. those that unify wit h the goal) have been adopted and failed. By co mpar ison, event-
dr iven behaviour proceeds without any analysis o f the eventual success or failure of the
unified KAs, selected KAs are simply placed on the intention structure and left for later
adoption and execution.

Analysis

             PRS offers a ver y promising approach to concern-processing within resource-bounded
deliberat ive reasoning. It supports shift ing attention (of intent ions), event- and goal-dr iven
behaviour, and parallel execution of act ions and planning. A tight interpreter loop and step-
wise intent ion execut ion maintains the react ivit y of the system (wit hin provable limits), and
meta- level KAs can be used to create a layer of ^virtual applicat ions~ on top of the basic
interpreter ˘ to augment the in-built reasoning capabilit ies of the system.

             The real strength of PRS´s concer n-processing credent ials lies in its abilit y to extend the
basic goal- and event-dr iven behaviour through the judicial applicat ion of meta-level KAs. As
we ment ioned above, meta-level KAs give the designer the freedom to implement many
different types of architecture on top of the basic PRS cycle ˘ we will discuss one such
architecture (NML2) in chapter  4 .

             However, a number of problems have been identified with the standard PRS approach
when evaluated against the concern-processing requirements of intelligent autonomous
agency: ( i)  new events are unified against a mono lithic KA database, for complex domains
requir ing many KAs and meta- level KAs this could drastically reduce the responsiveness of
the system; ( ii) Myers  [96] points out that the success/failure semant ics of PRS´s goal-dr iven
behaviour can beco me ver y restrict ive when attempt ing to monitor continuous action
processes; ( iii) the posit ion of KAs in the intent ion structure orders them in t ime, but says
ver y litt le about the importance of the intention or how it was derived. UM-PRS [Huber et
al.  95] goes some way to address this by including the facilit y to explicit ly assign a pr ior ity
value to the achievement of a goal; ( iv) PRS uses an exhaust ive strategy to test the
success/failure of goals. PRS-CL [Wilkins and Myers  95; Wilkins et al.  95] includes an

Achieve_By  operator to filter candidate KAs and constrain the goal-processing process.

             PRS was never conceived of as a gener ic architecture for autonomous agency ˘ its main

applicat ion was intended to be in the area of resource-bounded practical reasoning. Most of

the identified problems can be reso lved by applying suitable indexing techniques on the KA

plan librar y, and through the judicial use of meta-level KAs. Unfortunately, the more

reflect ive the interpreter loop becomes (select ing meta-level KAs to arbitrate meta-level

KAs), the less reactive the who le system is made ˘ no matter how efficient the indexing is.

Alt hough PRS is capable of react ing to new events in its belief database, it can only respond

to them by generating an intent ion to do so, and thus at the expense of its ongoing reasoning.

In fast changing environments it beco mes essent ial to filter events before they reach the

attention of the PRS cycle ( making them inaccessible for considered attention later). This has

meant that PRS increasingly finds itself in a supervisor y role in autonomous agent designs.

Here responsiveness is needed, but the flow and breadth of infor mat ion is much reduced. The

procedural nature of most supervisor y tasks has also favoured the PRS approach.

             Finally, fro m a concern-centr ic design stance, the adequacy o f the semantic r ichness of

goals within the standard PRS architecture is also in doubt. Work by Beaudo in  [ 94] has

ident ified the need for a rich representation o f motivators when dealing wit h complex human-

like environments ˘ i.e. our Nursemaid scenar io descr ibed in the introduction. We will discuss

Beaudo in´s enhancements to the standard PRS architecture in sect ion  4.2 .

3.1.2  Conclusions

             The advantage of using a bounded rational agency approach (as typified by the Procedural

Reasoning System) to concern-processing, is the abilit y to completely descr ibe the behaviour

of the agent at a human- intelligible level ˘ giving a high degree of confidence in the

responsiveness and correctness of the design. However, many o f the requirements of

intelligent autonomous agency are in stark contrast to the neat world of bounded rational

agency ˘ agents ho ld inconsistent beliefs, have mult iple co mpet ing concerns, and must be

robust in the face of host ile and unknowable environments. These requirements place

addit ional real-t ime constraints on the concern-processing mechanisms o f the agent ˘ for

example, new operators may be needed; new intermediate processing steps (i.e. through

lear ning, or manipulat ion within specialist working memor ies) may be required; co mpletely

new for ms o f representation ( i.e. affect ive states) may need to be added to the system; and

asynchronous reactive processes may be required to filter the inco ming percepts. With this

added complexit y co mes an inevitable breakdown in our abilit y to completely capture the

design of an agent at a ^single~ high- level o f abstraction (although good approximations at

different levels of abstraction are often achievable ˘ as in the ^intent ional stance~).

             In recognit ion of the special problems o f intelligent autonomous agency, var ious so lutions

have been proposed centring around mult i- layered architectures. These mult i-la yered

architectures generally combine a behaviour-based react ive layer with traditional planning

and goal-based reasoning layers ˘ achieving responsiveness and robustness at the expense of a
certain degree of predictabilit y. For example: Touring Machines  [Ferguson  92] has a reactive,
planning, and modelling layer ; GLAIR  [Hexmoor et al.  93] has a Sensori-Actuator, a

Perceptual-Motor, and a Knowledge layer ; CYPRESS  [Wilkins et al.  95] has an executor, a
planner, and an action libr ar y; Saphira  [Myers  96; Kono lige et al.  97] has an effector , a
behaviour, and a task layer ; InteRRaP  [Müller  96; Jung  99] has a behaviour-based, local
planning, and co-operative planning layer ; Architecture for Autonomy  [Alami et al.  98] has a
funct ional, an execut ion control, and a decisio n layer.

            The partit ioning o f mult i- layered architectures is often made purely on funct ional grounds,
with litt le attention paid to the emergent properties created by the interaction of the short-term
control states encoded in the many layer s (an except ion is the GLAIR  architecture which is
partitioned to invest igate the lear ning of emergent behaviours). When designing mult i-la yered
autonomous agent architectures, we must not only think about the processes that happen
within a layer, but also pay careful attention to the attributes of those emergent control states
created by the processes that operate between the different layer s. Until we recognise that
these emergent properties form an integral part of the system ˘ in humans moods , emotions ,
and personality  often ser ve as the basis for our predict ive stances ˘, we will never be able to
attain a reasonable degree of confidence in the responsiveness and correctness of our mult i-
layered agent designs in the t ypes of open environment s we descr ibed in the introduction.

3.2  Behaviour-Based Concern Processing

            A different approach to concern-processing is champio ned by the behaviour-based (or
situated AI) school of thought. Behaviour-based architectures adopt the stance that agent
control systems should be deco mposed according to the desired external behaviours of the
system, rather than divided alo ng funct ional lines based on internal workings of the solut ion

[Rosenblatt and Payton  89]. This emphasis on behaviours has the posit ive effect of
embedding agent architectures in the environment, but leaves wide open the question of the
mechanis ms through which behaviours are selected. Concerns are not explicit ly manipulated
within behaviour-based systems ˘ the manipulat ion of explicit representations is avo ided
altogether ˘, but processed implicit ly wit hin the confines o f the behaviours themselves, and
the network of connections between behaviours.

            Behaviour-based architectures generally address the issues of concer n-processing in one
of two ways: (a) Subsumpt ion architectures (sections 3.2.1  and 3.2.2 ) use the physical
structure of the architecture to determine the prior it y of competences, and thus implicit ly the
assignment of motivat ional attitude; whereas (b) Command Fusio n architectures (sections

3.2.2  to 3.2.5 ) calculate motivat ional attitude in a dynamic manner through spreading
activat ion energy models.

            The behaviour-based movement has opened up fertile new avenues of research into the
requirements of concer n-processing in autonomous agency. In the fo llowing analys is, we will

focus on two issues: ( i ) the concern-processing mechanis ms act ive in the behavioural act ion

select ion process itself; and where relevant, (ii) how the different architectures attach valence

and motivational attitude  to situations and events in service o f these concer ns. This process

should be viewed as part of the ongoing requirement s specificat ion for the reactive layer of an

intelligent autonomous agent architecture.

3.2.1  Subsumption

            A central tenet of the subsumpt ion architecture is that behaviours are arranged in a vert ical

structure as levels of competence  ˘ see Figure 3.2 - 1 . This structure can be partit ioned at any

level, with the levels below for ming a complete and self-co ntained specificat ion of the agent.

            Once a level has been debugged it is ideally never altered. New competences are provided

by building higher levels on the competences of the levels below (subsuming behaviours

where conflicts exist). These higher level modules have access to the intermediate results of

the lower levels at the inputs and outputs of the modules. A t ypical layered structure for a

simple mo bile robot could consist of: ( i)  level  0 ˘ avo id objects; ( ii) level  1 ˘ wander; ( iii)

level  2 ˘ explore; ( iv) level  3 ˘ build maps; (v) level  4 ˘ monitor changes; (vi) level  5 ˘

ident ify objects; ( vii) level  6 ˘ plan changes to the world; and (viii) level  7 ˘ reason about

behaviour of objects.

                                                                                                           Level 0

                                                                                                           Level 1

                                                                                                           Level 2

                                                                                                           Level 3

Control is la yered with higher

layers subsuming the roles of

lower level layers when they wish

to take control.

The system  can be partitioned at

any level, and the layers below

form  a com plete control system .

                                                    Sensors Actuators

            An important feature of the vertical  decomposit ion of the subsumpt ion architecture is that

control is distr ibuted among a number of behaviours operating asynchronously and in parallel.

Each behaviour is concer ned with a narrow aspect of the control process, and only needs to

receive sensor y data which is direct ly relevant to its particular decisio n making needs. By

appropriately fusing behaviour commands through arbitration, a robot control system can

quickly respond to events in its environment without the delays imposed by centralised sensor

fusio n. But, as low- level modules are able to process data faster than modules higher up in the

structure, the system must be able to cope with conflict ing messages being transmitted when

low- level modules manage to send their messages out before the subsuming behaviours have

had time to react.

                     Figure 3.2 - 1  The Control Layers of a Subsumption Architecture [Brooks  86]

                                                                                                                      S

                                                                                                                     10

I

3

Reset
                                                                                                         Suppressor

Inhibitor

                                                                                            Inputs Outputs

            Each behaviour module is implemented as a finite state machine, with internal var iables as
well as states ( Figure 3.2 - 2 ). Behaviour modules are interconnected through a network of
message carr ying lines. Each module is capable of receiving messages along mult iple input
lines and generat ing messages on mult iple output lines. Inhibitors may be attached to the
outputs of a module and suppressors  on the inputs. Any signal arr iving on an inhibitor or
suppressor  control line blocks the messages on the corresponding output/input line of the
module for a pre-determined per iod of time (shown by the number in the circle). In addit ion to
blocking input messages, the suppressor  control line also injects its own message on to the
input line of the module. I f more than one suppressor  is present on a line, the injected
messages are effectively ^or~- ed  together.

Analysis

            As the only means a behaviour has of influencing another behaviour is by co mpletely
subsuming or inhibit ing it, there is a real problem wit h co mmand fusion between levels in a
subsumpt ion architecture. In an extreme case this can result in an architecture where a higher
level co mpletely subsumes the functionalit y of a lower level (duplicat ing the lower levels´
behaviours) making the vertical structure redundant. Command fusio n can occur if we use the
dimensio n of t ime to represent the strength of a signal. The degree of subsumption can be
controlled by var ying the time constant and transmissio n rate of the subsuming signal. By
compar ing the number of conflict ing messages to arrive in a fixed per iod of time, a module
can acco mplish a for m of co mmand fusio n. However, this is not an ideal so lut ion as it fails to
account for signals arr iving fro m two or more subsumpt ion sources. It can also be argued that
command fusio n is not in the true spir it of subsumption.

            The subsumpt ion of a behaviour module results in the loss of infor mation contained
within the inhibit ed module. This loss may have significant repercussions on the other
modules wit hin the same level, causing a ser ious disrupt ion to that level o f competence. In
practice the design of a particular level must be carr ied out with the competences of higher
levels in mind at the start of the design process. This is necessar y to ensure that the right
hooks are present for the higher level behaviours when needed. Simply adding inhibitors to a
low- level module may alter the funct ionalit y o f a level to the extent that it needs redesigning.

                                                      Figure 3.2 - 2  Subsumption Behaviour Module [Brooks  86]

            Finally, the motivational attitude  of behaviours are reflected by their relat ive posit ion

within the subsumption hierarchy. A level  0 design must account for the primar y concer ns of

the agent ˘ these will nor mally be related to self-preser vat ion. As the levels of abstraction and

representation increase through the vertical structure, the subsumpt ion architecture can

account for more and more specific concer ns (such as achieving goals or minimis ing energy

expenditure). The problem then beco mes one of integrating these increasingly sophist icated

(but potentially lower prior it y) concerns, with the pr imar y concerns of levels  0 and  1. Idea lly

we would like our level  0 concer ns to take precedence over the level n  concerns in a reverse

subsumpt ion arrangement ˘ at present this is achieved by relying on the speed of the lower

layers, and the abilit y of the higher layers to recognise a high-pr iorit y concer n and arbitrate

accordingly.

            The problems wit h the subsumption architecture can be summar ised as: (a)  inadequate

command fusio n; (b) inaccessibilit y o f internal state; (c) disruption of levels o f competence;

and (d) apparent reversal of concer n-processing pr iorit ies. We will init ially discuss these

problems within the context of Rosenblatt and Payton´s  [ 89] fine-grained connect ionist

architecture (see section  3.2.2  below), before returning to them again wit hin the context of our

mot ivated agent framework in chapter  7 .

3.2.2  Fine-Grained Subsumption and Command Fusion

            Rosenblatt and Payton  [89] proposed a fine-grained connect ionist architecture (FGCA) as

a solut ion to some of the problems ident ified in the classic subsumption architecture. The

FGCA uses the same vert ical philo sophy as the subsumpt ion architecture. However,

behaviours are not constructed from self-contained modules, but fro m fine-grained networks

of smaller decisio n making unit s. Each unit represents a specific concept the designer is

striving to implement. These concepts are achieved by transfor ming a set of input activat ions

into a set of output activat ions as shown in Figure 3.2 - 3 . The individual units are not allowed

to contain internal var iables, and so are completely transparent to the outside world.

                                                                                      A
                                                                                          j

                                                          O
                                                              i

                                                               W
                                                                    ij

                                                                                                        O
                                                                                                             j

O
i

 is the output of unit I.

W
ij

 is the weight on the link from unit I to unit j.

A
j

 = f
A

(O
1

W
1j

, �, O
n

W
nj

) , is the activation level

       of unit j with n weighted inputs.

O
j

 = f
O

(A
j

), is the output of unit j.

            Alt hough nodes are not allowed to contain internal var iables, it is st ill possible to build

sophist icated state machines out of node networks through the ^selective unit update

mechanis m~. When a new value is entered into an input unit, the links emanat ing fro m that

unit not only carr y a numer ic value, but they also transmit a unique tag for one time step.

                   Figure 3.2 - 3  Flow of Activation in a Fine-Grained Connectionist Architecture

lo nger to settle down on an optimum so lut ion. Lowering the thresho ld has the opposite effect,
making it more likely that a module is selected, and thus increasing the speed  with which the
agent makes decis io ns.

Analysis

            The Agent Network Architecture (ANA) has a number of promis ing credent ials: ( i)  it is
robust and adaptable; ( ii) it is capable o f pursuing goal-orientated behaviour, whilst still
responding to the opportunit ies and threats encountered in a dynamic and unpredictable
environment; ( iii) its behaviour can be modified by adjust ing a small number of global
var iables; and ( iv) it supports partial pr ior itising of goal strengths.

C

A

A

A

A

C

C

C

Global Goals /

Concerns
                                        Sensors / Beliefs Nodes / Motivators

                                                          Injection of activation energy

                                                          Spread of activation energy backwards (if node non-executable)

                                                          Spread of activation energy forwards (if node executable)

            We can think of the network of nodes of the ANA as represent ing the motivators  of the
agent (mechanisms that tend to produce, or modify, or select between act ions in the light of
beliefs [Slo man  97]), with glo bal goals representing the concerns  ( situations the agent wants
to br ing about), and the sensors corresponding to agent beliefs  (see Figure 3.2 - 5 ). We can also
ident ify two types of node: (i)  consummatory nodes ( C-nodes ) which provide an immediate
direct benefit to the agent; and ( ii) appet itive nodes ( A-nodes ) which require further
expenditure of time and energy before any benefit is realised. Ideally we want our agent to
proceed from appet itive nodes towards consummatory nodes (as any expenditure of energy
due to appetit ive behaviour will only be rewarded by consummatory act ivit y). In this sense,
the goal-orientated behaviour of the agent is represented by behaviour that leads to the
activat ion of consummatory nodes. Motivational attitude  is represented by the magnitude of
activat ion energy associated with a node, and the valence  by the sign.

                                                                           Figure 3.2 - 5  The Agent Network Architecture

g  injected by

matched concerns

(global goals)

spread by

internal state
Node

removed by

internal state

(conflicter nodes)

+

+

-

-
f  injected by

external state

d  removed by

mismatched concerns

(protected global goals)

+

                                Conflicter Nodes

                             Mismatch Concern

                               Successor Nodes

                                  Match Concern

                                    Internal State

                                   External State

                               Activation Energy

                                                                                                 Precondition List

                                                                                                 Add List

                                                                                                 Delete List

                                       Executable

                                              Code

                           Node Structure Sources of Activation Energy

            Figure 3.2 - 6  shows the structure of an ANA node and a simplified view of its sources of

activat ion energy. At a network level, state and goal orientated behaviour is mediated by the

inject ion of energy fro m beliefs and concerns. However at the node level, the situation is

complicated by the interact ion between appetit ive and consummatory nodes.

            Forward spreading of act ivat ion energy fro m executable A-Nodes  to successor C-Nodes / A-

Nodes  is intended to signify predict ions of ^effects that are about to become true~ [Maes  89,

page  10]. The intuit ive idea was to prepare successor nodes for execution, and in so me way

mimic the inject ion of act ivation energy fro m external state sources. Unfortunately, by

spreading and not inject ing energy, it has the effect of reducing the activat ion energy of the

executable A-Nodes  themselves. This in turn reduces the likelihood of the executable A-Nodes

being executed.

            A second problem wit h the Agent Network Architecture is caused by association between

precondit ions and predecessor links. Figure 3.2 - 7  shows a simplified ANA plan structure,

where the A
                                        x

                                           -Nodes  can be thought of as sub-goals of the C
x

-Nodes . For our agent to be able

to exhibit opportune behaviour ( i.e., switching from node
A
1b

 to
A
2b

, or node
A
1d

 to
A
1a

) in

response to a change of state, the new node must be executable before it can be act ivated. This

means that all the preconditions  for the new node must be sat isfied, i.e., all the nodes below it

in the hierarchy have been executed (not just executable) and have asserted the proposit ions in

their add lists. The use of precondit ions to determine the predecessor links as well as the

condit ions for execut ion, forces the network to activate nodes in fixed sequences. This has the

undesirable effect of making the network less responsive to opportunit ies.

                                              Figure 3.2 - 6  Node Structure and Sources of Activation Energy

                                                                                                Injection of activation energy ( f   state; g - d   concerns)

                                                                                                Spreading of activation energy

                                                                                                             A

                                                                                                                 1a

                                                                                              f

A

1d

                                                                                                                  f

                                                                                         A

                                                                                             1c

                                                                          f

                                                                                                   A

                                                                                                       1b

                                                                                   f

                                                                                                              C

                                                                                                                   1

g - d

A

2a

f

A

2c

f

A

2d

f

A

2b

f

C

2

                                                                                              f g - d
f

             A related problem ar ises fro m the discharge of act ivat ion energy when a node is executed.

By allowing activation energy to build up in nodes, the ANA can per iodically execute low
pr iorit y plans at the expense of their faster charging neighbours. However, because the
execution of a single node eliminates the accumulated energy o f a who le plan structure, there
is little sustained goal directed behaviour towards low priorit y concer ns.

                                                                                         S1

G2

G1

                                                                                          S2

N1

N2

N3

                                                                                                                 0.5 f 0.5 g

                                                                                                                 0.5 f 0.5 g

                                                                                                                      f g

(1.0)

(1.0)

                                                                                             True

                                                                                            True

Global Goals /

Concerns

                                                                               Sensors /

                                                                                   Beliefs

Nodes / Motivators

             A third area of concer n about ANA has been invest igated by T yrrell  [ 94]. No matter how
you divide the distribut ion of energy, you will always end up unfair ly biasing one particular
arrangement of nodes or another. Figure 3.2 - 8  shows a simple case where a single sensor
feeds two nodes. As the activat ion energy fro m sensor S1  is divided by two to feed nodes N1
and N2 , nodes N1  and N2  are disadvantaged with respect to node N3  (which gets a full
complement of activat ion energy fro m

S2
). Similar problems occur when we look at concern
activat ion sources.

             T yrrell per for med a number of simulated exper iments to test different arrangements of
energy distribut ion. His conclusio n was that no satisfactory set of divisio n rules exists for the

                                                        Figure 3.2 - 7  Agent Network Architectu re Plan Structure

                                                                             Figure 3.2 - 8  Unfair biasing of Nodes in ANA

predecessor and conflicter connections, unless extra infor mat ion is passed through the

mechanis m (see PHISH-Nets for a modified ANA [Rhodes  96]). The dilution of act ivat ion

energy by nodes that contribute to the same goal was noted by Maes  [ 89] in the original ANA

design. However, Maes viewed this as a desirable feature of the network ˘ favour ing nodes

with no compet it ion. This does seem to somewhat contradict the desired aims of robustness

and adaptabilit y.

3.2.4  Free-Flow Hierarchy

            T yrrell proposes a free- flow hierarchical solut ion to the action select ion problem.

Alt hough the architecture is roughly modelled on the Rosenblatt and Payton  [89] (see

sect ion  3.2.2 ) fine-grained connect ionist architecture (FGCA), there are a number of ver y

significant differences that are important to note. Whereas the FGCA is a vertical

subsumpt ion style architecture (with each level o f the architecture adding a co mplete layer of

competence to the level below), Tyrrell´s architecture adopts a hierarchical approach in which

the drive- based activation energy is only injected at the top of the hierarchy ˘ violat ing the

subsumpt ion philosophy as the design can no longer be partit ioned such that the lower layer

for ms a complete working system. The Free-Flow hierarchy architecture (FFHA) also relaxes

the constraint on the magnitude of act ivat ion energy that can be generated by a node (FGCA

only allows values in the range of ± 1.00), and confuses the termino logy o f nodes with that of

behaviour networks. Finally, there is no attempt to use the select ive update mechanism o f the

FGCA in T yrrell´s design, and there is no real sharing of infor mat ion at a behaviour level. In

the fo llowing discussio n we will therefore treat the Free-Flow hierarchy as a new architecture,

and not an extensio n to the FGCA.

            A free- flo w of command infor mat ion is achieved by t he fact that: (a) the architecture

places no restrict ions on the number of nodes that remain act ive at any one time; (b) open

compet it ion is encouraged by prohibit ing inhibit ion and excitat ion of behaviours across

systems (prevent ing one system fro m co mpletely shutting down a compet ing system wit h the

resultant loss of infor mat ion) ; and (c) decisions are always deferred to the final behavioural

layer (the leaves of the hierarchy), where a winner-takes-all act ion select ion scheme is

implemented. This ensures that all dr ive- based behavioural systems can have their say in the

select ion process. Figure 3.2 - 9  shows the ^Get Food~ behavioural system o f T yrrell´s animat

action selection architecture.

                                                                                                             Approach

                                                                                                               P. Food

Approach

R. Food

Explore

For Food

Don´t Use

Up Food

                                                                    Eat Food

Explore

Get Food

                                                                                                                       N NE E SE S SW W NW N NE E SE S SW W NW

                                                                                              Pounce

                                                                   Eat FF

                                       Eat CF Court Mate

                                                                                      No Den in

                                                                                         Square

                                                                                                              P. Food R. Food

Rand.  Dir.

                                                 CF in

                                               Square

                                                 FF in

                                               Square

                                               Prey in

                                               Square

-1.00 -1.00

-1.00

Move Actions Move Fast Actions

                                                                                  T U T U

-0.35

-0.35

-0.25
-0.20

                                                                                                -0.08

                                                                                                                    -0.02

                                                                                                                     Low

                                                                                                                  Health

Food

Minus

                                                         An ordinary node

                                                         A multi-directional

                                                         node

U

T

An uncertainty
penalty

A temporal
penalty

Inputs to the node
are added

Inputs to the node
are multiplied

An ordinary
sensor/stimulus

A multi-directional
sensor/stimulus

                                      R. = remembered; P. = perceived; CF = cereal food; FF = fruit food (connections from other systems are not shown)

                                 Eat Food sub-system

                                 Approach Perceived

                                 Food sub-system

                                 Appetitive node

                                 penalties

Get Food

System node

Combining Preferences

             The FFHA adopts two basic forms of act ivat ion energy co mbinat ion schemes: ( i)  addit ion;

and ( ii) mult iplicat ion. The mult iplication scheme tends to be used in the final behavioural
layer to allow precondit ions to be taken into account before execut ing actions, i.e., ensur ing
that prey is present in the square before pouncing, or inhibit ing a pouncing act ion when the
animat is in its den. At higher levels of the hierarchy, an addit ion scheme is used. Simple
addit ion was found to suffer from the same problems as those encountered by the Agent

Network Architecture [Maes  89] (see section  3.2.3 ), i.e., unfair balancing of: ( i)  preferences
originating fro m the same goal; wit h ( ii) preferences fro m different appetit ive nodes. The

FFHA implements a scheme which co mbines simple summat ion of inputs with taking the
maximum valued input. The final algor ithm is shown in Figure 3.2 - 10 . It should be noted that

T yrrell feels that ^it may prove possible to develop a more principled scheme~ [Tyrrell  93a,
page  193].

                                         Figure 3.2 - 9  Get Food hierarchy [Tyrrell  93a, pages  161 and  166]

                                                                     ( ) ( ) ( ) ( )

( ) ( )
2

2

1

                                                                                                     1

1

and

1

                                                                                                                  where

                                                                                  constants,

                                                                       are

                                                  and

                               and
j
node
for
s
preference
such
of

                                                                                                               numbers

                                                                                                  the

                                                                                        are

                                                                and

                               where
j
node
for
i
node
from
s
preference
negative
and

                                                                                                              positive

                                                                                                  the

                                                                                       are

                                                               and

                               where

1
max

                                                                              1

                                                     max

-

+

                                                                                     -

                                                           +

                                                                                  -

                                                          +

-

=

-

-

                                                                                                     +

                                                                                                   =

                                                                                                                  +

                                                                              +

=

=

÷

÷

÷

÷

ø
ö

ç
ç
ç
ç

è
æ

+

+

+

÷

÷

÷

÷

ø
ö

                                                ç

                                                ç

                                                ç

                                                ç

                                                è

                                                æ

                                                                                   +

                                                                                     +

                                          =
å

                                                                                                å

N

N

                                                                              N

                                                    N

                                                                            P

                                                    P

P

P

                                                                                                            P

                                                                        P

                                A

                                                                                ij

                                                        ij

N

i
ij
ij
i

                                                                                                 N

                                                                                                 i

                                                                                                                ij

                                                                            ij

                                                                   i

                                     j

b
a

                                                                b

                                           a
b
b

                                                                                        a

                                                                                          a

Analysis

             T yrrell adopts a penalt y scheme to favour consummator y nodes over appetitive nodes.

Temporal penalt ies inhibit a node proportional to the length of time for the likely achievement

of the goal, and uncertaint y penalt ies inhibit a node proportional to the likelihood that the

behaviour will eventually lead to the complet ion of the goal. By var ying the magnitude of the

penalt ies (temporal and uncertaint y), the model can also favour appetit ive nodes that are

closer to consummatory nodes over those further away. The main drawback wit h such a

scheme (as implemented) is its reliance on abso lute numbers. Penalt ies need to reflect the

relat ive costs of time and uncertainly to behaviours both within a system, as well as across

systems. As the inject ion of act ivat ion energy is context sensit ive, penalt ies can at best only

represent relative costs in t ypical situat ions. If the injection o f energy is large (co mpared to

the penalt ies) then the penalt ies will have little influence, and likewise if the total inject ion of

energy is low then the penalt ies could prevent all appet it ive nodes fro m being selected.

             T yrrell´s architecture performed well in it s simulated environment niche, but nevertheless

gives r ise to serious concerns as to its scalabilit y to more demanding environments. Tyrrell´s

central tenet of a free- flow of infor mat ion forces action select ion to occur only at the

consummatory/actuator nodes. This leads to a persistence problem and an explosio n in

complexit y as the number of checks and balances between differ ent leaf nodes mult iplies.

Some attempt to constrain co mplexit y is made by using a system of dr ives to add a

hierarchical structure to the concern-processing mechanis ms, however behaviours usually

satisfy a mult iplicit y o f dr ives (see sect ion  5.2.2 ) which cannot be support within such a

hierarchical structure. We will leave the FFHA with a list of the requirements for a behaviour

select ion system ( Figure 3.2 - 11 ).

                               Figure 3.2 - 10  Combining Preferences in FFHA [Tyrrell  93a, page  193]

                                1)  Dealing with all types of sub-problems:  the need to be able to handle all of the various types

                                          of sub-problem successfully.

                                2)  Persistence: the need to have a tendency to persist with a consummatory action beyond the

                                          time that the deficit it is reducing is strictly the most important, because of the cost of changing to

                                          another system.

                                3)  Activations proportional to current offsets: in homeostatic systems, the need for the node

                                          activations or drive strengths to be in proportion to the current offsets from the optimum points.

                                4)  Consummatory over appetitive actions in the same system: the need to have a tendency to

                                          prefer consummatory over appetitive actions in the same system, if both are equally relevant to

                                          the current external situation.

                                5)  Consummatory over appetitive actions in the other systems: the need to have a tendency to

                                          prefer a consummatory action in one system over appetitive actions in other systems, all other

                                          things being equal.

                                6)  Balanced Competition: the need for there to be no discrimination against nodes which help to

                                          achieve more than one goal, or against nodes which receive input from many different stimuli, or

                                          against nodes which receive input from only one stimulus or from none at all.

                                7)  Contiguous action sequences: there is a need to have a tendency towards continuing the

                                          current sequence once started, rather than beginning a new sequence for a different system.

                                8)  Interrupts if necessary:  the need to be able to interrupt a sequence of actions for a relatively

                                          low-priority system if another more urgent system places a high-priority demand on the use of the

                                          animals actions.

                                9)  Opportunism: the need to incorporate external stimulus, as well as deficit or motivational

                                          information, when calculating the desirability of different alternatives.

                                10)  No system-level winner-take-all: because of the needs for preservation of information and

                                          choice of compromise candidates, a mechanism should not `shut down´ all but one system.

                                11)  Combination of preferences: the need to be able to integrate multiple non-binary preferences

                                          from higher-level nodes when deciding the responses of lower-level nodes.

                                12)  Compromise candidates: the need to be able to choose actions that, while not the best choice

                                          for any one sub-system alone, are best when all sub-problems are considered simultaneously.

                                13)  Real-valued sensors: the need to extract the full amount of information from the environment

                                          and internal state.

                                14)  Flexible combination of stimuli: the need to allow arbitrary functions for combining stimulus

                                          values.

3.2.5  Inhibition and Fatigue

             Blumberg´s  [94] action select ion algorithm is based on an etho logical model fir st
proposed by Ludlow [Ludlow  76; Ludlow  80]. Ludlow noted that if ( i)  act ivit ies are mutually
inhibit ing, ( ii) the inhibitor y gains (activit y i  inhibits activit y j  by an amount equal to activit y
i ´s  value mult iplied by an inhibitor y gain k
ij
) are greater than  1, and ( iii) the value s o f
compet ing act ivit ies are restricted to being zero or greater, then the model will result in a
winner-takes-all  algor ithm.

                                                  Figure 3.2 - 11  Requirements of a Behaviour Selection System

                                                                                                            [Tyrrell  93a, pages  173-174]

                                       The operation of the action-selection algorithm:

                                                 1)  Activities are represented by the nodes of a tree, and are organised in

                                                           loose overlapping hierarchies with more general activities at the top and

                                                           the more specific activities at the leaves.

                                                 2)  Nodes can have 0 or more children. All children are mutually inhibiting so

                                                           that only one child can be active at a time. If the active node is a leaf

                                                           node it can issue commands to the motor actuators, otherwise its children

                                                           must compete for control, until a leaf node is reached.

                                                 3)  Nodes compete on the basis of their value. A node´s value is calculated

                                                           at the start of each time step, and is a function of (i) the amount received

                                                           from endogenous variables  (internal sources of motivation), (ii) the

                                                           amount added by releasing mechanisms  (external sources of motivation),

                                                           (iii) the amount removed by mutual inhibiting mechanisms, (iv) its current

                                                           level of fatigue, and (v) its rate of change of fatigue (negative when

                                                           inactive, and positive when active). The system then iterates until a stable

                                                           solution is found, where one node has a positive value and the remaining

                                                           nodes have a value within a tolerance of zero.

                                                 4)  Losing nodes (in the action selection process) can post recommendations

                                                           to the winning node. The winning node is then free to implement these

                                                           recommendations or ignore them at its discretion.

Temporal Aspects of Behaviour

             One of the problems that action-select ion algorithms must address is the persistence

problem: ^� [the] difficult[ y] to control the temporal aspects of behaviour so as to arrive at

the right balance between too litt le persistence, result ing in dit her ing among act ivit ies, and too

much persistence so that opportunit ies are missed or that the animat mindlessly pursues a

given goal to the detriment of other goals.~ [Blumberg  94]

             The Blumberg/Ludlow model addresses the persistence problem in three ways: ( i)

inhibitory gain factors set a general persistence level for each activit y, ( ii) behaviour-specific

fat igue mechanisms reduce an activit y´s persistence level over time, giving lower prior it y

activit ies a chance o f interrupting high persistence act ivit ies, and ( iii) releasing mechanisms

allow the animat to take advantage of opportunit ies o ffered by the environment.

             Inhibitory Gain Factors . Inhibitory gain factors above  1.0 add hysteresis to the action

select ion process, result ing in a winner-takes-all architecture. In general the higher the

inhibitory gain, the higher the persistence of the act ivit ies.

             Fatigue . To stop high-persistence act ivit ies dominat ing the action-select ion process, an

activit y-specific fat igue mechanism is included. All act ivit ies are assigned a level of fat igue,

which increases when the activit y is act ive and decays towards zero when the activit y is no

lo nger active.

             Releasing Mechanisms . Releasing mechanisms are processes that are associated with

significant objects and events in the animat´s world. These processes add value to an activit y,

                                                           Figure 3.2 - 12  Hamsterdam  Action Selection Algorithm

allowing an animat to take advantage of opportunities offered by its environment.

Opportunism works as fo llows: if a releasing mechanism is assigned to an object like water,
an animat who happens to wander by a lake in search of food is likely to switch fro m the
ongoing ^find food~ activit y to the ^find water~ activit y, taking advantage of the source of
water.

Loose Hierarchical Structure

            Blumberg´s model uses a hierarchical act ivit y structure, but allows infor mation shar ing
between activit ies. Nodes that take part in the select ion competit ion, but fail to get selected,
can post suggestions to the winning act ivit y. The ma in arguments for this arrangement are
that (i)  it maintains the organisat ional advantages of a hierarchical structure, (ii) a loose
hierarchy provides a focus of attention, allowing those nodes invo lved in the select ion
compet it ion to post recommendations, and ( iii) free-flow architectures, where all nodes
express their preferences to the winning motor/leaf node, are ver y sensit ive to the type of
algor ithm used to process the preferences.

Analysis

            An animat must respond to the strength of its stimuli and not simply the st imuli´s Boolean
value, i.e. whether it is there or not. This requirement makes it likely that an architecture
adopts a commo n currency, and uses that currency to combine and co mpare the strengths of
inter nal and external mot ivators. Blumberg´s model adopts a commo n currency of act ivat ion
value, and uses this to express the results of endogenous var iables, releasing mechanisms, and
fat igue mechanisms.

            A more interesting feature of the architecture is the recognit ion of the importance that the
accounting system plays (whether to sum, subtract or mult iply the input values), and the need
for a flexible modelling system. Endogenous var iables and releasing mechanis ms can be
arbitrar ily complex calculat ions, relying on previous history if need be. Values are also
subjected to maximum ranges, which can be adjusted to alter the persistence or reactivit y o f
the agent. By increasing the possible range of values produced by releasing mechanisms,
relat ive to the range of endogenous var iables, an animat can be made more reactive to the
external environment.

            Blumberg´s inhibit io n and fat igue model shares many features with Mae´s spreading
activat ion approach: ( i)  the architecture is event-driven, with events spreading act ivat ion
energy between the different behaviour modules, (ii) there are no bureaucratic control
modules. One of the main disadvantages of this type of architecture is the complex web of
checks and balances needed between the different behaviour modules. Adding a new
behaviour is no simple task, as an author must hand-code all the different situations in which
the action can be used. It could be argued that nature can afford to exper iment, and that the

many designs that do not get the balance r ight are simply discarded in the course of natural

select ion.

3.2.6  Conclusions

            As stated in sect ion  1.3 , an autonomous agent must be capable of: ( i)  handling mult iple

sources of motivat ion wit h limited resources; ( ii) having and pursuing an agenda; and ( iii)

being robust and adaptable in the face of a hostile and uncertain environment.

            The behaviour-based architectures looked at in this sect ion tackle these problems in two

ways: (a) through vertical deco mposit ion along the lines of co mpetencies, and (b) through

bio logically inspired horizontal decomposit ion along the lines o f systems or drives. Alt hough

both of these approaches have their relat ive mer its, they only go so far in addressing the

requirements of intelligent autonomous agency.

            Frameworks such as the Subsumpt ion Architecture [Brooks  86] and Adapt ive Hierarchical

Control [Kaelbling and Rosenschein  91] arbitrate among behaviours by explicit ly or

implicit ly assigning pr iorit ies to each behaviour. Such pr iorit y-based schemes are effect ive at

choosing between inco mpat ible co mmands based on local knowledge, but they do not provide

an adequate means for dealing with mult iple goals (sources of motivat ion) that can and should

be sat isfied simultaneously [Rosenblatt and Thorpe  95]. Whenever one behaviour overrides

another in a pr ior ity- based scheme, all infor mat ion contained within the overr idden behaviour

is lost to the system ˘ prohibit ing any chance o f compro mise. However, the hierarchical

nature of such systems allo ws the agent to easily integrate ver y sophist icated competencies

and pursue co mplex agendas, whilst still maintaining the robustness and adaptabilit y o f a

reactive behaviour-based system.

            Free- flow/Co mmand Fusio n architectures avoid the infor mation loss problem by allowing

all nodes to express their preferences to the winning motor/leaf node. However, they are ver y

sensit ive to the type o f algor ithm used to process the preferences, as well as being susceptible

to persistence and scaling problems. Some progress towards solving the persistence and

scaling problems is demo nstrated by Blumberg´s use of a fat igue mechanism and a pr imit ive

attention- like mechanis m to select a winning system. The winning system is then free to adopt

or ignore the recommendat ions of other systems.

3.3  Summary

            In this chapter we have analysed so me of the basic concer n-processing mechanisms active

in the deliberat ive and reactive levels o f intelligent agent architectures. We ident ified a

number of problems purely deliberat ive agent architectures have when faced with the

complex real-t ime requirements of intelligent autonomous agency, and argued that the

traditional so lut ion of partit ioning a design along functional grounds (assigning the

^intelligence~ to a deliberat ive layer that plays a supervisor y/planning role in the fina l agent

architecture) fails to take into account emergent states created by the interaction of processes
operating between layer s ˘ thus leading to reduced predictabilit y and correctness of the
design.

            We also looked at the behaviour-based approach to the requirements of intelligent
autonomous agency. Unfortunately, alt hough behaviour-based architectures easily meet the
real-time constraints of intelligent autonomous agency (and the more general requir ements of
adaptabilit y and robustness), they tend to suffer from problems of scalabilit y and co mplexit y
of design. These problems are systematic of the fact that: (a) behaviour-based architectures
focus on a single concer n-processing mechanis m (subsumption or spreading act ivat ion) ; and

(b) concerns are treated as near static quant ities external to the action select ion so lut ion.

            In chapter  7  we will descr ibe the design for a Society of Mind  [Minsky  85] agent
architecture that addresses many o f the problems raised in this chapter ˘ by partit ioning the
design along the lines of concern-processing competence levels. But fir st, we will expound
the mer its of a concern-centr ic design stance a litt le more with a closer look at the role
mot ivat ional control states play in intelligent autonomous agent architectures.

4  Motivational Control States

            This chapter presents a preliminar y design specificat ion for a working system to fulfil the

requirements analysis laid out in sect ion  1.3 . The design is recursive in nature, replicat ing

threads  1-5 of the de sign-based methodology at different levels o f abstraction. This init ial

design process draws heavily on ideas and concepts developed by members o f the Cognit ion

and Affect Project.

            In this chapter, we will extend our motivated agent framework to include a definit io n of

affect ive states which covers the emergent perturbant states characteristic of certain t ypes of

emotion  ˘ i.e. those emotions characterised by a difficult y to control attentive thought

processes such as gr ief, lo nging, and infatuation. A proto-^emot ional~ architecture

[Wr ight  97] (which includes a shallow meta-management layer capable of detecting

perturbant states arising out of the active management of motivators) is descr ibed, and a

number of problems associated with shallow motivator management and a purely pre-

attentive perceptual system are ident ified.

4.1  Functional Attributes of Motivators

            We use the term motivator  to refer to motivat ional co ntrol states that move an agent

towards a desired phys ical/mental state in light of agent beliefs  and concerns  ˘ i.e. a subclass

of infor mat ion structures with disposit ional powers to determine act ion (both internal and

external), and which subsumes desires , goals , intentions , and wishes [Wr ight  97, page  57].

            In moving the agent towards a desired physical/mental state, motivational control states

perfor m three funct ions [Cañamero  97; Kandel et al.  95]: (i)  a directing  funct ion ˘ they steer

behaviour towards satisfying a particular concern; ( ii) an activating  funct ion ˘ they animate

the agent into action, and ( iii) an organising  function ˘ they co mbine individual behaviours

into a coherent, goal-orientated response. The fo llowing discussion situates these funct ional

attributes within the motivated agent framework descr ibed in the chapter  2 , and Slo man´s

Attention Filter Penetration theory.

Attention Filter Penetration Theory

            In fast changing environments, it is essent ial that autonomous agents are able to react

quickly to unexpected and/or dangerous events. In order to achieve the necessar y fast

response times within a resource-limited deliberat ive architecture, a mechanism must be

provided to allow context switching and the interruption of ongoing processing [S imo n  67]

(also section  5.2.2 ). Attention Filter Penetration (AFP) theory [S lo man and Croucher  81;

S lo man  92] extends S imo n´s basic ideas in a number of ways: ( i)  the addition o f a variable

filt er to protect urgent, important, or resource consuming management processes from

irrelevant distraction, ( ii) the requirement that insistence level (the propensit y of a motivator

(intention structure)

Procedure Activation Records

Goal Stacks

Descriptor - Goal Index

Goal overlap/conflict

Schedule

Sequential schedule

General conditions

Partial ordering

Pending

Comm and

Generator
                                                                                                                 Perception

Environment

Effectors

                                                                                                                    Sensors proprioceptive feedback
main data paths
main control paths

World Model

Interpreter

Managem ent

Procedure Library

(Knowledge Areas)

Epistemic

Processes

System

Procedure Library

Async Goal

                                                                                                                    Generactivators

Filter

Goal Database

                                              Goal Generation

                                                           There are two sources of goal generation in NML1: ( i)  asynchronous goal generactivators,

                                              responding to facts in the agent database; and ( ii) synchronous active management procedures

                                              ( m-procedures), generating sub-goals in pursuit of an already established goal. The

                                              asynchronous goal generact ivators represent a marked departure from the strategy emplo yed

                                              by PRS. In PRS the knowledge area (KA) unificat ion and reflection cycle o f the PRS

                                              interpreter is carr ied out over all new events (goals and beliefs). As there are potentially many

                                              new beliefs, and many entr ies in the KA plan librar y to search, this reflection process can

                                              occupy a significant proportion of the interpreter´s cycle t ime. NML1 reduces this overhead

                                              by asynchronously generat ing belief- based goals. Goal arbitration ( normally carr ied out by

                                              meta- level KA reflect ion in PRS) is acco mplished by filter ing pre-management goals before

                                              they are inserted into the goal database. Event- and goal-dr iven behaviour is mediated by the

                                              type of meta-goal generated to manage the new surfaced goal ( management meta-goals are

                                                                                                          Figure 4.2 - 1  Simplified view of the NML1 architecture

generated when a goal sur faces through the filter, and placed at the top of the new goal´s goal-

stack in the goal database ˘ see Goal Management below).

Insi stence Assignment

            Insistence is defined as the propensit y for a goal to penetrate the filter. Each goal

generact ivator assigns an insistence value to the goal it generates using a quick and easy to

compute heur ist ic funct ion. For example, the insistence value of a goal to ^mo ve a baby away

fro m a ditch~ could be a funct ion of the closeness of the baby to the ditch. It is feasible that

more than one goal generact ivator generates the same goal at the same time ( for different

reasons and therefore using different insistence assignment heur istics). In this case, the

maximum suggested insistence value is taken as the insistence value for the goal. The

insistence value represents an approximate measure of the importance or urgency of the goal.

Over time goal insistence values decay towards zero. When a goal´s insistence value reaches

zero it is removed from the pre- management goal list.

Goal Filter

            The NML1 goal filter applies a winner-takes-all strategy to the collect ion of pre-

management goals, allowing at most one to surface at a time. The goal filter has three

independent ly var iable components: ( i)  a global thresho ld; ( ii) a set of idiosyncrat ic thresho lds

(goal-descr iptor/thresho ld pair s); and ( iii) a management efficacy parameter. The

idiosyncrat ic filter thresholds are used by management m-procedures to select ively increase or

decrease the filter thresho ld for individual goals. The sensit ivit y o f the system to such

management control is deter mined by the management efficacy parameter. When filter

thresho ld values are wr itten they are mult iplied by the efficacy parameter, this means that

setting the efficacy parameter to zero ensures that no idio syncratic control is possible.

Idiosyncrat ic filters exist for a fixed number of cycles before being automat ically deleted.

            Alt hough goal generat ion and filter ing are asynchronous to deliberat ion, the actual goal

filt er ing in NML1 is per formed according to a three-stage synchronous algorithm: ( i)  all

candidate goals and their filter thresho lds are sampled in parallel; ( ii) insistence levels are

compared against filter thresholds (goal descr iptors that do not unify wit h idiosyncrat ic goal-

descr iptors use the global thresho ld value); and ( iii) if more than one goal has an insistence

level above its filter thresho ld, the most insistent goal is chosen ( irrespect ive of the relat ive

levels o f their corresponding filter thresho lds).

Goal Management

            The activation state of a goal that surfaces through the filter is set to ^asynchronously

sur facing~ (see Table 4.2 - 1 ). If the goal is not already present in the goal database, a new

stack is created for it and a meta-goal is pushed on to the top of the stack to ^manage~ the

sur faced goal. If a goal- stack already exists, and its associated m-procedure is suspended, the

m-procedure will be re-activated. Thus goals can be asynchronously generated, or reactivated,
by the Goal Generact ivators.

                             Goal

          Activation State
Explanation of State

     G

     G

          filtering-candidate

     G

          asynchonously-surfacing

     G

          synchronously-surfacing

     G

          suppressed

     G

          actively-managed

     G

          inactively-managed

     G

          managed

     G

          off

                                                                            Current agent goals

                                                                            Unsurf aced goals that are about to be, or are being, filtered

                                                                            Surf acing goals ˘ asynchronously generated and f iltered

                                                                            Surf acing goals ˘ synchronously generated by m-procedures

                                                                            Goals suppressed by a f iltering process

                                                                            Actively managed goals ˘ f ocal object of an executing m-procedure

                                                                            Inactiv ely managed goals ˘ f ocal object of a suspended m-procedure

                                                                            Managed (actively or inactiv ely) goals

                                                                            If  none of the above apply

Analysis

             NML1 claims to extend PRS in a number of ways: ( i)  asynchronous goal generation; ( ii)
mult iple goal attention filters; ( iii) demo n- like system procedures (s-procedures) that run
independent ly of the PRS interpreter; and ( iv) a richer representation of goals. These claims
need qualifying.

             Asynchronous Goal Generation : The introduction of asynchronous goal generat ion goes a
lo ng way to reduce the processing overhead of the int erpreter cycle. Asynchronous motivator
generat ion mechanisms can act ively mo nitor the state of the world looking for complex
trigger ing condit ions that would be impossible to capture with simple KA descr iptor
unificat ion. However, the generation of fully fledged goals does pose a problem. The original

NML1 architecture ( Figure 4.2 - 1 ) requires asynchronous access of the goal structure by the
filt er mechanism. This would potentially inter fere with goal maintenance activit ies of the
interpreter, which PRS avo ids by synchronously accessing the goal structure as part of the

Execute()  step. There is also the question o f goal conflicts, scheduling, and deciding ˘ all
activit ies that should be per for med before a new goal is added to the goal database, and
activit ies which fall wit hin the realms o f reasoning and hence should invo lve the interpreter
and meta-knowledge areas.

             An alternative solut ion would be to insert the surfaced motivator into the World Model  as a
mot ivat ionally charged new event. The interpreter can then process the event in the normal
way, by unifying the event against KAs or m-procedures. The motivat ional charge may be no
more than a valenced  insistence value. This would keep the size of the procedural database to

                                                                                   Table 4.2 - 1  NML1 Goal Activation States

                                              a minimum by unifying m-procedures against the valence  and intensity  of the motivator

                                              (translat ing into Achieve(�) / Achieve(Not(�))  goal statements, and a heur ist ic pr ior it y measure

                                              of the goal). Much of the NML1 goal database structure should also be treated as facts about

                                              the internal state of the agent and held in the World Model  as meta-facts. This will allow the

                                              PRS to respond to goal conflicts in the same way as it responds to any other event in its

                                              environment. The modification to the NML1 architecture (dubbed NML2) is shown in Figure

                                              4.2 - 2 .

                                                                        Perception Action

                                                                                                                        Attentive Management

Com mand

Generator

Effectors

                                                                            Sensors
proprioceptive feedback

Epistemic Processes

System Library

(s-procedures)

Async Motivator

Generactivators

Long-term

memory

Management

Procedure

Library

(m-procedures)

World Model

Descriptor - Goal Index

Goal
overlap/conflict

Schedule

Sequential
schedule
General conditions

Partial
ordering
Pending

Goal meta-facts

Interpreter

Procedure Activation

Records

Intention structure

Goal Database

Goal Stacks

                                                                         Perception

Pre-Attentive

Management

                                                                    External Stimuli
main data paths

main control paths

Actions

Attention Filter

Pre-Management

Goals

                                                           Goal Attention Filters : The NML1 goal filter applies a winner-takes-all strategy to the

                                              collect ion of pre- management goals. This means that at most, only one goal will be allowed to

                                              sur face at a time. Beaudo in´s main argument for the winner-takes-all strategy was that it aided

                                              stabilit y (presumably by constraining the rate at which new goals were considered by

                                              management processes). If the filter thresho ld remains at the same level, pre-management

                                              goals that would have penetrated the filt er on the first cycle, but were prevented by the

                                              winner-takes-all ar bitrat ion, will now surface one by one over successive cycles. Deciding

                                              each goal in turn would require more management resources than allo wing them all to surface

                                                                                            Figure 4.2 - 2  NML2 as a layered Procedural Reasoning System

together and be decided in one go. Beaudoin suggests that a refractory per iod might be
emplo yed, which temporarily raises the filter thresho ld after a goal has sur faced, to slow
down the rate of generat ion of new goals.

             MINDER1 (see section  4.4 , and [Wr ight  97]) abandons the winner-takes-all philo sophy,
allowing all mot ivators with insistence values equal to or greater than the filter thresho ld to
sur face. Unfortunately, MINDER1 also attempts to fix the number of motivators surfaced at
any one time by adapting the filter thresho ld to ensure an ^optimum~ number of motivators
have sur faced. This results in oscillat ions of the filter thresho ld when two or more motivators
with the same numer ic insistence level sur face and submerge together.

             A different approach has been adopted by ALARMS [Norman  96] to allow all mot ivators
with insistence values equal to or greater than the filter thresho ld to surface. But instead of
using the filter to constrain the number of motivators under considerat ion, the filter thresho ld
is used to regulate the rate at which motivators surface. All sur faced mot ivators are decided ,
and act ively mit igated if they are not deemed urgent or important enough for adoption at that
particular mo ment in t ime. Mit igated motivators then build-up their insistence levels at
different rates (proportional to their urgency/importance) and sur face again at different times
in the future.

             S-Procedures : NML1´s demon like s-procedures can be thought of as special purpose
mo nitors, discharging so me of the maintenance responsibilit y o f the interpreter. S-procedures
reside in their own database and per form updates to the system´s database (such as setting
flags). Associated with each s-procedure is an activat ion condit io n, deactivat ion condit ion and
activat ion mechanism. S-procedures cannot use shared resources and so cannot manipulate
the goal database or intent ion structure direct ly. In this sense they are not as powerful as m-
procedures in their monitoring ro le (PRS KAs usually establish sub-goals to monitor their
own execut ion). S-procedures are, however, ver y responsive and can achieve similar results
by setting flags that unify with m-procedures dur ing the reflective interpreter cycle.

Attributes of Goals

             Richer Representation of Goals : The final area in which NML1 contributes to the PRS
architecture is through an analys is of goal-processing. This has led to a richer representation
of goals in NML1, and the proposal of a structured goal database (retained as meta-facts in

NML2). Beaudoin´s contr ibution should be seen as a framework for using PRS in co mplex
goal-processing environments. The attributes of goals are summar ised in Table 4.2 - 2 .

               Attribute

                      T ype

Attribute Name and Description

         Essence Goal Descriptor : The propositional aspect of the goal, often written in predicate

                                                                       calculus notation ˘ i.e. charged(babyA)

         Support Belief : belief s about components of  the goal´s descriptors, along with

                                                                       probabilistic statements about the certainty of  the belief s.

         Assessment Importance : represents the cost s and benef its of satisf ying or f ailing to satisf y

                                                                       the goal.

                                                           Urgency : represents the temporal inf ormation about the costs, benef its and

                                                                       probability of  achieving the goal.

                                                           Insistence : a heuristic measure of the importance and urgency of the goal.

                                                           Dynamic state : such as ^being considered~ or ^plan suspended~.

         Decision Commitment status : such as ^adopted~ or ^rejected~.

                                                           Plan : a set of  plans f or achieving the goal.

                                                           Schedule : denoting when the goal is to be executed or considered.

                                                           Intensity : a measure of  the strength of the disposition to act on the goal.

Conclusions

             In this section we have descr ibed a design- level specificat ion for an intelligent agent

architecture (NML2) that meets the funct ional requirements of motivat ional control states ˘

i. e. to direct , activate , and organise behaviour towards satisfying agent concerns ˘ and the

broader requirements of intelligent autonomous agency (see sect ion  1.3 ). By adopting an

infor mat ion- level design stance we have ident ified the need for a richer set of goal  attributes,

to support intelligent agency, than is nor mally cons idered necessar y for rational agency.

Finally, by adopting the motivated agent framework of sect ion  2.2  ˘ rather than a functional

partitioning on the specific attributes we wish to bestow on our agent ˘ we are able to relate

architectural features to infor mation- level descr ipt ions of the internal processing o f control

states.

             The NML2 architecture highlights the different ways in which concerns are processed

within the motivated agent framework. Event- and goal-dr iven behaviour can be modified

through a combinat ion of filter thresho ld settings and arbitrat ion schemes for meta-level m-

procedure unificat ion. This will allow the agent to adapt its behaviour to the requirements of

the environment, based on flags reflect ing the internal state of the agent. For example, an s-

procedure that detects a low success rate of goal achievement could set a flag to cause the

filt er thresho ld to be raised and a change in the decid ing and scheduling algor ithms of the

agent. This could reflect an agent´s concer n to achieve its own goals. Setting a high insistence

                                                                                                     Table 4.2 - 2  Attributes of Goals

level for motivator generactivators that respond to situations where babies are in danger
would reflect an ^Affiliat ion~ (well- being for others) concern.

             As this discussio n shows, an agent can express many different types of control state
without requir ing specific control state  mechanisms ˘ concer n-processing is implic it in the
reactive generat ion of motivators as well as in the setting of the attention filter thresho ld. The
fo llo wing sect ion will build on this idea by looking at the emergence of perturbant control
states which have many of the characterist ics we normally associate with emotions .

4.3  Perturbance and Affective States

             Most of the work on Attention Filter Penetration (AFP) theory has been concer ned wit h
tertiar y emot ional states (see section  5.1  for a classificat ion of emotional states) ˘ those
invo lving a temporary loss of control of thought processes. The controversy surrounding the
term ^emot ion~ can be avoided by introducing a new term to refer to a ^state of temporary
loss of control~ ˘ that of perturbance . Perturbance is a by-product of funct ional mechanisms

( motive management, interruption and filter ing), and so is not in itself intr insically funct ional
or dysfunct ional. In this sense perturbant states  are best thought of as naturally occurring
emergent states, of resource-limited intelligent agents responding to rapid changes in host ile
environments. This afunctional definit io n offers a warning against attempt ing to assign

^intr insic funct ion~ to the temporary loss of control  often associated with emot ions ( i.e. the
blindness of love or anger) over and above that of attention switching.

                                                                                                                    Perturbant

States

Affective

States

Emotions
operate
somewhere
here

Moods

             Wit hin the confines of AFP theory, affective states are defined as (a) disposit ional states,

(b) at var ious levels in the control system (reactive, deliberat ive, meta-management), (c) that
include posit ive or negative evaluat ions of so mething and (d) have at least a tendency to
produce motivat ional states, which (e) in turn have a tendency to produce behaviour.

Affect ive states include not only valenced affects such as moods , emotions and feelings , but
also valenced reactive evaluat ions that never reach management considerat ion. For example,
an affective state of hunger or pain will st ill exist, if all the elicit ing condit io ns are present and
an ongo ing activit y occupies our attention to the extent that we do not notice our hunger or

                             Figure 4.3 - 1  The Relationship Between Emotions and Perturbant States

pain. Affect ive states may also lie dormant, as is the case of standards  or moral beliefs that

we ho ld to be true, but only act on occasionally.

             By noting that the propensit y of a motivator to interrupt ongoing management processing

is a funct ion of relatively simple react ive heur istics, AFP theory argues that certain perturbant

affective states , such as grief, can be explained as an inappropriate interruption of ongoing

management processes due to reactive heur ist ics that have not yet had time to adapt to a

change in the agent´s environment (i.e. the death or absence of a loved one). The grieving

process may ver y well have a catharsis effect on the agent. But this effect should be viewed as

emergent within the context of a reorganisat ion of the heur ist ics associated with the object of

gr ief, and not necessar ily so me social control selected for during evo lution ˘ we return to this

point in sect ion  7.1.2 .

             The theory makes a number of predictions about resource-limited autonomous agents,

such as the emergence of perturbant  states  (partial loss of control of attention) and the

sometimes inappropr iate switching of attention due to heur ist ic insistence assignment. These

predict ions are based on the natural side-effects of an interrupt mechanism and an attention

filt er, and are not explicit ly built into the theory. By postulat ing a concurrent control structure

with an attention filter, the theory can also allow attention to be diverted without actually

causing action plans to be interrupted or disturbed.

4.4  Case Study: A Proto-^Emotional~ Agent

             MINDER1 [Wr ight  97] takes the first tentative steps towards a proto-^emotional~ agent

by including a limited self- mo nitor ing layer capable of detecting the temporary loss of control

of thought processes  associated with tertiar y emot ions. As MINDER1 does not have specific

goals directed towards controlling its own management processes, it cannot be said to exhibit

true perturbance ˘ hence the use of the term proto-^emotional~ agent. The MINDER1

architecture is shown in Figure 4.4 - 1 .

                                                                                          M otive M anagement

                                                                                                                  Decide Schedule Expand

                                                                                                      M otive M eta-M anagement

Shallow self-monitoring

Beliefs

Belief
maintenance

                                                        Sense

                                                          data

Motive:

ACTIVE :

Expanded &
adopted

TR plan steps

Effectors

                                                 Perception

                                                                                                                 Motive

                                                                                                               SURFACE

Motive

SUSPEND

                                                                                                                 Motive

                                                                                                                     SUB

Motivator

Generactivators

                                                                                                 Motive

                                                                                            Activation

Long-term
mem ory

Plan library

Teleo-reactive
program
library

Reactive plan
execution

Action

                                                      Sensors

Environment

Attention Filter

* *

                                              * The path from surfaced/suspended to un-surfaced motivators is

                                                   not part of Sloman´s Attention Filter Penetration Theory

Perturbance

            Perturbance ar ises out of a mismatch between the heur ist ic insistence assignment of the
reactive generact ivators and the importance  and urgency  assigned to the same mot ivator
dur ing the deciding phase of motive management. High insistence motivators might be
deemed unimportant or non-urgent by management processes and rejected, only to resurface
again and distract attention. MINDER1 determines the presence of a proto-perturbant state by
mo nitoring the rate of reject ion of motivators ˘ a high rate of reject ion is indicat ive of a proto-
perturbant state. The detection of proto-perturbance could in pr inciple be used to modify the
heur ist ics of the reactive generact ivators, allowing adaptation of the agent to the appraised
state of the environment.

Motivator Management

            The MINDER1 architecture makes explic it the different phases o f motive processing
ident ified by Beaudo in  [94]. This has led to a refinement of the poss ible act ivat ion states of

                                                    Figure 4.4 - 1  Simplified view of the MINDER1 architecture

mot ivators (see Table 4.4 - 1 ) in acknowledgement of the somet imes circular nature of

mot ivator management. In order to decide a motivator, it may be necessar y to schedule and

partially expand it before all the salient features can be extracted ˘ this will require a meta-

plan (a plan executed by the management system as opposed to the plan executor). MINDER1

activat ion states therefore include suspensio n dur ing meta-planning as well as dur ing

execution.

                               Activation State Explanation of State

                           M

                           M
                                 sub

                           M
                                 surfacing

                           M
                                 surfaced

                           M
                                 suspended

                           M
                                 suspended, meta

                           M
                                 suspended, execute

                           M
                                 active

                           M
                                 active, meta

                           M
                                 active, execute

                                                                                               Current agent motive

                                                                                               Unsurf aced motives

                                                                                               Surf acing motives

                                                                                               Surf aced motives

                                                                                               Surf aced but suspended motives

                                                                                               Surf aced and suspended during meta-planning

                                                                                               Surf aced and suspended during execution

                                                                                               Active motives (surf aced and adopted)

                                                                                               Surf aced and adopted f or meta-planning

                                                                                               Surf aced and adopted f or execution

Attention Filter

            MINDER1 attempts to actively fix (as opposed to manage) the number of sur faced

mot ivators by raising and lower ing the filter. The original rat ionale behind the filter was to

protect management resources fro m excessive interruption by non-urgent events, which is

subt ly different to fixing the number of sur faced motivators. The MINDER1 architecture

therefore deviates from the Attention Filter Penetration (AFP) theory, but should still be

considered a useful exploration in the design-space of possible filter designs. There are

however a number of problems wit h the MINDER1 approach that are not necessar ily present

in the original AFP theory: ( i)  filter oscillation  ˘ when two or more motivators with similar

insistence values repeatedly sur face, and then submerge through the filter together; ( ii)

indecision  ˘ when two similar ly insistent motivators repeatedly supplant each other as the

adopted motivator; and ( iii) rumination ˘ when the three most insistent motivators are

continually rejected and management time is wasted dealing wit h their decisio n and

scheduling phases.

            The above problems associated with the filter are in part due to the shallow design o f the

architecture: (i)  perception is restricted to the reactive layer and hence new motivators are

only generated by the reactive generact ivators ˘ creating an incentive to use the filter to limit

                                                                       Table 4.4 - 1  MINDER1 Motive Activation States

the abso lute number of motivators; and ( ii) shallow motivator management means that the
init ial heur ist ic insistence value carr ies a large weight ing in the final assessment of motivator
importance and urgency. But they can also be attributed to the decisio n to include a path fro m
sur faced/suspended to un-sur faced motivators which does not form part of the AFP
architecture ˘ once a motivator has sur faced it should be attended to by deliberat ive processes,
and eit her accepted or rejected.

4.5  Summary

            In this chapter we have extended the motivated agent framework by analys ing

Beaudo in´s  [94] case study on the requirements of goal-proce ssing in autonomous agents, and

Wr ight´s  [97] case study on proto-emotional states. The short-term motivat ional control states

( beliefs , desires , and intentions ) introduced in sect ion  2.1  can to a greater extent be captured
in the symbo lic programming paradigm of the PRS (Procedural Reasoning System) and

NML1. Unfortunately, the same cannot easily be said for the more diffuse cluster concept of
emotion . Some progress towards an intelligent autonomous agent architecture capable of
supporting emotional control states has been made [Wr ight  97], but there is st ill much more
work to be done before we are even close to creating an architecture that can support but a
small fract ion of the full range o f human emotions.

            As the above discussio ns show, we can move forward in elucidat ing the structural
attributes of motivators  and emotions  by referr ing them to infor mation-level descr ipt ions of
the under lying control architecture. In the next chapter, we will provide more supporting
evidence for the generalit y o f the motivated agent framework by mapping it on to some
leading psycho logical and neurological theories of emot ion [Fr ijda  86; Damasio  94;

LeDoux  96].

                           Part III

^Emotional~ Agents

notoriously hard to pin down and generally absent from the design of most artificial
autonomous agent architectures.

            In this section we will attempt to elucidate the concern-processing mechanisms active in
emotional states by mapping leading cognit ive theories of emot ion on to our motivated agent
framework.

5.2.1  Affect T heory

                         ^The affect system is � the primary innat e biological mot ivating mechanism because

                         without its amplification, not hing else matters, and with its amplification anything

                         else can matt er.~ ˘ [Tomkins  84, page  164]

            The view that affects are our primar y mot ivat ional mechanisms was first put forward by

Silvan Tomkins in  1954 (these init ial ideas were later developed into Affect Theory ). Tomkins
proposed that any theor y of affect must address at least three issues [Tomkins  84, page  168] ˘
see Figure 5.2 - 1

                                                                            1)  The affect has to be activated by some general

                                                                                      characteristic of neural stimulation, common to both

                                                                                      internal and external stimuli and not too stimulus-

                                                                                      specific like a releaser.

                                                                            2)  The activator has to be correlated with biologically

                                                                                      useful information.

                                                                            3)  Some of the activators have to be capable of

                                                                                      habituation, and some capable of non-habituation.

Affect as Amplification

            The basic power of the affect system is seen as a consequence of its abilit y to combine
with ˘ and amplify ˘ a var iet y of other components in what Tomkins refer s to as the central
assembly (analogous to the mechanisms o f attention and working memor y):

                         ^This is an executive mecha nism on which messages conver ge from all sources,

                         compet ing from moment to moment for inclusion in this governing central assembly.

                         The affect syst em can be evoked by central and peripheral messages from any source

                         and, in turn, it can control the disposit ion of such messages and their sources. Thus it

                         enjoys generality of dependence, independence, and inter dependence � Affect can

                         det er mine cognit ion at one time, be det er mined by cognit ion at another time, and be

                         int erdependent under ot her circumstances.~ ˘ [Tomkins  95, page  56]

            In Affect Theory , a single pr inciple ˘ that of the rate and densit y o f neural fir ing (see

Figure 5.2 - 2 ) ˘ accounts for all var iants of innate affect activat ion: ( i)  stimulat ion increase for
startle, fear, and interest; ( ii) st imulat ion decrease for laughter and jo y; and ( iii) st imulat ion
level for distress and anger. Affect amplifies ˘ increasing the urgency of the thing wit h which

                                                                     Figure 5.2 - 1  Requirements for a Theory of Affect

                                              it is co-assembled ˘ through ^separate mechanisms, invo lving bodily responses quite dist inct

                                              fro m other bodily responses they are presumed to amplify~ [Tomkins  84, page  185].

                                              Amplification is therefore achieved not in a strict linear sense, but through a process of

                                              analogy whereby separate mechanisms mimic the neural act ivit y o f the activator. ^Therefore,

                                              enjo yment amplifies by simulat ing decreasing gradients of neural st imulat ion. Interest, fear,

                                              and surpr ise amplify by simulat ing increasing gradients of neural st imulat ion. Distress and

                                              anger amplify by simulat ing maintained [high] level of simulat ion.~ [Tomkins  95, page  89]

laughter joy
anger

distress
startle fear interest

Density of neural firing

time

                                                           Tomkins believed that although each affect was mediated by specific sensory receptors in

                                              the skin of the face (see also [Ekman et al.  82]), his so mat ic centr ic view did not exclude

                                              appraisal fro m playing a crit ical ro le in determining the actual affect exper ienced. Thus, ^ the

                                              difference between the terror of a specific phobia and the object less terror that Freud

                                              dist inguished as `anxiet y´ is not a difference in the cold sweat and sensit ized, erect hair

                                              fo llicles. It is rather a difference in the consciousness of what infor mation has entered and

                                              been co-assembled with affect in the central assembly .~ [Tomkins  95, page  59]

                                                           Further, Tomkins noted that what we ^inher it in the affect mechanism is not only an

                                              amplifier of its act ivator but also an amplifier of the response that it evokes.~ These responses

                                              are not restricted to observable motor responses, it may also be in ter ms of retrieved memor ies

                                              or constructed thoughts, which might var y in accelerat ion if amplified by fear or interest, in

                                              quant it y if amplified by distress or anger, or in deceleration of rate of infor mat ion-processing

                                              if amplified by enjo yment.

                                              Conclusions

                                                           Alt hough the central pr inciple of affect amplifying by mimicking the neural rate of the

                                              stimulator finds litt le exper imental support (it is just as likely that the change in neural

                                              activit y is an effect of, rather than a trigger for, the mechanisms o f pr imar y emot ions ˘ i.e. the

                                                                     Figure 5.2 - 2  Model of the Innate Activators of Affect [Tomkins  95, page  46]

affect process starts with heur ist ic relevance evaluat ions in the ear ly sensor y cortex of the
brain), there are other aspects of Affect Theory  that do find so me congruence with recent
neuro logical theor ies of emotion.

             Affect Theory  makes an implicit assumpt ion that the mechanisms o f affect are dist inct
processes, physically separated fro m the mechanisms of dr ives and general cognit io n. By
ident ifying the limbic system around the amygdala (and not the sensor y receptors in the face)
as the seat of our emotions, recent neurological research has in a sense confir med this view ˘
but, as always, the picture is not quite that black and white (see Fr ijda´s Emotion Process  in
sect ion  5.2.3  and LeDoux´s The Emotional Brain  in sect ion  5.2.4 ). The face can indeed
provide so me affect ive trigger/amplificat ion [Ekman et al.  82], however, this can also be
explained by the mechanis ms of somatic markers  (see below).

             Tomkins´ notion of amplificat ion within a central assembly finds analogy with Damasio´s
mechanis ms of somatic markers . ^In the full so matic-marker hypothesis, I propose that a
somatic state, negative or posit ive, caused by the appearance of a given representation,
operates not only as a marker for the value of what is represented, but also as a booster for
continued working memory and attention . The proceedings are ^energized~ by signs that the
process is actually being evaluated, posit ively or negatively, in terms of the individual´s
preferences and goals~  [Damasio  96, pages  197-8, emphasis in or iginal]. Somatic markers  do
not amplify through analogy, but rather bias a representation´s value/importance/order within
working memor y and attention ˘ in the termino logy o f our motivated agent framework, we
could say that somatic markers  increase the insistence value of certain motivators.

             Two other obser vat ions Tomkins made about the affect system deser ve special ment ion:

( i)  the generalit y of t ime, object, intensit y, and densit y (product of intensit y t imes duration) of
the affect system forms the structural, innate features that make learning possible; and ( ii)

^that natural select ion has operated on man to heighten three distinct classes of affect ˘ affect
for the preservation o f life, affect for people and affect for novelt y.~ These are not unlike the
high- level classes of motivat ion ident ified by Maslow  [54] ˘ which can be used to for m the
basic motivat ional pro file o f an agent.

             Alt hough we disagree with the conclusio ns Tomkins draws on the mechanis ms through
which affect operates (densit y of neural fir ing), his obser vat ions provide a useful starting
point for a requirements specificat ion for the affect system. In the next section we will look at
how the mechanisms of affect and cognit ion interact from an infor matio n-processing
perspective.

5.2.2  Motivational and Emotional Control of Cognition

                         ^The environment places important, and somet imes sever e real-time dema nds upon

                         the [organism] � If real-t ime needs are to be met, then provision must be ma de for an

                         int errupt system.~ ˘ [Simon  67]

            Like Damasio (see sect ion  5.2.5 ), Simo n acknowledges that human thinking begins in an

int imate association wit h emotions and feelings which is never ent irely lost. However,

whereas Damasio ´s theory has a neurological basis and concentrates on the predict ive nature

of affect ive states (through somatic markers ), Simon´s interrupt theory starts from the premise

that almost all human activit y, including thinking, serves not one but a mult iplicit y of motives

at the same time. It is also important to note that Simo n´s ideas were for mulated over thirt y

years ago ˘ long before recent advances in the neurosciences.

Serial Nature of Central Nervous System and its Control Hierarchy

Simo n´s theory starts with two basic assumpt ions: ( i)  that the Central Nervous System (CNS)

is essent ially ser ial in co mposit ion and ( ii) that behaviour is regulated by a t ightly organised

hierarchy o f goals.

            In order to clar ify the term ser ial, Simo n identified the basic unit of t ime of an elementar y

process as  100ms (the time for a simple reflex) and the basic unit of data as a chunk ( i.e. a

single familiar symbo l such as a syllable, word, phrase, or digit). The ser ial nature of the CNS

was then be inferred from the fact that: (i)  the processes that operate during  100ms affect only

a few chunks (at most seven) among all those in short- and long-ter m memor y, ( ii) dur ing this

per iod not much else can, or does happen, and ( iii) ^ It is difficult to specify how to organize a

highly parallel infor mat ion-processing system that would behave coherent ly ~ [Simo n  67].

            The assumpt ion that behaviour is regulated by a hierarchy o f goals is drawn in part from

ethological modelling of animal behaviour, but also fro m the belief that the ^obvious~ way to

organise the behaviour of a ser ial processor, is as a hierarchy o f subroutines. Simo n proposed

two ways in which a hierarchical ser ial system could be adapted to cope with mult iple goals

and avo id the single- minded behaviour of a strict hierarchy: ( i)  by queuing, and ( ii) by

generalising a goal to include mult ifaceted criter ia against which possible so lut ions to the

problem can be tested.

Goal Queuing and Multifaceted Criteria

            The simplest way in which mult iple motives can be attended to in a ser ial system is by a

process of queuing. If an organism is already processing one goal when a new goal is

generated, the new goal can be postponed unt il the first goal has been completed. Here Simo n

makes an important dist inct ion between goal ^co mplet ion~ and goal ^achievement~. Goal

complet ion can be decided by a number of cr iter ia: ( i)  Aspiration achievement  ˘ A subroutine

terminates when its subgoal has been achieved, (ii) Satisficing  ˘ A subroutine terminates

when it has achieved ^well enough~ its subgoal, ( iii) Impatience  ˘ A subgoal terminates after

a certain per iod of time has been used in trying to achieve it, and ( iv) Discouragement  ˘ A

subroutine terminates after a certain number of processes have been tried and failed to achieve

it. A goal that ^co mpletes~ before its sub-goals have been ^achieved~ can either be abandoned

or rescheduled.

             If a queuing scheme is to be responsive to an organisms needs, the total time required to
complete a goal must remain a fract ion of the overall time available to the organism. It is also
necessar y to generate goals a sufficient time in advance o f their ^achievement beco ming
necessar y for survival~ to allow for the time a goal can sit in a queue before being processed.

If goals are more or less per iodic (such as the need for sleep), the queuing system can be
supplemented, or replaced, by a time-allocat ion system which processes goals on fixed phases
of a cycle.

             Simo n´s second approach to reducing the single- minded behaviour of ser ial systems was
to recognise that goals are rarely unitar y ent ities. The achievement of a goal often calls for a
behaviour that meets a range of differ ent criteria. Thus the goal ^deliver a speech~ could
include cr iter ia for ^impress the audience~, ^improve my posit ion within the company~, or

^enjo y a few days talking with peers~. There is no need to single out any one of these cr iteria
as the ^goal~. It is just as meaningful to say that associated with a behaviour will be a
hierarchy o f programs responsive to a whole set of cr iteria.

Real-Time Requirements

             A simple queuing system may work well in benign environments, but the bottleneck
associated with attention, or short-term memor y, soon beco mes a crippling factor in adverse
environments where real-t ime needs have to be met. If an organism is to survive in such a
compet it ive environment, provisio n must be made for an interrupt system .

             The interrupt system places two requirements on an organism: ( i)  A certain amount of
processing must go on continuously, or almost continuously, to enable the system to notice
when condit io ns have ar isen that require ongo ing programs to be interrupted, and (ii) the
noticing program must be capable of interrupting  and setting aside ongo ing programs when
real-time needs of high pr ior it y are encountered.

Cognition and Affect

             Formally, Simo n defines the action of interruption  as the setting aside of the current focus
of attention by an act ivated subset of long-term memor y. The act ivat ion of long-ter m memor y
can eit her occur as part of the process of cognit ion ( i.e. suddenly remember ing so mething) or
as a result of st imulat ion of the autonomic ner vous system or endocrine system (as an
emotional response). This definit io n leads nicely into the area of Simo n´s theor y which deals
with the close association between human cognit ive thinking and affect.

             Simo n notes the striking differences between cognit io n and affect: (i)  affect is diffuse,
hard to describe and harder to different iate and classify, whereas cognit ion is highly specific,
most ly representable by strings or structures of symbo ls, ( ii) affect is analogue in nature and
suscept ible to continuous graduation in degree, whereas cognit ion is digital in character with
symbo l structures being discr iminated by yes- no tests fro m other symbo l structures, and ( iii)
affect ive states change not only cont inuously, but usually relat ively gradually, whereas

cognit ive structures succeed one another in short-term memor y in rapid successio n. Given

these differences between cognit io n and affect, Simo n argues that the most plausible answer

to the question o f ^how can two such radically different languages co mmunicate?~ is by

postulat ing mechanisms o f interruption  and arousal.

             The mechanisms of interruption  and arousal  allow Simo n to define the familiar fo lk-

psycho logy expressio ns of ^affect~, ^emotion~, ^mood~, ^valuat ion~, and ^arousal~, as states

and processes of the CNS ( long-term memor y, the attentional system and its interrupter, the

autonomic nervous system, and the endocrine system): (i)  affect  is used as a gener ic term, ( ii)

emotion  refers to affect that interrupts and redirects attention (usually wit h acco mpanying

arousal), ( iii) mood  refers to affect that provides context for ongoing thought processes

without noticeably interrupting them, ( iv) valuation  refers to associat ion of cognit ive ^labels~

attributing posit ive or negative valence to objects or events, and (v) arousal  refer s to the

stimulat ion of the autonomic ner vous system and the endocr ine system [Simo n  82].

Conclusions

             Simo n views ^emotion~ as a control state of the CNS characterised by the diversio n of the

current focus of attention by so me for m of affective act ion (via a change in act ivat ion of a

subset of lo ng-term memor y). The theory leaves open the cause of the affective action (the

immediate cause could just as likely be the result of a deliberate appraisal, an automat ic

defence response, or the result of listening to a soothing piece of music). What is important

however, is that the processes of interruption and arousal provide mechanisms through which

affect ive systems can communicate with and/or control cognit ion ˘ i.e. ^Affect can determine

cognit ion at one time, be determined by cognit io n at another time, and be interdependent

under other circumstances.~ [Tomkins  95, page  56]

             Simo n´s interrupt theory forms the starting point for both Slo man´s Attention Filter

Penetration Theory  (discussed in section  4.1 ), and Fr ijda´s Emotion Process  (discussed in the

next section).

5.2.3  T he Emotion Process

             Fr ijda defines an ^emotion~ as an ongoing process that starts with an affect ive st imuli and

ends with an action in the for m of cognit ive/overt behaviour and physio logical manifestations

of action readiness change . More specifically, emotions are defined as ^ modes of relational

action readiness, either in the form of tendencies to establish, maintain, or disrupt a

relationship with the environment or in the form of mode of relational readiness as such~

[Fr ijda  86, page  71]. This process is shown schematically in Figure 5.2 - 3 .

Analyser : The subject is confronted with a
stimulus event. The Analyser codes the
event, if it can, in terms of known event
types and what they might imply with
respect to cause or consequence.

Comparator : The stimulus event is
appraised as to its relevance for one or
more of the subject´s concerns: relevance
evaluation, or primary appraisal . Relevance
evaluation results from comparing the event
with the satisfaction conditions or
sensitivities of the various concerns, for
many, or all, concerns in parallel. Outputs
of the Comparator are the four relevance
signals: pleasure, pain, curiosity, and
desire; or, by default, irrelevance,
whereupon the process exits.

Diagnoser : The stimulus situation as a
whole is appraised in terms of what the
subject can or cannot do about it. Context
evaluation or secondary appraisal
diagnoses possibilities or impossibility for
coping, and can be regarded as a series of
diagnostic tests. Output is a  patterned
diagnosis or situational meaning structure  ˘
how the situation appears to the subject,
i.e. the valence of the situation as a whole.

The situation meaning structure comprises
of three kinds of elements: (i) cognitions of
what the situation does or offers the
subject; (ii) cognitions of what the situation
allows the subject to do; and (iii)
evaluations as to whether the various
outcomes are desirable or not. In addition,
the Diagnoser, together with the

Comparator, provides the Evaluator with
information as to how difficult, urgent, or
serious events really are.

                                                       Evaluator : Urgency, difficulty, and seriousness are computed, and combined in a signal of control precedence (in the action

                                                       proposer ) for dealing with the current event. They thus cause action interruption if need be, or else they cause distraction

                                                       when previous action happens to continue.

                                                       Action Proposer : Action readiness change is generated and presses for, or occupies, control precedence. Action readiness

                                                       change consists of: a plan for action ˘ action tendency (tendencies to execute expressive behaviour, which are present prior

                                                       to, and independent of actual execution) ˘ and/or for mode of activation. In the case where action programs are fixed and

                                                       rigid, the concept of action readiness change loses much of its meaning ˘ it only exists to the extent that inhibition can be

                                                       used to block actions. However where action programs are flexible and alternative courses of action are possible, intentions

                                                       and goals become independent of the particular actions and the term action readiness becomes more relevant (i.e. an action

                                                       tendency could be readiness for attacking, spitting, insulting, or turning one´s back, whichever appears appropriate at a given

                                                       moment).

                                                       Physiological Change Generator : Physiological change is effected, in accordance with the action readiness mode generated

                                                       by the action proposer.

                                                       Actor : Action ˘ overt or cognitive ˘ is selected, as determined by the action readiness mode and by other aspects of the

                                                       situation.

Overt response

information uptake and
coding
relevance evaluation

(Primary Appraisal)
context evaluation

(Secondary Appraisal )
urgency, difficulty,
seriousness evaluation
action readiness change
generation
action generation

Stim ulus
eve nt

                                                                             Concerns

                                                                             Relevance

                                                                                 signals

                                                                                   Control

                                                                             precedence

                                                                                     signal

                                                                                                               arousal

Regulation Processes

1. Analyser:

2. Comparator:

3. Diagnos er:

4. Evaluator:

5. Action proposer:

7. Actor:
                                                                                        6. Physiological

                                                                                        change generators:

                                                                                                      Exit

+

-

                                              An On-going Process

                                                           Emotion processes are neit her discrete events, nor linear processes. Most of the time

                                              infor mat ion flow is not only from the top down, but bi-dir ect ional ˘ st imuli are often act ively

                                              acquired and context evaluat ions made pr ior to infor mat ion coding. Different stages of the

                                              emotion process can be skipped, and the process as a whole interrupted ˘ leading to the

                                              myr iad of var iants of emotional pheno mena. But Frijda´s view of an emotion in its t ypical

                                                                                               Figure 5.2 - 3  The Emotion Process [Frijda  86, pages  454-456]

for m embodies the process (outlined in Figure 5.2 - 3 ) in its ent iret y. We can make some

significant progress towards elucidating this Emotion Process by mapping it on to our

mot ivated agent framework.

             Primary Emotions  are typically tr iggered by patterns in the ear ly sensor y input (sensor y

thalamus) and detected by a dedicated global alarm system (centred on the limbic system).

Figure 5.2 - 4  shows a simplified graphical representation of the infor mation flow that leads to

a primar y emotion state within our three- layered model. In ear lier diagrams ( Figure 5.1 - 1 ) we

kept the global alar m system as a separate entit y, here we attempt to place it within the

confines o f the three pillars ( perception , cognition , and action ). Although we would like to

depict a clean boundar y between percept ion and cognit io n ( i.e. both deliberation and the

reactive concern-processing  substrate), the border between the two is in realit y ver y fuzzy

(this is not all that surprising when you acknowledge that both perception and cognit ion

simply refer to labels that help us car ve up the funct ionalit y of the brain). It can be argued that

relevance and context evaluat ion belo ng to both cognit ion and perception ˘ as phys ically the

sensor y thalamus is also responsible for the ear ly sensor y processing of such infor mat ion in

our brain (see `Amygdala Pathways and Fear Conditioning´ in the Emotional Brain  in

sect ion  5.2.4 ).

                                                               Information

                                                                    Coding

Urgency

Evaluation

                                                                                                        Relevance

                                                                                                        Evaluation

                                                                                                                    Context

                                                                                                                 Evaluation

Action

Proposer

Actor

Physiological

Change

Generator
                                                                                1

                                                                                                       2

3

4

5

3

5

5

                                                              Perception Action

                                                                                                   Reactive Concern Processing Substrate

                                                                                                      Attentive / Deliberative

                                                                                                     Motivator Management

Meta-Management

Alarms

Signal of Control

Precedence

                                                                                               2

                                                                                                      Attention Filter

             The infor mat ion flow that leads to a primar y emotion can be summar ised as: ( 1 ) external

percepts are detected and encoded into known event types; (
2

) in parallel, the event is

evaluated relat ive to the agent´s concerns and the context of the current situation ( i.e. the

agent´s coping strategies) ˘ relevance and context evaluation must rely on simple heur ist ics

such as speed, intonation, size, habituation or familiar it y; ( 3 ) the urgency of the event is

evaluated ˘ as a simple funct ion of the current level o f arousal, context and relevance

evaluat ions; ( 4 ) action readiness change is generated and presses for control precedence; and

finally ( 5 ) attentive cognit ion is interrupted as the motivator gains control precedence, an

                                      Figure 5.2 - 4  Information Flow leading to a Primary Emotion State

invo luntary act ion might be  perfor med, and so me for m of phys io logical change might be
inst igated according to the action readiness mode generated by the action proposer.

            Agents that have a deliberat ive layer (or at least an active attention mechanism and
working memor y) are in theory better able to evaluate the true seriousness of a situation ˘ and
therefore produce a more measured emotional response. Figure 5.2 - 5  shows the flow o f
infor mat ion for a Secondary Emotion  that relies on a deliberat ive evaluation o f coping
strategies.

Alarms

                                                               Information

                                                                    Coding

Urgency

Evaluation

                                                                                                        Relevance

                                                                                                        Evaluation

Context

Evaluation

Action

Proposer

Actor

Physiological

Change

Generator

                                                                              1

3

4

5

6

8

                                                               Perception Action

7

8

8

Meta-Management

                                                                                                  Reactive Concern Processing Substrate

                                                                                                    Attentive / Deliberative

                                                                                                    Motivator Management

                                                                                                2

                                                                                                      Attention Filter

            In humans the difference between the generation of a pr imar y or a secondar y emotion can
simply be a question o f the init ial urgency attached to the stimulus. In Figure 5.2 - 5  the
emotion process proceeds from (

                                                                                                                 1
                                                                                                                     ) through (

4
) as per a typical pr imar y emot ion. However,
instead of trigger ing a full emotional response, only attention is captured before the context is
deliberately evaluated at (

                                                                                          5
                                                                                              ). At this po int we could simply be react ing to a loud noise (a
startle response), without actually assessing the context of the situation ( if we were alo ne in a
dark house a reactive context evaluat ion in the form of heightened arousal could already be
enough to trigger a physio logical emotional response). Having evaluated the context as
ser ious (

                            6
                                ), our alar m system kicks in and generates an emotion proper (

7
) and (

8
).

            Certain secondar y emot ions such as being anxious, apprehensive, or relieved, depend on
the existence of a deliberat ive layer in which plans can be created and executed with relevant
r isks noticed, progress assessed, and success detected. Figure 5.2 - 6  shows the infor mat ion
flow for a secondar y emot ion triggered by such a deliberat ive thought process. Although
secondar y emot ions might not actually generate physio logical change (which var ies from
individual to individual), they st ill ut ilise much of the machiner y of pr imar y emotions (global
alar m system) when capturing and divert ing attention.

                       Figure 5.2 - 5  Secondary Emotion featuring Deliberative Context Evaluation

Alarms

                                                               Information

                                                                   Coding

Urgency

Evaluation

                                                                                                        Relevance

                                                                                                        Evaluation

                                                                                                                    Context

                                                                                                                 Evaluation

Action

Proposer

Actor

Physiological

Change

Generator

                                                                                                       2

3

4

5

3

5

5

                                                              Perception Action

Meta-Management

                                                                                                    1

                                                                                                   Reactive Concern Processing Substrate

Attentive / Deliberative

Motivator Management

                                                                                              2

                                                                                                     Attention Filter

            Finally, we can have the special case of secondar y emot ions which reduce control of the

attention mechanism ˘ the machiner y o f Tertiary Emotions . Figure 5.2 - 7  shows the

infor mat ion flow wit hin a tertiar y emotion.

Alarms

                                                               Information

                                                                   Coding

Urgency

Evaluation

                                                                                                        Relevance

                                                                                                        Evaluation

                                                                                                                    Context

                                                                                                                 Evaluation

Action

Proposer

Actor

Physiological

Change

Generator

                                                                                                       3

4

5

8

4

6

6

                                                              Perception Action

Meta-Management

                                                                                                    2

                                                                                                                        1 7

6

                                                                                                   Reactive Concern Processing Substrate

Attentive / Deliberative

Motivator Management

                                                                                              3

                                                                                                     Attention Filter

            Tertiar y emotions ˘ such as gr ief and longing ˘ are character ised by a difficult y to focus

attention on urgent or important tasks. The architecture must therefore support a meta-

management layer that attempts to manage the deliberative thought process ( 1 ). Normal

deliberat ive thought processes trigger the mechanis ms of pr imar y emotions result ing in a

signal o f control precedence which presses for and temporar ily gains control of the attention

mechanis m ( 2 ) through ( 6 ). Meta-management processes are still able to detect this change

and re-evaluate the situation as less important than the current task and so regain control ( 7 ).

                   Figure 5.2 - 6  Secondary Emotion triggered by Deliberative Thought Processes

       Figure 5.2 - 7  Tertiary Emotion featuring loss of cont rol of Deliberative Management

However, thoughts keep returning to the object of concern (as the reactive context evaluat ion
has yet to adjust to the new situat ion), and ongoing deliberative processes trigger further
interruptions ( 8 ) ˘ resulting in an emergent perturbant state.

Conclusions

            In this section we have shown how the different classes of emot ional states utilise
different infor mat ion-processing pathways in the brain, and established the Emotion Process
fir mly in the termino logy o f the motivated agent framework. In our discussio n, we have
remained a litt le vague about the actual physical for m an emotional response must take (aside
fro m generat ing a signal of control precedence). This vagueness is a reflect ion of the mult iple
pathways through which the mechanisms to which we attach the label ^emot ion~ operate ˘
emotions are emergent  states, and can be a little fuzzy around the edges.

            Our commo n ^fo lk psycho logy~ understanding of what an emotion is, usually includes the
idea of a feeling state in the form of so me kind of phys io logical arousal. This is certainly true
of intense emotional ^passio ns~, but it is not always so obvious in more ^cognit ive~
manifestations of emotions. For example, the emotional state of guilt can refer to a perturbant
state of repeated re-direction of attention (as thoughts switch between whether detection will
occur, whether to confess, likely punishment, how to atone, how to avoid detection, etc.)

without result ing in measurable levels o f phys io logical arousal.

Alarms

                                                               Information

                                                                   Coding

Urgency

Evaluation
                                                                                                        Relevance

                                                                                                        Evaluation

                                                                                                                    Context

                                                                                                                 Evaluation
Action

Proposer

Physiological

Change

Generator

                                                              Perception Action

Meta-Management

Central

Emotions

Peripheral

Emotions

                                                                                                 Reactive Concern Processing Substrate

                                                                                                              Attentive / Deliberative

                                                                                                              Motivator Management

                                                                                                      Attention Filter

Actor

            Based on the path(s) taken fro m the Act ion Proposer (see Figure 5.2 - 8 ), we can identify
two sub-classes o f emotional state (orthogonal to our main classes of primary , secondary , and
tertiary  emotions): those of ( i ) central ; and ( ii) peripheral  emotions [Sloman  99, section  5.6].

Central emotions  refer to the core aspects of the Emotion Process  ˘ namely re-direct ion of
attentive processing in ser vice of agent concerns. Peripheral emotions refer to those emotions

                                                  Figure 5.2 - 8  Central and Peripheral Emotional Sub-Classes

that also  trigger a change in body state (a change in body state without interruption of

attentive processing is classified as affect, and not emotion). Both mechanisms ut ilise the

machiner y o f a global alar m mechanism (centred on the limbic system in humans).

            We have started to map aspects of the emotion process on to the actual physical structures

of the brain (sensory thalamus, sensor y/po lymodal/supramodal cortex, and the amygdala). In

the next section we will expand this invest igat ion by looking at a neurological model o f fear

processing within the termino logy o f our extended mot ivated agent framework.

5.2.4  T he Emotional Brain

                         ^[E]mot ion is best viewed not as a function of the brain but as a label that refers to a

                         closely related set of brain funct ions. The brain has systems t hat mediate fear, anger,

                         and pleasure, but not a system that mediates `emot ion´. At one time, it seemed t hat the

                         limbic syst em might fill the role of a general-purpose emot ion syst em [MacLean  52],

                         but we now know that this is not the case [Brodal  82; Swanson  83; LeDoux  87,  92].

                         The limbic syst em points us in the direction of some r eleva nt parts of the brain for

                         emotion but tells us very little about the brain mechanisms of any given emot ional

                         process.~ ˘ [LeDoux  94, Page  217]

            Emotions do not refer to a nice self- contained system of the brain, with a well-defined

funct ional ro le, and a clear physical boundar y. E motions emerge fro m the interaction of many

different systems, perfor ming many different roles, and operating at many different levels

within a bio logical agent architecture. LeDoux  [94] believes that the best way to unravel the

underpinnings of emot ional life is to systemat ically study the neural pathways o f the

individual emot ion systems ˘ starting with the system that mediates fear.

High Road

                                                                                               Sensory

                                                                                             Thalamus

Am ygdala

Sensory Cortex

                                                                                             Em otional

                                                                                               Stimulus

Em otional

Responses

Low Road

            Figure 5.2 - 9  shows the high and low infor mat ion-processing pathways o f the brain that

lead fro m emotional st imulus to emotional response. The low road provides the quick and

dirty pathway for our immediate reactions. The high road leads through the sensor y cortex

                 Figure 5.2 - 9  The Low and High Roads to the Amygdala [LeDoux  96, page  164]

5.2.5  T he Somatic Marker Hypothesis

                         ^[E]mot ion is the combination of a mental evaluative process , simple and complex,

                         with dispositional responses to that process , mostly toward the body proper , resulting

                         in an emot ional body state, but also toward the brain itself  (neur otransmitt er nuclei in

                         brain stem), result ing in addit iona l mental cha nges.~ [Damasio  96, page  139]

            We are born with certain innate neural machiner y capable o f generating so mat ic states

(both visceral and non-visceral) in relat ion to certain classes of st imuli ˘ Damasio ´s
machiner y o f primary emotions . In addit ion to these innate capabilit ies, we also possess the
abilit y to form systemat ic connect ions between categories of objects and situations on the one
hand, and pr imar y emotions, on the other. These learned associat ions and feelings ˘ which

Damasio has termed the mechanisms of secondary emotions  [Damasio  96, pa ge  134] ˘ are the
somatic markers of the somatic marker hypothesis .

            The so mat ic marker hypothesis is more than a simple classification scheme for primar y
and secondar y emot ional states based along the lines of innate  versus acquired  associations ˘
this would certainly fail to take into account the emergent nature of emotion and the true
complexit y o f the emotion process as we have outlined in the preceding sect ions. Primar y
emotions can easily invo lve quite complex acquired associat ions between different sights,
sounds, and smells (as demo nstrated by animal fear condit ioning exper iments). We would still
classify fear as a primary  emot ion if the acquired  associat ions only  expressed themselves
through the reactive concern-processing machinery o f the limbic system . In other words,
although the generat ion of both primary  and secondary emotions can invo lve acquired
associat ions, secondar y emot ions are dist inguished from pr imar y emotions by the fact that the
attentive/deliberat ive layer plays so me part in the emot ion process ˘ ^Structures of the limbic
system are not sufficient to support the process of secondar y emot ions.~ [Damasio  96,
page  134]

            Damasio´s view o f secondary emotions  begins with the deliberat ive considerat ion of the
event, object, or situation, expressed through mental images organised in the thought process

(as shown in Figure 5.2 - 11 ). The images/representations themselves are constructed under the
guidance o f disposit io nal representations held in higher-order associat ion cortices, but the
actual neural substrate for the images is the collection o f separate topographically organised
representations, occurring in var ious ear ly sensor y cortices (the polymodal and supramodal
cortices are also required for the processing of concepts and memor ies). Networks in the
prefrontal cortex automat ically and invo luntar ily respond to signals ar ising from the
processing of these mental images (the prefrontal response co mes fro m disposit ional
representations that embody knowledge pertaining to how certain t ypes of situat ion have been
paired with certain emotional responses, i.e. fro m acquired  rather than innate  disposit ional
representations). Finally, the automatic responses are signalled to the amygdala  and the
anterior cingulate  ˘ utilising the machinery of primary emotions  ˘ result ing in: ( i)  activat ion
of the autonomic ner vous system; ( ii) act ivat ion of the motor system to give the external

picture of the emotion; ( iii) act ivat ion of the endocr ine and peptide systems, result ing in

changes in body and brain state; and (iv) act ivat ion of the non-specific neurotransmitter nuclei

in the brain stem and basal forebrain (arousal).

                                                                            Hy

                                                             A

                                                          autonomic signals

                                                                                                         signals to

                                                                                                         neurotransmitter

                                                                                                         nuclei

                                                                                                         endocrine and other

                                                                                                         chemical responses

                                                                                                         to bloodstream

                    signals to

                    muscles in

                    face and limbs

                                                                                      IR

                    Primary Emotions . The black perimeter stands for the

                    brain and brain stem. After an appropriate stimulus

                    activates the amygdala (A) ˘ via sensory thalamus (ST)

                    and sensory cortex (SC) ˘, a number of responses ensue:

                    internal responses (marked IR); muscular responses;

                    visceral responses (autonomic signals); and responses to

                    neurotransmitter nuclei and hypothalamus ( Hy ). The

                    hypothalamus gives rise to endocrine and other chemical

                    responses which use the blood stream route.

A

autonomic signals
signals to

neurotransmitter

nuclei
endocrine and other

chemical responses

to bloodstream

signals to

muscles in

face and limbs

Secondary Emotions . The stimulus may still be processed

directly via the amygdala but is now also analysed in the

thought process, and may activate frontal cortices and the

ventromedial prefrontal cortex (VM). VM acts via the

amygdala (A). In other words, secondary emotions utilise

the machinery of Primary Emotions.

*  The information pathways are schematic, and do not

represent the actual neural pathways of the brain.

Hy

VM IR
IR

SC

ST

                                IR

                                                                                                  SC

                    stimulus

                                                                               ST

stimulus

                  a) b)

*

            Mapping Damasio´s emotion mechanisms on to our motivated agent framework (see

Figure 5.2 - 12 ) allows us to clar ify a litt le better what exactly is meant when talking about

^secondar y emotions utilising the machiner y of pr imar y emotions~. Things get a little

complicated in bio logical systems as attention and interruption are in part mediated by arousal

(a physio logical change) ˘ we will circumscr ibe this problem by defining physio logical

change to exclude effects on the attention system.

                 Figure 5.2 - 11  Emotion Mechanisms [modified Damasio  96, pages  132 and  137]

                          Information

                              Coding

                                                                                                               Urgency

                                                                                                             Evaluation
                                                                   Relevance

                                                                   Evaluation

                                                                               Context

                                                                            Evaluation
Action

Proposer

Actor

Physiological

Change

Generator
                                                                  2

                                                                                                   3

4

5

                                                                                                                     3

5

5

                         Perception Action

                                                                                                Meta-Management

Alarms

                              1

                                                              Reactive Concern Processing Substrate

                                                                                                    Attentive / Deliberative

                                                                                                    Motivator Management

                                                          2

Central Machinery
of Primary Emotions

Machinery of

Secondary Emotions

(somatic markers)

1 5

�
Emotion Process

Global Alarm

System

Machinery of

Tertiary Emotions

                                                                Attention Filter

Peripheral Machinery
of Primary Emotions

             Conceptually, there are two different parts to the machiner y of pr imar y emotions: ( i ) the
central  machiner y is responsible for detecting the relevance of the event and interrupting
attentive processing; whereas ( ii) the peripheral  machiner y generates overt action and
physio logical change. An emotion can utilise the central  machiner y o f pr imar y emot ions,
without trigger ing the peripheral machiner y (this is especially true of the more cognit ive
tertiary  emotions such as guilt). If we are generous and allow the central  machiner y o f
pr imar y emot ions to include most of the limbic system ( i.e. the anterior cingulate  and
amygdala ), then most theorists are likely to agree that ^secondar y emot ions utilise the
machiner y o f pr imar y emotions~ ˘ especially as the anterior cingulate  plays an important role
in attention. However, not all parts of the machinery o f pr imar y emot ions are utilised by all
secondar y emot ions ( not all parts of the machiner y are even utilised by all pr imar y emot ions),
and parts of the machiner y play a cr it ical ro le in non-emotional processes as well ˘ the brain
is a product of evo lut ion and ^ nature´s tinkering style of engineering .~ [Damasio  96,
page  137, emphasis in or iginal]

             Having descr ibed the main players in the emotion plot, we can now take a closer look at

Damasio´s so mat ic marker hypothesis, and the role of so mat ic markers in the decisio n making
process.

Somatic Markers and ^as if~ Loops

                         ^Whether we conceive of reason as based on automated selection, or on logical

                         deduct ion mediated by a symbolic syst em, or ˘ preferably ˘ both, we cannot ignore

                         the problem of order. I propose the following solution: (1) If order is to be cr eated

                         among available possibilit ies, then they must be ranked. (2) If they are to be ranked,

                         then crit eria are needed (values or preferences are equivalent t er ms). (3) Criteria are

                         provided by somat ic markers, which express, at any given t ime, the cumulative

                         prefer ences we ha ve bot h received and acquired.~ ˘ [Damasio  96, page  19 9]

                           Figure 5.2 - 12  Emotion Mechanisms and our Three-Layered Architecture

            In its strongest form, the somat ic marker hypothesis claims that: ( i ) the valence associated

with emotional episodes is generated by the somatosensory cortex (either through real

physio logical change invo lving the body loop, or triggered direct ly through the ^as if~ loop);

and ( ii) that the resultant somat ic state can be used to rank choices in deliberat ive reasoning.

As Rolls  [99, page  63] points out, the beaut y of this stance is that both these predicat ions can

be tested in patients with so matosensor y cortex damage ˘ interestingly, Damasio does offer

some evidence for emotional and reasoning impairment s in people with stroke damage to the

dominant right somatosensory cortex [Damasio  96, pages  67-69] (also appendix C ).

            We do not need to adopt this extreme view to provide a useful infor mation-level analysis

of the somat ic marker hypothesis. In the fo llowing analys is, we will adopt a weaker for m of

the theory ˘ st ill allowing the somatosensor y cortex to play a central ro le, but not insist ing

that it is so lely responsible for the valence of emotional events or an abilit y to rank situations

on the basis of so mat ic state. In our emergent view of emot ions, we are also quite happy to

accept that mechanisms, other than so mat ic states, are at play in attaching valence to

situations and events ˘ our brains have had plent y of time to chance upon useful infor mat ion-

processing short-cuts (just as Damasio ´s ^as if~ loop bypasses the body proper ˘ see following

discussio n).

            The so mat ic markers are the ^gut-reactions~ that allow us to make inst inct ive decisio ns as

to whether something is r ight or not. More specifically, they refer to ^ a special instance of

feelings generated from secondary emotions  � [ which ] have been connected, by learning, to

predicted future outcomes of certain scenarios . When a negative so matic marker is juxtaposed

to a particular future outcome the combinat ion funct ions as an alar m bell. When a posit ive

somatic marker is juxtaposed instead, it beco mes a beacon of incent ive.~ [Damasio  96,

page  174]

            Aside from influencing decis io n making through the establishment of a particular body

state (the peripheral  machiner y o f pr imar y emot ions), a second mechanism is also prevalent

in the so mat ic marker process ˘ that of the ^as if~ loop. ^ In the alternative mechanis m the

body is bypassed and the prefrontal cortices and amygdala merely tell the so matosensor y

cortex to organize itself in the explicit activit y pattern that it would have assumed had the

body been placed in the desir ed state and signaled upward accordingly .~ [Damasio  96,

page  184] Damasio sees these ^as if~ loops as the symbo lic representations of so mat ic states.

They play an increasingly important role in the decis io n making process as we mature and

start to categorise repeated situations and exper iences. The extent to which people depend on

real versus ^as if~ body states is left as an open question, but probably var ies considerably

fro m person to person.

                                                Information

                                                     Coding

Urgency

Evaluation

                                                                                         Relevance

                                                                                         Evaluation

                                                                                                     Context

                                                                                                  Evaluation
Action

Proposer

Actor

Physiological

Change

Generator

                                                                                         2

3

4

5

3

5

5

                                                Perception Action

                                                                                                                       Meta-Management

Alarms

                                                     1

                                                                                    Reactive Concern Processing Substrate

                                                                                                              Attentive / Deliberative Management

                                                                                2

                                                    Central Machinery

                                                    of Primary Emotions

Machinery of

Secondary Emotions

(somatic markers)
�
1 7 Emotion Process

                                                    Global Alarm

                                                    System

Machinery of

Tertiary Emotions

                                                                                       Attention Filter

Peripheral Machinery
of Primary Emotions

Body

6

6

                                                                  7

Arousal

Body

Loop
                                                 Body

                                                 Loop

Valenced Signal of

Control Precedence

(^as if~ loop)

                                                                      5

             Figure 5.2 - 13  shows the infor mat ion-processing pathways act ive in emotional states that
utilise the real, or ^as if~, body loop to generate the ^feeling~ state of an emotional
exper ience. Although many o f our daily decisio ns proceed without feelings, it does not mean
that evaluat ions that would normally lead to change in body state and associated feeling state
have not taken place. It could simply be that the body state signal (real or ^as if~) may have
been act ivated, but not been made the focus of attention (awareness). Equally, a change in
body state could have been act ivated by neurotransmitter nuclei (arousal), thus biasing
cognit ion in a covert manner and influencing the decisio n making process indirect ly wit hout
actually being consciously ^felt~.

Conclusions

             Somat ic markers per for m a similar funct ion to Frijda´s relevance signals (pleasure, pain,
desire, and cur iosit y) ˘ they provide a heur ist ic anticipated  measure of the future value

(relevance) of an event or situation to an organism. This measure does not come in the for m
of a precise number that falls out of some neurological equivalent to a fitness function, but
rather a non-specific feeling that dynamically changes as the focus of attention shift s to
accommodate different aspects of the situation or event (i.e. as the particular coalit io n of
concepts, memor ies, and objects change ˘ see the Amygdala Pathways and Fear Conditioning
in Figure 5.2 - 10 ).

                                   Figure 5.2 - 13  Somatic Markers and the Body Loop (real and ^as if~)

             Our abilit y to discr iminate the feeling state associated with so mat ic markers is poor (due

in part to the cumulative nature of somat ic markers, but also due to the ^snap-shot~ nature of

somatic markers, which is so far removed fro m the dynamic emot ion process to which they

are paired). However, we can still generally reduce this feeling state to one of valence and

intensit y. Having a ^gut-feeling~ does aid decisio n making to some degree, but the overall

valency and intensit y o f a somatic marker does not represent a concrete value with which we

can reliably order the different possibilit ies generated during the deliberat ive decisio n making

process (cognit ive co mpar isons require highly specific representations, whereas the so mat ic

markers provided by the affect system are ver y diffuse ˘ see discussio n by Simo n  [ 67]; also

sect ion  5.2.2 ).

                         ^What does the somatic marker  achieve? It forces attent ion on the negative outcome

                         to which a given action may lea d, and functions as an automat ed alarm signal which

                         says: Beware of danger ahead if you choose t he opt ion which lea ds to this outcome.

                         The signal ma y lead you to reject, immediately , the negative course of action and thus

                         ma ke you choose a mong fewer alt ernatives.~ ˘ [Damasio  96, page  173]

             Damasio´s claim that somat ic markers allow you to choose between fewer alternat ives

needs further clar ification. It is not simply the case that certain situations carr y a valence (in

the for m of a somatic marker) that allows us to make a good choice, but the fact that some

mechanis m in our brain responds to this valenced evaluat ion to reduce our choice

automatically .

             Through a number of ingenious ^gambling~ exper iment s [Damasio  96, pages  212-222],

Damasio was able to show how patients with ventromedial prefrontal cortex lesio ns were

unable to change their init ial behaviour, even if that behaviour was known to be counter

productive ( i.e. the patients went broke during the game and needed a loan fro m the ^bank~).

These pat ients were still able to attach valence to the situation, but seemed unable to act on

this knowledge. ^O ne  of the hallmarks of frontal lobe damage in humans is perseveration , the

inabilit y to stop doing so mething once it is no longer appropriate .~ [LeDoux  96, page  249;

Rolls  95, page  1100]  It is almost as if  the affect ive feeling state was present, but the sense of

urgency, or importance, was missing ˘ the somat ic markers were devo id of motivational

meaning and did not act as alar m signals.

                         ^Damage to this region [t he ventr omedial prefr ontal cortex] in anima ls int erferes wit h

                         short-ter m memor y about reward infor mation, about what is good and bad at the

                         moment, [Gaffan et al.  93] and cells in this region are sensitive t o whet her a stimulus

                         has just led to a reward or punishment. [Thorpe et al.  83; Rolls  92; Ono and

                         Nishijo  92] Humans with orbital frontal da mage become oblivious to social and

                         emotional cues and some exhibit sociopathic beha vior. [Damasio  94] This area

                         receives inputs from sensor y processing syst ems (including t heir temporal buffers)

                         and is also intimat ely connect ed wit h the a mygda la and the int erior cingulat e region.

                         The orbital cortex provides a link through which emotional processing by the

                         amygdala might be related in working memor y to informat ion being processed in

                         sensory or ot her regions of the neocortex.~ ˘ [LeDoux  96, page  278]

             What cannot be said for certain is if the ventromedia l prefrontal cortex primar ily operates
via the amygdala , or direct ly through the interior cingulate . The medial prefrontal cortex

^receives signals fro m the sensor y regions o f the cortex and fro m the amygdala, and sends
connections back to the amygdala, as well as many areas to which the amygdala projects. The
medial prefrontal cortex is thus nicely situated to be able to regulate the outputs of the
amygdala on the basis of events in the outside world as well as on the basis o f the amygdala´s
interpretation of those events.~ [LeDoux  96, page  248]. The ventromedial prefrontal co rtex
can almost be said to perform a meta- management role in the emot ion process.

             Damasio´s patient with calcified amygdala (patient ^S~) showed no signs of the sort of
social and life problems that accompany pat ients wit h ventromedial prefrontal cortex damage.

Further, Damasio ´s patients who suffer from ventromedial prefrontal cortex lesions can st ill
make rational decis io ns as to what is good or bad, but suffer fro m an infinit e regress ˘ they
have no measure of sufficiency or thresho ld above which good is good enough. There is
obviously so mething else happening in the so mat ic marker process apart from simply
attaching valence to situations and events. It was almost as if pat ient ^S~ did not have  the
negat ive so mat ic markers that would have been associated with the ^fear~ emotion, whereas
patients with ventromedial prefrontal cortex damage have so mat ic markers, but those markers
carr y no motivational meaning.

             To summar ise, somatic markers co me in two varieties: ( i ) explicit  valenced memor ies of
the situation which ut ilise the hippocampal regio ns (with so mat ic input from the emotion
process); and ( ii) implicit  valenced memor ies which ut ilise the amygdala and the machiner y of
pr imar y emot ion systems. Addit ionally, there are mechanisms at play which add motivational
meaning to somatic markers ˘ with the most likely candidate brain regio ns being the
ventromedial prefrontal cortex and anter ior cingulate. Finally, so mat ic markers express
themselves through two different pathways: ( i ) using the machiner y o f pr imar y emot ions
through the body loop; and ( ii) by direct ly pro ject ing into the somatosensory and attention
networks through the ^as if~ loop. The extent to which people use the real or ^as if~ body loop
var ies considerably fro m person to person, and emotion to emotion.

5.2.6  Conclusions

             The fir st conclusio n we can draw fro m this br ief over view of research into emotions, is
that there is no single system in the brain that mediates emotion . There are systems that
mediate arousal, attention, perception, concepts, memor ies, and physio logic change, but no
single system to which we can po int and say ^here lies emot ion.~ This does not mean that our
commo n fo lk psycho logy understanding of emotion is totally misguided ˘ emotions are real
pheno mena that play a cr it ical role in the concern-processing requirements of bio logical
organisms. However, the fact that our emotions feel unified to us is in realit y ^nothing but an

illusio n~ ( in the same sense that our commo n fo lk psycho logy understanding of a unified

memor y system is an illusio n).

             In an attempt to understand the mechanis ms of emotions better, we returned to first

pr inciples and adopted Tomkins´ three requirements for a theory of affect: ( i ) affect is

activated by so me general character ist ic o f neural st imulation, co mmon to both internal and

external st imuli and not too stimulus-specific like a releaser ; ( ii) the act ivator is correlated

with bio logically useful infor mation; and ( iii) so me o f the activators are capable of

habituat ion, and so me capable of non- habituation. To this picture we added Herbert Simo n´s

infor mat ion-processing view of how two systems as different as cognition and affect could

interact, giving us a general set of requirements for the machiner y of emot ions.

             Simo n´s interrupt theory of emotions provided the conceptual starting point for both

Slo man´s and Fr ijda´s design-based theories of emotion. Alt hough there are important

differences in the details of these two theories (see Wr ight  [97] for a critical review), their

commo n her itage provides enough synergy to easily transfer the language of Fr ijda´s Emotion

Process  on to Slo man´s motivated agent framework introduced in sect ion  2.2 . Ar med with

this tool, we were then able to describe the infor mat ion-processing pathways of the different

classes of emotional state within our extended motivated agent framework.

             Having ident ified the basic emotion circuits act ive in the differ ent emotional classes, we

turned to the neurologically- based theories of Damasio and LeDoux to add depth to, and

support for, the generalit y of our approach. The picture that emerges from these neuro logical

models is one of a number of different emotion processing circuits innately ^pr imed~ to

respond to different types of situat ions and events. These circuits have co mmon po ints of

entr y and exit ˘ receiving their input fro m the sensor y cortex and sensor y thalamus, and

expressing themselves through the amygdala, hypothalamus and anterior cingulate ˘, however

in between the generalit y o f these two points, lie structures whose activit y can be correlated to

specific emot ional states. Associated with this machinery of primary emotions  are a number

of other brain circuit s that respond to and control deliberatively generated (mental) images

and events ˘ for ming the machiner y o f secondar y (and the sub-class ˘ tertiar y) emot ions.

             Returning to Tomkins´ init ial requirements we can now explain: ( i ) how generalit y of

affect activation is achieved by networks in the prefrontal cortex automat ically and

invo luntarily responding to signals ar ising fro m the processing of mental images in the ear ly

sensor y cortex; ( ii) the activator is correlated to bio logically useful infor mat ion by utilising

the innate primar y emot ion mechanisms; and how (iii) so me of the activators are capable of

habituat ion, and so me capable of non- habituation by virtue of the fact that different emotion

circuits are active in different emotions ˘ the same also applies to extinction (act ivators of the

pr imar y fear circuit are notoriously hard to extinguish).

             The actual pheno mena we label as an ^emotional~ state emerges out of the interaction of a

variable  number of intr icately connected cognit ive systems, and so it is hardly surpr ising that

the actual attributes of an emot ional episode var y great ly fro m person to person and occasion
to occasion ˘ dependent on the suddenness of the init ial st imulus, the preparedness of the
organism, the importance of the concern threatened or promoted, cultural condit io ning, source
of stimulus, class of emotional response, and background affect ive state. However, from an
infor mat ion- level perspect ive, all emotional states have two things in co mmo n: ( i ) valence  ˘
which can take the form of somatic markers ; and ( ii) motivational attitude .

5.3  Summary

            In

                        parts I
                                                   and

                                                                II
                                                                        we argued that the requirements of complex human environments/
scenar ios demand a concern-centr ic approach to autonomous agent design. We also descr ibed
how the constraints imposed on the real-t ime concern-processing mechanisms o f such mult i-
layered designs lead to the natural emergence of perturbant states ˘ partial lo ss of control of
attention. From an infor mation- level perspect ive, these perturbant states are characterist ic of
the class of mental states we refer to as tertiary emotions  (as dist inct fro m say the emergent
state of ^thrashing~ in co mputer systems ˘ thrashing  has no infor mat ion-level equivalent to a
loss of control of attentive processes ).

            In this chapter we have extended this analysis by present ing an infor mation-level design-
based analysis o f the pheno mena we commo nly call emot ion. We started by arguing that a lot
of the confusio n surrounding the term emotion can be attributed to the fact that different
theorists focus on different concern-processing mechanis ms ( reactive , deliberative , or self-
reflective ) active in the emot ion process ˘ this is related to our argument that emotions are
emergent mental states. We then extended our analys is by mapping leading cognit ive theories
of emotions [Fr ijda  86; Damasio  94; LeDoux  96] on to our motivated agent framework, and
ident ified the different mechanisms act ive in primary , secondary  and tertiary  emotional
states. Finally, we established the infor mat ion- level relat ionship between perturbant states and
the machiner y o f tertiar y emot ions ( Figure 5.2 - 7 ), and prepared the groundwork for
infor mat ion- level representations of the machiner y of pr imar y and secondar y emotions ˘ to be
presented in chapter  7 .

6  ^Emotional~ Agents

                         ^It has been difficult to define emotions, and this difficulty continues. We will be rash

                         and start this chapter with a working definition of a kind that has been gaining

                         acceptance. It goes something like this.

                                     1 An emotion is usually caused by a person consciously or unconsciously

                                                  evaluating an event as relevant to a concern (a goal) that is important; the

                                                  emotion is felt as positive when a concern is advanced and negative when a

                                                  concern is impeded.

                                     2 The core of an emotion is readiness to act and the prompting of plans; an

                                                  emotion gives priority for one or a few kinds of action to which it gives a

                                                  sense of urgency ˘ so it can interrupt, or compete with, alternative mental

                                                  processes or actions. Different types of readiness create different outline

                                                  relationships with others.

                                     3 An emotion is usually experienced as a distinctive  type of mental state,

                                                  sometimes accompanied or followed by bodily changes, expressions, actions.~

                                                                                                                   ˘ Oatley and Jenkins, Understanding Emotions  (page  96)

            Having introduced emotion theory in the last chapter, we will now look at some of the

gains made by ^emotional~ architectures over the designs descr ibed in chapter  3 . One

argument for introducing ^emot ions~ into autonomous agents is to facilitate the development

of life- like characters or more intuit ive user/co mmand interfaces. However, as we will show

below, there are also more practical reasons for introducing affect into our agent designs.

6.1  Related Work

            Before launching into our own design for an ^emotio nal~ agent (see chapter  7 ), there is

still more to be lear nt from an analysis o f related work that addresses the emotion process

within the confines of the requirements of autonomous agency and/or ^human-like~ agent

architectures. In this sect ion we will look at a number of designs that attempt to capture at

least some of the attributes of the emotion process within an autonomous agent architecture.

6.1.1  Will

            Tradit ional AI has concentrated on designing agent architectures along funct ional lines

based on the internal workings of the solut ion ˘ i.e. with discrete units for perception,

planning, acting, reacting, and meta-reasoning. This leaves the designer with a number of

non-trivial integration problems to solve when it finally co mes down to combining the

disparate units into a contiguous architecture. Will [Mo ffat and Fr ijda  95; Moffat  97] takes a

novel approach to integration by using relevance evaluat ion ( primary appraisal ) as a commo n

thread to tie the discrete AI modules together. The resultant architecture is a simple compact

design, that also happens to model the emotion process [Frijda  86] descr ibed in sect ion  5.2.3  ˘
the message being that emotions are important for both tradit ional and behaviour-based AI.

Cognitive Elements of Will

            Will uses a blackboard architecture to provide global connect ivit y and allow standard AI
modules and techniques to be used in the design. This great ly speeds up the design processes
and bases the theory in readily acceptable termino logy. The complete Will architecture is
shown in Figure 6.1 - 1 .

                                                                              World

M

E

M

O

R

Y

C

O

N

C

E

R

N

S

C

O

N

C

E

R

N

S

                                                                                                                      Perceiver

Emotor

                                                                                                                       Executor

Planner

Predictor

                                                                                                                 Will

            Perceiver . Events in the outside world are assigned symbo lic meaning and wr itten to the
memor y as new percepts. Perception could take the for m of co mplex visio n processing or
simple keyboard entr y transcr ipt ion.

            Executor . The executor converts intent ions into actions. Both the executor and perceiver
are seen as self contained modules, although Moffat points out that this is an extreme
simplificat ion.

            Concerns . Fr ijda´s infor mat ion-processing theory of emot ion is based around the concept
of concerns as disposit ions to desire occurrence or non-occurrence of a given kind of
situation. The first stage of Fr ijda´s emot ion process is pr imar y appraisal, or relevance
matching of events with respect to concerns. All events wr itten to memor y, whether new, or
modified o ld events, are first matched against existing concer ns and assigned a control
precedence value, or charge, by the concerns module. The event with the highest charge is
then processed by the other modules, in this way charge acts as an attention mechanis m and
control arbitrator.

                                                                         Figure 6.1 - 1  The Will Architecture [Moffat  97]

            Predictor . The second stage of Fr ijda´s emotion process is secondar y appraisal or context

evaluat ion. As the context of the situation o ften depends on what might fo llow fro m a

stimulus event (i.e. is a threat likely to result in serious injur y), a predictor module has been

added to the design to make future predict ions and inferences from events in memor y. The

predictor can also be used to predict the consequences of an agent´s act ions, allowing

unpleasant consequences to gain motivat ional visibilit y (when wr itten to memor y) and thus

attract the attention of the planner ˘ see operation below.

            Planner . The context of the situation also depends on the coping abilit y of the agent. If a

threat can be easily dealt with then it does not pose a serious problem. Problem so lving is the

role of the planner.

            Emotor . The emotor embodies those parts of the emot ion process not covered by the other

modules ˘ namely secondar y appraisal and act ion tendency. Secondar y appraisal attaches

attributes to events such as, valence, un-/expectedness , control, agency, urgency, moralit y and

probabilit y. Action tendencies are the final part of the emotion process and include the general

behaviours normally associated with emotional react ions, i.e. approach/avo id and fight/flight,

and so me goal directed behaviours i.e. try_harder / give_up.

            Memory . The memor y contains the world model, in the for m of a blackboard, and is used

to hold factual beliefs and semant ic causal rules.

Operation

            Events arrive at the perceiver where they are symbo lically labelled and wr itten to the

blackboard memor y, via the concer ns module. All events wr itten to memor y pass through the

concerns module where they are checked for relevance to concerns and assigned a control

precedence or charge value. In this way not only current concerns, but future predictions and

past events can be evaluated with respect to concerns (which represent the motivators of the

agent) ˘ all events therefore have what Moffat calls motivational visibility . After processing,

results are written back into memor y, again via the concerns module. As only the event with

the highest charge (called the focus item) is passed to each module as the problem to solve,

the value of charge also acts as an attention control mechanism wit hin the memor y module.

            Events in memor y are subjected to an autoboredom  mechanis m which ensures that

processed events are not attended to ad infinitum. When a module fails to process an event,

the charge is reduced by a fixed percentage. Events that have been processed therefore fall

down the importance hierarchy, allowing new events to rise to the top of the stack and be

attended to.

            Act ion tendencies are generated by the emotor in response to all the appraisals made on

the focus item by the other modules. The act ion tendency is programmed into the emotor as

an appropriate response for the perceived emotion, and wr itten to the memor y as an intended

rarely account for the ever yday mot ivat ions of an agent (except in unusual cases invo lving
certain classes of mental disorder).

            Unfortunately, the emotion systems add to the complexit y o f the accounting task of the
spreading act ivat ion network by introducing a new var iable into the equation (even if the role
of dr ives is much reduced in Cathexis). Alt hough not explicit within the framework, this
complexit y can be reduced by thinking of emotions as non-ho meostatic dr ives that mediate
emotion behaviours ˘ as dist inct fro m ho meostatic dr ive behaviours. However, there is st ill
the innate complexit y associated with balancing the act ivation energy injected by the emotion
systems, behaviour releaser s, and dr ives, along side the problem of modelling urgency using
the single dimensio n of act ivat ion energy ( it is probably necessar y to assume that the mean
activat ion energy o f the emotion system is higher than the behaviour network). These
problems are inherent in the spreading activation model itself (see section  3.2  for a critique)
and not unique to Cathexis.

            The Cathexis framework takes a number of important steps towards the instant iat ion of
the emotion theories discussed in chapter  5 : (a) the emotion system provides a form o f
mot ivat ional sharpening by modifying the drive system; (b) the inject ion of activation energy
fro m non-ho meostatic dr ives can act as a global alar m system; (c) K-lines are effective at
capturing Damasio ´s  [94] secondar y emot ions; and (d) communicat ion through emotive
expressio ns is used to drive social interact ion ˘ see Kismet [Breazeal and Velásquez  98].

            Alt hough Cathexis uses emotion t ype labels for the individual emot ion system nodes, it
also acknowledges that many of the attributes of emot ions are themselves emergent (as is the
case with social interact ion in Kismet). Assigning emot ion type labels to the discrete
cognit ive systems that respond to certain emotion elicit ing condit ions is clear ly an over
simplificat ion of the real emotion process (we can classify fear as a primary , secondary , or
tertiary  emotion depending on the particular interaction o f cognit ive systems in the emotion
process ˘ i.e. there is no single discrete fear system that accounts for all the attributes of the
pheno mena we call fear ). However, it does provide a useful first step towards clar ifying the
different role each cognit ive system plays in the emot ion process ˘ we must wait and see how

Velásquez integrates the different nodes in the next instant iat ion of the framework.

            Finally, one potential draw-back of the Cathexis framework is that it forces the designer to
capture all emot ion types (and classes) within the same concer n-processing mechanis m ˘
thereby relying on vague concepts such as emotion mixes and blends to account for the more
obtuse (and/or cognit ive) emotion types. It will be ver y interest ing to see how Cathexis
evo lves in the future.

6.1.3  CMattie

            McCauley and Franklin have proposed a cognitively inspired autonomous agent
architecture that has the abilit y to display adapt ive emergent ^emotional~ states of var ying

types and intensit ies [McCauley and Franklin  98]. The core agent architecture is based on

pandemo nium theory ˘ which was init ially proposed by Selfr idge  [59], but later extended and

made more concrete by Jackson  [87] (see also [Baars  88; Franklin  95, pages  234-244; and

� PLHMD  96]) ˘ and is part of the larger ongoing CMattie project (Conscious Mattie).

The Playing Field, The Spotlight and Consciousness

            The sports arena analogy provides a powerful metaphor for describing the global

workspace theory of consciousness [Baars  88] on which CMattie is based (see Figure 6.1 - 3 ).

Inact ive codelets (or demons in pandemo nium theory termino logy) sit in the stands watching

the game being played on the playing field below. When so mething happens on the field that

is relevant to the competence of a codelet, it gets excited, and if it shouts loud enough is

allowed to go down on to the field and take part in the act ion. When a codelet jo ins the field it

for ms an associat ion with the other codelets already on the playing field, and in this way

coalit io ns o f codelets are gradually established. These coalit io ns represent the concepts/tasks

currently being processed by CMattie, the action on the playing field represents the

unconscious cognit ion process, and the coalit io n current ly under the spotlight represents the

concept/task that has reached consciousness.

Spotlight

Playing Field

(contains active codelets)

Stands

(contains inactive codelets)

Arena

            The CMattie architecture (see Figure 6.1 - 4 ) contains a number of different types of

codelet generators, a behaviour network, a drive mechanism, a perceptual lear ning

mechanis m, numerous types of memor y, and a meta-cognit ion mechanism ˘ all in all a ver y

sophist icated autonomous agent. The behaviour network is based on the Maes/Blumberg

spreading act ivat ion architecture (see sections 3.2.3  and 3.2.5 ), and is used to select actions to

perfor m in the agent´s environment (through email). CMattie´s ho meostatic concer ns are

represented as dr ives in the convent ional way, whereas non-ho meostatic goal-based concer ns

are supplied by the coalit ions of codelets on the playing field.

                                                      Figure 6.1 - 3  CMattie´s Playing Field [Bogner  98, page  36]

Playing Field

                                                                Coalition

                                                               Manager

                                       Meta-Cognition

                                         Codelets for

                                           Oscillation

                                                                            Slipnet

                                                                          Codelets

Broadcast

Manager
Chunking

Manager
                                                                                                             Spotlight

                                                                                                            Controller
Short Term

Memory

(Blackboard)

Meta-Cognition

Codelets for

Behaviour

Instantiation

Behaviour

Network

Codelets

Conscious

Codelets for

Announce

Conflicts

Conscious

Codelets for

Focal

Conflicts

                                                                                                       Conscious

                                                                                                      Codelets for

                                                                                                       Perceptual

                                                                                                       Information

Emotion

Codelets

                                                                            Slipnet
                                     Perceptual

                                       Learning

                                                  Perceptual

                                                    W orking

                                                    Memory

                                                                                                 Episodic

                                                                                                 Memory

Focus

Associative

Memory
Emotion

Mechanism

Mail

Output

Behaviour

Network
Behavioural

Learning
Composition

W orking

Memory

Tracking

Memory
Drives

Meta -

Cognition
                                                                             Mail

                                                                            Input

             CMattie´s emotion mechanism plays many different roles in the architecture. Emotion
can: (a) alter the current level o f the dr ives that feed into the behaviour network; (b) affect the
focus of episodic and associat ive memor y; (c) influence the suggested actions of sparse
distr ibuted memor y; (d) affect meta-cognit ion making CMattie more/less reactive; and (e)
determine the strength of associat ions between codelets on the playing field.

Emotion Codelets

             Wit hin the goal- based cognit io n process, emotion codelets are used to provide an
assessment of the desirabilit y of the current situation and set the gain that determines how the
coalit io n link strengths are updated. CMattie´s gain is a vector of four real numbers roughly
analogous to the four emotions: anger ; sadness; happiness; and fear. The agent´s emotional
state is therefore considered a combination o f these basic  emotions. When an emotion
codelet´s precondit io ns are met it fires, creating an instant iat ion of itself wit h any necessar y
arguments unified for that particular mo ment. The instantiated codelet then modifies the
element in the gain vector associated with its emotional class. This is a two step process:

             1)  The intensit y o f the emotion codelet is calculated to include valence, saturation, and

                         repetit ion according to the for mula in Figure 6.1 - 5 a.

             2)  Each emotion codelet that fires creates an instantiation o f itself with the current value

                         of adjusted intensit y. This new codelet enters the playing field and per forms actions by

                         adding its adjusted intensit y value to the element in the gain vector that represents its

                         particular emotional class (using the formula in Figure 6.1 - 5 b).

                                                      Figure 6.1 - 4  CMattie´s Architecture [Bogner  99, page  58]

                                                                                      ( )

5

                                                                                                                        .

                                                                                                                    1

                                                                                                              0
                                                               1

                                                                                            1

                                                                                                          x

                                                                                              vx

                                                                                e

                                                         v

                                     a

                                                                                                     +

                                                                                         -

                                                                       +

                                               =
( )

0
t
t
b
ae
y

-

-
=

         a) b)

where:

y = contribution to global gain ve ctor

a = adjusted intensity at creation time

b = decay rate of the emotion

t = current time

t
0

= time at creation of the codelet

           where:

                       a = adjusted intensity at creation time

                        x = initial intensity of the emotion

                        v = valence {1,-1}

                    x
                        0

                              = shifts the function left or right

Analysis

            CMattie´s ^emotional~ state is seen as emergent in the sense that ^[n]o combinat ion of

emotions are preprogrammed; therefore, any recognizable co mplex emotions that occur will

be emergent~ [McCauley and Franklin  98]. Emotions emerge from the act ion of the four basic

emotion types represented by emot ion codelets ˘ which in itself is not dissimilar to the

Cathexis [Velásquez  96; 97; 98] approach invo lving emotion mixes and blends (descr ibed in

sect ion  6.1.2 ). The emotion codelets themselves are not  instant iated emotions, they are

instant iated emotion circuits. This is an important distinction that can easily be over looked ˘

emotion  is an emergent property of the system, and can not be reduced to the presence (or

absence) of a collection of act ive emot ion codelets. Emotion is above all a process (see

chapter  5 ).

            Alt hough it is a litt le tricky to map CMattie on to our motivated agent framework, we can

still provide so me useful analogies that help to clarify the emotion process within the

architecture.

            a)  Emotion codelet generat ion represents the relevance evaluation  of the emotion process

                         within the agent (where situations and events are matched against agent concerns). We

                         can think of CMattie as having four relevance evaluation circuits.

            b)  The gain represents CMattie´s background affect ive state (as opposed to emotional

                         state ˘ i.e. there is no interruption of attentive processing). We could almo st say that

                         gain is instant iated ^mood~ and emotion codelets instant iated short-term affect ive

                         states.

                                     Figure 6.1 - 5  Emotion Intensity Calculation [McCauley  99, page  30]

             c)  Emotion codelets themselves represent a mix o f motivat ional control states analogous

                         to the actions of hor mones or neuromodulators on the one hand, and so mat ic markers

                         on the other.

             Emotion is affect that captures attentive processing, and so a fair approximatio n o f

^emot ion~ wit hin CMattie would be affect (i.e. emotion codelets) that captures the spotlight of
consciousness. This does indeed happen when emotion codelets jo in coalit io ns and inject their
activat ion energy into the coalit io n in order to attract the spotlight of consciousness ˘ with the
resultant interruption of attentive processing representing an emergent ^emotional~ state.

             In the present arrangement, CMattie´s emot ion codelets are generated in response to
events in the perception register (the current perceptual focus). CMattie therefore already
supports the machiner y o f primary  emot ions (see sect ion  5.2.3 ). Emotion codelets can also be
triggered by remembered past exper iences, thus providing the machiner y for Damasio ´s  [ 9 4]
somatic marker secondary  emotions. I f we were to extend the architecture to allow relevance
evaluat ion (through emotion codelets) of the cognit ion process itself (a meta-cognit ion task),
then we could also provide the machiner y for the full class of secondary  and possibly tertiary
emotions.

             As with any spreading act ivat ion model, there are a number of account ing problems that
would need to be addressed. As the coalit io n´s act ivat ion level is deemed the average of all
the codelets in the coalit io n, large coalit io ns are immediately disadvantaged as the
contribution fro m an emotion codelet would effectively be diluted amongst the coalit io n
members ˘ this is not a problem in general cognit ion as each codelet br ings its own activat ion
energy into the equation. There are also likely to be problems in determining how much
energy a new emot ion codelet injects into each coalit ion already on the playing field, and how
emotion codelets are combined.

             McCauley and Franklin  [98, page  4] ask themselves ^does the spotligh t of consciousness
ever shine on the emotion mechanis m or on an emotion codelet? Here the answer is no, not
because it would be difficult to make it happen, but because we´ve found no just ificat ion for
doing so.~ One possible just ificat ion would be that emotion codelets provide a source of both
valence (the output of the four relevance evaluation circuits) and motivational attitude

(activat ion energy) to the system. Allowing the presence of emot ion codelets to be detected
within coalit io ns would place CMattie in a better position to respond to urgent requests and/or
situations that were known to be relevant ˘ even if the relevance could not be represented by
specific codelets within the coalit io n. Affect adds generalit y and urgency to problems ˘
knowing that something is good, bad, or important, is a useful first step to problem so lving.

6.1.4  Motivated Society of Mind

             Cañamero has proposed a Society of Mind  (SoM) [ Minsky  85 ]  approach to the action
select ion problem using Motivation  agents to co-ordinate and organise the behaviour of the

societ y [Cañamero  97]. The SoM is co llect ively called Abbott

1
 (or Abbotts as a species).

Abbotts inhabit a dynamic and unpredictable two-dimensio nal environment called Gr idland ˘

similar in nature to Tyrrell´s Simulated Agent Environment (see section  3.2.4 ). Details of the

environment are discussed in sect ion  6.2 , where we descr ibe two implementations o f the

Abbott architecture.

             Abbotts are constructed within a subsumpt ion st yle framework, where more complex

behaviours are implemented by adding agents to the societ y without modifying exist ing

societ y members. Abbotts are endowed with pr imitive motivational states ˘ impulses to action

based on bodily needs  ˘ and ^emot ions~ ˘ peripheral and cognitive responses triggered by

the recognition of a significant event . ^E motions~ per for m an alar m/meta-management

funct ion in Abbott, releasing chemicals (hor mones, neuromodulators, and neurotransmitters)

to alter both the perception of external st imuli and the act ivat ion levels o f Abbott´s internal

mot ivat ional dr ives.

                                                                         Somatic
                                                                          Sensor
                                                                           Agents

                                                                                                       Perceived
                                                                                                    Bodily States

                                                                        Hormones
                                                                (effect perception)

                                         Tactile &
                                            Visual
                                           Sensor
                                           Agents

                                                                                              Direction
                                                                                                 Neme
                                                                                                Agents

Map
Agents
                                                                                                                   (one per stimulus)

Recogniser
Agents

                                                                                                                        Vector Data

                                                                                                                      Vector
                                                                                                                       Data

Object Recognition /
Training

                                                                                                               Perceived
                                                                                                                 External
                                                                                                                   Stimuli
Emotion
Agents

Hormones

Motivation
Agents

                                       Physiological
                                          Variables
Hormones
(activation level)

Behaviour
Agents
(consummatory)

Manager
Agents
(appetitive)
Effector
Agents

Actions

Deictic
Rep. of
Stimuli

Hormones
(effect vigilance threshold)

                                    Proprioceptive
                                        Feedback

                                                                      Binary
                                                                       Data

Drives

                External
                  Stimuli

             An Abbott is co mpr ised of a societ y of nine different t ypes of agent (see Figure 6.1 - 6 ): (i)

Sensor  agents provide Abbott with infor mat ion about its environment ˘ somat ic sensor agents

provide infor mat ion about aspects of Abbott´s internal environment ( i.e., its physio logical

var iables), tactile and visual sensor agents provide infor mat ion about the external

1  Name d after Edwin E. Abbott, whose novel Flatland  [Abbott 1884] inspired some of the features of the

          Gridland Scenario [Cañamero 97, page  1].

                                                                                          Figure 6.1 - 6  The Abbott Architecture

environment; ( ii) Direction neme  agents take the output of sensor agents and transfor m it into
vector data about a particular direct ion or region in space; ( iii) Recogniser  agents use the
vector output of direction neme agents to ident ify objects in the environment; ( iv) Map  agents
communicate with direct ion neme and recogniser agents to produce stimuli for motivations
and behaviours; (v) Behaviour  agents implement the consummatory behaviours of Abbotts;

(vi) Manager  agents implement ver y simple skills which represent the appetit ive behaviours
of Abbotts (Manager agents ˘ such as finder, look-for and go-towards ˘ respond to the stimuli
that other agents tell them to attend to in a form o f deict ic representation [Agre and

Chapman  91]); (vii) Motivation  agents organise an Abbott´s behaviours so as to satisfy it s
mot ivat ional dr ive (hunger, thirst, etc.); (viii) Emotion  agents amplify or modify the
mot ivat ional state of an Abbott and its perceived bodily state (i.e., the ^happiness~ agent
releases endorphine which reduces the perception o f pain) ; and ( ix) Effector  agents perform
actions in the outside wor ld.

Action Selection

             Abbott represents an infant whose purpose in life  is to ensure that a number of
physio logical var iables ( including its chemical control signals) are maintained wit hin a
desired range. Intelligent action select ion is defined as the process of select ing the best
behaviour with which to achieve this task at any given mo ment in time.

                                           The operation of the action-selection algorithm:

                                                     1)  The activation level of all agents and their activation state are (re)set to

                                                               zero.

                                                     2)  Both the internal variables and the environment are sensed, objects

                                                               ^subliminally~ recognised, maps built. Not all this information will be

                                                               attended to by Abbott, but only those pieces that are relevant to its

                                                               motivational states.

                                                     3)  Motivations are assessed and the effects of the creature´s emotional

                                                               state computed. The motivation with the highest activation is selected.

                                                     4)  The active motivation selects the behaviour(s) that can best satisfy its

                                                               drive ˘ a consummatory behaviour if the incentive stimulus is present,

                                                               an appetitive one otherwise.

             Cañamero has adopted a bio logically inspired ^dr ives~ (see T yrrell  [ 93a] for a
classificat ion, and compar ison, of different action select ion models) approach to action
select ion. Behaviours are selected that best match the current motivat ional state (i.e.,
contribute to satisfying the dr ive with the greatest activat ion level). Figure 6.1 - 7  shows the
action selection algorithm, and Table 6.1 - 1  shows Abbott´s physio logical var iables ˘ used to
define its body state.

                                                                     Figure 6.1 - 7  Abbott´s Action Selection Algorithm

                                                                               Parameter Initial Val. Set Point Range

                                                               Blood pressure 12 12 ±4

                                                               Blood sugar 30 30 ±10

                                                               Energy 120 100 ±50

                                                               Heart Rate 75 75 ±25

                                                               Pain 0 0 ±2

                                                               Respiration Rate 8 8 ±7

                                                               Temperature 37 37 ±3

                                                               Vascular Volume 25 20 ±10

                                                               Adrenaline 10 10 ±5

                                                               Dopamine 10 10 ±5

                                                               Endorphine 20 20 ±10

 Motivational States

                                                                                           Motivation Drive

                                                                                Aggression Decrease adrenaline

                                                                                Cold Increase temperature

                                                                                W armth Decrease temperature

                                                                                Curiosity Increase endorphine

2

                                                                                Fatigue Increase energy

                                                                                Hunger Increase blood sugar

                                                                                Thirst Increase v ascular volume

                                                                                Self -protection Decrease pain

             In general, motivat ions can be thought of as inferred internal states postulated to explain

 the var iabilit y of behavioural responses that cannot be exclusively accounted for by

 observable st imuli. I n Abbott, motivat ions are explic it ly modelled by agents. Motivat ion

2  Strictly speaking endorphine is a pain inhibitor, but it can also be associated with happy/euphoric states. The

          implication seems to be that when Abbott is happy it goes off searching for novel stimuli.

                                 Table 6.1 - 1  Physiological variables used to define Abbott´s Body State

                                                                                                                   [Cañamero  97, Table  2]

                                        Table 6.1 - 2  Abbott´s Motivations and their Corresponding Drives

                                                                                                                   [Cañamero  97, Table  4]

agents are character ised by: ( i)  a controlled var iable (bodily state); (ii) a set point and a
no minal var iabilit y range; ( iii) an external st imulus ( i.e., the presence o f food) that can
increase/decrease the motivation´s act ivat ion level, but cannot trigger it; ( iv) an error signal or
dr ive; and (v) a sat iat ion cr iterion.

Emotion Agents

            An emotion is an agent that amplifies (or modifies) the motivational state of the creature
and its perceived bodily state. An emot ion agent is character ised by: ( i)  an incent ive stimulus;

( ii) an intensit y proportion to its level o f act ivat ion; ( iii) a list of chemicals it releases when
activated; ( iv) a list of physio logical symptoms; and (v) a list of physio logical var iables it can
affect.

            As Abbott is defined as an infant, it is allowed to always be in a clear emotional state ˘
which is selected by a winner-takes-all strategy. Emotion  agents are selected using the
fo llo wing act ivat ion/discr iminat ion cr iter ia: ( i)  External events ˘ an object or the outcome of a
behaviour (these events can either be innate as in Table 6.1 - 3 , or memor ised); ( ii) General
patterns of stimulat ion which provoke different types o f changes in physio logical variables

( i.e., a sustained abnor mal high level o f any dr ive activates the anger  agent) ˘ this
corresponds to Tomkins´ view of affect activat ion; and ( iii) Particular patterns of
physio logical var iable values. External events have pr ior it y in Cañamero´s implementation,
and can decide the emotional state on their own. If no compat ible external events are
perceived then the general patterns of st imulation cr iter ia are used. Since general patterns can
often result in the activat ion of more than one emotion  agent, particular patterns of stimulat ion
are then used to discr iminate between emotion  agents activated by the same general
mechanis ms ( i.e., high heart rate for fear vs. low heart rate for interest).

                                                            Emotion T riggering Event

                                                  Fear Presence of  enemy

                                                  Anger Accomplishment of  a goal menaced or undone

                                                  Happiness Achievement of  a goal

                                                  Sadness Inability to achieve goal

                                                  Boredom Repetitive activity

                                                  Interest Presence of  a novel object or event

            The selected emotion  agent influences the act ion select ion mechanism in two main ways:

( i)  it can increase/decrease the intensit y o f the current motivat ion, through the release of
chemical control signals; and ( ii) it modifies the reading of the sensors that monitor the
var iables the emotion can affect, therefore alter ing the perceived body state.

                            Table 6.1 - 3  Innate External Stimuli Triggering Emotions [Cañamero  97]

Behaviours

            Behaviour  agents resemble the co mpetence modules of Maes´ Agent Network

Architecture [Maes  89] (see sectio n  3.2.3 ). The intensit y with which a behaviour is executed

determines the way in which the behaviour contributes to the satiat ion of the dr ive. For motor

activit ies the intensit y deter mines the strength of the motor action, for other behaviours, the

intensit y determines the duration of the behaviour, provided that no other event makes another

mot ivat ion more urgent.

            A behaviour  agent can only be executed if: ( i)  it has been selected by the motivat ional/

emotional state of the creature; and ( ii) its incent ive st imulus is present. If the stimulus is not

present, then the motivat ional system will either look for another behaviour that can satisfy

the current need, or call an appet itive ( manager ) agent that will mo ve the agent towards

making the stimulus act ive.

                          Stimulus Motivation Behaviour Main Effect

                      Living being Aggression Attack Decrease adrenaline

                               W ater Thirst Drink Increase v ascular volume

                                 Food Hunger Eat Increase blood sugar

                    Abbott, Block Curiosity Play Increase endorphine

                    Top flat block Fatigue Rest Increase energy

                       Free Space Cold W alk Increase temperature

                                  Pain Self -protection W ithdraw Decrease pain

Analysis

            Abbott offers an interesting and promising approach to the problem o f concer n-processing

in autonomous agents. Abbott exhibit s both goal orientated and opportunist ic behaviour, and

the use of a subsumpt ion-st yle philo sophy ( behaviours are added without modifying exist ing

behaviours) in co mbinat ion with a Society of Mind  approach allows Abbott to be readily

expanded. The inclusio n of affect also provides a reward/punishment mechanism to explore

lear ning.

            Opportunist ic behaviour is achieved by allowing exter nal stimuli to increase/decrease a

mot ivat ion´s activation level, allowing a hungr y Abbott to switch from a Hunger to a Thirst

mot ivat ion as it passes water whilst searching for food. The problem of behaviour persistence

is also addressed: ( i)  emotion  agents can increase/decrease the current motivat ion, adding a

for m of hysteresis; and ( ii) emotion  agents can influence the perception of sensor data making

the activat ion of other motivators easier/harder.

                                                                        Table 6.1 - 4  Selected Behaviour and Main Effect

            The Abbott architecture also provides a useful fr amework for integrating the five classes
of concern-processing ident ified in section  4.1  ( safety , physiological , achievement , affiliation ,
and learning ): ( i)  safet y and phys io logical concerns are handled as dr ives by motivation
agents; ( ii) achievement and learning concer ns are handled partly through the amplification
mechanis m o f affect (or emotion  agents), and partly through the use of k-line memory  agents

( left by Cañamero for future research) ; ( iii) affiliat ion concer ns are not really addressed in the

Gr idland scenar io, but could easily be integrated using the exist ing emotion  agents.

            One problem not addressed by the Abbott architecture is the issue of simultaneously
pursuing mult iple goals. The use of a winner-takes-all attention filt er mechanism limit s the
behaviour select ion cr iter ia to the requirements of a single motivator ˘ when in many cases
alternat ive behaviours could be used that satisfy a number of motivators at a time. The use of
a Society of Mind  model allows the architecture to easily be expanded, and a more
sophist icated motivator deciding algor ithm implemented. We will address this issue in
chapter  8 .

            Finally, a couple of other aspects of the Abbott architecture will be invest igated in a
modified Abbott architecture to be introduced in the next section. First ly, Cañamero allows

Abbott´s affect ive state to affect perception by alter ing the vigilance thresho lds o f the neural-
net used by the recogniser  agent to classify objects. Although this goes some way to model
the inaccuracies that might occur when Abbott is highly aroused, it does not address the fact
that in such situat ions Abbott would be more likely to mistake blocks for enemies, than
enemies for blocks [Cañamero  97, Behaviours]. Perception is biased not simply by  arousal,
but by affordance [Gibson  79] ˘ i.e. how the perceived object contributes to the concerns of
the agent. Secondly, the funct ional effect of Abbott´s chemical control signals need
clar ification: ( i)  they are not only released by emotion  agents, but also by behaviour  agents;

and ( ii) they are not restricted to influencing percept ion and mot ivat ion, but also form part of

Abbott´s body state and can thus generate drive- based mot ivat ions direct ly.

6.1.5  Conclusions

            In this section we have looked at four architectures that address the issue of concer n-
processing in ^emot ional~ autonomous agents from slight ly different angles. Will [ Moffat  97]
is per haps the closest to an ^emot ional~ agent (in the sense o f being an instant iated theory of
emotion), but all the architectures have their mer its and make significant contribut ions to the
emotion debate. In our analys is of the different approaches adopted, the main focus has been
on the use of the term ^emot ion~ in relat ion to the emotion process descr ibed in chapter  5  (this
is one area in which we aim to provide a better explanatory framework for intelligent
autonomous agency). Wit h the exception o f Will, all the architectures treat ^emotions~ as the
product of discrete ^emotion~ systems wit hin the agent architecture ˘ and yet paradoxically
acknowledge the emergent nature of the emotional pheno mena. We have argued that much of

this confusio n can be attributed to the opportune use of emotion t ype labels in the

architectures ˘ which gives the false impressio n of basic  ^emot ion~ nodes/codelets/agents. In

the next section we will build on this argument by analysing the role of the ^emot ion~ agents

in Cañamero´s  [97] motivated Society of Mind  architecture (within our extended motivated

agent framework) ˘ the methodology and arguments can also be applied to Cathexis

[Velásquez  96; 97; 98] and CMattie [McCauley and Franklin  98].

6.2  Case Study: Extended Motivated Society of Mind

            When explor ing the design space of any agent archit ecture, it is always tempt ing to set-up

a ser ies of exper iments in such a way as to allow the perfor mance of the different

architectures (see section  3.2.4 , and T yrrell  [ 93a]) to be numer ically defined ( i.e. survival

time). However, the utilit y o f this approach is quest ionable ˘ at best it will tell us how well a

design matches a ver y artific ial niche, and at worst it may lead us down blind allays wit h litt le

understanding of the under lying mechanisms and their relat ion to the vast space of possible

designs. Our exper imental setting will be empir ical ˘ based on a ser ies o f design

implementations and subsequent information-level  analysis wit hin a simulated agent

environment. By analysing designs at the infor mat ion-level we gain a greater understanding

of the interactions of the mult iple concern-processing mechanisms. This is the essence of the

design-based approach, and is ideally suited to the broad object ives of this research to

elucidate concern-processing in autonomous agents .

            Cañamero´s Motivated Societ y of Mind (MSoM) architecture (see section  6.1.1 ) and its

Gr idland Scenar io provide the init ial starting po int in our invest igat ion of react ive and

deliberat ive mechanisms o f concern mediat ion. The Abbott architecture already captures a

number of different concern processes in a unified framework ˘ using the twin approach of

ho meostatic dr ives, and non- homeostatic affect amplifier s.

Modified Abbott Architecture

            A modified Abbott architecture, along with the Gr idland scenar io, were implemented in

Pop11 using the SIM_AGENT toolkit [S lo man and Poli  96] ˘ extended as part of this

research. This new architecture is shown in the st yle of our motivated agent framework in

Figure 6.2 - 1 .

Society of Mind Model

            Abbott is implemented as a Society of Mind  (SoM), with a single parent, and a number of
child agents all o f who m share a global blackboard. The parent agent is ident ified in the

Gr idland world as ^Abbott~, and has a phys ical presence that can be detected by the other
agents that inhabit Gr idland. The child agents for m the Abbott architecture shown in Figure

6.2 - 1 . The separation into parent and child agents allows us: ( i)  to separate housekeeping
tasks fro m those of cognit ion; and ( ii) present a unified agent to the outside world.

Multiple Concerns

            Abbott is equipped wit h eight action tendencies  with which to maintain its body state (see

Table 6.1 - 2 ): Aggressio n; Co ld; War mth; Cur iosit y; Fat igue; Hunger; Thirst; and Self-
protection. Each action tendency  is represented in the architecture by a motivation agent
which: ( i)  monitors the status of a single controlled var iable (energy, temperature, �); and (ii)
selects different behaviours to bring the var iable back into range. Life is complicated by the
fact that not all the controlled var iables can be maintained within the desired range at the
same time ˘ in order to increase blood sugar Abbott needs to walk to find food, thus
decreasing energy and increasing temperature. Abbott must therefore balance many
compet ing concerns , eventually lear ning to select actions that address not one but mult iple
sources of motivat ion. But before Abbott starts to run, it must first learn to walk and attend to
his most urgent needs one at a time.

Proto-Specialists

            Minsky uses the term proto-specialist to refer to a ^separate agency for each o f several
basic needs~ [Minsky  87, page  165]. The Abbott architecture uses two classes of proto-
specialists:  motivation  and emotion  agents. Motivation  agents are responsible for monitoring

Abbott´s internal body state and responding to specific body needs. However, simply
responding to the most urgent motivat ion at any mo ment in time inevitably leads to dither ing
as motivat ions wit h similar act ivat ion levels co mpete for control precedence. In Abbott this
problem is part ially addressed by including an artific ial sharpening mechanism that operates
on the current active mot ivat ion.  Emotion  agents provide this general mechanism to sharpen
and enhance Abbott´s sources of motivat ion: ( i)  they modify the act ivat ion level o f the current
mot ivat ion (through amplification or dampening) ; and ( ii) they change the percept ion of
certain internal var iables. In a sense, emotion  agents take on a motivator management role,
ident ifying urgent and important situations ( fear and anger), marking the successful
complet ion of goals (happiness), or detecting situatio ns in which the current strategy is failing
and a new approach needs to be adopted (sadness).

            The chemical control signals released by Abbott´s emotion  agents for m part of Abbott´s
inter nal body state, and can trigger motivation  agents direct ly (aggressio n and cur iosit y agents
mo nitor the levels of adrenaline and endorphine respect ively) ˘ an angr y Abbott can therefore

strike out aggressively, or a curious Abbott start searching for novel st imuli. This is obviously

an oversimplificat ion of the link between neurochemicals and motivat ions, but provides an

interest ing starting po int. By relaxing the constraint of a single chemical for a single

mot ivat ion, it should prove possible for the presence of an enemy to elicit an emotion of fear

or anger and, in both cases, lead to motivat ions of aggressio n or self-protection ˘depending on

Abbott´s previous history and current state. The background chemical mood can therefore

represent a snap-shot of Abbott´s internal state, and so act as an automat ic context evaluat ion

mechanis m ˘ if Abbott has been successful in achieving goals it will be in a happy state and

therefore more likely to persist with new motivat ions, if on the other hand things have not

been working out then mot ivat ions are likely to be less persistent as Abbott becomes

depressed.

            Like an infant, Abbott´s emotional repertoire is very s imple, and it is always in a clear ly

defined emotional state. The emotional state ˘ which can var y in intensit y ˘ is selected by the

aptly named emotion selection  agent. Although not implemented in the Gr idland scenar io, a

second role emotion  agents play is that of communicat ing Abbott´s needs to other Abbotts or

caretakers. This co mmunicat ion role is made all the more effect ive if the emotional states are

polar ised and easy to ident ify (a potential just ificatio n for simple infant emotions ˘ although it

is probably more realist ic to speculate that infants have yet to develop the cognit ive abilit ies

for more complex emotions). Somat ic markers could facilitate this communicat ion need by

connecting emot ional expressio n with an internal representation of that expressio n´s concer n

satisfact ion requirements (a role for facial feedback and sound in the somat ic marker process).

                         ^To help their offspring grow, most animals evolve t wo matching schemes:

                         communication is a two-wa y street. On one side, babies are equipped wit h cries that

                         can arouse parents far away, out of sight, or sound asleep ˘ for along wit h sharpening

                         those signs, cross-exclusion also amplifies their int ensity. And on the ot her side,

                         adults are made t o find those signs irresist ible: t here must be special syst ems in our

                         brains that give such messages a high priority. To what might those baby-watching

                         agents be connect ed? My guess is that they´re wir ed to the r emnants of the same

                         proto-specialists that, when aroused, caused us as infants to cry in t he first place. This

                         leads adults to respond to babies´ cries by attributing to them t he same degr ees of

                         urgency that we ourselves would have to feel t o make us shriek wit h the same

                         int ensit y. This drives the babies´ caretakers to respond to their needs wit h urgent

                         sympathy.~ [Minsky  87, page  171]

Attention Mechanism

            Abbott uses a simple attention mechanis m to direct resources to the most urgent source of

mot ivat ion. This attention mechanism is implemented as an attention filter agent within the

Society of Mind  model. Alt hough the attention filter has a no minal threshold, there is a need to

dist inguish between the attention filter setting and modifying the act ivat ion level of the

current motivat ion. Repetit ive act ivit y leading to boredom should ideally only affect the

mot ivat ion that generated the repetit ive activit y (or better still the current manager  agent).

Whereas attempt ing to solve a difficult problem or responding to an urgent motivator should

ideally raise the filter thresho ld to prevent interruption of the current motivat ion. The attention
filt er therefore plays a part in two distinct processes: ( i)  motivation selection; and ( ii)
mot ivat ion management ˘ separating managed and pre-management motivators.

             In Abbott´s winner-takes-all attention filter strategy, it beco mes meaningless to talk about
raising or lowering the filter thresho ld setting ˘ this is done implicit ly when the motivation
agent is selected. As Abbott has no specific mechanism to take on an active mot ive/behaviour
management role, it must remain content with simply modifying the current active
mot ivat ion. Further, without the abilit y to distinguish between actively managed and pre-
management motivators, all transact ions must remain in the co mmon currency o f act ivat ion
energy. The attention filter agent can however give a boost to the activat ion energy of the
selected motivat ion and thus provide Abbott with a motivator persistence mechanism.

             Aside from the inabilit y to target specific manager  and behaviour  agents, relying solely
on neurochemicals for motivator management makes Abbott prone to affect ive contagion due
to the slow decay rate of chemical messengers. This is analogous to the background affective
state more commonly referred to as moods .

Blackboard Architecture

             Abbott is implemented using a global blackboard architecture, although each agent is
allowed its own pr ivate work area on the blackboard. Agents communicate by posting
messages on the blackboard, and can respond to messages direct ly addressed to them or by
eaves-dropping on messages posted between other agents. This co mmunicat ion transparency
allows emotion  agents to easily mo nitor the progress of the current motivat ion, detect
manager  agent failures, ident ify repet itive activit y, etc.

             There are no restrict ions wit hin the architecture on the number of act ive agents (agents
actively under attentive management), but in general the set of active agents will only consist
of a single motivation  and behaviour  agent with possibly mult iple manager  agents. Agents are
activated/deact ivated by explicit activation messages posted on the blackboard. These
messages originate fro m the attention filter agent. Once activated, an agent can enlist the help
of other agents by propagating further activat ion messages (with an act ivat ion energy setting
equal to, or less than, its own level ˘ act ivat ion energy is not preserved in the transact ion).

Act ivat ion energy levels also act as a commo n currency to allow effector agents to arbitrate
between compet ing co mmands fro m manager  and behaviour  agents.

Asynchronous Design

             Abbott SoM agents run asynchronously to each other and to their parent ^Abbott~ agent.

However, as agents in Gr idland can only mo ve at the end of a World t ime-step (currently five
clock cycles), external st imuli and act ions are synchronised to the environment and World
time. The dist inct ion between internal cycle t ime and external Wor ld time allows us to var y
the relat ive speed with which agents in Gr idland process infor mat ion. On each cycle, all the

child agents are processed in a fixed order ˘ sensor  agents, direction neme  agents, map

agents, motivation  agents, emotion  agents, attention filter  agents, manager  agents, behaviour

agents and fina lly effector  agents. The SoM model also allows us to run different child agents

at different rates: (i)  by duplicat ing them in the Abbott processing order (i.e. calling the sensor

agents again before the manager  agents are called); and ( ii) by specifying a cycle limit for

each agent (see [Slo man and Poli  96] ˘ and appendix A ).

6.2.2  Experiment 1: Motivational Control of Behaviour

            In this fir st exper iment, the role of Abbott´s homeostatic motivat ional control states are

investigated in iso lat ion from its emotion  agents and their associated chemical control signals.

The flexibilit y o f the Society of Mind  approach allows us to remove the emotion  agents

without making changes to the rest of architecture. This implementation of Abbott consists of

the fo llowing agents:

Sensor Agents

            Abbott is equipped wit h a number of sensors to detect and monitor both its internal state

and character ist ics of objects in its immediate surroundings. Each sensor  agent monitors a

particular var iable/attribute and posts the perceived value on the blackboard at the start of

each world cycle. Somatic sensor  agents report the deviat ion of their mo nitored body-state

var iable fro m a set-point as an error signal  for motivation  agents; the pain  sensor returns a

direct ion for the source of pain; and the eye  sensor (see Figure 6.2 - 3 ) ˘ under attentive control

˘ can be actively sensed at any t ime by posting a ^ sense_eye ~ message to the blackboard.

                                      Abbott´s eye represents a 5x5 grid

                                      extending in the direction of gaze.

                                      The light grey squares represent

                                      those cells that are obscured by

                                      objects and can not be resolved by

                                      the eye.

(direction)

0-14

(brightness)
d

2

(distance)

1

8

2 3

5

7

4

6

Objects are ranked by distance,

brightness, and finally direction.

                                                                                                 Figure 6.2 - 3  Abbott´s Eye Sensor

                                                 Agent Description of Agent

                     SensePain Body state sensor f or pain. Returns current intensity, intensity

                                                                                                         change, deviation f rom the set-point ( error signal ) and

                                                                                                         direction of pain.

                     SenseBloodSugar Body state sensor of blood sugar level. Returns current lev el,

                                                                                                         change and deviation from the set-point ( error signal ).

                     SenseVascularVolume Body state sensor of vascular volume. Returns current lev el,

                                                                                                         change and deviation from the set-point ( error signal ).

                     SenseTemperature Body state sensor of temperature. Returns current level,

                                                                                                         change and deviation from the set-point ( error signal ).

                     SenseEnergy Body state sensor of energy level. Returns current level,

                                                                                                         change and deviation from the set-point ( error signal ).

                     SenseOccupancy Tactile sensor f or occupancy of the surrounding grid cells.

                                                                                                         Returns a v alue to indicate occupied, partially occupied, or

                                                                                                         empty.

                     SenseHardness Tactile sensor f or hardness of  objects in the surrounding grid

                                                                                                         cells. Returns a hardness v alue between  0 and  15

                     SenseOrganic Tactile sensor f or organic value of  objects in the surrounding

                                                                                                         grid cells.

                     SenseBrightness Visual sensor f or brightness of  objects immediately next to

                                                                                                         Abbott in the direction of gaze of the eye.

                     SenseEye Visual/Proprioceptive sensor f or Abbott´s eye. Returns the

                                                                                                         eye direction and a list of line-of -sight object brightness´,

                                                                                                         distances and directions.

                     SenseFoot Proprioceptive sensor f or Abbott´s f oot, giving current

                                                                                                         heading.

Direction Neme, Map, and Recogniser Agents

             Abbott´s direction neme agents take the tactile and visual sensor infor mation and per for m
simple object recognit ion/classificat ion tasks on their respect ive cells. The direction neme
agents are then accessed by the map  agents to build a simple binar y map for each known
object in the cells adjacent to Abbott. These two classes of agent represent Abbott´s pre-
attentive perceptual abilit ies. Abbott also has a more sophist icated recogniser  agent which is
capable of filter ing the eye  sensor list to ident ify the particular object that Abbott is attending
to ˘ if Abbott is not actually looking for a particular object then the first (i.e. closest and
br ightest) object in the list is returned as a ^percept~.

                                                                                  Table 6.2 - 1  Experiment  1 ˘ Sensor Agents

                   Agent Description of Agent

DirTopLeft Extracts visual and tactile object inf ormation f or the cell to the top

                                                                 lef t of Abbott.

DirTop Extracts visual and tactile object inf ormation f or the cell to the top of

                                                                 Abbott.

DirTopRight Extracts visual and tactile object inf ormation f or the cell to the top

                                                                 right of Abbott.

DirRight Extracts visual and tactile object inf ormation f or the cell to the right

                                                                 of Abbott.

DirBottomRight Extracts visual and tactile object inf ormation f or the cell to the

                                                                 bottom right of Abbott.

DirBottom Extracts visual and tactile object inf ormation f or the cell to the

                                                                 bottom of Abbott.

DirBottomLeft Extracts visual and tactile object inf ormation f or the cell to the

                                                                 bottom lef t of Abbott.

DirLeft Extracts visual and tactile object inf ormation f or the cell to the left of

                                                                 Abbott.

                                             Table 6.2 - 2  Experiment  1 ˘ Direction Neme Agents

                                        Agent Description of Agent

                     MapOccupancy Takes direction neme inf ormation and builds a binary occupancy

                                                                                      map for the cells surrounding Abbott. The map is only posted on

                                                                                      the blackboard if at least one cell is occupied.

                     MapWater Takes direction neme inf ormation and builds a binary water map f or

                                                                                      the cells surrounding Abbott. The map is only posted on the

                                                                                      blackboard if at least one cell contains water.

                     MapFood Takes direction neme inf ormation and builds a binary f ood map f or

                                                                                      the cells surrounding Abbott. The map is only posted on the

                                                                                      blackboard if at least one cell contains f ood.

                     MapLivingBeing Takes direction neme inf ormation and builds a binary living being

                                                                                      map for the cells surrounding Abbott. The map is only posted on

                                                                                      the blackboard if at least one cell contains a living being.

                     MapEnemy Takes direction neme inf ormation and builds a binary enemy map

                                                                                      f or the cells surrounding Abbott. The map is only posted on the

                                                                                      blackboard if at least one cell contains an enemy.

                     MapBlock Takes direction neme inf ormation and builds a binary block map f or

                                                                                      the cells surrounding Abbott. The map is only posted on the

                                                                                      blackboard if at least one cell contains a block.

                     MapAbbott Takes direction neme inf ormation and builds a binary Abbott map

                                                                                      f or the cells surrounding Abbott. The map is only posted on the

                                                                                      blackboard if at least one cell contains an Abbott.

                                              Agent Description of Agent

                     RecogniserAttendTo Returns either the closest object as a ^ percept ~, or the object

                                                                                                  Abbott is attending to at that moment in time.

Motivation Agents

             Motivation  agents have two separate levels of operation: ( i)  pre-attentive act ivat ion energy
calculat ion; and ( ii) attentive behaviour select ion. At a pre-attentive level, motivation  agents
calculate their current activation level as a funct ion of the error signal ( drive ) produced by
sensor  agents responsible for monitoring their controlled var iables. The resultant drives can
then be amplified by relevant external st imuli detected by map  and recogniser  agents ˘ a drive
to increase blood sugar level is amplified by the presence of a food map. Once selected (by
the attention filter  agent), motivation  agents use the algorithm shown in Figure 6.2 - 4  to select
the manager  and behaviour  agents they need to satisfy their dr ives.

                                                                                     Table 6.2 - 3  Experiment  1 ˘ Map Agents

                                                                          Table 6.2 - 4  Experiment  1 ˘ Recognis er Agents

                                              1)  Behaviour agents whose incentive stimulus is present (i.e. a food map

                                                        for the BehaviourEat  agent) post a ^ stimulus_observed ~ message on the

                                                        black-board stating the drives they satisfy. The  active motivation  agent

                                                        scans this list looking for a behaviour whose primary or secondary effect

                                                        satisfies the current drive and sends an activate message to the chosen

                                                        behaviour.

                                              2)  If no ^ stimulus_observed ~ messages are valid for the current drive, the

                                                        motivation  agent posts a ^ match_drive ~ message on the black-board.

                                                        Any behaviour agent that can contribute to satisfying this drive responds

                                                        by posting the incentive stimulus it needs to accomplish the task. The

                                                        motivation  agent then activates the Finder  agent with the incentive

                                                        stimulus as its ^ attend_to ~ object.

                                              3)  If at any point a behaviour  agent returns a ^failed~ message the

                                                        motivation  agent chooses a new behaviour.

                                           Agent Description of Agent

                     MotFatigue Monitors the energy level of Abbott and generates a drive to

                                                                                            increase energy if it drops too low.

                     MotCold Monitors the temperature level of  Abbott and generates a driv e to

                                                                                            increase temperature if  it drops too low.

                     MotWarmth Monitors the temperature level of  Abbott and generates a driv e to

                                                                                            decrease temperature if  it gets too high.

                     MotHunger Monitors the blood sugar lev el of  Abbott and generates a drive to

                                                                                            increase blood sugar if  it drops too low.

                     MotThirst Monitors the vascular v olume level of Abbott and generates a

                                                                                            drive to increase v ascular volume if it drops too low.

                     MotSelfProtection Monitors the pain lev el of  Abbott and generates a drive to

                                                                                            decrease pain if  it gets too high.

Attention Filter Agent

             Abbott´s attention filter  agent uses a simple winner-takes-all algorithm to select the active

motivation  agent.

                                                              Figure 6.2 - 4  Abbott´s Behaviour Selection Algorithm

                                                                          Table 6.2 - 5  Experiment  1 ˘ Motivation  Agents

                                     Agent Description of Agent

                     AttentionFilter Chooses the motivation  agent with the highest activ ation level as the

                                                                                active motivation  agent ˘ implicitly setting the filter threshold level.

                                                                                New motiv ations must then reach the filter threshold level bef ore

                                                                                being considered f or activation. Changes to the activation level of  the

                                                                                active motivation  agent are propagated using an ^update~ message

                                                                                posted on the blackboard ˘ allowing changes in motivator strength to

                                                                                be propagated to manager  and behaviour  agents.

Manager Agents

            Manager  agents represent the appetitive act ions o f Abbott ˘ used to br ing about the
necessar y incent ive st imuli for behaviour  agents. Abbott´s manager  agents for m a strict
hierarchy wit h Finder  at the top. As soon as the behaviour´s incentive stimuli has been
detected by the behaviour  agent, the motivation  agent deactivates all the manager  agents ˘
allowing Abbott to take immediate advantage of serendipitous events.

                                     Agent Description of Agent

                     Finder A general purpose agent used to find an incentive stimulus f or a

                                                                                behaviour  agent. Finder  initially uses LookFor  to check the immediate

                                                                                surroundings, then LookForward  to look left and right for the stimulus

                                                                                as Abbott wanders through Gridland. Every f ew steps a new direction

                                                                                is chosen at random. Once the stimulus has been sighted,

                                                                                GoTowards  is used to home in on the target.

                     LookFor Causes the agent to stop and rotate its eye in a full circle in an

                                                                                attempt to locate the stimulus in the immediate vicinity.

                     LookForward Causes the agent to look left and right f or the stimulus as it moves

                                                                                through Gridland.

                     GoTowards Causes the agent to walk towards the stimulus.

Behaviour Agents

            Behaviour  agents represent the consummatory act ions o f Abbott. As soon as a behaviour
agent detects its incent ive st imulus, it posts a ^ st imulus_obser ved ~ message on the blackboard
to alert the active motivation  agent. If the behaviour can contribute to satisfying the current
dr ive it is activated and is then able to issue co mmands to the effector  agents.

                                    Table 6.2 - 6  Experiment  1 ˘ Winner-takes-all Attention Filter Agent

                                                                             Table 6.2 - 7  Experiment  1 ˘ Manager Agents

                                              Agent Description of Agent

                     BehaviourEat Eat some food. Eating increases Abbott´s blood sugar lev el, its

                                                                                                  energy and temperature.

                     BehaviourDrink Drink some water. Drinking increases Abbott´s v ascular

                                                                                                  volume, its energy and decreases its temperature.

                     BehaviourRest Rest on top of  a block. Resting increases Abbott´s energy, and

                                                                                                  allows its temperature to normalise.

                     BehaviourWalk W alk around Gridland. Moving increases Abbott´s temperature,

                                                                                                  and decreases energy, blood sugar and v ascular volume

                                                                                                  levels.

                     BehaviourWithdraw W ithdraw f rom a source of  pain, decreasing Abbott´s pain,

                                                                                                  energy, blood sugar and v ascular v olume levels.

Effector Agents

            Abbott has three effectors ˘ a foot, a mouth, and an eye ˘, each controlled by an agent.

Abbott´s effectors interact with the outside world by posting messages to the parent ^Abbott~

agent.

                                     Agent Description of Agent

                     Foot Abbott has eight degrees of f reedom which gives him a competitiv e

                                                                                adv antage over the enemies with their four degrees of f reedom. To

                                                                                maintain synchronicity, Abbott can only mov e at the end of a ^World~

                                                                                cycle (which is set at  5 internal clock cycles). Moving consumes

                                                                                energy and increases temperature. If Abbott attempts to move to an

                                                                                occupied cell it f eels pain.

                     Mouth The mouth´s only action is to ingest. Abbott can take one bite per

                                                                                W orld cycle. Eating f ood increases energy, blood sugar and

                                                                                temperature. Drinking water increases energy, v ascular volume and

                                                                                decreases temperature. Biting an enemy causes the enemy pain and

                                                                                reduces its health. Finally, biting empty space causes Abbott pain.

                     Eye Abbott´s eye can be rotated to any corner to give a  5x5 pixel view of

                                                                                the surrounding grid squares. The eye agent must wait a relaxation

                                                                                period of  one cycle bef ore it can move the eye again.

                                                                           Table 6.2 - 8  Experiment  1 ˘ B ehaviour Agents

                                                                               Table 6.2 - 9  Experiment  1 ˘ Effector Agents

Body Agents

            Abbott has a single body  agent designed to help regulate temperature and simulate effects
of resting and moving on the physio logical var iables that constitute its body state.

                                      Agent Description of Agent

                     BodyRegulation Simulates the effects of  the environment on Abbott´s internal body

                                                                                   state. Abbott has a v ery simple biological makeup which: helps to

                                                                                   normalise temperature; reduces pain; accounts f or f ood and water

                                                                                   consumption; and increase energy.

Analysis

            Abbott performs well in it s chosen Gr idland environment and easily fulfils the goals of
autonomous agency outlined in section  1.3  ˘ (i)  handling mult iple sources of motivat ion wit h
limited resources; ( ii) having and pursuing an agenda; and ( iii) being robust and adaptable in
the face of a hostile and uncertain environment. Abbott is able to balance the mult iple sources
of motivat ion required to maintain a healt hy body state; pursue an agenda to find food, water
and blocks; respond opportunist ically to food and water sources it finds on its travels;

negotiate a path around objects; and change behaviours/motivat ions in response to attacks by
enemies, and the spontaneous appearance o f food or water (once exhausted a food/water
source will regenerate itself at a random posit ion in Gr idland). Abbott is also capable of so me
surpr isingly complex behaviours ˘ in order to rest, Abbott must stop on top of a block, in a
world in which Abbott has no concept of top to pass to manager  agents. Abbott gets around
this problem by passing the Finder  agent the stimulus o f block, but at the same time biasing
the GoTowards  agent to select upward direct ions when the path to the stimulus is blocked

(possibly by the st imulus itself). This ensures that upon finding a block, Abbott will attempt
to go around it until the BehaviourRest  agent acknowledges that its incent ive st imulus has
indeed been found.

            The Abbott architecture also performs well when measured against the behaviour
select ion cr iter ia formulated by T yrrell (see [T yrrell  93a], and Figure 3.2 - 11 ). Abbott is able
to deal with all t ypes of sub-problems found in it s environment. Activat ion of dr ives and
mot ivat ions are proportional to offsets from optimum points. Abbott prefers consummatory
behaviours over appetit ive behaviours in the same motivational system, and is capable of
taking advantage of opportunistic consummatory behaviour for other motivat ional systems.

There is balanced compet it ion at a motivat ional and behavioural level. The attention
mechanis m focuses act ivit y towards contiguous action sequences in a motivat ional system,
but is capable of being interrupted if a more urgent motivat ional system demands attention.

The reactive nature of motivation  agents ensures that there is no system-level winner-takes-all
shutdown of motivat ional systems. Areas in which this implementation is deficient include:

                                                                                  Table 6.2 - 10  Experiment  1 ˘ Body Agents

( i)  persistence; and ( ii) the need to choose actions as co mpromise candidates between

compet ing motivat ional systems.

            Finally, running Abbott in the Gr idland scenar io ident ified so me addit ional areas o f

weaknesses and possible improvement to the simple homeostatic dr ive-based motivat ional

control architecture:

            1)  If Abbott is tired, and finds a blo ck on the top edge of the Gr idland world, it will

                         persist in its attempts to rest on the top of the block even though it is prevented by the

                         physical limits of the world. Unfortunately Abbott has no way of detecting this special

                         case, and will repeatedly attempt to go around the block unt il it s Fatigue  motivat ion is

                         usurped by Hunger  or Thirst . Adding a Frustration  or Boredom  agent to monitor

                         repetit ive activit y and instigate a change o f motivat ion is one potential so lution ˘ an

                         alternat ive approach would be to add self- mo nitoring capabilities to the motivation

                         agent to inst igate a change of behaviour.

            2)  Abbott´s homeostatic dr ive- based motivat ions are unable to respond to specific objects

                         ˘ such as the presence of an enemy ˘ and so Abbott is unable to generate a motivator

                         to avoid an enemies´ bite. Emotion agents provide one means of translat ing significant

                         events/objects into chemical control signals that can then be mo nitored by sensor

                         agents to produce the drives needed by motivation  agents.

            3)  Motivat ions with similar activat ion levels often result in dit her ing act ion as Abbott

                         switches between them. Giving pr iorit y to incumbent motivat ions will provide Abbott

                         with a simple persistence mechanism. This can be achieved either through boosting

                         the activat ion energy of the selected motivat ion, or making a dist inct ion between

                         actively managed and pre- management motivations ˘ using the attention filter to block

                         new motivators from sur facing.

            4)  Unfortunately Abbott suffers fro m a lack o f stimulat ion in its Gr idland wor ld, and is

                         often left choosing between ver y low- level mot ivatio ns. In pr inciple there is nothing

                         wrong with this mode of operation ˘ assuming some form o f hysteresis is added as in

                         3)  above ˘, nevertheless it would be more efficient for Abbott to continue in a

                         behaviour unt il so mething more ^urgent~ needs to be attended to. In this case

                         ^urgency~ and act ivat ion energy are not quite the same thing. The simple co mpromise

                         of defining urgency as an act ivat ion energy above a certain thresho ld would result in

                         more efficient behaviour.

6.2.3  Experiment  2: Affective Control of Motivation

            This second exper iment concentrates on ident ifying the value non-ho meostatic emotion

agents add to the drive-based Abbott architecture. Abbott is only able to support a limited

range of emot ion- like states ˘ anger, fear, happiness, and boredom ˘ which it uses to fulfil a

            Taking into account the above caveats, we can now start to ident ify those societ y members
active in four out of the five classes of concer n outlined in sect ion  4.1 : (i)  agents associated
with Abbott´s physio logical needs ( W
phys
) ˘ MotHunger , MotThirst , MotCold , and

MotWarmth ; ( ii) agents associated with safety ( W
sa fe
) ˘ PriEmoFear , SecEmoFear , and

MotSelfProtection ; ( iii) agents associated with achievement ( W
ach
) ˘ PriEmoAnger , and

SecEmoBoredom ; and finally ( iv) agents associated with learning ( W
learn
) ˘ SecEmoHappy ,
and MotCuriosity . The fift h motivat ional class ˘ affiliat ion ( W
a ff
) ˘ is not supported by the

Gr idland scenar io. Alt hough much st ill needs to be done, we are already laying the ground
work for an agent that is capable o f adapting its own motivat ional profile to better match that
of its environment.

            Aside from adding to Abbott´s motivat ional repertoire, emotion agents also provide a
mechanis m for monitoring the effect iveness of different behaviour strategies. Abbott´s drive-
based motivat ional system only responds to changes in physio logical var iables that lead to the
explicit generation o f a motivator. There is no explic it feedback to allow Abbott to learn the
associat ions between actions and dr ive sat isfact ion ˘ the feedback loop to say when a dr ive
has been satisfied is implic it in the absence of a motivator. Adding emotion agents allows us
to make this feedback explicit. Abbott´s SecEmoHappy  agent releases endorphine which can
be used to enhance the connections between motivation  and behaviour  agents, allowing our
agent to adapt behaviours to motivat ions.

            A related problem is that of adapt ing motivat ions to the environment ˘ i.e. how do decide
the relat ive importance of different sources of motivat ional st imuli. In an environment in
which food is plentiful and water scarce it would be more advantageous to assign a higher
pr iorit y to thirst-based motivat ions than food-based motivat ions. Monitoring Abbott´s level of
distress could allow the architecture to sensit ise those motivat ions act ive when Abbott
beco mes distressed, and thus respond ear lier to distress causing situations.

            Finally, running the new Abbott in the Gr idland scenar io identified so me addit io nal areas
of weaknesses and possible improvement to the control architecture:

            1)  Abbott´s bio logical model is ver y pr imit ive. Before any attempt can be made to

                         realist ically implement the actions of neurochemicals on learning and act ion readiness

                         significant improvements need to be made in the area of cause and effect of

                         neurochemical messengers. The bio logical model must also take into account

                         automat ic/reflexive bio logical regulat ion ˘ an anima l is likely to pant when hot,

                         reducing temperature at a cost of increased water consumpt ion.

            2)  There are many situations when motivators need to be generated for events that are not

                         direct ly linked to bio logical dr ives ˘ i.e. the presence of an enemy, or the achievement

                         of a plan or goal. These motivat ions address Abbott´s non-physio logical concer ns

                         (safet y, achievement, lear ning, and affiliat ion). At present the Abbott architecture can

                         only support non-physio logical concer ns in an indirect manner through inter mediar y

                         physio logical dr ives (adrenaline, endorphine, etc.).

            3)  Abbott´s early sensor y perception operates on simple binar y representations of events

                         ˘ an enemy is eit her present or absent. By using the inter mediar y stage of

                         neurochemicals, Abbott is able to translate these binar y events into analogue drives.

                         However, without a mechanism for introspection, Abbott must rely on interruption by

                         motivation  agents as the sole means of co mmunicat ion between the affect and

                         cognit ion systems. Abbott has no analogue to arousal (see [Simo n  67] ; also

                         sect ion  5.2.2 ) in its affect/cognition interact ions.

            4)  The current Abbott architecture roughly confor ms to the classic BDI (belief, desire,

                         intent ion) model discussed in section  3.1  [Bratman  87] ˘ map  agents and percepts

                         for m Abbott´s beliefs  about its environment; motivation  agents can be thought of as

                         Abbott´s desires , and the act ive  motivation  agent is Abbott´s current intention  ˘ its

                         commit ment to a particular course of act ion. However, Abbott´s emotion  agents fall

                         outside this str ict framework. Although emotion  agents are related to motivat ions

                         ( desires ), they neither for m new intentions , nor are necessar ily consistent with

                         Abbott´s current intention structure. Part of an emotion  agent´s role is to redirect

                         current intent ions towards new/important events ˘ this idea needs further exploration

                         through the development of Abbott´s motivator management mechanism.

6.2.4  Conclusions

            In this section we have demo nstrated the benefits of mot ivat ional sharpening ^emot ional~

mechanis ms in dr ive-based etho logically inspired agent architectures. The addit ion of an

^emot ion~ system alleviates many o f the problems we ident ified with reactive behaviour-

based architectures in sect ion  3.2 .

                         a)  Persistence: emotion  agents boost the activat ion level of current motivat ion. This

                                     has a motivational sharpening effect which leads to increased persistence of

                                     behaviours that satisfy that motivation.

                         b)  Complexit y: emotion  agents provide a mechanism for non-ho meostatic concer n

                                     mediat ion, eliminat ing the need to inject (and balance) act ivat ion energy into a

                                     behaviour network from sensors.

                         c)  Interruption: emotion  agents focus on a few pr imary concerns, acting as a global

                                     alar m system ˘ through motivat ional amplificat ion ˘ when a situat ion/event

                                     matches one of these concer ns (this is in addit io n to opportunism achieved by

                                     allowing external st imuli to increase/decrease a motivat ion´s act ivat ion level).

            These ^emot ion~- based benefits are gained in addition to the more general advantages

enjo yed by Abbott´s concern-centric design stance. The recognit ion of motivat ional control

states simplifies the accounting problem associated with spreading act ivat ion models ˘
behaviours are now selected to satisfy a small sub-set of act ive motivat ions rather than
attempt ing to simultaneously satisfy all the sources of motivat ion in one go. The architecture
can avo id the problems of infor mat ion- loss associated with shutting down all-but-one system

(see sect ion  3.2 ) by var ying the number of mot ivations under attentive considerat ion at any
one time (see chapter  4 ) ˘ it is also possible to add extra levels of co mpetence to consider
more complex sources of motivat ion in situat ions that do not require immediate action.

Finally, as we will see in the next chapter, Abbott can support many different concern-
processing strategies ˘ including motivat ional attitudes towards goal co mplet ion, or simply
goal sufficiency (see sect ion  5.2.2 ). In this sense, Abbott can be said to acknowledge the
limits of bounded-rationalit y (or bounded-optimality), which react ive behaviour-based
architectures are hard pressed to do.

             There are a number of simplifying assumptions made in the Abbott architecture ˘ not least
the decisio n to give Abbott full grown pr imar y and secondar y ^emot ions.~ As we discussed in
chapter  5 , emotions are not generated by a discrete emotion module hidden somewhere in the
depths of the limbic system, but emerge fro m the interact ion of a number of different systems

(that also take part in a number of other cognit ive funct ions). Aside from this cognit ive
plausibilit y issue, there is the more pressing concern o f the adaptabilit y of such a discrete

^emot ion~ system.

             In the next chapter we will address these issues by looking at the raw mechanis ms through
which primary , secondary , and tertiary  emotional states can emerge in a cognit ively inspired
agent architecture.

6.3  Summary

             The emotion process can be viewed as a classic example of an infor mat ion-processing
system geared towards ^serving~ concer ns at all levels o f an agent architecture. In this chapter
we have presented an infor mation- level design- based analys is of concer n-processing in

^emot ional~ agents [Moffat and Fr ijda  95; Velásquez  96; Breazeal and Velásquez  98;

McCauley and Franklin  98; and Cañamero  97]. We also presented an analysis o f two
complete implementations of an agent architecture that capture and extend Cañamero´s
original design within our motivated agent framework ˘ as part of our invest igat ion into the
deliberat ive and reactive mechanisms o f concer n mediat ion. Finally, we identified a number
of areas of weakness in these extended designs, that can in part be attributed to the inclusio n
of a discrete ^emot ion~ system. These issues will be addressed in the next chapter when we
look at concern-processing within an intelligent agent architecture with emergent  ^e motional~
states.

7  Towards an Infant-Like ^Emotional~ Agent

            A central theme that runs throughout this thesis is the need to design agent architectures

on the basis of a so lid information-level  understanding of an agent´s concern-processing

requirements. In this chapter we will put theory into practice and descr ibe the design for a

cognit ively inspired agent that addresses many of the problems associated with tradit ional

deliberat ive, behaviour-based, and ^emot ional~ architectures discussed in chapters 3  and 6 .

7.1  Concern-Centric Design

            Abbott3 (see Figure 7.1 - 1 ) represents the latest in our series of broad agent designs that

address the requirements of virtual infor mat ion-processing architectures for human-like minds

[Beaudoin  94;  Wr ight  97; Co mplin  97; Slo man  99].

                                                                                             Somatic
                                                                                              Sensor
                                                                                              Agents

                                                                                                                      Perceived
                                                                                                                     Body State

                                           Tactile
                                           Sensor
                                           Agents

                       External
                        Stimuli

                              Perception / Cognition

                                                                                                            Perceived
                                                                                                              External
                                                                                                               Stimuli

                                              Eye
                                           Sensor
                                            Agent

                                                                                                           Attentive
                                                                                                             Stimuli

                                                                        Recogniser
                                                                             Agent

Neurochemical
Control Signals

Alarms

Motive
Manager
Agent

Stimuli

Drive

Deliberative
Management

Reactive Concern
Processing Substrate

Effector
Agents

Action

Behaviour
Agents
(consummatory)

Manager
Agents
(appetitive)

          Motivator
         Attention Filter Agent

Action
Proposer
Agent

                                        Brightness
                                           Sensor
                                            Agent

Physiological
Change Gen.
Agents

                                                                                 Meta
                                                                          Management

                                                                                             Somatic
                                                                                              Marker
                                                                                              Agents

Body
Agents

Body
Loop

Physiological Variables

Skill
Agents

Effects of Action

                                                                                                                 Neurochemical
                                                                                                                 Control Signals

                                                                                                          Physiological Variables

                                              Somatosensory
                                                      Cortex

                                                                              Sensory
                                                                            Thalamus

                                                                                                            Sensory &
                                                                                                          Supramodal
                                                                                                               Cortex

Ventromedial
Prefrontal
Cortex

Motive
Activation

                                                                                                       Proprioceptive Feedback

Meta-
Manager
Agent

^as if~ Loop

Context
Evaluation
Agents

                                                                        Arousal

Relevance
Evaluation
Agents

Limbic
System

Motor
Cortex

Frontal
Cortex

External
Action

                                                                   ^low road~

Drive
Agents

                                                           Direction
                                                              Neme
                                                             Agents

                                                                                                          ^high road~

                                                                                                 Map
                                                                                              Agents

                                                                                                         (Percepts)

(Percepts)

(Maps)

                                                                                       Figure 7.1 - 1  The Abbott3 Architecture

             Our latest incarnat ion of Abbott marks quite a big departure from Cañamero´s  [97]
original design. However, we feel that it is st ill appropriate to maintain the convent ion of
using the label ^Abbott~ to refer to the collect ive Society of Mind . In cases where ambiguit y is
likely to exist, we will explicit ly refer to the two designs as Abbott3  and Cañamero´s original
design .

             In this section we will descr ibe how the competence layers in Abbott´s concern-centr ic
architecture co-evolve, and ident ify the mechanisms that lead to the emergence of

^emot ional~ states. We will keep our descript ions of the design fair ly concise, concentrating
on the effects of the interactions between the different societ y members, and building on the
concepts presented in ear lier chapters ˘ readers are encouraged to refer back to chapters 5  and

6  for more detailed background infor mat ion.

7.1.1  Co-evolution within Abbott

             One of the deficiencies we identified in the subsumpt io n-st yle architecture [Brooks  86]
was the problem o f command fusio n and the potential for a reversal o f concern-processing
pr iorit ies (see sect ion  3.2.1 ). A subsumption-st yle architecture should be capable o f being
partitioned at any level, with the layer s below for ming a complete control system. This places
an implicit requirement on the designer to capture the primar y concer ns of the agent in the
behaviours of the base layer of the architecture. In Brooks´ original proposal, these low-level
concern-processing mechanisms are subsequently subsumed by the more specific behaviours
represented in the higher- level co mpetence layers. This means that unless the pr imar y
concerns are then replicated at each level, there exists the real danger of overriding these
high-pr ior ity concerns with lower prior it y concerns as the architecture evo lves.

             We address the problem o f command fusio n by adopting a concern-centric design stance
that recognises the need to allow the different levels of co mpetence (coping strategies) to co-
evo lve. In the following discussio n we will descr ibe this evo lution process as we grow our
agent architecture from the base level Abbott3a ( Figure 7.1 - 2 ) into the fully fledged Abbott3

( Figure 7.1 - 1 ). Here our use of the term ^evo lut ion~ does not mean that we create our
architecture through some process of genet ic mutation, but that the addit ion of co mpetence
layers is co mparable to the evolut ion of an organism in nature (and dist inct fro m the
development of skills or behaviours dur ing the life-t ime of a single agent) ˘ at each stage of
this evo lut ion process Abbott is a fully funct ional agent architecture. The term ^co-evo lve~ is
then used to indicate that as the architecture as a whole evo lves, so too do the individual
competence layer s ˘ facilitat ing the grounding of the higher-level co mpetencies in the lower
ones.

                      External
                        Stimuli

                                                                                           Somatic
                                                                                            Sensor
                                                                                             Agents

                                                                                                                    Perceived
                                                                                                                    Body State

                                         Tactile
                                         Sensor
                                         Agents

                          Perception / Cognition

Neurochemical
Control Signals

Alarms

Reactive Concern
Processing Substrate

Effector
Agents

Action

Action
Proposer
Agent

                                     Brightness
                                         Sensor
                                          Agent

Physiological
Change Gen.
Agents

Body
Agents

Body
Loop

Physiological Variables

Skill
Agents

Effects of Action

                                                                                                               Neurochemical
                                                                                                               Control Signals

                                                                                                        Physiological Variables

                                           Somatosensory
                                                    Cortex

                                                                            Sensory
                                                                           Thalamus

                                                                                                      Proprioceptive Feedback

^as if~ Loop

Relevance
Evaluation
Agents

Limbic
System

Motor
Cortex

External
Action

                                                                 ^low road~

Drive
Agents

                                                         Direction
                                                            Neme
                                                           Agents

                                                                                                        ^high road~

                                                                                               Map
                                                                                             Agents

                                                                                                            Perceived
                                                                                                             External
                                                                                                               Stimuli

                                                                                                             Sensory
                                                                                                               Cortex

             In keeping wit h the vertical decomposit io n philosophy, Abbott3´s base competence level

( Figure 7.1 - 2 ) can actively sense the environment and respond to its basic needs. Our agent is

also able to pursue an agenda (that of ensur ing that a number of physio logical var iables are

maintained within a desired range), and can even be said to possess a primit ive personalit y in

the for m of a motivat ional pro file that can be biased towards self-preser vat ion, eating, or

dr inking (see section  4.1 ). We will call our base agent Abbott3a.

             Abbott3a has two sources of motivational dr ive: (a) homeostatic dr ives ˘ represented by

drive  agents; and (b) non-ho meostatic dr ives ˘ represented by the act ions of relevance

evaluation  agents. The drive  agents respond to error-signals in a controlled var iable ( i.e. blood

sugar level or vascular vo lume), whereas the relevance evaluation  agents detect significant

features of the environment such as the co lour/br ightness of objects. These motivat ional

dr ives are then able to trigger action through skill  agents and/or generate physio logical change

through the physiological change generator  agents. This latter affective  pathway allows

sustained act ivit y to be init iated by one-off external events (partially addressing the

persistence problem by providing a primit ive motivat ional sharpening mechanism), and

enables Abbott to respond to external incent ives. Unfortunately, co mpetence level 0 does not

support learning, and Abbott3a is therefore unable to generate motivat ional control states

                                                                          Figure 7.1 - 2  Abbott3a (base competence level)

fro m internally generated, non-sensor based, incent ives (see section  6.2  for a descript ion of
the different types of motivat ional control states supported by Abbott).

             Change in physio logical arousal affects the perception of Abbott´s internal so mat ic state,
and thus allo ws one motivat ional dr ive to inhibit (or enhance) another. Inhibit io n occurs at the
level of agent concerns, and not the individual behaviours as in the more commo n
ethologically inspir ed behaviour- based architectures [Maes  89; Blumberg  94; T yrrell  93a]
descr ibed in sect ion  3.2 . We are thus able to implement a primit ive attention mechanism to
direct behaviour towards satisfying the most pressing concer ns ˘ here we are not advocating a
system- level `winner-takes-all´ mechanism, but rather a select ive mechanis m that biases the
type and number of concer ns attended to at any one time. Concern inhibit io n acts as a first
stage attention filter, with more complex active  mechanis ms evo lving as addit ional
competence levels are added to the architecture.

             Our level  0 behaviour select ion mechanism is self-contained in the action proposer agent,
with complex behaviour mediat ion occurring wit hin the deliberative layer (see Figure 7.1 - 4 )
of our agent architecture. Using a mult i- layered approach eases many of the scalabilit y issues
associated with purely react ive designs. At the reactive level we implement skills as ^lear nt,
or innate, action patterns which can be executed with simple perceptual feedback~, receiving
input from the ear ly sensory  agents situated in the sensor y thalamus (not actually shown in

Figure 7.1 - 2 ).

             Finally, by building on our analys is of the emotion process in chapter 5 , we are also able
to start to map the var ious components of the level  0 concer n-processing mechanisms on to
the corresponding infor mat ion-processing regions of the human brain ˘ see appendix  C .

Reactive Concern
Processing Substrate

                                                                                             Somatic
                                                                                              Marker
                                                                                              Agents

Body
Agents

Body
Loop
                                                                                                                 Neurochemical
                                                                                                                 Control Signals

                                                                        Arousal

Relevance
Evaluation
Agents

Limbic
System

Action
Proposer
Agent

Effector
Agents

Physiological
Change Gen.
Agents

Skill
Agents

                                              Somatosensory
                                                       Cortex

^as if~ Loop

                              Perception / Cognition

                                               Eye
                                            Sensor
                                             Agent

                                                                         Recogniser
                                                                              Agent

                                                                                                              Perceived
                                                                                                               External
                                                                                                                Stimuli

                                                                                                             Sensory &
                                                                                                           Supramodal
                                                                                                                 Cortex

Drive
Agents

                                                                                                           ^high road~

                                                                                                           Percepts

                                                                                                  Map
                                                                                               Agents

             Figure 7.1 - 3  shows competence level  1 o f the Abbott3 architecture. These level  1

competences dove-tail into the lower level  0 mechanisms wit hout extensively redesigning the

agent ˘ i.e. we adopt the vertical decomposit ion ethos of the subsumption architecture, but

take the practical stance of allo wing our levels o f competence to co-evolve. We will call our

new agent Abbott3b.

             The direction neme  and map  agents integrate Abbott´s sight and touch modalit ies to

produce percepts  ˘ internal representations of distinct objects in Abbott´s immediate

environment. These short-range percepts  are augmented by lo ng-range percepts  from the

recogniser  agent, and grounded in Abbott´s level  0 concern-processing mechanism through

somatic marker  agents (somat ic markers are used to mark percepts that are coincident with

aroused body states). Abbott is thus able to supplement its innate primary appraisal

mechanis m (relevance evaluat ion [Fr ijda  86, page  401]; see also section  5.2.3 ) with signals

generated with respect to lear nt ^affect ive~ exper iences.

             The addit ion of so mat ic markers, in combinat ion with a pr imit ive attention mechanism,

allows our simple agent to exhibit rudimentar y primary  and secondary  emotions. Objects or

events in the external world reach the relevance evaluation  agent (through the sensory  agents

                                                                Figure 7.1 - 3  Abbott3b (showing competence level  1)

in the case of primary  emotions, and via somatic marker  agents in the case of secondary
emotions) and cause the action proposer to switch attention and signal a change in the agent´s
somatic state (through real or ^as if~ pathways to the somatic sensor  agents). Although there
is no self  to feel the emotional episode, we have at least met the main cr iter ia normally
associated with emotional states ˘ i.e. that of interruption of attention, valence, and
mot ivat ional attitude. We however attach the label ^rudimentar y~ as there is still no
deliberat ive funct ionalit y within these fir st two leve ls of co mpetence (Damasio and Slo man
attach the label secondary  emotions to events triggered by deliberat ive thought processes ˘
see chapter  5 ). We will discuss this po int further in sect ion  7.1.2 .

                        External

                         Stimuli

                                                                                                              Attentive

                                                                                                               Stimuli

                                                                                                            (Percepts)

                                                                         Recogniser

                                                                              Agent

Alarms

Motive

Manager

Agent

Deliberative

Management

Reactive Concern

Processing Substrate

Effector

Agents

Action

Behaviour

Agents

(consummatory)

Manager

Agents

(appetitive)

          Motivator

         Attention Filter Agent

Action

Proposer

Agent

Motive

Activation

Limbic

System

Motor

Cortex

Frontal

Cortex

Skill

Agents

Physiological

Change Gen.

Agents

^as if~ Loop

                                              Somatosensory

                                                      Cortex

                                                                                                          Sensory &

                                                                                                         Supramodal

                                                                                                              Cortex

                              Perception / Cognition

Drive

Agents

Stimuli

Drive

(Percepts)

(Maps)

            Figure 7.1 - 4  shows competence level  2 o f the Abbott3 architecture. Each addit ional level
adds new degrees of competence to the level below, without completely subsuming the
original funct ionalit y ( levels of co mpetence increase the coping strategies available to the
agent).

                                                                 Figure 7.1 - 4  Abbott3c (showing competence level  2)

            Our simple skill- based action selection mechanis m is enhanced by the addit ion of a

deliberat ive motive management layer capable of act ively managing behaviours to meet

Abbott´s many co mpet ing needs. As deliberat ive act ion both takes time and requires access to

limited deliberat ive reasoning resources, the original functionalit y encapsulated within

Abbott´s skill  agents is st ill ut ilised by the action proposer  agent in situations that require

immediate action using simple perceptual ( i.e. proprioceptive) feedback.

            Wit h the addit ion of deliberat ion, action select ion can now be said to take place on two

complementar y levels:

            a)  Deliberative  act ion select ion basically fo llows the scheme outlined in Cañamero  [97]

                         and implemented in Abbott2 (see section  6.2.2 ). In Abbott3 we simplify this process

                         by assigning a single motive manager  agent the task of select ing behaviours to satisfy

                         the active motivators (as chosen by the attention filter  agent). This has the added

                         benefit of allo wing Abbott to attend to more than one motivator at a time ˘ behaviours

                         often have a number of different effects on the internal state of the architecture.

            b)  Reactive  action select ion focuses on generating immediate reactions to significant

                         situations and events in the environment, and extreme levels o f dr ives.

            Deliberat ive and reactive act ion select ion are int imately connected. As well as dr iving

behaviours, the recogniser  agent also activates the reactive map  agents ˘ which in turn feeds

into the reactive concer n-processing substrate. This allows our agent to produce affect ive

reactions to deliberat ively triggered images. Further more, Abbott´s reactive concern-

processing mechanism can also interrupt deliberat ive management and thus influence all

levels o f the architecture ˘ receiving input fro m attentive percept ion, and act ing through a

global alar m system.

            Abbott´s primit ive inhibit io n and fatigue motivator attention mechanism is supplemented

with an active attention filter  agent. This gives us the flexibilit y to produce a single dr ive-

based motivator for urgent (highly insistent) sources of motivat ion, and st ill allow mult iple

non-urgent motivators to surface and be decided simu ltaneously. Finally, we have added the

restrict ion that a manager  agent´s incentive stimuli can only co me fro m the recogniser  agent

( i.e. the attended to object), implementing a for m of perceptual attention within Abbott.

Motive

Manager

Agent

Deliberative

Management

Reactive Concern

Processing Substrate

Action

          Motivator

         Attention Filter Agent

Action

Proposer

Agent

                                                                                 Meta

                                                                         Management
Ventromedial

Prefrontal

Cortex
Meta-

Manager

Agent

Context

Evaluation

Agents

Limbic

System

Frontal

Cortex

                             Perception / Cognition

            Figure 7.1 - 5  shows competence level  3 o f the Abbott3 architecture. With the addit io n of a
meta- management layer, we finally attain the basic three-layered model for intelligent
autonomous agency introduced in sect ion  2.2 . Meta-management has two main
responsibilit ies within the architecture: ( i ) it actively manages the processes that handle
mot ivator evaluat ion, select ion, and related processes like planning and plan execut ion ˘ for
example, ensur ing that the agent does not expend too much energy attaining low importance
goals; and ( ii) it provides the reactive concer n-processing substrate with more accurate input
as to the coping abilit y (context evaluation) of the deliberat ive management layer.

            Alt hough the fine detail st ill needs to be worked out (i.e. how behaviours, skills and
manager s are created and adapted), we have demonstrated a plausible pathway for the
computational evo lution of a cognit ively inspired mind ˘ through added levels of co mpetence
in a subsumpt ion style Society of Mind  architecture. By grounding each competence level in
the concern-processing mechanisms o f level  0, we are also able to offer a plausible pathway
for the development of mind dur ing the lifet ime o f the individual ˘ for example, Dux´s

Weltbilder  theory [Dux  90] argues that the development of mind dur ing the lifet ime of an
individual fo llows the same basic pattern of development that occurred during the evo lut ion
of the species.

                                                                Figure 7.1 - 5  Abbott3d (showing competence level  3)

7.1.2  Emergent Emotional States

            The main difference between the design of Abbott3 and its predecessors (Abbott and

Abbott2), is the absence of a clear ly demarcated emot ion system (Cañamero´s  [97] original

design called for emotion  agents to act as proto-specialists in a similar st yle to motivation

agents ˘ see Figure 6.1 - 6 ). As we argued in chapters 4  and 5 , we believe that ^emotions~ are

emergent mental states caused  by the interact ion of a var iable number of intricately connected

cognit ive systems ( i.e. systems that mediate arousal, attention, perception, concepts,

memor ies, and physio logical change) operating at different infor mat ion-processing levels o f

the brain. Our approach towards elucidat ing emotions in Abbott3, is to replicate some of these

systems at the infor mat ion- level, and then explore the possible pathways through which

emotional states can emerge.

            In a sense, we are advocating a systems theory o f emot ion (as part of the more general

requirements for intelligent autonomous agency). We must therefore remain vigilant to the

accusat ion that the flexibilit y o f our approach makes it possible to explain almost any data ˘ if

something does not fit the theory then the theory can easily be expanded to fit the data ˘ and

therefore makes it hard to formulate concrete predict ions with which to test its validit y. To

counter such a claim we must re-emphasise the fact that our approach not only consists of an

architectural framework (our three-layered model der ived fro m an infor mat ion-level analysis

of the requirements for intelligent autonomous agency ˘ see sect ions 1.3 , 2.1 , and 2.2 ), but

also a design- based research methodology. As we add more depth to our agent architectures,

we will be forced to make design decisio ns that will lead to concrete predict ions (such as the

number and t ype of react ive concern-processing mechanisms requir ed for a particular niche,

and the implicat ions this has for the types of pr imar y, secondar y and tertiar y emot ional states

supported).

            We can make so me tentative predict ions (even if they are hard to ver ify) such as: (a) we

would expect tertiar y emot ions to be more cognit ive in nature and not easily dist inguishable

by phys io logical measurement alone ˘ as they are unlikely to map on to unique/dist inct

reactive concer n-processing systems; (b) we would expect secondar y and tertiar y emot ional

states to appear later in the development of a human mind, with secondar y emot ions subject to

more cultural var iabilit y. Tertiar y emotional states (such as those normally associated with

gr ief, infatuation, and anxiet y) should exhibit statist ically less cultural var iabilit y than

secondar y emot ions, as their perturbant nature arises out of a mis match between cultural

condit ioning and the more universal mechanisms of pr imar y emot ions.

            A single emotion t ype can cover a wide range of for ms and intensit ies (with an even wider

range of associated secur it ies, insecur it ies, dreams, and feelings) ˘ i.e. being in love  covers:

romantic interest; infatuation; lo nging; intense passio n; mature love. To aid the ver ificat ion of

our predict ions, one possible avenue for future research would be to develop a robust scheme

for mapping sub-classes of co mmo n emotion types (possibly by linguist ic labels) on to the

                         In Abbott3 we replaced Cañamero´s emotion  agents with two different types of proto-

                         specialist ( relevance evaluation  agents and context evaluation  agents). We also added

                         a global alar m mechanism ( action proposer  agent) to facilitate the interruption of

                         attentive processing ˘ allowing non-ho meostatic drives to directly attain control

                         precedence. Wit h our new scheme we have created a fair ly accurate infor mation-level

                         representation of the core components of the emotion process (see chapter  5 ). Our next

                         task is to use this scheme to explore the design- space of concer n-processing

                         mechanis ms (the core-  and extended-self ) capable of supporting human-like emotional

                         states.

                         It is clear that Abbott´s concept of self  is not sufficient to support the notion of

                         standards  (beliefs about what ought to be the case as opposed to what one simply

                         wants ˘ or would like ˘ to be the case), and so we cannot expect Abbott to be proud of

                         its act ions. However, we are still left with the quest ion of what type of self  is required

                         to just ify a claim that our agent can ever be happy? A quest ion that can probably best

                         be answered by building many iterat ions of ^emot ional~ agents, with each generat ion

                         standing on the shoulder s of the generat ion before.

                         In the ear ly stages of an infant´s development, it has the cognit ive abilit ies to support a

                         ver y pr imit ive concept of self , based on its bio logical needs (direct ly, or indirect ly via

                         attachment concerns). These basic concern-processing mechanisms lead to the

                         emergence o f a small set of primit ive cross-cultural emot ion types ˘ roughly

                         analogous to our concept of primar y emotions. As a mind matures, it is able to support

                         a richer concept of self  (which includes control states such as beliefs , standards  and

                         attitudes ), and thus facilitate more complex and cognit ively r ich emot ional states ˘

                         when events match or mismatch these new concerns. The init ial set of infant emotion

                         types are still present in the adult mind, but these too will have evo lved, undergoing

                         modification in both the forms of elicit ing condit ions, and their subsequent expression.

                         Developing autonomous agents with concern-processing mechanisms that can adapt

                         and evo lve in a similar way to that of the human mind is one of the many challenges

                         of intelligent autonomous agent design ˘ for only then will people start to accept that

                         our agents are truly ^emot ional.~

Primary, Secondary, and Tertiary Emotions

            One of the messages we have tried to drive ho me in this thesis is that there is no single
system (or systems) that mediates emotion. The ^emotion~ pheno mena emerges from the
interact ion of many different systems, perfor ming many different roles, and operating at many
different levels wit hin a bio logical agent architecture. In the fo llowing discussio n we will
show how emotional control states emerge in the Abbott architecture (see Figure 7.1 - 1 ). We
will not attempt to account for the specific fo lk-psyc ho logy emot ion types (a task we descr ibe

in sect ion  9.2 ), but rather explain how the different classes of emotional state emerge as part

of the emotion process descr ibed in chapter  5 .

            There are a number of significant differences between the emotional states that can be

supported within the Abbott architecture and true human emot ions. In Abbott we have

focused on capturing the minimal cognit ive requirements for intelligent autonomous agency ˘

hence our three- layered model refer s to different levels o f motivator management and not

levels o f human cognit io n. The differences are subt le, but nevertheless important:

            1)  Motivators are defined as mot ivat ional control states that move an agent towards a

                         desired physical/mental state in light of agent beliefs and concer ns. Motivator

                         management is the process of managing ( i.e. deciding, scheduling, modifying, or

                         acting on) these motivat ional control states, and motivator meta-management is the

                         process of managing motivator management mechanis ms. Abbott´s reactive and

                         deliberat ive motivator processing layers map nicely o n to the reactive and deliberat ive

                         layers normally associated with human cognit io n. However, the motivator meta-

                         management layer is not the same as a reflect ive or meta-cognit ion layer. Abbott has

                         no discrete  representation of self, and can only perceive and act on a dispositional  self

                         as represented by the active mot ivator management mechanisms ˘ in pract ice this is

                         not a problem as tertiar y emot ions are classified according to the emergence of a

                         perturbant state and not some form of self-awareness.

            2)  As we ment ioned above, Abbott suffers fro m a very impover ished concept of self. For

                         example: (a) there are no explicit representations of agent concerns or beliefs in the

                         deliberat ive layer (aside fro m the motivators generated within the react ive layer); (b)

                         reactive concer n-processing mechanis ms can only respond to the actions of

                         deliberat ive thought processes through the potential act ivat ion of map  agents; and (c)

                         there are no mechanisms for the generation o f standards or ^well-being o f other~

                         control states within the architecture. This does not detract from our abilit y to support

                         emotional states, but it does severely limit the range of emotion t ypes our agent can

                         exhibit.

            3)  Finally, the hedonist ic tone of human emotions is int imately connected with a sense of

                         self-awareness and consciousness ˘ both of which are missing in the Abbott3 design.

                         The lack o f these higher- level for ms of cognit ion means that our emotional states will

                         not have the same cognit ive r ichness as human emotions.

            In sect ion  7.1.1  we br iefly discussed the emergence of nascent primar y and secondar y

emotional states within the context of co-evo lution wit hin Abbott´s level  1 co mpetence layer.

In the fo llowing discussio ns, we will extend this analys is by invest igat ing the theoretical

emergence o f primary , secondary  and tertiary  emotions within each successive co mpetence

level of the architecture. When descr ibing the Abbott architecture, we will treat the Society of

Mind  members as react ive black-boxes ˘ with relatively simple act ion select ion mechanisms

such as spreading activat ion, vector addition, condit io n-act ion rules, or `winner-takes-all´
networks. We will argue that emotions emerge as higher-level control states created by the
interact ion of individual societ y members, and not from a discrete emotion system added to
the architecture.

Competence Level  0 Emotions

             The Society of Mind  agents, that make up Abbott´s level  0 co mp etence layer are shown in

Figure 7.1 - 3 . At the heart of the Abbott3a architecture sits the action proposer  agent ˘ which
is probably co mparable in co mplexit y to the behaviour-based agents discussed in sect ion  3.2 .

However, the action proposer´s  role in select ing actions to satisfy dr ives is only a small part
of its functionalit y ˘ it also takes part in a number of feedback loops to provide Abbott with
pr imit ive attention and glo bal alar m mechanisms.

             Abbott is able to support a primit ive form o f motivat ional sharpening ( motivator attention)
by allo wing the action proposer  agent to modify the perceived so mat ic state ˘ and thus
indir ect ly the magnitude of the error-signals generated by drive  agents (Abbott´s ho meostatic
mot ivat ional state). Abbott is also capable of using the action proposer  agent as part of a
global alar m mechanism to switch motivat ional attention in response to significant
objects/events in its external environment (as detected by the relevance evaluation  agents).

Together, the ho meostatic drive  agents and the non-ho meostatic relevance evaluation  agents
provide Abbott with a static core- self  (the primar y concerns against which events are
appraised to establish mot ivational attitude). Body  agents, physiological change generator
agents and somatic sensor  agents provide Abbott with a sense of valence and a dynamic core-
self  ˘ with Abbott´s affect ive state reflected in the relat ive levels of its neurochemical control
signals. Alt hough there is no deliberat ive management layer, Abbott still represents quite a
sophist icated autonomous agent.

             On the sur face, these simple concer n-processing mechanisms provide all the funct ionalit y
needed to support emergent primary  emotional states. External events are able to attain
control precedence and redirect motivat ional attention towards satisfying specific concer ns (as
represented by the relevance evaluation  agents). Emergency reflex-like act ion can be
achieved by directly act ivat ing skill  agents in response to external stimuli, and more sustained
action through the release of neurochemical control signals and their affect on the perceived
somatic state. Abbott differs fro m other reactive autonomous agents, such as

Braitenberg´s  [84] vehicles (which to an outside obse r ver can also be said to exhibit simple
emotion- like states), in that its internal architecture models the infor mation-level emotion
process as descr ibed in chapter  5  ˘ with interruption of attention, valence, and motivat ional
attitude. If we are not yet convinced that the level  0 Abbott3a architecture is capable of
supporting pr imit ive emotional states, then perhaps the addit io n of competence level 1 will
take us over the thresho ld.

Competence Level  1 Emotions

            The addit ion of Abbott´s competence level  1 society members ( Figure 7.1 - 3 ), allows

Abbott3b to mark percepts in its external environment that are coincident with aroused

affect ive states. Somatic marker  agents thus give Abbott the abilit y to lear n fro m previous

encounters and ant icipate future events ˘ the ability to create an extended-self . Acquired

associat ions between categories of objects and situations on the one hand, and pr imar y

emotions (albeit nascent ones) on the other, have been termed the machinery of secondary

emotions  [Damasio  94, page  136; also section  5.2.5 ). Unfortunately, Abbott is st ill devo id of a

deliberat ive layer (the acquired associat ions only relate to immediate objects in Abbott´s

environment), and so we can only really claim a r icher for m of our level  0 emergent

^emot ional~ state.

Competence Level  2 Emotions

            The addit ion of co mpetence level  2 ( Figure 7.1 - 4 ) gives Abbott3c both a deliberative

reasoning layer, and an attention filter to protect deliberat ive reasoning from excess

interruption by react ive motivator generators. The deliberat ive layer is used to select the

behaviour  agent that will most likely sat isfy the current active motivator(s) ˘ as per Abbott2

(see sect ion  6.2.2 ). Once a behaviour  agent has been chosen, the motive manager  agent uses

the manager  and recogniser  agents to locate the behaviour´s incentive stimulus (the object to

eat, drink, rest on, or avoid). The recogniser agent also activates the map  agents: (a) allowing

attended to objects to alter the perceived so mat ic state ˘ and thus increase a motivators

insistence level; and (b) giving Abbott the abilit y to generate an affect ive state in response to

an attended to object (under the control of deliberat ive thought processes) ˘ a candidate

secondar y emot ion.

            If the chance sight ing of an enemy whilst looking for food (a deliberat ive process

invo lving manager  agents) generates an interruption of deliberat ive attention and change in

action readiness, would this count as an emergent secondar y emot ional state? If not, then

perhaps allowing the behaviour  agents to directly act ivate the map  agents (i.e. create an

imaginat ion- like control state during behaviour select ion), and thus provide an affect ive

feedback path to deliberat ive thought processes, would be enough to qualify the claim that

Abbott can support secondary emot ions?

Competence Level  3 Emotions

            We can co mplete our Abbott architecture by adding the societ y members that make up the

level  3 co mp etence layer ( Figure 7.1 - 5 ). Abbott3d´s meta-manager  and context evaluation

agents contribute the final cognit ive elements to the emotion process picture described in

chapter  5  ˘ allowing us to elucidate the primary , secondary  and tertiary  emotion pathways:

            1)  Primary Emotions  utilise two different elicit ing pathways: (a) the ^lo w road~ from the

                         ear ly sensory  agents (tactile and br ightness) ; and (b) the ^high road~ through the

             direction neme , map , and somatic marker agents. The low road represents the route for

             Abbott´s innate  emotional responses to external stimu li, and the high road for stimuli

             previously associated  with ear lier pr imar y emotional episodes. The relevance of the

             external st imuli are assessed by a small number of relevance evaluation  agents ˘

             result ing in the infor mation- level equivalent of the relevance signals of pleasure, pain,

             cur iosit y and desire (see sect ion  5.2.3 ).

             The action proposer agent makes a heur istic estimate of the importance/urgency o f the

             situation/event based on the relevance signals ˘ result ing in any of: (a) select ion of a

             skill  agent in ver y urgent situations; (b) activation o f a physiological change generator

             agent in situations that might require physio logical arousal; (c) generat ion of a

             mot ivator in situations that require deliberat ive attention; (d) modificat ion of the

             somatic sensor agents through the ^as if~ loop. Motivator generation either occurs

             direct ly via the action proposer  agent, or indirect ly through the changed so mat ic state

             and drive  agents.

             This control process replicates the infor mat ion flow for a primar y emotional state

             shown ear lier in Figure 5.2 - 4 . A primar y emotional state emerges when the generated

             mot ivator attains control precedence and is adopted by the motive manager  agent ˘ i.e.

             when its insistence level is higher than the thresho ld defined by the attention filter

             agent. Valence is either attached to the situation/object through a change in so mat ic

             state (real or through the ^as if~ loop), or direct ly associated with the motivator itself.

2)  Secondary Emotions  are emergent emotional states that require deliberat ion at some

             point in the emotion process. For example, Damasio  [96] concentrates on emotions

             generated in response to specific situat ions, events, or objects which have previously

             been paired with pr imar y emotions, but are now triggered by deliberative thought

             processes (see sect ion  5.2.5 ); whereas Slo man  [99] also highlights emot ions generated

             with respect to the planning process itself (see section  5.1 ) ˘ i.e. when relevant risks

             are noticed, progress assessed, and success detected. We descr ibed Damasio ´s case in

             our discussion o f competence level  2 emot i ons, and so here we will concentrate on

             emotions generated in response to inner perception and action wit hin the deliberation

             process itself.

             Abbott´s meta-manager  agent continually mo nitors the motive manager  agent, and is

             thus able to detect if, for example: a relat ively low-level mot ivator is taking too long

             to satisfy; repeated behaviours are failing; the same low-level mot ivators are always

             being attended to; or a behaviour succeeds in sat isfying a motivator. This t ype of

             infor mat ion (along wit h the current thresho ld of the attention filter  agent) allows the

             context evaluation  agent to assess the effectiveness of the current coping strategy

             adopted by the deliberat ive layer. In situat ions where the current strategy is not

             working, the action proposer agent can use this context infor mat ion to interrupt the

                         motive manager  agent with a new motivator, replicat ing the infor mat ion flow for a

                         secondar y emot ional state shown ear lier in Figure 5.2 - 6 .

             3)  Tertiary Emotions  are normally associated with Damasio ´s class of secondar y

                         emotions ˘ descr ibed in the context of competence level  2 emot ions above. After the

                         adoption of the new mot ivator (within the secondar y emotion process), the meta-

                         manager  agent evaluates the new motivator as irrelevant and signals both the context

                         evaluation  agent and the motive manager  agent. Control of attention is regained

                         through context evaluat ion of the current situation, allowing the act ion proposer to

                         evaluate a relevant event as non-urgent. However, repeated trigger ing of the secondar y

                         emotion via subsequent actions of recogniser  (or behaviour ) agents leads to a

                         perturbant state. This temporary loss of control of attentive processing replicates the

                         infor mat ion flow for a tertiar y emot ional state shown ear lier in Figure 5.2 - 7 .

                         In a sense, it is the difference in the adaptation rates of react ive and attentive meta-

                         management processes to new situations that leads to the emergence o f tertiary

                         emotional states ˘ the emergent state is terminated when the reactive motivator meta-

                         management mechanis ms ( in the form of somatic marker  agents) have had a chance to

                         catch up with the new situation, which in the case of strong attachment concerns may

                         never co mpletely happen ( i.e. with the tertiar y emot ional state of grief).

             Wit h the addit ion of a motivator meta- management layer, Abbott is able to exhibit simple

emergent primary , secondary , and tertiary  ^emotional~ states. We are definitely not claiming

the tit le emot ional for our agent architecture (and so will cont inue to make use of the scare

quotes). However, we strongly believe that through the design, implementation, and

subsequent analysis, of architectures such as Abbott, we will be able to achieve a greater

understanding of the human emot ion process.

7.1.3  Conclusion

             Abbott3 represents our latest design for a cognitively inspired agent to meet the basic

requirements for intelligent autonomous agency ( see our discussio n on the Strengths and

Weaknesses  of the design in sect ion  8.1.2 ). Our design attracts the label ^cognit ively inspir ed~

on two accounts: (a) the design has evo lved fro m an infor mat ion-level analysis o f

psycho logical and neuro logical models o f human concer n-processing mechanis ms (chapter  5 );

and (b) it demonstrates a plausible mechanism for the development of mind on both an

evo lut ionar y t ime-scale, and throughout the lifet ime of the agent (section  7.1.1 ).

             In this section, we have presented a concern-centr ic autonomous agent design that

recognises both the need to: (a) allow competence levels to co-evolve within a Society of

Mind  framework; and (b) ground higher- level competence levels in the concer n-processing

mechanis ms of the lower- level co mpetence levels. This approach allows the level  0

competence level to act as a fast, reactive, global alar m mechanis m ˘ alerting the agent to

situations and events that impinge on the primar y concer ns of the agent. Grounding
competence levels in the level below also allows an agent to develop an extended-self
compat ible with the core-self represented by the basic level  0 concer n-processing
mechanis ms.

             Finally, we discussed the mechanisms through which emotional states emerge within our
agent architecture. By descr ibing the character ist ics o f the different classes of emot ional state
each competence layer is capable of supporting, we are able to show the evo lut ion of the
emotion process within the context of the evo lut ion of agent architecture itself. Although we
do not claim to support emotional states of anything like a comparable co mplexit y and
r ichness to those exper ienced by humans, our discussio n ser ves to illustrate how the extended
mot ivated agent framework can be used to elucidate the emergence of human-like emot ions in
intelligent autonomous agent architectures.

7.2  Summary

             In this chapter we have presented the design of a cognit ively inspired agent architecture
for elucidat ing infant- like emotional states ˘ integrating the different research strands
explored in chapters  1  through  6 . We descr ibed how the different concern-processing
competence levels o f our three-layered architecture co-evolve, and ident ified the different
processes active in the emergence of emot ional states.

             In the next section we will descr ibe an implementation of Abbott3, and provide cr it ique of
our design ˘ ident ifying its strengths and weaknesses, and discussing how it addresses so me
of the problems associated with the tradit ional deliberat ive and behaviour-based architectures
descr ibed in chapter  3 .

8  Implementation and Critique

             Our Abbott3 design, descr ibed in the last chapter, provides the basic architecture to allow

us to invest igate the emergent ^emotion- like~ properties of our motivated agent framework.

8.1  Putting T heory into Practice

             In this section we will present an implementation and cr it ique of our design, discussing in

more detail: (a) the requirements specificat ion with respect to Abbott2; (b) an implementation

of the Abbott3 design; (c) some exper imental results explor ing the Abbott design- and niche-

space; and finally (d) the strengths and weaknesses of our design ˘ i.e. how our approach

contributes to the field of intelligent autonomous agency by addressing so me of the problems

ident ified with the agent architectures descr ibed in chapters 3 , 4  and 6 .

8.1.1  Requirements Specification

             In keeping wit h the iterative nature of our design- based research methodology, we will

now provide a br ief overview o f the new Abbott3 societ y members. Our discussio n will focus

on the differences between the `deeper ´ Abbott3 design, and the exist ing Abbott2 design. The

actual design details, and exper imental results, will be discussed in sect ions 8.1.2  and 8.1.3 .

Perception/Cognition

             Abbott3´s perceptual system has changed ver y little fro m that emplo yed by Abbott2, with

the noticeable except ions of the addit ion of somatic marker  agents and a pathway from

recogniser  to map  agents. The implicat ions o f theses changes are discussed below.

             Somatic marker  agents provide a useful mechanism to allow our agent to adapt to its

environment. Abbott2 arrived in the world with pre-configured map  and primary emotion

agents capable of recognising and responding to all the objects it was likely to meet in the

environment. With the addit ion of somatic marker  agents, Abbott3 is able to mark objects in

accordance with its current affect ive state, and thus lear n how to respond to `significant´

objects in its environment (Cañamero´s original des ign called for recogniser  agents to `learn´

new classificat ions of objects and not associat ions between objects and affective states).

Somatic marker  agents ground Abbott´s level  1 concer n-processing mechanisms in the innate

level  0 mechanisms ˘ associat ions are actually created within the relevance evaluation  agents,

with the somatic marker  agents acting as simple filters for significant external st imuli.

             Abbott´s affect system is used to mark significant objects and events in its environment.

As we discussed in the previous chapter, this allows the r ichness of the emotional states

supported by the architecture to grow with the development of the agent. Affect grounded

lear ning allows the different competence levels themselves to develop as our infant mind

matures ˘ i.e. it is possible to extend the architecture to allow behaviours to `learn´ the effects
of their actions through affect ive feedback, and thus better assess their contribut ion to
satisfying the act ive motivators of the agent (see Pandemonium Theory  [Selfr idge  59;

Jackson  87] ; and the Theory of Neuronal Group Selection  [Edelman  87]).

            Abbott´s affect system is also used to attach valence to situations and events either
direct ly via the action proposer  agent or through the somatic sensor  agents. By allowing the
recogniser  agent to activate the map  agents during the competence level  1 perceptual process,
it beco mes possible to give valenced affect ive feedback to attended to objects and even future
events ˘ i.e. behaviour  agents can attend to their incent ive st imuli providing the motive
manager  agent affect ive feedback to any previous `bad´ exper iences associated with the
stimuli as part of the behaviour select ion process (currently the motive manager  picks the
behaviour  agent that `shouts´ the loudest). Abbott is above all an open architecture for
explor ing the space of possible intelligent autonomous agent designs.

Action and the Body Loop

            Abbott3 continues the tradition o f making the bio logical her itage of the affect system
more explicit by modelling both physiological change generator  agents and body  agents. This
is partly done to achieve more realis m wit hin the scenar io and partly to simplify the control
structure. Although body  agents are an integral part of Abbott, from a control perspect ive they
can also be said to belong to the external environment (as they model the physical structure of
the bio logical agent) ˘ separating the internal and external environment thus simplifies the
control structure. Abbott is able to modify its internal state locally by manipulat ing the
somatic sensor  agents through the as if  loop, or globally through the physiological change
generator  agents and the body loop ( body  agents can be simple glands or complex organs).

We have further simplified the affect ive pathway by assuming that neurotransmitters are also
generated by so me form o f body  agent ˘ this is a clear ly an over simplification, but still a
useful abstraction.

Reactive Concern-Processing Substrate

            As we discussed in sect ion  5.2 , cognition is a label we use as a shorthand descr ipt ion for
certain types of brain function, which can equally be applied to both deliberat ive reasoning
and react ive heur istic evaluat ion. Relevance evaluat ion is a cognit ive funct ion that occurs
within the confines of the reactive concern-processing substrate (i.e. a heur istic evaluat ion
that could be made relat ive to: the inflect ion of vo ice; the suddenness of movement; a learnt
somatic marker; or a simple mechanism that monitors deliberative reasoning processes).

Abbott3´s relevance evaluation  agents mimic this process by matching situat ions and events
against agent concerns. The optimum number and t ype of relevance evaluation  agents will
depend on a var iet y of factors (not least the particular niche the agent inhabits in the
environment), and can best be established through empir ical exper imentation ˘ one of the

fertile areas for future research. We would however expect the number/type of relevance

evaluation  agents to remain quite small ˘ roughly co incidental wit h the number of emotion

circuits proposed by emot ion theorists ( i.e. of the order of  3 or  4).

            On a super ficial level, the relevance evaluation  agents can be said to replace the primary

emotion  agents of Abbott2. There are however a number of significant conceptual differences

between the two types of agent that makes any such co mpar ison invalid. Abbott2´s primary

emotion  agents attempt to capture both the relevance evaluation functionalit y and act ion

tendencies associated with human emotion t ypes ˘ i.e.
PriEmoHappy

 and
PriEmoFear

. This may

have been a useful abstraction for exploring the added benefit of an emotion system, but fails

to model the emotion process as outlined in chapter  5  ˘ emotion  agents do not represent

^emot ional~ states. Abbott3´s relevance evaluation  agents simply evaluate situations and

events for relevance to a small set of basic concerns. Primary  emotions are supported through

the ^low road~ from the ear ly sensor  agents and secondary  emotions through the ^high road~

via the somatic marker  agents. Here we are not attempt ing to capture specific emotion t ypes,

but provide the funct ionalit y needed to support the different emotion classes.

            Wit hin Abbott3, action tendencies are supported on four different levels: (a) direct action

through the skill  agents; (b) deliberat ive act ion through gaining control precedence; (c)

indir ect action by modifying the perceived so mat ic state through the ^as if~ loop; and (d)

physio logical act ion through the body loop. The actual response chosen will depend on the

type and urgency of the relevance signal der ived fro m the relevance  and context evaluation

agents. We leave the architecture open to the exact nature of the relevance signal ˘ eit her

Fr ijda´s  [86] signals of pleasure, pain, novelt y and desire through a judicial partit ioning of the

relevance evaluation  agents, or simply act ivat ion energy and possibly so mat ic state.

Deliberative Management

            Abbott3´s deliberative management mechanisms are essent ially the same as those used in

Abbott2 ˘ with the addit ion of a motive manager  agent to replace the dual funct ionalit y o f

Abbott2´s motivation  agents (motivational control states are now represented by messages

rather than act ivat ion levels o f phys ical motivation  agents ˘ giving the flexibilit y for the

generat ion of mult iple motivators by both drive  and action proposer  agents). The motive

manager  agent selects the behaviour  agent that can best satisfy the current set of motivators

under attentive deliberat ion ( more than one motivator can pass through the attention filter at a

time) ˘ a process that relies on the behaviour  agent´s knowledge of its own competence

(similar to Pandemonium Theory  [Selfr idge  59; Jackson  87]). Deliberat ion can be readily

extended by allowing behaviour  agents to assess their own levels o f competence through

affect ive feedback, and/or giving the motive manager  agent access to affect ive memor ies via

the somatic marker  agents.

Meta-Management

            Meta-management is the process of managing deliberat ive management processes. In

Abbott3 a simple for m of meta-management can be used to detect when a trivial motivator
takes too long to satisfy (wast ing time and resources), a motivator has been satisfied, or the
motive manager  agent is interrupted too often. The meta-manager  agent can redress these
inefficiencies by raising the filter thresho ld (via the context evaluation  agent) or actively
reject ing the current motivator.

            A second role of meta- management is that of monitoring the current coping abilit ies of the
agent. The context evaluation  agent uses the filter threshold level and output of the meta-
manager  agent as a rough guide to how well the agent is coping at a particular mo ment in
time. If the agent is ^stressed~ then the context evaluation  agent can raise the filter thresho ld
or signal a change to the global state on the societ y of agents via the action proposer  agent.

Act ive reject ion of motivators by the meta-manager  agent should be considered part of the
nor mal management process, whereas a change in state (with interruption of attentive
processing) via the action proposer  agent corresponds to an emergent secondary  ^emot ion~.

            Tertiary  ^emotional~ states emerge when meta- management processes repeatedly lose
control of motivator management due to a mismatch between react ive relevance evaluat ion
and subsequent deliberat ive re-evaluation ˘ i.e. an event is deemed relevant at a reactive level

(generat ing an insistent motivator that attains control precedence), only to be rejected as non-
urgent by deliberative management in the context of the current situation, but later regains
control precedence again as the reactive concer n-processing substrate has yet to adjust to the
new situat ion. Tertiary  emotional states can be supported by allowing the meta-manager
agent to establish the true importance of a motivator based on previous history. For example,
if a motivation to increase vascular volume is quickly sat isfied then it is indicat ive that such
mot ivat ions are not really urgent (although they may still be important). However, it should
be stressed that the aim o f meta- management is not to support tertiar y emot ions, but to allow

Abbott to adjust to different niches dur ing the lifet ime o f the agent ˘ it just happens that such
mechanis ms (along wit h heur ist ic relevance evaluat ion) naturally lead to the emergence of
tertiar y emot ional states.

8.1.2  Implementation Details

            In this section we will cover the basic implementation details of a `raw´ Abbott3 design
that meet the requirements specificat ion of sect ion 8.1.1  and support the emergence of

^emot ional~ states as descr ibed in chapter 7 . Here we use the qualifier `raw´ in ant icipat ion of
the fact the our exploration o f design-space will add many levels o f refinement to the simple
algor ithms used in this implementation. We will start this exploration/refinement process in
the next section with the presentation of a ser ies of exper iments showing: i ) how each
competence level adds to the survival fit ness of the Abbott design; ii) how individual societ y

members contribute to the fitness o f the design; and iii) how the interaction of the agents and

layers naturally leads to the emergence of ^emotional~ states.

            The full source code for the fo llowing Abbott design can be found on the poplog  Abbott

web site at: http://www.cs.bham.ac.uk/research/poplog/abbott

Competence Level 0

            The base co mpetence level allows Abbott to survive quite adequately in the Gr idland

scenar io ˘ the average survival time o f a level 0 only Abbott is about 70% that of the

complete Abbott, with 10% of runs last ing more than twice as long as the complete Abbott´s

average (the exper iment consisted of a single Abbott with three enemies in a closed 30x30

world, with the average being taken over the shortest 70% of runs ˘ see sect ion 8.1.3 ). A

quick feel for the complexit y of the base co mpetence level can be gained by noting that it

contains 12 different agent types (see Figure 7.1 - 2 ), spread over 59 individual societ y

members running a total of 166 condit ion-act ion rules ˘ as a compar ison, the complete Abbott

architecture contains 76 individual agents and 342 rules (competence level 1-3 societ y

members are themselves more complex, hence the higher ratio of rules to agents).

            The sensor , direction neme , map , drive , and effector  agents are identical to those used in

the Abbott2 design, and have previously been described in section 6.2 . The skill  agents act as

combined manager  and behaviour  agents, without the explicit representation of the incent ive

stimuli. Skill  agents do not explicit ly look for their incent ive st imuli, but simply make Abbott

wander around unt il the required condit io ns are encountered ˘ i.e. food or water is found. The

physiological change generator  agents are responsible for releasing hor mones in response to

requests from the action proposer  agent, and the body agent regulates Abbott´s internal state

to reflect its actions in the outside world ( i.e. walking uses energy).

            The relevance evaluation  agent responds to different percepts within the different

competence levels. At competence level 0, the relevance evaluation  agent detects br ight

objects reported by the map  agent, and generates a `dangerRelE val´ signal ( br ight objects

correspond to enemies in our setting ˘ nature adopts a similar strategy with br ight red and

yellow insect colouring). The relevance evaluation signals, and dr ives, feed into the action

proposer  agent, which sit s at the heart of the reactive base competence layer and is

responsible for select ing the appropriate internal/external act ions.

            The action proposer agent uses a fair ly simple act ion select ion algorithm to select the

appropriate skill for the dominant drive ˘ see Figure 8.1 - 1 . If the activation level of the

dominant motivator is low, and a deliberat ive management layer present, then the action

proposer  will defer overt action to the deliberat ive la yer. If on the other hand, the activat ion

level of the dominant motivator is high, the action proposer  agent will usurp the deliberative

layer by inflat ing the act ivation energy with which the skill  agent is selected. This simple

mechanis m allows the reactive layer to gain control precedence in urgent situations, and yet

still defer non-urgent situations to the considerat ion of the deliberat ive layer. The action

mot ivators marked as ^pending~ or ^adopted~ according to the algorithm given in Figure

8.1 - 4 ; and ii) act ive motivators are then managed to remove those motivators no longer valid,
according to the algorithm given in Figure 8.1 - 5 . ^Adopted~ motivators can later be rejected
by the motivator meta-manager  agent (competence level 3), in which case they cannot be re-
adopted for a fixed number of cycles.

                                                     1)  Add the new surfaced motivators to the list of active motivators

                                                               (updating the activation energy of the existing motivators and

                                                               marking the motivators as ^pending~).

                                                     2)  Remove existing motivators much less than the min activation

                                                               level of the new motivators (unless marked as ^rejected~).

                                                     3)  Deselect existing behaviours (consummatory or appetitive).

                                                     4)  Activate the search for consummatory behaviours that match active

                                                               motivators (irrespective of adopted motivator). This allows Abbott to

                                                               take advantage of opportunistic situations if any exist.

                                                     5)  Select the behaviour that matches the active motivators (the active

                                                               motivator that is coincident with the selected behaviour is marked as

                                                               ^adopted~).

                                                     6)  If new motivator ^adopted~ then record fact that motivator has

                                                               changed (used by motivator meta-manager).

                                                   1)  Maintain a list of active motivators, removing all motivators that time-

                                                             out (motivators have a fixed lifetime from the moment they penetrate

                                                             the filter, which is updated whenever they resurface).

                                                   2)  If no active motivators are present, reset the filter to zero.

Competence Level 3

            Abbott´s final co mpetence levels provide our agent with relat ively simple motivator meta-
management capabilit ies with which to monitor and modify the motivator management
processes. This meta- management scheme is shown in Figure 8.1 - 6 , and can readily be
extended as more is lear nt about the interaction of the agents, and layers, through exploration
of design- and niche-space (see sect ion 8.1.3 ). For example, it might prove advantageous to
modify the filter relaxat ion rate in line wit h the ^busyness~ of the agent.

                                                                               Figure 8.1 - 4  Motivator Deciding Algorithm

                                                                           Figure 8.1 - 5  Motivator Scheduling Algorithm

                                                       1)  If the sam e motivator remains adopted  for a long period of time

                                                                 then reject the m otivator and reset the filter threshold. Rejected

                                                                 motivators cannot be re-adopted for a fixed number of cycles.

                                                       2)  If the filter rem ains high for a period of time then mark the agent as

                                                                 `stressed´ (used by the action proposer to boost skill activation

                                                                 levels).

8.1.3  Experimental Results

            The final thread of the design- based approach (see sect ion 1.2.2 ) calls for an analysis o f

similar designs in design-space ˘ to give a deeper understanding of the tradeoffs inherent in

the exist ing design. In this section we will report on a number of simple exper iments that

show how each layer and/or agent contributes to the overall fitness o f our architecture.

Experimental Setting

            Our exper iments take place in the Gr idland wor ld (see Figure 6.2 - 2 ), with a standard

configuration of a single Abbott, eight assorted blocks, five regenerat ing sources of food and

water, and three enemies. Wit hin this environment, Abbott must forage for food and water as

it attempts to maintain a healt hy inter nal state (represented by a number of var ying

physio logical var iables such as vascular vo lume and blood glucose level). Foraging is ver y

tir ing, and ever y so often Abbott must find a blo ck to rest on. Finally, Abbott must also avo id

the enemies which also inhabit the world ˘ an enemies´ bite will relieve Abbott of one of its

five lives. When Abbott looses all its lives it dies, and the run ends. The run is also terminated

after 20,000 cycles. More details of the Gr idland toolkit, and exper imental procedure, are

given in appendices A  and B  respect ively.

            A `survival t ime´/`fit ness´ profile for a particular architecture is obtained by plotting the

frequency distr ibut ion of the survival times of Abbott over a number of runs ˘ each run

provides a single sample point. Using such an approach provides a convenient one

dimensio nal graph with which to compare design trade-offs, without reducing the

mult idimensio nal fit ness funct ion to a single dimens io nal number. We can also group all runs

greater than 10,000 cycles together to provide a highly visible measure of the architecture´s

lo nger-term per formance. Finally, by specifying the seed used for the random number

generator at the start of a run, we can ensure that each run starts in a rando m, but repeatable,

init ial state ˘ i.e. the set of init ial condit io ns remains invar iant across different exper iments.

            The Abbott3 architecture has not been fine-tuned (aside from so me init ial gross tests on

the filter characteristics), and as such represents a `raw´ implementation of the requirements

specification. We have also tried to balance the funct ionalit y o f the skills and behaviours so as

not to inadvertent ly handicap the react ive competence layer s. Unless otherwise stated, each

                                                Figure 8.1 - 6  Simple Motivator Meta-Management Algorithm

                                              profile is obtained from the frequency distr ibution o f 500 exper imental runs (about 13 hours

                                              of computation time on a 433 MHz Celeron
�

 PC).

                                              Contribution of Competence Levels

                                                           Figure 8.1 - 7  shows the survival time profile for a single Abbott in the Gr idland world wit h

                                              three enemies, an assortment of blocks, food and water ˘ we have adopted the labels `level 0´,

                                              `level 1´, `level 2´, and `level 3´, for those designs wit h competence levels 0, 0-1, 0-2, and 0-3

                                              respectively. These results clear ly show an advantage for the longer-term sur vivabilit y of

                                              architectures with competence level 2 ˘ ( i.e. levels 2 and 3 in Figure 8.1 - 8 ). However, as the

                                              capabilit ies of the different layers var y by more than the representation of future states and the

                                              management of motivators, we must refrain fro m simp ly chalking up a victory for active

                                              mot ivator management at this stage. For example, the advantages gained by level 2 could just

                                              as easily be attributed to the fact that the finder  agent looks left and r ight when searching for

                                              the incent ive st imuli, making it more likely to spot enemies.

200 samples 500 samples 1000 samples

Level 0

                                                                          0%

                                                                          5%

                                                                        10%

                                                                        15%

                                                                        20%

                                                                        25%

                                                                        30%

                                                                        35%

0999

1999

2999

3999

4999

5999

6999

7999

8999

9999

                                                                                                                    Survi va l  Ti me  i n cycl e s

Percentage of Runs

200 samples

500 samples

1000 samples

Level 1

0%

5%

10%

15%

20%

25%

30%

35%

Survi va l  Time  i n cycle s

Level 2

                                                                          0%

                                                                          5%

                                                                        10%

                                                                        15%

                                                                        20%

                                                                        25%

                                                                        30%

                                                                        35%

                                                                                                                     Survi va l  Ti me  i n cycl e s

200 samples

500 samples

1000 samples

Level 3

0%

5%

10%

15%

20%

25%

30%

35%

Survi va l  Time  i n cycl e s

                                                                                 Figure 8.1 - 7  Survival Times for Competence Level  0-3 Architectu res

Sample set of 500

                                                                                                                 0%

                                                                                                                 5%

                                                                                                             10%

                                                                                                             15%

                                                                                                             20%

                                                                                                             25%

                                                                                                             30%

                                                                                                             35%

0999

1999

2999

3999

4999

5999

6999

7999

8999

9999

Surviva l Time  in Cycle s

Percentage of Runs

Level 0

Level 1

Level 2

Level 3

                                              Stressing The Architecture

                                                           This next set of exper iments is designed to explore the niche-space by adding elements to

                                              the Gridland world that stress our design. Figure 8.1 - 9  shows the perfor mance profile for

                                              Abbott as we add more enemies to the world, and then compensate with added lives. As we

                                              add more lives the relat ive advantage of the somat ic marker lear ning mechanis m in level 1

                                              (over level 0) beco mes apparent ˘ as shown by the increased lo nger-term survival t ime for

                                              level 1 in Figure 8.1 - 9 , and the delayed peak of level 1 in Figure 8.1 - 10 .

Figure 8.1 - 8  The Advantage of Level 2

Five Enemies

                                                                         0%

                                                                         5%

                                                                      10%

                                                                      15%

                                                                      20%

                                                                      25%

                                                                      30%

                                                                      35%

                                                                      40%

0999

1999

2999

3999

4999

5999

6999

7999

8999

9999

                                                                                                                  S urvi va l  Ti me  i n cycl e s

Percentage of Runs

Level 0

Level 1

Level 2

Level 3

S even Enemies

0%

5%

10%

15%

20%

25%

30%

35%

40%

S urvi va l  Ti me  i n cycle s

                                                                                                    Five Enemies & Seven Lives

                                                                         0%

                                                                         5%

                                                                      10%

                                                                      15%

                                                                      20%

                                                                      25%

                                                                      30%

                                                                      35%

                                                                      40%

                                                                                                                  S urvi va l  Ti me  i n cycl e s

Level 0

Level 1

Level 2

Level 3

Seven Enemies & Nine Lives

0%

5%

10%

15%

20%

25%

30%

35%

40%

S urviva l  Ti me  i n cycl e s

Level 0 Level 1 Level 2 Level 3

Seven Lives

                                                                                                                 0%

                                                                                                                 5%

                                                                                                             10%

                                                                                                             15%

                                                                                                             20%

                                                                                                             25%

                                                                                                             30%

                                                                                                             35%

                                                                                                             40%

                                                                                                             45%

Surviva l Time  in cycl e s

Level 0

Level 1

Level 2

Level 3

                                                           We are also able to change the dynamics of niche space by giving the enemies an excess

                                              of lives ˘ effect ively making them immortal (enemies can attack each other, or be attacked by

                                              Abbott, and so die within the normal course of an exper imental run). Figure 8.1 - 11  gives the

                                              survival time profile for the standard exper imental set-up with three immortal enemies. The

                                              profile of the first half of the graph is reassur ingly s imilar to the standard case in Figure 8.1 - 8 ,

Figure 8.1 - 9  Stressing the Architecture

                                                                                 Figure 8.1 - 10  The Relative Advantage of Somatic Markers in Level 1

                                              with the effect of the immortalit y o f the enemies only showing itself as the simulat ion

                                              progresses. Alt hough the longer-term sur vivabilit y of the Abbott architecture is much

                                              reduced, the comparat ive advantage shown by the level 2 architecture is st ill clear ly visible.

Three Immortal Enemies

                                                                                                                0%

                                                                                                                5%

                                                                                                             10%

                                                                                                             15%

                                                                                                             20%

                                                                                                             25%

                                                                                                             30%

                                                                                                             35%

0999

1999

2999

3999

4999

5999

6999

7999

8999

9999

Surviva l Time  in cycl e s

Percentage of Runs

Level 0

Level 1

Level 2

Level 3

                                              Contribution of Individual Agents

                                                           It is only natural that the higher competence levels are able to support more complex

                                              behaviour ˘ hence the abilit y of finder  agents to look both left and r ight. However, this has

                                              the inconvenient side-effect of making the relat ive utilit y o f the motivator processing

                                              mechanis ms inherent in the different levels hard to measure. By removing agents from the

                                              societ y, we can attack the problem fro m a different angle.

                                                           Figure 8.1 - 12  shows the survival time profile for a level 2, and level 3, Abbott with

                                              var ious agents removed from the architecture. Remo ving the action proposer  agent

                                              effect ively remo ves all the reactive act ion select ion funct ionalit y fro m the Abbott

                                              architecture, leaving just the low level percept ion intact (the `no reactive´ trace on the graph).

                                              Even in this state, Abbott is still able to survive better than in the simpler competence level l

                                              case (see Figure 8.1 - 8 ), however its perfor mance is considerably impair ed against the

                                              complete level 2 or 3 architecture. The advantage of the reactive competencies are further

                                              emphasised when we look at the case in which the skill  agents have been removed. Here, the

                                              infant mortalit y rate is more pronounced (the ear lier peak in the graph), as a direct result of

                                              the removal o f the reactive `wit hdraw´ skill fro m service. Removing the relevance evaluation

                                              agent does have a significant effect on the longer-term sur vivabilit y o f Abbott (see Figure

                                              8.1 - 13 ), but not enough to validate the hypothesis that the advantage gained by the level 2

                                              competence is due to Abbott´s abilit y to spot enemies ear lier (without the relevance

                                              evaluation  agent, enemies are not evaluated as a source of pain and so spotting them ear ly

                                              makes no difference).

Figure 8.1 - 11  With Enemies that do not die

R emo ve Ag ents (Level 2)

                                                                                                       0%

                                                                                                       5%

                                                                                                   10%

                                                                                                   15%

                                                                                                   20%

                                                                                                   25%

                                                                                                   30%

                                                                                                   35%

1 2 3 4 5 6 7 8 9 10 11

Surviva l Tim e  in cycle s

Percentage of Runs
c omplete
no reac tive
no sk ill
no relevanc e

R emo ve Ag ents (Level 3)

                                                                                                       0%

                                                                                                       5%

                                                                                                   10%

                                                                                                   15%

                                                                                                   20%

                                                                                                   25%

                                                                                                   30%

                                                                                                   35%

1 2 3 4 5 6 7 8 9 10 11

Surviva l Tim e  in cycle s

c omplete
no reac tive
no sk ill
no relevanc e

Remove Agents (Level 2)

                                                                                                         0%

                                                                                                         5%

                                                                                                      10%

                                                                                                      15%

                                                                                                      20%

                                                                                                      25%

                                                                                                      30%

                                                                                                      35%

1 2 3 4 5 6 7 8 9 10 11

Surviva l Time in cycle s

level 2
no relevance
level 1

Figure 8.1 - 12  Removing Individual Agents

                                                                                                   Figure 8.1 - 13  Contribution of Relevance Evaluation Agent

                                                           We can also repeat the exper iment in a different part of niche-space ˘ i.e. with more

                                              enemies or more lives. As we would expect, the relat ive loss of the relevance evaluation  agent

                                              is more pronounced when Abbott has more lives wit h which to learn fro m exper ience (see

                                              Figure 8.1 - 14 )

R emo ve Ag ents (5 Enemies)

                                                                                                      0%

                                                                                                      5%

                                                                                                   10%

                                                                                                   15%

                                                                                                   20%

                                                                                                   25%

                                                                                                   30%

                                                                                                   35%

                                                                                                   40%

                                                                                                   45%

1 2 3 4 5 6 7 8 9 10 11

Surviva l Time  in cycle s

Percentage of Runs

c omplete

no reac tive

no sk ill

no relevanc e

R emo ve Ag ents (7 Lives)

                                                                                                      0%

                                                                                                      5%

                                                                                                   10%

                                                                                                   15%

                                                                                                   20%

                                                                                                   25%

                                                                                                   30%

                                                                                                   35%

                                                                                                   40%

                                                                                                   45%

1 2 3 4 5 6 7 8 9 10 11

Surviva l Tim e  in cycle s
c omplete

no reac tive

no sk ill

no relevanc e

                                                           Alt hough the above results clear ly demo nstrate the usefulness of the reactive sub-system

                                              within the Abbott architecture, we have yet to show the utilit y o f the motivator manager  agent

                                              over the simple `winner-takes-all´ strategy adopted in Abbott2.

                                                                                                Figure 8.1 - 14  Removing Agents Under Different Conditions

Motivator Manager (Level 2)

                                                                                                             0%

                                                                                                             5%

                                                                                                          10%

                                                                                                          15%

                                                                                                          20%

                                                                                                          25%

                                                                                                          30%

                                                                                                          35%

1 2 3 4 5 6 7 8 9 10 11

Surviva l Time  in cycle s

Percentage of Runs
standard
simple
level 1

                                                           Figure 8.1 - 15  shows the profile for the Abbott architecture with only a simple `winner-

                                               takes-all´ select ion mechanism. To achieve the desired effect, the filter  agent was modified to

                                               only allow a motivator to penetrate if it: a) had the highest activation energy; and b) was

                                               different to the current adopted motivator. Then, by using the motivator meta manager agent

                                               to reset the managed list of motivators, we guarantee that any mot ivator that surfaces through

                                               the filter is immediately adopted. These two simple changes allow us to create the `winner-

                                               takes-all´ select ion mechanism wit h minimal disrupt ion to the exist ing societ y members,

                                               giving us a fair degree of confidence that no other competencies were dramatically impaired

                                               by the operation. As we would expect, the active management of motivators does not account

                                               for all the gain exhibited by the level 2 architecture, but it does nevertheless make a

                                               significant contribut ion to the longer-term sur vivabilit y o f the agent. The increase in infant

                                               mortalit y shown by the `winner-takes-all´ Abbott, over the level 1 Abbott, is probably a result

                                               of the decisio n making time associated with the manager  agents ˘ without the persistence

                                               associated with the management of motivators, the motivator deciding process occupies a

                                               greater percentage of the overall t ime, making Abbott more vulnerable to attack as it sits

                                               thinking about what to do next.

                                               Attention Filter Setting

                                                           The relat ive advantage of the meta-management layer is not immediately obvious fro m

                                               the exper imental result s shown thus far. This can, to a large extent, be attributed to the

                                               relat ively minor role meta- management plays in the current implementation (see Figure

                                               8.1 - 6 ). The main rationale for the meta-management layer is to adapt the motivator

                                               management process to changes in the internal and external environment ˘ i.e. as an agent

                                               gains more exper ience. As Table 8.1 - 1  and Table 8.1 - 2  show, one particular ly sensit ive

                                               component of the motivator management layer is the filter relaxation parameters (the amount

                                               by which the thresho ld of the filt er is decreased between cycles). The relaxat ion rate of

Figure 8.1 - 15  Simple Motivator Manager

                                               attention filter  agent is controlled by two components ˘ a fixed amount, and a percentage of

                                               the current value. We can gain a rough measure of the perfor mance of the filter by looking at

                                               the average sur vival t ime for the worst 70% of runs (eliminat ing all runs over 10,000 cycles) ˘

                                               we also include the percentage of runs greater than 10,000 and less than 1,000 in brackets.

                                               The default filter setting is 2% and 0.05 fixed (shown in italics).

Fixed

                                                                                                     Level 2

0.00 0.02 0.05

                                                                                                                    0% 3644 (18%, 6%) 3989 (24%, 5%) 3940 (21%, 4%)

                                                                                                                    2% 3432 (15%, 4%) 3751 (24%, 4%) 3928 (24%, 4%)

                                                                                                                    5% 3457 (16%, 5%) 3500 (20%, 4%) 3581 (21%, 5%)

Percentage

                                                                                                                    7% 3581 (17%, 5%) 3496 (18%, 6%) 3966 (21%, 3%)

Fixed

                                                                                                     Level 3

0.00 0.02 0.05

                                                                                                                    0% 3362 (18%, 6%) 3791 (22%, 4%) 3761 (22%, 4%)

                                                                                                                    2% 3594 (18%, 4%) 3583 (20%, 4%) 3992 (23%, 4%)

                                                                                                                    5% 3253 (16%, 5%) 3605 (20%, 4%) 3767 (21%, 4%)

                                                                                                                    7% 3250 (18%, 5%) 3582 (20%, 5%) 3770 (23%, 3%)

                                                           Changing the parameters can have a dramatic effect on the survival rate of Abbott ˘

                                               decreasing the average sur vival t ime by as much as 20% (4000 down to 3250). The profile

                                               plots in Figure 8.1 - 16  also seem to indicate that different parameter settings might be more

                                               advantageous at different stages of the agents life. However, it is more likely that the

                                               parameters are better correlated to the internal state of the agent ˘ i.e. if the meta-management

                                               layer detects a stressed state or not.

                                                                                                              Table 8.1 - 1  Filter Relaxation Parameters for Level 2

                                                                                                              Table 8.1 - 2  Filter Relaxation Parameters for Level 3

                                                                                                   L3 Filter with Fixed 0.00 decrement

                                                                         0%

                                                                         5%

                                                                      10%

                                                                      15%

                                                                      20%

                                                                      25%

                                                                      30%

                                                                      35%

09991999

2999

3999

4999

5999

6999

7999

8999

9999

                                                                                                                 Sur v iv al Time  in cycle s

Percentage of Runs

0% dec

2% dec

5% dec

7% dec

L3 Filter w ith Fixed 0.02 decrement

0%

5%

10%

15%

20%

25%

30%

35%

Surv iv al Time  in cycle s

L3 Filter with Fixed 0.05 decrement

0%

5%

10%

15%

20%

25%

30%

35%

Surv iv al Time  in cycle s

0% dec

2% dec

5% dec

7% dec

                                               Emergent States

                                                           Having established the `utilit y´ o f Abbott´s different competence levels, we can now

                                               descr ibe in more detail the t ypes of inter nal interact ions that lead to what we term emergent

                                               ^emot ion- like~ states. Figure 8.1 - 2  shows a typical example o f the generat ion of a primary

                                               ^emot ion~ state. The presence o f a br ight object (an enemy) causes Abbott´s level 0

                                               competence level to register `danger´, release adrenaline, and activate the withdraw skill  agent

                                               with a high act ivat ion energy level ˘ gaining control precedence over the higher co mpetence

                                               levels. I f Abbott is then subsequent ly bitten, a somat ic marker is generated associat ing the

                                               enemy as the source of pain.

                                                           Once the so mat ic marker has been established, the mere presence of an enemy can then

                                               lead to a reactivat ion of the `self-preser vat ion´ cir cuits through the ^as if~ loop. Figure 8.1 - 17

                                               shows Abbott responding to the presence of a percept matching a known somatic marker ( in

                                               this case enemy and pain ˘ see the sample data trace). The debug trace reports the fact that the

                                               enemy has generated a bad memor y o f pain, with a strength proportional to the distance of the

                                               percept and strength of the marker. The action proposer  agent triggers the pain sensor  agent

                                               to register an ^as if~ pain so mat ic state which in turn causes the self-protection drive  agent to

                                               be adopted.

Figure 8.1 - 16  Filter Relaxation Parameters

** [cycle 926 : considering motivators]

** [cycle 927 : en em y g enera ted bad memory of pain 1.25 ]

** [cycle 928 : considering motivators]

** [cycle 929 : ad opt new motivator driveThirst 6.2 5]

** [cycle 937 : en em y g enera ted bad memory of pain 5]

** [cycle 942 : en em y g enera ted bad memory of pain 5]

** [cycle 942 : ad opt new skill skillW ithdraw 13.75 ]

** [cycle 943 : considering motivators]

** [cycle 943 : ad opt new motivator drive SelfProtection 1 2.5]

=== c ycle 944 ===

sim_shared_data = [

  [ activeDrive driveSe lfProtection]

  [ activeMotivators { driveSe lfProtection 12.5 decrease_pain adopted 993}]

  [ attentionThreshold 13.5]

  [ relevanceEval somaticMarkerPain 5 4 enem y]

  [sensor asifpa in value  5 direction 4]

  [ somaticMarker enemy pain 1]

  ]

Data Trace

Debug Trace

            If the relevance evaluation agent registers a more urgent threat ˘ signified by a greater

activat ion energy due to a closer percept or stronger somat ic marker ˘ then the action

proposer agent will trigger the relevant skill direct ly, gaining control precedence over the

level 2 competence level. Figure 8.1 - 18  depicts the generation of such a secondar y ^emot ion-

like~ emergent state. The adoption of the withdraw skill in cycle 942 provides our agent with

a crit ical window of opportunit y over the slower adoption of the level 2 motivator in the next

cycle (once adopted the level 2 mot ivator still needs to init iate action).

** [cycle 926 : considering motivators]

** [cycle 927 : en em y g enera ted bad memory of pain 1.25 ]

** [cycle 928 : considering motivators]

** [cycle 929 : ad opt new motivator driveThirst 6.2 5]

** [cycle 937 : en em y g enera ted bad memory of pain 5]

** [cycle 942 : en em y g enera ted bad memory of pain 5]

** [cycle 942 : ad opt new skill skillW ithdraw 13.75 ]

** [cycle 943 : considering motivators]

** [cycle 943 : ad opt new motivator drive SelfProtection 1 2.5]

=== c ycle 944 ===

sim_shared_data = [

  [ activeDrive driveSe lfProtection]

  [ activeMotivators { driveSe lfProtection 12.5 decrease_pain adopted 993}]

  [ attentionThreshold 13.5]

  [ relevanceEval somaticMarkerPain 5 4 enem y]

  [sensor asifpa in value  5 direction 4]

  [ somaticMarker enemy pain 1]

  ]

Data Trace

Debug Trace

            Motivators are init ially assigned an act ivat ion energy level based on relat ively simple

heur ist ics within the react ive co mpetence level ( such as deviation fro m a set point or distance

of percept). This localised assignment can so met imes lead to a mismatch between the urgency

                           Figure 8.1 - 17  Generating a Self-Protection  drive from a Marked Percept

                                             Figure 8.1 - 18  Generation of a Secondary ^Emotion-like~ State

Exploration of Design and Niche Space

            Wit h the exper iments so far perfor med, we have started to build a picture of the design
space of the Abbott3 architecture ˘ and evaluate Abbott´s relative per formance in niche space.

We have shown that the flexibilit y o f the societ y-of-mind architecture, and the support offered
by the extended SIM_AGENT toolkit, does provide the required degrees of freedo m wit h
which to explore these two related spaces. We have also been able to demonstrate the utilit y
of the Abbott design and our motivated agent framework, and shown that subtle changes in
the architecture (i.e. filter relaxat ion funct ions) can have a profound effect on the overall
survival time o f our agent ˘ and how these effects change when different stresses are
introduced into the agent´s environment. Even with our relat ively simple agent, and `toy´
environment, complex control states soon start to emerge. As we lear n more about the
interact ion of the agents and layers, we will be better placed to understand these emergent
states, in the recursive st yle of the design- based research methodology.

8.1.5  Conclusions

            We have presented the implementation details, some exper imental results, and a br ief
cr it ique of our Abbott3 design fro m the perspect ive of its contribution to the requirements of
autonomous agency. However, our design should be seen as more than just an exercise in
elucidat ing concer n-processing in autonomous agents ˘ Abbott is also a vehicle through
which we wish to explore and descr ibe human- like mental states and processes. Although we
still have a long way to go before we can claim to actually support or explain infant-like
emotional states, we feel that some progress towards a better understanding of the mental
pheno mena we label ^emotion~ has been made. In the next section we will look at some of
lessons we can draw from Abbott, and their implicat ions on the requirements for basic human
emotions.

8.2  Requirements for Basic Human Emotions

            In chapter  5  we argued that emotions are emergent mental states associated with a
particular class of infor mat ion-processing architectures broadly syno nymous with our
mot ivated agent framework. Although we have focused on the role emot ional control states
play in detecting and communicating urgent/relevant situations/events within an agent
architecture, emotional expressio n also plays an important role in the communication o f one
agent´s internal state to other agents. This dual communication role places ver y different
requirements on the expressive nature of emotional states: (a) the internal affect ive channel
needs to be broad and diffuse wit h many different pathways to allow ver y subt le affective
states to be generated and communicated; whereas (b) the external affect ive channel needs to
be narrow and focused to communicate a clear and easy to interpret message. Further more,
the universalit y o f the recognition and expression o f some emotion types has led many

researchers to speculate on the existence of ^basic~ human emot ions ˘ which at first sight

appears contradictory to the emergent nature of emotions we have cont inued to paint.

Are There Basic Human Emotions?

            Some emotion t ypes (happiness, sadness, fear, anger, grief, and guilt) clear ly appear

across many different cultures, leading so me emotion theorists to suggest that there are basic

human emotions. Taken literally, this would mean that the carefree happiness of a child

playing in the sea is the same emotion as the happiness exper ienced by an adult solving a hard

cognit ive puzzle. Both for ms of emot ional state ma y attract the same emotional label, but they

will almo st certainly ut ilise ver y different neural pathways and infor mation-level

representations in their generat ion and expressio n. However, both emotional states clear ly do

have so mething in co mmo n that gives them their dist inct ive happiness  flavour, independent

of their infor mation- level pathway and emotion classificat ion ˘ i.e. the elicit ing situat ions/

events are appraised as matching the same type of well-being concern.

            React ive concer n matching is the role of the central machinery of primary emotions  (see

sect ions 5.2.3 - 5.2.5 ) ˘ which is so met imes referred to as emotion-circuits in the literature

(emotion-circuits can be a little misleading as different circuits share the same phys ical

structures in the brain). The fact that there are only a few basic emot ion types can be

attributed to the fact that there are only a few emotion-circuits per forming dist inct types of

reactive relevance evaluat ion. However, this does not mean that these emotions are basic in

the sense that all other emotions are then mixes or blends of these universal emotion t ypes.

What does Basic Really Mean?

            All emotions are emergent mental states ˘ in the sense that the emotional episode is the

result of the interaction of a number of emot ion specific, and non-specific, brain circuit s. As

the emotion process itself is a dynamic and ongo ing process, it is therefore impossible to say

where a distinct emotional episode starts and finishes ˘ even basic emot ions may take many

different pathways (utilising the ^as if~ or the body loop) and subsequent conscious

evaluat ion to give a myr iad of internal hedonist ic tones. At some po int the fuzziness of the

affect ive emotional state is de- fuzzified and an emotional t ype label is applied. If this

defuzzificat ion process produces a label that matches one of our universal emotion t ypes, then

we call the emotional exper ience a basic emotion.

            The tertiar y emot ions of gr ief and guilt are often classified as basic human emotions. Gr ief

appears universal because it emerges as a perturbant state created by the repeated interruption

of attentive processing by the unconscious trigger ing of a universal  attachment/ loss concer n

in the react ive concer n-processing substrate [Wright et al.  96]. Even if we were to confine our

search for basic emotions to primar y emot ional states, we must acknowledge that it becomes

meaningless to attribute basic emotions to emotion-circuits when such circuit s do not map on

to dist inct physical structures. It is therefore simply wrong to look for mechanisms that

explain basic emot ions and then expect to explain all other emotions as a mix/blend of these
basic emotion mechanisms.

             Emotional exper iences are complicated by the fact that deliberation and past exper iences
play a significant role in our day-to-day act ivit ies, and so the vast major it y o f emotions we
exper ience in ever yday life will be secondary emotions . This part ly explains why the concept
of emotion blends is so appealing to theorists who simply look at the external expression o f
emotion without attempting to understand the internal infor mat ion-level structures. Some
emotions will certainly result from the activation of a single relevance evaluat ion mechanism
and will be called basic emot ions. Others will be the result of cultural condit ioning or
complex (re-)appraisals and could ver y likely result in the activation o f a number of different
emotion-circuit s to give a mixed emotion. However, this still leaves those emotions that result
fro m meta-management processes and/or are more cognit ive in nature ˘ i.e. where the basic
emotion-circuit s and body loop play a smaller role in the generat ion of the hedonist ic tone of
the emotional episode.

             The beauty o f the motivated agent framework and emotion process, as we descr ibed in
chapter  5 , is that it explains a plausible mechanism for the emergence o f all  emotional states ˘
acknowledging the existence o f universal emot ion types, but without resorting to the need for
blends and mixes to explain the rest. We have started to make progress, but there are still
many more questions that need to be addressed before we can claim to understand the nature
and requirements of basic human emotions.

Questions that still Need to be Addressed

             The requirements for basic human emotions can be broken into two factors: nature and
nurture (or architecture and societ y). In this thesis we have attempted to address the fir st of
these factors within our motivated agent framework and Abbott architecture. To move
forward, we must now start to address the second factor by embedding our agent in a socially
r ich environment ˘ i.e. the Nursemaid scenar io with which we opened this thesis. We will
descr ibe the requirements for such a scenar io in the final chapter.

             A number of important questions still need to be addressed as we continue to extend our

Abbott architecture. Some of the more pressing quest ions are: (a) what are the level  0
concern-processing mechanisms needed for the generation of basic human emotion t ypes?; ( b)
what for ms of external expressio n are needed to reinforce these emot ion types? (c) what
inter nal reinforcers are required to facilitate the lear ning of secondar y emotions?; (d) how do
culture and emotional condit ioning co-evo lve?; (e) how much of the semant ic content of the
emotion process do we need to replicate ˘ i.e. elicit ing condit ions, external/ physio logical
expressio n, and hedonist ic tone ˘ to qualify as a true emotional agent?; and finally ( f) is it
even meaningful to talk about a true emotional agent ?

8.3  Summary

            In this chapter we have presented the implementation details o f our design of a cognit ively

inspired agent architecture for elucidat ing infant-like emot ional states. We descr ibed a ser ies

of exper iments showing how the different concern-processing co mpetence levels contr ibute to

the overall co mpetence of our three- layered architecture, and ident ified the emergence of

^emot ion- like~ states. We also presented a crit ique of our design, and started to address some

of the requirements needed to support basic human emot ional states.

            We are st ill a long way fro m creating ^emot ional~ agents with recognisably human mental

states, but have taken some significant steps in the r ight direct ion.

         Part IV

Conclusions

9  Conclusions

             In this chapter, we summar ise the main contribut ions our research makes to the ongoing

task of elucidating the concer n-processing requirements o f intelligent autonomous agents. We

also describe some of the possible direct ions in which we hope our work will be extended in

the future.

9.1  Main Contributions of T hesis

             This thesis makes a number of contributions to the field of concer n-processing in both

human and artificia l autonomous agents. An extended overview of these contributions is

given below in chronological order ˘ with references to the supporting arguments to be found

within the thesis itself.

Framework for Analysing and Designing Intelligent Autonomous Agents

             There is a real and pressing need to develop a systematic framework within which we can

compare, analyse, and design intelligent autonomous agents. Some significant progress has

been made towards meeting this need by the ongoing research wit hin the Cognit io n and

Affect project ˘ as we elucidate the architectural requirements needed to support human-like

mental states and actions. In this thesis we present an extended motivated agent framework ,

conso lidating and enhancing our earlier work in a number of important ways:

                         1)  We consolidate and clar ify the ear lier work of the Cognition and Affect project by

                                      br inging together all the different strands of the motivated agent framework for the

                                      fir st time ˘ chapters 1  and 2 . Specifically, we: (a) present our design-based

                                      research methodology, and descr ibe how it can be used to provide a powerful

                                      explanatory framework for elucidat ing co mplex systems such as intelligent

                                      autonomous agents ˘ section  1.2 ; (b) descr ibe how viewing the human mind as a

                                      complex control system allows the use of certain mentalist ic terms and concepts to

                                      be just ified by referr ing them to infor mat ion- level descr ipt ions of the under lying

                                      architecture ˘ section  2.1 ; (c) introduce the concept of motivat ional control states

                                      and descr ibe the functional  attributes of so me of the many control states that are

                                      likely to play an important role in intelligent autonomous agency architecture ˘

                                      sect ion  2.1 ; and finally (d) descr ibe a cognit ively inspired three-layered

                                      architectural framework for elucidat ing the structural , dimensional , and functional

                                      attributes of these control states ˘ section  2.2 .

                         2)  We argue for a concern-centr ic stance to autonomous agent design and provide a

                                      design-based analysis o f motivational  control states in both deliberat ive and

                                      behaviour- based agent architectures ˘ chapter  3 . We ident ify a number of

                                      problems with these designs that can in part be attributed to the tradit ional

                                      approach of partitioning a design either alo ng funct ional (sect ion  3.1 ) or

                                      behavioural ( sect ion  3.2 ) lines, without due considerat ion of the concern-

                                      processing requirements of the agent. We address these problems wit h our design

                                      for an intelligent autonomous agent in chapter  7 .

                         3)  We provide an analysis o f two broad intelligent agent designs by members o f the

                                      Cognit ion and Affect project [Beaudoin  94; Wr ight  97] ˘ chapter  4. We descr ibe

                                      the importance of motivat ional control states in these architectures (section  4.1 ),

                                      and the emergence of affect ive states in relation to Slo man´s  [ 92] Attention Filt er

                                      Penetration theory of emotion (sect ion  4.3 ). We also ident ify the need for greater

                                      depth in both the perceptual and reactive concer n-processing abilit ies of these

                                      agent architectures.

                         4)  The human emot ion process can be viewed as a classic example of an infor mat ion-

                                      processing system geared towards ^ser ving~ concerns at all levels of an agent

                                      architecture. In chapter  5  we provide a broad requirements specificat ion for such

                                      an emot ion process and use recent theories fro m psycho logy and neuro logy

                                      [Fr ijda  86; Damasio  94; LeDoux  96] to explain the mechanisms inherent in the

                                      different classes o f emotional states ( primary , secondary , and tertiary ) from an

                                      infor mat ion- level design-based perspect ive. This chapter (a) adds depth to the

                                      mot ivated agent framework by making explicit the reactive concer n-processing

                                      requirements; and (b) provides supportive evidence for our approach by mapping

                                      leading theories of emotion on to our framework.

                         5)  Finally, we present our design for an intelligent autonomous agent (chapter  7 ) ˘

                                      building on the lessons lear nt fro m chapters 3  through 6 . This design extends the

                                      mot ivated agent framework by providing a concrete platfor m fro m which to test

                                      and analyse our theories about motivat ional and emergent emotional control states.

                                      We also start to bridge the gap between the fields of psycho logy, cognit ive

                                      science, artificial intelligence, and neurology by mapping promis ing target brain

                                      regions on to this framework ˘ see appendix C .

Analysis of Human and Artificial ^Emotional~ States

             In the course of our research, we have collected and analysed a number of different
theories of emot ion. Our research can therefore also be seen as a contribut ion towards a better
understanding of the emergent nature of human and artificial ^emot ional~ states:

                         6)  We provide an over view of previous work carried out by members of the

                                      Cognit ion and Affect project on emergent perturbant states within our motivated

                                      agent framework ˘ section  4.3 . We show how the infor mat ion-level design-based

                                      approach can contribute to emotion research, and argue that the perturbant nature

                                      of some emotional states is afunct ional ˘ offer ing a warning against assigning

                                      intr insic funct ion to the temporar y loss of control so met imes associated with

                                      intense emotions.

                         7)  We present a detailed infor mat ion- level analysis o f several important theories of

                                      emotion [Fr ijda  86; Damasio  94; LeD oux  96] and, by mapping them on to our

                                      mot ivated agent framework, show how these theories contribute to the emotion

                                      process puzzle ˘ section  5.2 . We argue that emotions are emergent mental states

                                      caused by the interaction of a var iable number of intr icately connected cognit ive

                                      systems. We then provide an infor mat ion- level descr ipt ion of these systems ˘

                                      sect ions 5.2.5  and 5.2.6 .

                         8)  We present an infor mation- level design- based analys is of art ificial ^emot ional~

                                      states in ^emot ional~ autonomous agents [Moffat and Fr ijda  95; Velásquez  96;

                                      Breazeal and Velásquez  98; McCauley and Franklin  98; and Cañamero  97] ˘

                                      sect ion  6.1 . We also present an analysis o f two broad-but-shallow implementations

                                      of an agent architecture that captures and extends Cañamero´s original design ˘

                                      sect ion  6.2 . We ident ify a number of areas of weakness in these designs that can be

                                      attributed to the inclusio n of a discrete ^emot ion~ system.

                         9)  We use our motivated agent framework to elucidate the architectural requirements

                                      for basic human emotions ˘ section  8.2 . We argue that some emot ion types can be

                                      considered basic as a consequence o f their universalit y, but that it does not then

                                      fo llo w that all non- basic emot ions are either mixes or blends of these universal

                                      emotions.

Toolkit for Building Intelligent Autonomous Agents

             To support our exper imental work, we designed and implemented a graphical front-end

and development environment for the SIM_AGENT toolkit [Slo man and Poli  96]. This

extended toolkit was then used in the development and analysis of the intelligent autonomous

agent architectures descr ibed in this thesis. The extensions to the standard toolkit are

descr ibed in appendix A .

Design of an Intelligent Autonomous Agent for Elucidating ^Emotional~ States

             By designing and analysing co mplete agent architectures, we are able to provide a more

tangible account of the pheno mena of interest. Although this aspect of our research will

remain ongo ing, we have already made a number of important contributions through our

design of an intelligent autonomous agents for elucidat ing ^emot ional~ states:

                      10)  We present the design of a cognit ively inspir ed intelligent autonomous agent

                                      architecture partit ioned alo ng the lines of concer n-processing co mpetence. We

                                      show how such a design naturally supports emergent  primar y, secondar y, and

                                      tertiar y ^emot ional~ states.

                      11)  We use our intelligent autonomous agent architecture to elucidate the emergence

                                     of simple ^emot ional~ states, and demonstrate how the richness of each supported

                                     state grows with the addit ion of new concern-processing competence layer s ˘

                                     sect ion  7.1.2 .

                      12)  Finally, we provide a concrete implementation of our design, and descr ibe a ser ies

                                     of exper iments that: a) demonstrate the added value of each co mpetence layer for

                                     the survival o f the agent, and b) show that the interaction of these layers within the

                                     architecture leads to emergent ^emot ion- like~ states.

9.2  Future Work

            A good research programme should provide us with the sorts of new insights that allow us
to ask better questions. In this sect ion we will discuss so me of the quest ions we now feel
better placed to ask.

9.2.1  Autonomous Agency and Human Emotions

            Alt hough mult i- layered agent architectures are not unusual in the field of autonomous
agency, partit ioning a design along the lines of concern-processing competence levels does
add a new dimension to the game that has yet to be fully explored or explo ited. By grounding
each new co mpetence layer in the concer n-processing mechanisms o f the base layer, we have
created the necessar y condit io ns to support emotional control states ˘ providing both
reactivit y in the form o f a global alar m system, and a useful mechanism for unsuper vised
lear ning. Having demo nstrated the architectural requirements for artificial ^emot ions~, we
now need to explore in greater depth the utilit y o f the emotion process, and understand its
potential costs.

Replicators Replicate

            We are all the sur vival machines of our selfish genes ˘ replicators whose only purpose in
life is to replicate (see appendix E ). The key to the success of this replicat ion process can in
part be attributed to the fact that emotions influence our actions and colour our perception of
the world ˘ with the genetically pre-disposed machiner y o f pr imar y emot ions lying at the
heart of the emotion process (see section  5.2.3 ). In principle, there is nothing to stop us using
the machiner y o f pr imar y emot ions in our early stages of development, and then switching to
the learnt associat ions between events and emot ional markers to take us through the rest of
life. To a certain extent this is exactly what happens ˘ Damasio  [ 94] calls this process the
somatic marker hypothesis. However, our genes never completely hand over control, and
secondar y emot ions st ill express themselves through the machiner y of pr imar y emotions.

            An interest ing direct ion in which this research can be taken in the future is to invest igate
the utilit y of grounding the upper concern-processing co mpetence layers in the base (zero)

layer as typified by the emotion process. Our analys is has po inted to useful gains to be made

by such an approach (reactivit y and a mechanism for unsuper vised learning), but we have yet

to demonstrate the practicalit y o f capturing concerns at the base level, or explore the relat ive

weight ing of motivat ional control between the competence layers. Damasio  [94] po ints to a

useful role for ^emot ion~ in automat ically reducing our choice based on previous ^affect ive~

exper iences (see sect ion  5.2.5 ), but such conjectures still remain to be tested. Tertiar y

emotional states are created by situat ions in which a mis match exists between the upper and

lower concer n-processing mechanisms. Gr ief may play a useful ro le in societ y (or rather

having strong attachment concerns may be good for the gene pool), but it does not necessar ily

fo llo w that it is equally advantageous to the individual.

            Abbott offers a useful platfor m to testing the so mat ic marker hypothesis and determining

the extent to which base level concern-processing mechanisms should have control over

attentive processing. I f we remove the requirement for reproduction, is it still necessar y to

always give our genes the upper hand?

Social Agents

            One aspect of emotions that this research has not systemat ically addressed is the social/

communicat ion nature of the emotion process. ^Emotional~ agent architectures [Moffat and

Fr ijda  95; Velásquez  96; McCauley and Franklin  98; and Cañamero  97] typically attempt to

capture human emotion types such as happy, angr y, and sad. This is an ent irely reasonable

approach, as we will almo st inevitably use the intent ional stance [Dennett  87] in our day-to-

day dealings wit h our agents, and so having a commo n baseline makes sense.

            Our next task within our Abbott architecture will be to ident ify the number and t ype of

relevance evaluation  agents ˘ the primar y determinant s of the core-self . Most emotion

theorists are happy to accept that there are only a small number of such systems. For example,

Gray  [94, page  245] ident ifies three fundamental emotion systems: behavioural approach

system; fight/flight system; and a behavioural inhibit io n system. Unfortunately, many

theorists also attempt to associate emotion-circuits dir ect ly wit h emotions (or rather attempt to

explain emotions only in ter ms of such circuits) ˘ resorting to the termino logy of basic

emotions and emotion blends (see section  8.2 ). Once we have established the basic nature of

the relevance evaluation  agents, we can then turn our attention to the requirements for

emergent human emotion types.

9.2.2  Nursemaid Scenario

            The Gr idland scenar io (sect ion  6.2 ) provided a useful tool for explor ing the nature of the

emotion process in a dynamic and hostile environment. However, it does not support the types

of social condit io ns that are likely to lead to the emergence of recognisable human emotion

types. We have therefore developed a simulated Nursemaid scenar io based on the human

scenar io descr ibed in chapter  1  ˘ with Abbotts taking the role of the infants in the nursemaids
charge. Our next challenge is to grow the Abbott architecture into an architecture capable of
supporting a competent nursemaid.

Technical Nursemaid Scenario

            Our nursemaid´s environment is the simulated world of the nurser y. Within this
environment, our nursemaid can per form a number of actions to affect what it senses in the
future, i.e. pick up objects, wander from room to room, take Abbotts to food or water. The
nursemaid can also be said to pursue an agenda which aims to satisfy a set of basic concerns :

maintaining a healt hy level o f charge in its battery; keeping Abbotts away fro m the ditch;

looking after the well- being of Abbotts; achieving goals; and explor ing the nurser y.

            As with the Gr idland scenar io, the nursemaid, Abbott, and the different assorted objects,
are all modelled as agents within the framework of an extended SIM_AGENT toolkit (see
appendix A ). Using a virtual environment allows us to abstract away many real world
problems (the extended toolkit still provides a low-level sensor y interface based on phys ical
features of objects rather than convenient labels ˘ we simply avoid problems such as shadows
and reflect ions partially obscur ing objects) and provides us wit h a controlled and repeatable
environment for our exper iments.

            The scenar io ( Figure 9.2 - 1 ) includes a number of features specifically aimed at further
extending the range of concer n-processing requirements of our autonomous agents: (i)

Abbotts, with their frequent needs, provide the nursemaid with mult iple sources of

                                                                               Figure 9.2 - 1  Technical Nursemaid Scenario

asynchronous motivat ion; ( ii) var ious objects (toys, infir mar y, and fir st aid kit) provide both

opportunit ies and different solut ions for dealing with problems as and when they ar ise; ( iii)

the nursemaid must balance its own needs ( it must remain recharged) against those of its

charges; and ( iv) the nursemaid can be stressed by the introduction of more Abbotts or the

removal o f resources (such as the fir st aid kit).

            Addit io nally, the social aspects of the scenar io provide a care-giving environment that is

comparable to the situation in which real infants find themselves. Our conjecture is that this

type of social environment is ideally suited for elucidat ing the emergence of basic human

emotion types ˘ similar to the approach adopted by Breazeal and Velásquez  [ 98].

Details of the Nursery

            The nurser y consists of nine rooms, an arr ival/departure point, a recharge point, a stasis

room, an infir mar y, and a ditch. Scattered around the nurser y are a number of objects that can

help the nursemaid in it s duties.

            Abbotts arrive at the arrival po int and remain in the nurser y until they reach a certain age

or die. When Abbotts are old enough, or fall foul of the many dangers and die, they can be

taken to the dismissal po int. The infir mar y (or first aid kit) can be used to heal injured

Abbotts. The stasis room (bottom r ight-hand corner) can be used to place an Abbott in

suspended animat ion allowing the nursemaid to regulate the number of adverse mot ivators in

its environment.

            The nursemaid has four effectors: a foot, a claw, a microphone, and a camera: (a) the foot

mo ves the nursemaid around the nurser y; (b) the claw can grab objects ( including Abbotts)

and transfer them around the nurser y ˘ taking a toy to an Abbott, or an Abbott to the

infir mar y; (c) the microphone can detect sounds from anywhere in the nurser y; and (d) the

camera (a  5x5 g r id extending fro m the eye) can see into the room current ly occupied by the

nursemaid. Addit io nally, var ious short-range sensors (hardness, br ightness, occupancy, etc.)

can be used to probe the squares surrounding the nursemaid ˘ giving a more detailed picture

of the environment than is possible wit h the camera. Finally, the nursemaid mo ves at a finite

speed, and must negotiate a path around walls, Abbotts, or other objects.

Requirements for a Competent Nursemaid

            The scenar io contains mult iple sources of adver se mot ivat ion. It is assumed that the well-

being of the Abbotts is a pr imar y concer n of a competent nursemaid, and so the nursemaid

must remain vigilant to the prospects of: (a)  Abbotts falling into the ditch; (b) Abbotts turning

into thugs (when angr y for too long); (c) Abbotts being injured by thugs; (d) Abbotts running

low on food; and (e) the nursemaid running low on charge. Some sources of motivat ion will

require fast reflexes (when an Abbott wanders too close to the ditch), and others more longer-

term planning ( i.e. moving from room to room to proactively search for potential trouble

spots). There will be occasions when simply co mforting an Abbott will be enough to calm the

Chalmer s, D. J. (1996, 97). The Conscious Mind: In Search of a Fundamental Theory .

                         Oxford: Oxford Universit y Press. (first published  1996, Oxford: Oxford Universit y

                         Press)

Cohen, P. R., and Levesque, H. J. (1990). Intention is cho ice wit h commit ment. In Artificial

                         Intelligence , Vol.  42, No.  3.

Complin, C. (1997). The Evolut ionar y E ngine and the Mind Machine: A Design-based Study

                         of Adapt ive Change. Ph.D. Thesis. The Universit y o f Bir mingham.

                         ( http://www.cs.bham.ac.uk/research/cogaff/Complin.thesis.ps.gz )

Damasio, A. R. (1994, 96). Descartes´ Error: Emotion, Reason and the Human Brain .

                         London: Paper mac. (first published  1994, New York: G. P. Putman´s Sons.)

Damasio, A. R. (1999) The Feeling of What Happens: Body and Emotion in the Making of

                         Consciousness . New York: Harcourt Brace & Company.

Dawkins, R. (1982). The Extended Phenotype . Oxford: Oxford Universit y Press.

Dawkins, R. (1986). The Blind Watchmaker . London: Penguin.

Dawkins, R. (1989). The Selfish Gene . Oxford: Oxford Universit y Press.

Dennett, D. C. (1978). Brainstorms: Philosophical Essays on Mind and Psychology .

                         Cambr idge, MA: The MIT Press.

Dennett, D. C. (1987). The Intentional Stance . Cambr idge, MA: The MIT Press.

Dennett, D. C. (1991). Consciousness Explained . London: Penguin.

Dennett, D. C. (1995). Darwin’s Dangerous Idea: Evolution and The Meaning of Life .

                         London: Allen Lane ˘ The Penguin Press.

Dennett, D. C. (1996). Kinds of Minds: Towards an Understanding of Consciousness .

                         London: Weidenfeld and Nico lson.

Denton, D. (1993). The Pinnacle of Life: Consciousness and Self-Awareness  in Humans and

                         Animals . St. Leonards , Australia: Allen and Unwin  Pty Ltd.

Dux, G. (1990). Die Logik der Weltbilder  (3
rd

 Edition). Frankfurt: Suhrkamp Ver lag .

Edelman, G. M. (1987). Neural Darwinism: The Theory of Neuronal Group Selection . New

                         York: Basic Books.

Edelman, G. M. (1992). Bright Air, Brilliant Fire: On the Matter of the Mind . London:

                         Penguin.

Ekman, P., Friesen, W. V., and Ellsworth, P. (1982). Does the face provide accurate

                         infor mat ion? In P. Ekman (Ed.), Emotion in the Human Face  (2
nd

 edition).

                         Cambr idge: Cambr idge Universit y Press, pages  56-97.

Ekman, P. (1992). Are There Basic E motions? Psychological Review , Vol.  99, No.  3,

                         pages  550-553.

Elliott, C. (1992). The Affective Reasoner: A process model of emotions in a multi-agent

                         system . PhD Thesis, Northwestern Universit y, Institute for the Learning Sciences

                         Tech. Report #32.

                         ( f tp://ftp.depaul.edu/pub/cs/ar/elliott-thesis.ps )

Ellsworth, P. C. (1994). Levels of Thought and Levels o f E motion. In P. Ekman, and R. J.

                         Davidson (Eds.), The Nature of Emotion . Oxford: Oxford Universit y Press, pages  192-

                         196.

El-Nasr, M. S. (1998). Modeling Emotion Dynamics in Intelligent Agents . Masters Thesis,

                         Texas A & M Universit y.

E ysenck, H. J. (1991). Dimensio ns of Personalit y:  16, 5, or  3? ˘ Criter ia for a Taxonomic

                         Paradigm. In Personality and Individual Differences , Vol.  12, pages  773-790.

Fir by, J. R. (1989). Adaptive Execut ion in Co mplex Dynamic Wor lds. Ph.D. Thesis Yale

                         University Technical Report, YALEU/CSD/RR #672,  Januar y  1989

                         ( http://people.cs.uchicago.edu/users/f irby/thesis/thesis.ps.Z )

Ferguson, I. A. (1992). Touring Machines: An Architecture for Adaptive, Rat ional, Mobile

                         Agents. PhD Thesis  ˘ Technical Report  273, Computer Laboratory, Universit y o f

                         Cambr idge, UK, Apr il, 1992.

                         ( http://www.f tp.cl.cam.ac.uk/f tp/papers/reports/TR273-iaf -thesis.ps.gz )

Franklin, S. (1995). Artificial Minds . Cambr idge, MA: The MIT Press.

Franklin, S., and Graesser, A. (1996). Is it an agent, or just a program?: A taxonomy for

                         autonomous agents. In Proceedings of the Third International Workshop on Agents,

                         Theories, Architectures, and Languages . Springer-Ver lag, pages  21-35.

                         ( http://www.msci.memphis.edu/~f ranklin/AgentProg.html )

Ford, M. E. (1992). Motivating Humans: Goals, Emotions, and Personal Agency Beliefs .

                         Newbur y Park: Sage.

Fr ijda, N. H. (1986). The Emotions . Cambr idge: Cambr idge Univer sit y Press.

Fr ijda, N. H. (1994). Emotions are Functional, Most of the Time. In P. Ekman, and R. J.

                         Davidson (Eds.), The Nature of Emotion , Oxford: Oxford Universit y Press, pages  112-

                         122.

Fr ijda, N. H., and Swager man, J. (1987). Can computers feel? Theory and design of an

                         emotional system. In Cognition and Emotion , Vol.  1, No.  3, pages  235-257.

Georgeff, M. P., and Ingrand, F. F. (1989). Decision-making in an embedded reasoning

                         system. In Proceedings of the Eleventh International Joint Conference on Artificial

                         Intelligence  (pages  972-982). Detroit, MI: IJCAL. Also as Tech. Rep. 04 , Australian

                         Art ificial Intelligence Inst itute, Melbourne, Australia, Nov  1989.

                         ( f tp://www.aaii.oz.au/pub/aaii-technotes/technote04.ps.gz )

Georgeff, M. P., and Lansky, A. L. (1986). Procedural Knowledge. In Proceedings of the

                         IEEE: Special issue on Knowledge Representation , Vol.  74, No.  10, pages  1383-1398.

Georgeff, M. P., and Rao, A. S. (1995). BDI Agents: From T heory to Practice. Tech. Rep. 56 ,

                         Australian Artificial I ntelligence I nst itute, Melbourne, Australia, Apr il  1995.

                         ( f tp://www.aaii.oz.au/pub/aaii-technotes/technote56.ps.gz )

Gibson, J. J. (1979). The Ecological Approach to Visual Perception . Boston: Houghton

                         Mifflin Co mpany.

Goodall, J. (1991). Through a Window: Thirty Years with the Chimpanzees of Gombe .

                         London: Penguin.

Gray, J. A. (1994). Three fundamental emotion systems. In P. Ekman, and R. J. Davidson

                         (Eds.), The Nature of Emotion . Oxford: Oxford Universit y Press, pages  243-247.

Hayes-Roth, B. (1985). A blackboard architecture for control. In Artificial Intelligence ,

                         Vol.  26, No.  3, pages  251-321.

Hayes-Roth, B. (1995). An Architecture for Adaptive I ntelligent S ystems. In Artificial

                         Intelligence: Special Issue on Agents and Interactivity , Vol.  72, pages  329-365.

                         ( f tp://ftp-ksl.stanf ord.edu/pub/KSL_Reports/KSL-93-19.ps )

Hexmoor, H., Lammens, J., Caicedo G., and Shapiro, S. C. (1993). Behavior Based AI,

                         Cognit ive Processes, and E mergent Behaviors in Autonomous Agents . Technical

                         Report  93-15 , Universit y o f Buffalo. Apr il  1993.

                         ( f tp://ftp.cs.buffalo.edu/pub/tech-reports/93-15.ps.Z )

Huber, M. J., Lee, J., Kenny, P., Durfee, E. H. (1995). UM-PRS V2.9 Programmer and User

                         Guide. Tech. Report , Artific ial I ntelligence Laboratory, The Universit y o f Michigan.

Ingrand, F. F., Chat ila, R., Alami, R., and Robert, F. (1996). PRS: A High Level Super visio n

                         and Control Language for Autonomous Mobile Robots. In IEEE ICRA 96,

                         Minneapolis, USA.  Also as LAAS Report N°96027 .

                         ( f tp://ftp.laas.f r/pub/Publications/1996/96027.ps )

Izard, C. E. (1992). Basic E motions, Relations Among E motions, and E motion-Cognit io n

                         Relations. In Psychological Review , Vol.  99, No.  3, pages  561-565.

Izard, C. E. (1993). Four systems for emotion act ivat ion: Cognit ive and noncognit ive

                         processes. In Psychological Review , Vo l.  100, No.  1, pa ges  68-90.

Jackson, J. V. (1987). Idea for a Mind. SIGGART Newsletter , No. 181, pages  23-26.

Johnson-Laird, P. N., Oatley, K. (1992). Basic E motions, Rationalit y, and Fo lk Theory. In

                         Cognition and Emotion , Vol.  6, No.  3/4, pages  201-223.

Jung, C. (1999). Theory and Practice of Hybrid Agents . Ph.D. Thesis, The Universit y of

                         Saar land.

                         ( http://www.dfki.de/~jung/publications/doctoral99.ps.gz )

Kaelbling, L. P., and Rosenschein, S. J. (1991) Action and Planning in E mbedded Agents, in

                         P. Maes (Ed.) Designing Autonomous Agents , The MIT Press. Also in Robotics and

                         Autonomous Systems , Vol.  6, No.  1.

Kandel, E. R., Schwartz, J. H., and Jessell, T. M. (1995). Essentials of Neural Science and

                         Behavior . Norwalk, CT: Appleton and Lange.

Kitano, H. (1995). A Model for Hormonal Modulation of Learning . Sony Technical Report

                         SCSL-TR-95-044.

                         ( f tp://ftp.csl.sony.co.jp/CSL/CSL-Papers/95/SCSL-TR-95-044.ps.gz )

Kono lige, K., Myers, K. L., Ruspini, E. H., and Saffiotti, A. (1997). The Saphira architecture:

                         A design for autonomy. Journal of Experimental and Theoretical Artificial

                         Intelligence . Vol.  9, No.  1, 1997, pages  215-235.

                         ( f tp://aass.oru.se/pub/saff iotti/robot/jetai96.ps.gz )

Kumar, D. (1993). From Beliefs and Goals to Intentions and Actions: An Amalgamated

                         Model of Inference and Acting . Ph.D. Dissertation, Department of Co mputer Science,

                         State Universit y o f New York at Buffalo, Buffalo, NY 14260, 1993.

                         ( f tp://ftp.cs.buffalo.edu/pub/tech-reports/94-04.ps.Z )

Kumar, D. and Shapiro, S. C. (1994a). The OK BDI Architecture . International Journal of

                         Artificial Intelligence Tools , Vol.  3, March  1994, pages  349-366.

                         ( http://serendip.brynmawr.edu/~dkumar/ijait.ps )

Kumar, D. and Shapiro, S. C. (1994b).  Acting in Service o f Inference (and vice versa ). In

                         Dankel and Stewman (Eds.), Proceedings of FLAIRS-94  (Seventh Flor ida AI Research

                         Symposium), Flor ida AI Research Societ y, May  1994.

                         ( http://serendip.brynmawr.edu/~dkumar/f lairs.ps )

Larsen, R. L., and Ketelaar, T. (1989). Extraversion, neuroticis m and suscept ibilit y to positive

                         and negat ive mood induct ion procedures. Personality and Individual Differences ,

                         Vol.  10, pages  1221-1228.

LeDoux, J. E. (1987). Emotion. In Handbook of Physiology I: The Nervous System ˘ Vol. V:

                         Higher Functions of the Brain . Bethesda, MD: Amer ican Physio logical Societ y,

                         pages. 419-460.

LeDoux, J. E. (1992). Brain mechanisms o f emotion and emotional lear ning. Current Opinion

                         in Neurobiology , No.  2, pages  191-198.

LeDoux, J. E. (1994). Cognit ive-E motional Interactions in the Brain. In P. Ekman, and R. J.

                         Davidson (Eds.), The Nature of Emotion , Oxford: Oxford Universit y Press, pages  216-

                         223.

LeDoux, J. E. (1995). In Search of An E motional System in the Brain: Leaping fro m Fear to

                         Emotion and Consciousness. In Gazzaniga, M. S. (Ed.), The Cognitive Neurosciences .

                         Cambr idge, MA: The MIT Press, pages  1049-1062.

LeDoux, J. E. (1996). The Emotional Brain: The Mysterious Underpinnings of Emotional

                         Life . New York: Simon and Schuster.

Ludlow, A. (1976). The behavior of a model animal. In Behavior , Vol.  58.

Ludlow, A. (1980). The evo lut ion and simulat ion of a decisio n maker. In F. Toates, and T.

                         Halliday (Eds.), Analysis of Motivational Processes . London: Academic Press.

MacLean, P. D. (1952). Some psychiatric implicat ions of physio logical studies on

                         frontotemporal  portion of limbic system ( visceral brain). In Electroencephalogr .

                         Clinical Neurophysiology , Vol.  4, pages  407-418.

Maes, P. (1989). How to Do the Right Thing. In Connection Science Journal , Vol.  1, No.  3,

                         pages  291-323, 1989. Also MIT AI-Memo  1180. December  1989.

                         ( http://agents.www.media.mit.edu/groups/agents/Publications/Pattie/consci/consci.ps )

Maes, P. (1994). Modeling adaptive autonomous agents . In C. Langton (Ed.), Artificial Life

                         Journal , Vol.  1, No.  1&2, pages  135-162

                         ( http://pattie.www.media.mit.edu/people/pattie/alif e-journal.ps )

Maslow, A. H. (1954). Motivation and Personality . Harper. (3
rd

 Edition, Addiso n-Wesley,

                         1987).

Mauro, R. (1988). Opponent process in human emotions? An exper imental invest igat ion of

                         hedonic  contrast and affect ive interaction. In Motivation and Emotion , 12, pages  333-

                         351.

McCauley, T. L. (1999). Implementing Emotions in Autonomous Agents . Masters thesis, The

                         Universit y of Memphis.

                         ( http://www.msci.memphis.edu/~mccaulet/thesis.ps )

McCauley, T. L. and Franklin, S. (1998). An Architecture for Emotion. In Working Notes of

                         AAAI Fall  1998 Symposium .

                         ( http://www.msci.memphis.edu/~mccaulet/Emotion.PDF )

McCrae, R. R., and John, O. P. (1992). An introduction to the five-factor model and its

                         applicat ions. Special Issue: The five- factor model: Issues and applicat ions. In Journal

                         of Personality ,  Vol.  60, pag es  175-215.

Meyer, G. J., and Shack, J. R. (1989). Structural convergence of mood and personalit y:

                         evidence for old and new directions. In Journal of Personality and Social Psychology ,

                         Vol.  57, pages  691-706.

Minsky, M. (1985, 87). The Society of Mind . London: William Heinemann Ltd. ( fir st

                         published  1985, New York: Simo n & Schuster. )

Myers, K. L. (1996). A procedural knowledge approach to task-level control. In Proceedings

                         of the Third International Conference on AI Planning Systems , AAAI Press, 1996.

                         ( http://www.ai.sri.com/~prs )

Moffat, D. (1997). Personalit y parameters and programs. In R. Trappl, and P. Petta (Eds.),

                         Creating Personalities for Synthetic Actors: Towards Autonomous Personality Agents .

                         New York: Springer-Ver lag, pages  120-165.

Moffat, D., and Fr ijda, N. H. (1995). Where there´s a will there´s an agent. In M. J.

                         Wooldr idge, and N. Jennings (Eds.), Intelligent Agents, ECAI-94. Lecture Notes in

                         Artificial Intelligence  890 . New York: Springer-Ver lag, pages  245-260.

                         ( http://www.cf .ac.uk/uwc/psych/moffat )

Morignot, P. and Hayes-Roth, B. (1994). Why does an agent act? In Knowledge Systems

                         Laboratory Report KSL-94-76 , December  1994.

                         ( f tp://ftp-ksl.stanf ord.edu/pub/KSL_Reports/KSL-94-76.ps )

Morignot, P. and Hayes-Roth, B. (1996). Motivated Agents. In Knowledge Systems

                         Laboratory Report KSL-96-22 , July  1996.

                         ( f tp://ftp-ksl.stanf ord.edu/pub/KSL_Reports/KSL-96-22.ps )

Müller, J. P. (1996). The Design of Intelligent Agents: A Layered Approach . New York:

                         Springer-Ver lag.

Newell, A. (1982). The knowledge level. I n Artificial Intelligence , Vol.  18, pages  87-127.

Nilsson, N. J. (1994). Teleo-React ive Programs for Agent Control. In Journal of Artificial

                         Intelligence Research , Vol.  1, pages  139-158.

                         ( http://www.cs.cmu.edu/afs/cs/project/jair/pub/volume1/nilsson94a.pdf )

Norman, T. J. (1996).  Motivation-based direction of planning attention in agents with goal-

                         autonomy . PhD thesis. DAI Unit, Department of Electronic Engineer ing , Queen Mar y

                         and Westfield Co llege .

Oatley, K., and Jenkins, J. M. (1996). Understanding Emotions . Cambr idge, MA: Blackwell

                         Publishers Ltd.

Ono, T., and Nishijo, H. (1992). Neurophysio logical basis of the Klüver-Bucy syndro me:

                         Responses of mo nkey amygdalo id neurons to bio logically significant objects. In J. P.

                         Aggleton (Ed.), The amygdala: Neurobiological aspects of emotion, memory, and

                         mental dysfunction . New York: Wiley-Liss, pages  167-190.

Ortony, A., Clore, G. L., and Collins, A. (1988). The Cognitive Structure of Emotions .

                         Cambr idge: Cambr idge Universit y Press.

Picard, R. W. (1997). Affective Computing . Cambridge, MA: The MIT Press.

Prem, E. (1996). Motivat ion, Emotion and the Ro le of Funct ional Circuits in Autonomous

                         Agent Design Methodology. TR-96-04 , The Austrian Research Inst itute for Artificial

                         Intelligence, Vienna, 1996.

                         ( f tp://ftp.ai.univie.ac.at/papers/oefai-tr-96-04.ps.gz )

Rao, A. S., and Georgeff, M. P. (1995). Formal models and decisio n procedures for mult i-

                         agent systems.  Tech. Rep. 61 , Australian Artificial I ntelligence I nst itute, Melbourne,

                         Australia, June  1995.

                         ( f tp://www.aaii.oz.au/pub/aaii-technotes/technote61.ps.gz )

Rao, A. S., and Georgeff, M. P. (1991a). Deliberatio n and intent ions. Tech. Rep.  10 ,

                         Australian Artificial I ntelligence I nst itute, Melbourne, Australia, May  1991.

                         ( f tp://www.aaii.oz.au/pub/aaii-technotes/technote10.ps.gz )

Rao, A. S., and Georgeff, M. P. (1991b). Modeling rational agents within a BDI-architecture .

                         Tech. Rep. 14 , Australian Artificial I ntelligence Inst itute, Melbourne, Australia,

                         Feb  1991.

                         ( f tp://www.aaii.oz.au/pub/aaii-technotes/technote14.ps.gz )

Revelle, W. (1995). Personalit y Processes. In Annual Review of Psychology , Vol.  46,

                         pages  295-328.

                         ( http://pmc.psych.nwu.edu/revelle/publications/AR.html )

Rhodes, B. (1996). PHISH-Nets: Planning Heuristically in Situated Hybrid Networks . MS

                         thesis. School of Architecture and Planning, Massachusetts Institute of Techno logy,

                         September  1996.

                         ( http://rhodes.www.media.mit.edu/people/rhodes/PHISH-Nets )

Rizzo, P., Veloso, M. V., Miceli, M., and Cesta, A. (1997). Personalit y-Dr iven Social

                         Behaviors in Believable Agents . AAAI 1997 Fall Symposium on ^Socially Intelligent

                         Agents~ , AAAI Press Technical Report FS-97-02, pages  109-114.

Robbins, T. W., and Ever itt, B. J. (1995). Arousal System and Attention. In Gazzaniga, M. S.

                         (Ed.) The Cognitive Neurosciences . Cambr idge, MA: The MIT Press, pages  703-720

Rolls, E. T. (1992). Neurophysio logical mechanisms under lying face processing within and

                         beyo nd the temporal cortical visual areas. In Philosophical Transitions of the Royal

                         Society, London, Series B, Biological Sciences  335 , pages  11-21.

Rolls, E. T. (1995). A Theory of E motion and Consciousness, and its Applicat ion to

                         Understanding the Neural Basis of E motion. In Gazzaniga, M. S. (Ed.) The Cognitive

                         Neurosciences . Cambr idge, MA: The MIT Press, pages  1091-1106.

Rolls, E. T. (1999). The Brain and Emotion . Oxford: Oxford Univer sit y Press.

Rosenblatt, J. (1998). Behavior-Based Planning for Intelligent Autonomous Vehicles . To

                         appear in Proceedings of IAV’98 Symposium on Intelligent Autonomous Vehicles ,

                         Madr id, Spain, March  27-29, 1998.

                         ( http://www.umiacs.umd.edu/~julio/papers/IAV98-f ormatted.ps.gz )

Rosenblatt, J. (1997). DAMN: A Distributed Architecture for Mobile Navigation . Ph.D.

                         Thesis, Car negie Mello n Univer sit y Robotics Inst itute, Pittsburgh, PA. Also as

                         Technical Report CMU-RI-TR-97-01 .

                         ( http://www.cs.cmu.edu/afs/cs.cmu.edu/user/jkr/www/papers/Dissertation/DAMN_Dis

                         s.ps.gz )

Rosenblatt, J., and Thorpe, C. (1995). Combining Mult iple Goals in a Behavior-Based

                         Architecture . In Proceedings of  1995 International Conference on Intelligent Robots

                         and Systems (IROS) , Pittsburgh, PA, August 7-9,  1995.

                         ( http://www.umiacs.umd.edu/~julio/papers/IROS_95.ps.gz )

Rosenblatt, J., and Payton, D. W. (1989). A Fine-Grained  Alternat ive to the Subsumpt ion

                         Architecture for Mobile Robot Control. Proceedings of the IEEE/INNS International

                         Joint Conference on Neural Networks , Washington DC, June 1989, Vol.  2, pages  317-

                         324.

                         ( http://www.umiacs.umd.edu/~julio/papers/Fine_Grained_Alternative.ps.gz )

Rosenschein, S. J., and Kaelbling, L. P. (1995). A Situated View of Representation and

                         Control. In Artificial Intelligence , Vol.  73,  1995.

                         ( http://www.cs.brown.edu/people/lpk/sitaut.ps )

Rousseau, D. (1996). Personalit y in co mputer characters. In Working Notes of the AAAI-96

                         Workshop on AI / ALife , AAAI Press, Menlo Park, CA, 1996.

                         ( f tp://ftp.ksl.stanford.edu/pub/pdoyle/personality_AAAI96.ps )

Sacks, O. (1990). Seeing Voices . London: Picador.

Selfr idge, O. G. (1959). Pandemonium: A Paradigm for Lear ning. In Proceedings of the

                         Symposium on Mechanisation of Thought Process . National Physics Laboratory.

Schachter, S. (1964). The interaction of cognit ive and physio logical deter minants of

                         emotional states. In Berkowitz, L. (Ed.) Advances in Experimental Social Psychology

                         Vol. 1 . New York: Academic Press, pages  49-80.

Schank, R. C., and Abelso n, R. P. (1977). Scripts, Plans, Goals and Understanding: An

                         Inquiry into Human Knowledge Structures . Hillsdale, NJ: Lawrence Er lbaum.

Simo n, H. (1967). Motivat ional and emotional controls of cognit ion. Repr inted in Models of

                         Thoughts , Yale Universit y Press, (1979), pages  29-38.

Simo n, H. (1982). Affect and cognit ion: Comments. In M. S. Clark, and S. T. Fiske (Eds.),

                         The Seventeenth Annual Car negie Symposium on Cognit io n: Affect and Cognit ion.

                         London: Lawrence Er lbaum Associates, pages  333-342.

Slo man, A. (1992). Prolego mena to a Theory of Co mmunicat ion and Affect. In: Ortony, A.,

                         Slack, J., and Stock, O. (Eds.) Communication from an Artificial Intelligence

                         Perspective: Theoretical and Applied Issues . Heidelberg, Ger many: Spr inger-Ver lag ,

                         pages  229-260.

                         ( f tp://ftp.cs.bham.ac.uk/pub/groups/cog_affect/Aaron.Sloman_Prolegomena.ps.Z )

Slo man, A. (1993a). The mind as a control system. In C. Hookway, and D. Peterson (Eds.),

                         Proceedings of the  1992 Royal Institute o f Philosophy Conference ’Philosophy and the

                         Cognitive Sciences’ . Cambr idge: Cambr idge Universit y Press, pages  69-110

                         ( f tp://ftp.cs.bham.ac.uk/pub/groups/cog_affect/Aaron.Sloman_Mind.as.controlsystem.

                         ps.Z )

Slo man, A. (1993b).  Prospects for AI as the General Science of Intelligence . In A. Slo man, D.

                         Hogg, G. Humphreys, D. Partridge, and A. Ramsey (Eds.), Prospects for Artificial

                         Intelligence . Amsterdam: ISO Press, pages  1-10

                         ( f tp://ftp.cs.bham.ac.uk/pub/groups/cog_affect/Aaron.Sloman_prospects.ps.Z )

Slo man, A. (1997). Designing Human-Like Minds . Universit y o f Bir mingham.

                         ( f tp://ftp.cs.bham.ac.uk/pub/groups/cog_affect/Sloman.ecal97.ps.gz )

Slo man, A. (1999). Architectural Requir ements for Human-like Agents Both Natural and

                         Art ificial. (What sorts of machines can lo ve?). To appear in K. Dautenhahn (Ed.)

                         Human Cognit io n And Social Agent Techno logy, John Benjamins Publishing.

                         ( http://www.cs.bham.ac.uk/research/cogaff/Sloman.kd.pdf )

Slo man, A. and Croucher, M. (1981). Why robots will have emotions. In Proceedings IJCAI

                         1981 , Vancouver. Also available as Cognitive Science Research paper No  176 ,  Sussex

                         Universit y.

                         ( f tp://ftp.cs.bham.ac.uk/pub/groups/cog_affect/Aaron.Sloman_why_robot_emotions.p

                         s.gz )

Slo man, A. and Logan, B. S. (1998) Architectures and Tools for Human-Like Agents, In F.

                         Ritter and R. M. Young (Eds.), Proceedings of the  2
nd

 European Conference on

                         Cognitive Modelling . Nottingham: Nottingham Universit y Press, pages  58-65.

                         ( f tp://ftp.cs.bham.ac.uk/pub/groups/cog_affect/Sloman.and.Logan.eccm98.ps.gz )

Slo man, A. and Poli R. (1996). SIM_AGENT: A toolkit for explor ing agent designs. In

                         Proceeding IJCAI workshop on Agents Theories Architectures and Languages

                         ATAL’95 , Springer-Ver lag Lecture Notes in Co mputer Science.

                         ( f tp://ftp.cs.bham.ac.uk/pub/groups/cog_affect/Aaron.Sloman_Riccardo.Poli_sim_age

                         nt_toolkit.ps.Z )

Solo mon, R. L. (1980). The opponent-process theory of acquir ed motivat ion: The costs of

                         pleasure and the benefit s of pain. In American Psychologist , 35, 691-712.

� PLHMD�)�7KH�3DQGHPRQLXP�6\VWHP�RI�5HIOHFWLYH�$JHQWV�,Q� IEEE Transactions on

                         Neural Networks , Vol.  7, No.  1, pages  97-106, 1996. Also available as Technical

                         Report  794 , German Nat ional Research Centre for Computer Science (GMD), St.

                         Augustin, Ger many, 1994.

                         ( f tp://borneo.gmd.de/pub/as/janus/ref94_2.ps )

Swanson, L. W. (1983). The hippocampus and the concept of the limbic system. In W. Seifert

                         (Ed.), Neurobiology of the Hippocampus . London: Academic Press, pages  3-19.

Thorpe, S. J., Rolls, E. T., and Maddison, S. (1983). The orbitofrontal cortex: Neuronal

                         activit y in the behaving monkey. In Experimental Brain Research  49, pages  93-115.

Tomkins, S. S. (1981, 95) The Quest for Primar y Motives: Biography and autobiography of

                         an idea. In E. V. Demos (Ed.), Exploring Affect: The Selected Writings of Silvan S.

                         Tomkins . Cambr idge: Cambr idge Universit y Press, 1995. Originally published in the

                         Journal of Personality and Social Psychology , Vol.  41, No.  2, pages  306-329, 1981.

Tomkins, S. S. (1984). Affect Theory. In K. R. Scherer and P. Ekman (Eds.), Approaches to

                         Emotion . Hillsdale, NJ: Lawrence Erlbaum Associates.

Turner, T. J., and Ortony, A. (1992). Basic E motions: Can Conflict ing Cr iter ia Converge? In

                         Psychological Review , Vol.  99, No.  3, pages  566-571.

T yrrell, T. (1992). Defining the Action Select ion Problem. I n the Proceedings of the

                         Fourteenth Annual Conference of the Cognitive Science Society . Lawrence Erlbaum

                         Associates.

                         ( http://www.soc.soton.ac.uk/SOES/STAFF/tt/AS/tt1.ps.Z )

T yrrell, T. (1993a). Computational Mechanisms for Action Selection . PhD Thesis, Universit y

                         of Edinburgh.

                         ( f tp://ftp.ed.ac.uk/pub/lrtt/ )

T yrrell, T. (1993b). The Use of Hierarchies for Action Selection. In the Journal of Adaptive

                         Behavior , Vol.  4, 1993. Also to appear in J-A. Meyer, S. W. Wilson, and H. Roitblat

                         (Eds.), the Proceedings of the Second International Conference on Simulation  of

                         Adaptive Behavior . MIT Press/Bradford Books, 1993.

                         ( http://www.soc.soton.ac.uk/SOES/STAFF/tt/AS/tt2.ps.Z )

T yrrell, T. (1994). An Evaluat ion of Maes´ ^ Bottom-Up Mechanis m for Behavior Select ion ~.

                         In Adaptive Behavior , Vol.  2, No.  4, pages  307-348, 1994. Also as Technical Report ,

                         Plymouth Mar ine Laboratory.

                         ( http://www.soc.soton.ac.uk/SOES/STAFF/tt/AS/tt3.ps.Z )

Velásquez, J. (1996). Cathexis: A Computational model for the Generation of Emotions and

                         their Influence in the Behavior of Autonomous Agents .  Masters Thesis, Department of

                         Electrical E ngineer ing and Co mputer Science, Massachusetts Inst itute of Techno logy.

Velásquez, J. (1997). Modeling E motions and Other Motivat ions in Synthet ic Agents . In

                         Proceedings of the Fourteenth National Conference on Artificial Intelligence . Menlo

                         Park, CA: AAAI Press.

                         ( http://www.ai.mit.edu/people/jvelas/papers/Velasquez-AAAI-97.ps )

Velásquez, J. (1998). Modeling E motion-Based Decisio n-Making . In Proceedings of the  1998

                         AAAI Fall Symposium Emotional and Intelligent: The Tangled Knot of Cognition

                         (Technical Report FS-98-03). Orlando, FL: AAAI Press.

                         ( http://www.ai.mit.edu/people/jvelas/papers/Velasquez-FS98.ps )

Velásquez, J. (1999). When Robots Weep: Emotional Memor ies and Decisio n-Making. In

                         Proceedings of the Fifteenth National Conference on Artificial Intelligence , Menlo

                         Park, CA: AAAI Press, pages  70-75.

                         ( http://www.ai.mit.edu/people/jvelas/papers/Velasquez-AAAI-98.ps )

Watson, D., Clark, L. A., and Harkness, A R. (1994). Structures of personalit y and their

                         relevance to psychopathology. In Journal of Abnormal Psychology , Vol.  103, pages  1-

                         14.

Wilkins, D. E. and Myers, K. L. (1995). A common knowledge representation for plan

                         generat ion and reactive execut ion. In Journal of Logic and Computation , Vol.  5,

                         No.  6, pages  731-761, December  1995.

                         ( http://www.ai.sri.com/~wilkins/papers/jlc-www.ps )

Wilkins, D. E., Myers, K. L., Lowrance, J. D., and Wesley, L. P. (1995). Planning and

                         reacting in uncertain and dynamic environments. In Journal of Experimental and

                         Theoretical AI , Vol.  7, No.  1, pages  197-227, 1995.

                         ( http://www.ai.sri.com/pubs/papers/W ilk95-197:Planning/document.ps )

Wr ight, I. P. (1997). Emotional Agents . PhD Thesis, School of Co mputer Science, Universit y

                         of Bir mingham.

                         ( http://www.cs.bham.ac.uk/research/cogaff/W right.thesis.ps.gz )

Wr ight, I. P., Slo man, A., and Beaudo in, L. P. (1996).  Towards a Design-Based Analysis o f

                         Emotional Episodes. In Philosophy Psychiatry and Psychology  3(2):101-126. This is a

                         revised versio n of the paper presented to the Geneva Emotions Workshop, April  1995

                         ent it led ^The Architectural Basis for Grief.~

                         ( http://www.cs.bham.ac.uk/research/cogaff/W right_Sloman_Beaudoin_grief .ps.gz )

Zajo nc, R. B. (1980). Feeling and thinking: Preferences need no inferences. In American

                         Psychologist , Vol.  35, pages  151-175.

Appendices

                                              Start()

                                                                        GridlandInitialise()

                                                                        GridlandSetup()

                                                                        sim_scheduler()

                                                                                                          sim_setup()

                                                                                                          sim_setup_scheduler()

GridlandScheduler()
new_commands

^new~, ^reset~, ^quit~

^run~

^ goto~

                                                                                                          sim_run_agent()

                                                                                                          sim_scheduler_finished()

Popup

Menus

Pulldown

Menus
exit_to(sim_scheduler)

                                      ^new~

                                     ^reset~

                                              ^quit~
                                                                                                             SIM _AGENT Toolkit

                                                                                  new

                                                                                cycle

Commands and Menus

            The Gr idland commands fall into three basic categories: ( i)  file commands associated with
resetting, loading and saving exper iments ( Figure A.4 - 2 ) ; ( ii) run commands concerned with
pausing, single stepping and running the simulat ion ( Figure A.4 - 3 ); and ( iii) system
commands concerned wit h setting cycle times and saving trace and debug results to disk

( Figure A.4 - 4 ). In addit ion to these basic commands, other menu options can be used to select
between different status windows ( Figure A.4 - 5 ), display a list of all agents, or provide simple
help facilit ies.

                                             Figure A.4 - 1  Gridland Scheduler and the SIM_AGENT toolkit

                             New - start a new experiment (simulation run).

                             Reset - reset the current experim ent.

                             Load - load an experiment from  disk.

                             Save - save an experim ent to disk.

                             Quit - leave the simulation.

                                                 Pause - stop the simulation.

                                                 Single Step - single step the sim ulation.

                                                 Big Step - go to the next ^W orld~ cycle.

                                                 Run - run the sim ulation.

                                                 Goto - go to a specific cycle number.

                                                                        Save Trace

                                                                        saves all new entries in

                                                                        the ^Data~, ^Debug~, or

                                                                        ^Activation~ windows to

                                                                        disk.

CPU Cycle Time

defines the cycle

time for the Gridland

Scheduler loop in

ms.

Display

turns the

agent display

on or off.

Trace

turns debug

tracing on or

off.

               Figure A.4 - 2  Gridland File Menu

              Figure A.4 - 3  Gridland Run Menu

         Figure A.4 - 4  Gridland System Menu

Used to select the different
trace / status windows. This
menu is repeated above the
status window itself.

Trace and Debug Features

             The graphical inter face also gives us the chance to select and interactively set debug and
trace flags for individual agents ( Figure A.4 - 6  and F igure A.4 - 7 ).

Selecting an object (in this example

Abbott - Agent: a1) with the right
mouse button pauses the simulation,
and brings up the Gridland option
menu. The option menu can then be
traversed to display the current status
of the agent, set individual trace and
debug flags, or display a list of child
agents.

Brings up a list of

Abbott SoM members

                                                                                            Figure A.4 - 5  Gridland Status Menu

                                        Figure A.4 - 6  Accessing Abbott´s Society of Mind (SoM) members

Using the Popup / Pulldown  menus,

it is possible to set individual trace /

debug options for each agent.

                                            Setting the ^Database Change~ flag allows all changes made by a particular agent

                                            to the blackboard to be tracked on a rule by rule, cycle by cycle basis.

The list of child agents can be scrolled, and

the Gridland option menu brought up for the

agent of interest using the mouse buttons.

A.5  Supporting Different Agent Architectures

            Agent architectures can be represented in the SIM_AGENT toolkit in a number of

different ways: (a)  as a single agent ˘ with sub- mechanisms implemented as separate rule

families; (b) as a distr ibuted agent network communicating through message passing; and (c)

as a compound object such as the Society of Mind  (SoM) model. The key to this flexibilit y lies

in the object orientated nature of the toolkit, allowing different methods to be defined to

support different agent classes.

            Passive objects such as walls, reactive agents such as food and water sources, and simple

active agents such as enemies, are all represented in the Gr idland world as single agents. On

ever y pass of the scheduler each agent is run for a single t ime-slice. By defining a separate

                                          Figure A.4 - 7  Accessing SIM_AGENT´s  extensive debug features

method for the

                                                    gl_abbott
                                                                                 class agent ( Figure A.5 - 1 ) we can easily extend the process to ensure
that all child agents of the Abbott SoM are also executed whenever the parent Abbott is run.

                                                                 define :method vars sim_run_agent(agent:gl_abbott, agents);

                                                                     lvars agent, agents, children, child;

                                                                     if sim_status(agent) == "dead" then return endif;

                                                                     /* run rules ysyem for parent */

                                                                     call_next_m ethod(agent, agents);

                                                                     /* run rules ystem  for children */

                                                                     dlocal sim _parent = agent;

                                                                     for children in gl_children_slots do

                                                                         for child in children(agent) do

                                                                             child -> sim_m yself;

                                                                             "xBB_" <> sim _name(child) -> local_BB;       /* loc al blackboard */

                                                                             sim_run_agent(child, []);

                                                                             sim_do_actions(child, [], sim _cycle_number);

                                                                             []->(sim_data(child))("new_sense_data");

                                                                         endfor;

                                                                     endfor;

                                                                 enddefine;

                                                                                            Figure A.5 - 1  SoM Compound Agent

B  Abbott Experiments

             The Gr idland Scenar io requires Pop11, the SIM_AGENT toolkit, and OpenMotif to run.

The exper iments themselves (sect ion  6.2 ; section 8.1.3 ; and Figure A.5 - 1 ) were performed on

a  433MHz Celeron PC running a SUSE version o f LINUX. The source code and instructions

for running the Abbott exper iments can be found at:

             http://www.cs.bham.ac.uk/research/poplog/abbott

                                                          Figure A.5 - 1  Graphical Shell for the Gridland Scenario

C  A Quick Tour of Brain Anatom y

             For our ongoing discussio n of the neuro logical basis of emot ions, it is useful to have a
general overview of the prominent regions of the brain invo lved in reasoning and emot ion.

Figure A.5 - 1 a shows the low and high roads to the amygdala of LeDoux´s fear system (see
sect ion  5.2.4 ).

dorsolateral
prefrontal cortex
amygdala

ventromedial
prefrontal cortex

(orbital cortex)

                                                           Low and High Roads

                                                                  to the Amygdala
ventromedial
prefrontal cortex

(orbital cortex)

dorsolateral
prefrontal cortex

External (Lateral) View
of Left Hemisphere
amygdala

visual
cortex

                                                          Internal (Medial) View

                                                             of Left Hemisphere

Brain Viewed From Below

(Ventral or Orbital View)

                                                                           amygdala

                                             anterior

                                           cingulate

                                                                                                                 ventromedial

                                                                                                             prefrontal cortex

                                                                                                               (orbital cortex)

                                                                                                                  dorsolateral

                                                                                                            prefrontal cortex

visual

                                                                                                                     thalamus
visual
cortex

                       amygdala

                    a) b)

                    c) d)

                                                  hippocampus

                               limbic

                             syst em

primar y
somatosensory
cortex

                                                                                                       hypothalamus

             Figure A.5 - 1 b shows the lateral (or external) view of the left brain hemisphere ˘ with the
ventromedial prefrontal cortex, the dorsolateral prefrontal cortex, and the primar y
somatosensory cortex highlighted. Damage to these structures has a number of ser ious effects
on cognition and emotion:

             1)  Damage to the ventromedial prefrontal cortices results in both compromised

                         reasoning/decisio n making and emotion/feeling (especially in the personal and social

                         domains) ˘ this is the region Damasio  [94] ident ifies as cr it ical for somatic marker

                         expressio n.

                                           Figure A.5 - 1  Brain Regions involved in Emotion and Reasoning

                                                                                                               [Damasio  96;  LeDoux  96]

             2)  Damage to the dorsolateral region co mpromises decisio n making but ^E ither the

                         defect is far more sweeping, co mpromising intellectual operations over all do mains, or

                         the defect is more select ive, compro mising operations on words, numbers, objects or

                         space, more so than operations in the personal and social do main.~ [Damasio  96,

                         page  70]

             3)  Damage to the r ight primar y so matosensor y cortex (the somatosensor y cortex is r ight

                         hemisphere dominant ˘ ^left hemisphere representations are probably partial and not

                         integrated~ [Damasio  96, page  67]) disru pts the process of basic body signalling.

                         Significant ly, such damage also compromises reasoning/decisio n making and

                         emotion/feeling, thus providing further evidence for the influence of somatic markers

                         in decisio n making.

             Figure A.5 - 1 c shows the medial (or internal) view of the left brain hemisphere, and the

region nor mally associated with the limbic system. The term ^limbic system~ does not

actually refer to an anatomically unique regio n of the brain, but it is generally defined to

include the hippocampus, the cingulate, the amygdala, and parts of the ventromedial

prefrontal/orbital cortex. These areas have specific tasks in reasoning and emotion/feeling:

             1)  The hippocampus creates a representation of the context that contains not individual

                         stimuli but relations between st imuli. In br inging together all the actors, the

                         hippocampal system is able to generate explicit memor ies about emotional situat ions.

             2)  The anter ior cingulate (along with the lateral prefrontal cortex to which it is

                         interconnected) for ms part of the frontal lobe attention network, ^a cognit ive system

                         invo lved in select ive attention, mental resource allocat ion, decisio n making processes,

                         and vo luntary mo vement control.~ [LeDoux  96, page  277] Damasio descr ibes this

                         region as the ^fountain head~ region where ^systems concerned with emotion/feeling,

                         attention, and working memor y interact so int imately that they const itute the source

                         for the energy o f both external act ion ( movement) and internal action (thought

                         animat ion, reasoning).~ [Damasio  96, page  71]

             3)  The amygdala has been ident ified as being central to the fear emotion system, but its

                         role in other emotion systems is st ill unclear. The amygdala does not appear to play a

                         significant role in posit ive emot ions. ^ All  around the two amygdala, the brain o f

                         patient S was perfect ly nor mal. But the amount of calcium deposit ion was such within

                         the amygdala that it was immediately apparent that little or no normal function of the

                         neurons wit hin the amygdala could still take place.~ [Damasio  99, page  62] Although

                         her sensor y percept ions, her movements, her language, and her basic intelligence were

                         nor mal, Damasio goes on to describe how ^her social behaviour demo nstrated a

                         consistent skewing of her prevailing emotional tone. It was as if negative emot ions

                         such as fear and anger had been removed fro m her affect ive vocabular y, allowing the

                         posit ive emot ions to dominate her life.~ [Damasio  99, page  65]

D  Definition of Hormones

            There is so me confusio n in the co mputer science literature as to the definit io n and use of
hor mones. Cañamero  [97] uses the term hormone to refer to the chemical messengers

(dopamine, endorphine, and adrenaline) released by emotion and behaviour agents to modify
perception and the activat ion level o f the current motivation ˘ see section  6.1.4 ; whereas

Kitano  [95] uses the term hor mone to include serotonin, histamine, nor-epinephr ine (also
known as nor-adrenaline), epinephr ine (adrenaline), and dopamine. For the purposes of this
thesis we will adopt the fo llowing definit io n of hormo nes: Chemicals secreted by the
endocr ine glands (pituitar y, thyroid, pancreas, adrenal, ovar ies, testes) and transported via the
bloodstream to certain target organs where they cause specific effects which are vital in
regulat ing and co-ordinat ing body activit ies.

            Strict ly speaking, neurochemical messenger s fall into three functional families, which
merge into each other [Oatley and Jenkins  96, pages  152-153]:

            1)  Dopamine  belo ngs to the family of neurotransmitters which are released by nerve

                         impulses at the end of a nerve cell´s axon and rapidly diffuse across the tiny synaptic

                         gaps between cells to excite or inhibit the receiving nerve cell or muscle fibre . There

                         are three classes of neurotransmitters:

                         a)  amino acid  transmitters  ˘ glutamate and aspartate (excitatory), gamma-

                                     amino but yr ic acid (GABA) and glycine ( inhibitory).

                         b)  aminergic  transmitters  ˘ acetylcho line, epinephr ine, nor-epinephr ine, dopamine,

                                     serotonin, and histamine.

                         c)  peptides  ˘ which, depending on their mode of operation, are sometimes classified

                                     as neuro modulators [Bloom  95, page  1064], or even hormones.

                         In humans the meso limbic dopamine system is implicated in incent ive mot ivat ional

                         processes through which evaluat ive processing is translated into action, and the stratial

                         dopamine system is implicated in response preparation such as motor readiness

                         [Robbins and Ever itt  95, pages  712-713]. Kitano  [95] associates dopamine, nor-

                         epinephr ine, and epinephr ine with pleasure, anger, and fear respectively.

            2)  Adrenaline  belo ngs to the family of hormones which are carried around the body by

                         the blood to affect organs that are sensitive to them . Adrenaline mo lecules are too big

                         to pass though the blood-brain barr ier, but are thought to modulate implic it emotional

                         memor ies and explicit memor ies of emotion through action on the amygdala and

                         hippocampus [LeDoux  96, page  208].

            3)  Endorphine  belo ngs to the family of neuromodulators which diffuse some distance to

                         affect many thousands of other nerve cells  ˘ implicated in modulat ing the pain system.

E  Survival Machines

                         ^We are all survival machines for the same kind of replicator ˘ molecules called DNA

                         ˘ but there are many different ways of making a living in the world, and the

                         replicators have built a vast range of machines to exploit them. A monkey is a

                         machine that preserves genes up trees, a fish is a machine that preserves genes in the

                         wat er; there is even a small worm that preserves genes in German beer mats. DNA

                         works in mysterious ways.~

˘ Dawkins, The Selfish Gene  (page  21)

E.1  T he Selfish Gene

            The simple tautology that `Replicators Replicate´ contains the gem of a ver y power ful

idea. A replicator needs no reason, or strives towards no goal, when it replicates. Replicat ion

is simply what it does. By the same token, our genes need no grand design, no intent ionalit y,

they simply work together in order to get replicated. From a bio logical perspective, we are the

creation of our ^selfish~ genes, replicators whose only interest lies in replicat ion.

            Strict ly speaking a gene is not a replicator, it is a label given to any portion of

chromosomal material that potentially lasts for enough generations to serve as a unit of

natural selection . As each useful sequence o f DNA is labelled as a gene, we can make the

simplifying abstraction of referr ing to DNA as a communit y of genes ˘ the junk DNA st ill

plays a useful ro le by providing raw material for fortuitous mutations. This co mmunit y o f

genes needs a vehicle, and so they build survival machines.

            The survival machines our genes build are not purposefully designed, they evo lve through

Darwinian natural selection. Genes that contribute to successful sur vival machines increase in

the population, and genes that find themselves in unsuccessful sur vival machines die out. The

individual genes are oblivious to this fact, they simply code for a particular phenotypic effect.

                         ^ The technical word phenot ype is used for the bodily manifestation of a gene, the

                         effect that a gene, in comparison wit h its alleles, has on t he body, via development.

                         The phenotypic effect of some particular gene might be, say green eye colour. In

                         practice most genes have mor e than one phenot ypic effect, say green eye colour and

                         curly hair. Natural select ion favours some genes rather than ot hers not because of the

                         nature of the genes themselves, but because of their consequences ˘ their phenot ypic

                         effects .~ ˘ [Dawkins  89, page  235]

            Survival machines are not static, they are subject to continuous development throughout

their lifet ime. Most survival machines start as a single cell which, when it divides, makes

ident ical copies of its genes. Although each cell contains copies o f the same genes, it runs a

slight ly different version of the genet ic program. Cells specialise to form the dist inctive

shapes of limbs and major organs, and it is this development process that is the secret of the

gene´s success. Changing the timing of an event (possibly through a single genet ic mutation)

can have dramatic consequences for the final phenotypic effect. Genes code for phenotypic
effect via development.

            The communit y o f genes does not exist in iso lat ion, but must interact with the
environment. This interaction forms the manifest extended phenotype that is actually selected
for by natural select ion. The phenotypic effect of having `sharp claws´ in itself has no survival
value, but the enhanced abilit y to defend oneself does.

                         ^Once the genes have provided t heir survival machines wit h brains capable of rapid

                         imitation, the memes will automatically take over. We do not even have t o posit a

                         genet ic advantage in imitation, though that would certainly help. All that is necessary

                         is that the brain should be capable of imitation: memes will then evolve t hat exploit

                         the capacity to the full.~ ˘ [Dawkins  89, page  200]

            Evolut ion teaches us to look at nature from the point of view of our genes. We, and ever y
other living creature, are the survival machines of selfish genes. But the story does not end
there. The survival machines created by our genes have developed ver y sophist icated control
systems capable o f lear ning and adapting to the environment. Our brain may be the creation
of our genes, but our human mind is also the creation of another kind of replicator ˘ that of
the meme.

E.2  T he Selfish Meme

                         ^The invasion of huma n brains by cultur e, in the for m of memes, has created huma n

                         minds, which alone a mong anima l minds can conceive of t hings distant and future,

                         and for mulat e alter native goals. The prospects for elaborating a rigorous science of

                         memetics are doubtful, but the concept provides a valuable perspective from which t o

                         investigat e the complex relationship bet ween cultural and genet ic her itage. In

                         particular, it is the shaping of our minds by memes that gives us the autonomy to

                         transcend our selfish genes.~ ˘ [Dennett  95, page  369]

            A meme is defined as ^a unit of cultural transmission, or a unit of imitat ion.~

[Dawkins  89, page  192]. A human mind today is vast ly different to a human mind of only a
few centuries ago, our genes have not had time to change, but our culture has. From a cultural
perspective, our minds are shaped by our ^selfish~ memes, replicators whose only interest lies
in being replicated.

                         ^Examples of memes are tunes, ideas, catch-phrases, clot hes fashions, ways of making

                         pots or of building arches. Just as genes propagate themselves in the gene pool by

                         leaping from body to body via sper ms or eggs, so memes propagat e themselves in the

                         meme pool by leaping from brain to brain via a process which, in the broad sense, can

                         be called imitation.~ ˘ [Dawkins  89, page  192]

            Memes are living structures compr ising of networks of images, sounds, feelings, tastes,
and other memes. A memet ic network can have an almo st infinite number of var iat ions, and
still be recognisable (we probably all have ver y different images of the meme `rock and roll´ ˘
depending on whether we were teenagers in the  1960´s, liked the music, have seen televisio n
clips o f that era, etc). The meme network for a wheel defines its `wheelness´, a funct ion ( in

the mathemat ical sense) of its purpose, its shape, its size, its weight, etc. The meme `wheel´

has many different `phenotypic´ representations ˘ bicycle wheels, pram wheels, cart wheels ˘

and many more personal interpretations, but its essent ial `wheelness´ can st ill be captured by

the single meme `wheel´.

                         ^[�] memes should be regarded as living structures, not just metaphorically but

                         technically. When you plant a fertile meme in my mind you practically parasitize my

                         brain, turning it int o a vehicle for the meme´s propagation in just the way that a virus

                         ma y parasitize the genet ic mechanism of a host cell. And t his isn´t just a way of

                         talking ˘ the meme for, say, ^belief in life aft er death~ is actually realized physically,

                         millions of times over, as a structure in the ner vous systems of individual[s] [�] the

                         world over.~ ˘ N. K. Humphr ey, in [Dawkins  89, page  192]

            Memes are not restricted to human minds, chimpanzees use sticks to `fish´ [Goodall  91;

Dennett  95] for termites. A chimpanzee must select a suitable st ick and feed it through the

entrance of the termite mound. The st ick is then `attacked´ by the so ldier termit es and must be

carefully wit hdrawn without dislodging the attackers, allowing the termites to be picked o ff

the stick and eaten. Gauging when and how to withdraw the stick requires a skill that has to

be lear nt.

            The `termite fishing´ meme can for m part of the culture of one troop, but be absent from

the culture of a neighbouring troop, despite both troops having over lapping ho me ranges. The

reason for this is that the `termite fishing´ meme has to be passed on from mother to infant

through imitat ion, and without language a meme lives a precar ious life. For storage, a meme

needs the mind of living sur vival machines, and for transmissio n it must rely on imitat ion.

Chimpanzee troops are small, and so it is no wonder that the `termite fishing´ meme can be

lost when a troop fractures. The value of age comes indirect ly through the benefits of culture

and the need to store memes.

            The memes that define human culture are ver y different to the memes that define the

culture of a chimpanzee. We have the abilit y to express and store our memes symbo lically.

Our language and symbo lic representations allow our memes to be transmitted over large

distances and through time. Our memes are no longer dependent on the single mind of a

living survival machine. The network of human minds effect ively for ms a highly connected

`meme-space´ (not unlike the `cyberspace´ of the Internet) which gives memes a far greater

chance of combining wit h complementar y memes and evo lving into ever more powerful

meme co mplexes. As our memes evo lve, so too do our minds.

            In the same way that a word-processor can be thought of as a virtual machine running on

the hardware of a computer, our minds are virtual machines running on the hardware of the

brain. A mind has a phys ical representation in the brain, just as a computer program is

represented by charge trapped in a silicon circuit. A mind may be limited by the architecture

of the brain, but it is also free to evolve independent ly o f that architecture through the

acquisit ion o f culture in the form o f memes.

213

E.4  Conclusion

                         ^The study of the deaf shows us that much of what is distinct ively huma n in us ˘ our

                         capacities for language, for thought, for communication, and culture ˘ do not develop

                         automatically in us, are not just biological functions, but are, equally, social and

                         historica l in origin; that they are a gift ˘ the most wonder ful of gifts ˘ from one

                         generation to anot her. We see that Culture is as crucial as Nature.~ ˘ [Sacks  90,

                         page  xiii ]

            A human infant starts out life as a Popperian creature, relying on pr imar y affects to make
behavioural select ions. Wit h the acquisit io n of simple memes the infant can move up the
tower to join the ranks of Gregorian creatures capable of modifying their responses to match
their environment. Finally language allows the infant to develop more complex memes and
jo in the exclusive club of Scient ific creatures. All this happens wit hin a single lifet ime.

            Wit hout language we would be litt le more than just another Gregorian pr imate, and
without memes no further advanced than Popperian pigeons. Our posit ion as Scient ific
creatures is the product of genet ic and cultural evolut ion. Memes are as necessar y as genes in
the development of a human mind, but the story o f memes has one further twist.

            Dennett  [95] proposes that it is highly probable that language and co mplex memes can
only develop in anima ls that are self- aware ˘ i.e. humans, chimpanzees, gorillas and orang-
utans [Denton  93]. However, there are many areas of act ivit y in which a conflict of interests
can ar ise between the needs of our genes and the needs o f a meme-infested self-aware mind.

These conflicts seem almost inevitable when the high costs of reproduction are considered ˘
reproduction is necessar y for the ger m- line replicatio n of genes, but of litt le use for a meme

(aside fro m the impact on the well- being o f the host).

            In realit y our genes st ill replicate, and our drive for reproduction is strong enough to
influence our culture. The reason behind this lies deep wit hin our Popperian past. No matter
where our ^selfish~ memes try and take us, our mind is built around the machiner y o f pr imar y
emotions ˘ genetically predisposed to survival and reproduction . Before we even become
aware of an event, that event is likely to have been coloured by our primar y affect
mechanis m. A mechanism in the hands of our genes.

            As we strive to build autonomous agents capable of living and working alongside us in
our complex world, it is worth pausing for a second to ask ourselves what a self-aware
artificial mind would really be like, free of the checks and balances imposed by our genes.