Concern Processing in Autono mous Agents by

Stephen Richard Allen

A thesis submitted to the Facult yo fScience of

The Universit y ofBir mingham for the degree of

DOCTOR OF PHILOSOPHY

SchoolofCo mputer Science

Cognit ive Science Research Centre

The Universit y ofBir mingham

Januar y 2001

Abstract

Concerns are broadlydefined as dispositions to desire the occurrence or non-occurrence of a given kind of situation . In this thesis we present an infor mat ion-levelanalysis o fthe mechanis ms that render the concerns ofintelligent agencyin the symbo lic, situated, and

^emot ional~ programming paradigms ˘ to give an account ofthe funct ions, constraints and types ofconcern 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 ofconcer nprocessing in autonomous agency. We ident ifyweaknesses in current deliberat ive and behaviour- based design approaches, and provide two case studies o four concern-centr ic infor mat ion- leveldesign-based approach to intelligent autonomous agent design. Part III applies our design methodologyto the requirements for human emotional states. We present a infor mat ion- levelanalysis o fleading theories ofemotion, and descr ibe a ser ies ofbroad agent architectures for elucidat ing emergent infant- like emotional states. Part IV summar ises the different strands ofresearch presented within this thesis, and identifies so me fertile areas for future research.

Bydescr ibing a var iet yof functions using the design stance at the infor mat ion-level, and showing how theyaccount for human- like mentalstates and processes, we aim to provide a r ich explanatoryframework for intelligent autonomous agency.

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 ofAut 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 ControlS ystem ................................ ................................ ................ 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- FlowHierarchy ................................ ................................ ........................ 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 ionalAttributes ofMotivators ................................ ................................ ........ 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 ofE motions ................................ ................................ ...................... 60

5.2 Cognit ive Theor ies ofE 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 yofMind ................................ ................. 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 Theoryinto 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 ofThesis ................................ ................................ ................ 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 VirtualMachines ................................ ................................ ................................ ... 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 ofMind ................................ ................................ ................................ . 210

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

1 Introduction

^The question is not whether intelligent machines can have emotions, but whether machines can be intelligent without any emotions. I suspect that once we give machines the ability to alter their own abilities we´ll have to give them all sorts of complex checks and balances.~

˘ Minsky, The Society of Mind (section 16.1)

In the fo llowing scenar io, consider the tasks and abilit ies ofa nursemaid in charge of four toddlers, Tommy, Dicky, Mar y, and Chloe.

^ Onemorning, under thenursema id´s supervision thefour children areplaying with toys. Mary decides t hat shewants to play wit h Dicky´s toy. So sheapproaches him and yanks theobject out of his ha nds. Dicky starts to sob, as hecries out ^mine!

mine!~ Thenursemaid realises that sheought to int ervene: i.e., to takethet oy away fromMary, giveit back to Dicky, and expla in t o Mary that sheought not to take things away fromot hers wit hout their per mission. This task is quit edema nding becauseDicky cont inues crying for a whileand needs to beconsoled, whileMary has a temper tantrumand also needs to beappeased. Whilet his is happening, the nursema id hears Tommy whining about juicehehas spilt on himself, and dema nding a new shirt. Thenursema id tells himthat shewill get to himin a few minut es and that heshould bepatient unt il then. Still, hepersists in his complaints. In theafternoon, ther eis moretrouble. As thenursema id is reading to Mary, shenot ices that Tommy is standing on a kitchen chair, precariously lea ning forward. Thenursema id hastily hea ds towards Tommy, fearing that hemight fall. And, sureenough, thetoddler tumbles off his seat. Thenursemaid nervously attends to Tommy and surveys the da magewhilecomforting thestunned child. Mea nwhile t herearefumes ema nating fromChloeindicating that her diaper needs to bechanged, but despit ethe distinct iveness of t heevidenceit will bea few minut es befor ethenursemaid notices

Chloe´s problem . ~ ˘ [Beaudoin 94, page 1]

This human scenar io highlights some ofthe many challenges future researchers must face as we attempt to integrate autonomous agents into our complex human world. As a valuable fir st step towards meet ing these challenges, we propose the development ofan explanatory framework within which to explore and descr ibe the human act ions and mentalstates we hope to emulate. Using this framework we can then start to develop an understanding ofthe architecturalrequirements that under lie such mentalist ic terms as motives , goals , intentions , concerns , attitudes , standards and emotions , and how theyrelate to reactive and resourcebounded practicalreasoning. Finally, by building co mplete agents, and testing themin realist ic scenar ios, we will then be in a posit ion to start to lear n how these mentalist ic control states interact.

The research descr ibed within this thesis takes a number ofdecisive steps towards developing such a framework, and an understanding ofthe architecturalrequirements and design trade-offs that under lie so me ofour more common mentalist ic terms and concepts.

1.1 Research Contributions

This research makes a number ofcontribut ions towards developing a framework to descr ibe and elucidate concern-processing in intelligent autonomous agents ˘ a more detailed descr ipt ion ofthese contr ibutions is provided in chapter 9 .

Framework for

Analysing/Designing

Intelligent

AutonomousAgents

(PartsI, II, and III)

Conso lidat ing ear lier work bythe Cognit ion and Affect Project, we argue for a motivated agent framework consist ing ofthree strands: ( i) a concern centr ic view to the requirements ofintelligent autonomous agency; ( ii) a cognit ively inspir ed three-layered agent architecture for analys ing and building intelligent autonomous agents; and ( iii) an infor mat ion- level, design- based research methodology. Wit hin the context ofthis framework, we present an analys is ofconcer n-processing in both the symbo lic and situated

AI programming paradigms ˘ i.e. those ofresource-bounded practical reasoning and behaviour- based architectures.

Analysis of Human and Artificial

^Emotional~ States

(PartsI, II, and III)

Dismissing the who lesale adoption ofthe intentional stance

[Dennett 87], we argue that the use ofcertain mentalist ic concepts can st illbe just ified by referr ing such concepts to the under lying infor mat ion- levelprocessing mechanisms o fthe system. Wit hin our motivated agent framework, we present an analys is ofthe control mechanisms associated with the emergent mental pheno mena we normally termemot ion. Supportive evidence for this approach is provided by mapping leading cognit ive theories of affect frompsycho logyand neuroscience [Fr ijda 86; Damasio 94;

LeDoux 96] onto our framework.

Design of an

Intelligent

AutonomousAgent for Elucidating

^Emotional~ States

(Part III)

Using Cañamero´s [97] motivated Society of Mind architecture as a starting point (see also [Minsky 85]), we develop a ser ies o fbroad agent designs that systemat icallyaddress different aspects of concern-processing ident ified in part II . These designs culminate in

Abbott3, an implementation ofa cognit ivelyinspired intelligent autonomous agent architecture for elucidat ing emergent ^emotionlike~ states.

Toolkit for Building

Intelligent

AutonomousAgents

(Appendix)

Extending the SIM_AGENT toolkit [S lo man and Logan 98], we add a graphical front-end and development environment for building, testing, debugging, and analysing intelligent autonomous agents. This toolkit forms the heart ofthe Gr idland and Nursemaid

Scenar ios used extensivelyin the development ofthe intelligent autonomous agent architectures descr ibed in this thesis.

1.2 Research Methodology

One ofthe challenges faced byresearchers in the construction ofintelligent autonomous agents is the need to develop a systemat ic framework in which to answer quest ions about the types ofcontrol 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-leveldesign-based approach to the studyofintelligent autonomous agents ˘ wherein each new design gradually increases our explanatorypower and allows us to account for more and more ofthe pheno mena o finterest. These broad designs help to build our understanding o fthe different attributes ofinfor mat ion- levelrepresentations, their functionalroles, and their causal relat ionships. Further, byadopting infor mat ion- level descr ipt ions, we are able to offer a r ich explanatoryframework for explor ing human- like mentalstates in terms ofthe infor mat ionprocessing and controlfunct ions ofthe under lying architecture.

1.2.1 Intentionality

^I ntent ionalit y~ is a philosophical termfor aboutness. Something exhibits ^intent ionalit y~ ifits co mpetence is in so me way about so mething else. A ther mostat is an ^intentional~ system˘ it contains representations ofboth the current temperature (the curvature ofthe bimetallic strip) and the desired temperature (the posit ion ofthe dial). Autonomous agents are also ^intent ional~ systems, but at levels o fr ichness and complexit y orders ofmagnitude 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 ydaylives to understand the behaviour ofcomplex systems

[Dennett 78, 87, 96]:

1) The physical stance . We apply the phys icalstance to objects when we refer our predict ions to the classic laws ofphysics, i.e. objects fallto the ground because they are subject to the law ofgravit y. The phys icalstance affords us a great dealof 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 willmake a loud no ise at 7:15.

3) The intentional stance . We adopt the intent ional stance whenever we treat observed systems as if theywere rationalagents who governed their ^cho ice~ of^act ion~ by a

^considerat ion~ oftheir ^beliefs~ and ^desires.~ The intentionalstance is the most powerful, and yet the most riskyo fDennett´s predict ive stances. Its riskiness stems fro mtwo connected problems: ( i) we are non-pr ivileged obser vers having to infer intent ion ( in the philosophical sense of aboutness ) fro mobser ved behaviour; and ( ii) complex systems are inherent lyresource-bounded, and as such can onlyapproximate 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 illa remarkablyrobust tool. It allows us to make workable predict ions about the external behaviour ofver yco mplex systems such as animals and other human beings.

Dennett suggests that ^ if done with care , adopting the intentionalstance is not just a good idea, but offers the keyto unravelling the myster ies o fthe 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 termreferr ing to whether so meone´s act ion was intentionalor not ˘ as in the case ofintent ionalcontrolstates

[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 ofanyfor mo f^considerat ion~. Such behaviour often appears rationalbecause we are adept at spotting patterns and regular it ies in our environment. Some ofthese regular it ies are der ived fro mthe designed for characterist ics ofthe system, be that a chess playing machine designed to win, an animal designed to carrygenes fro mone generation to the next, or a stressed nursemaid designed to handle mult iple goals. Other regular it ies emerge fro mthe physical character istics ofthe system, i.e. the resource constraints ofthe architecture, or the temperature ofthe room.

In realit y, the limits ofagent rationalit y, and the requirement ofbalancing mult iple compet ing concer ns in an unknowable environment, ensures that the ^intent ionalstance~ is at best a methodologyofapproximat ion rather than one ofdesign and analysis. Byassuming that systems behave as if theywere rationalagents the ^intent ionalstance~ allows us to approximate behaviour byapproximat ing the ^intent io nalit y~ ( aboutness ) ofthe system.

However, these approximat ions invar iablymask the real^intent ionalit y~ ofthe const ituent components, leading to an overest imate ofthe complexit yo fthe systemin what Braitenberg calls the ^law ofuphill analysis and downhillinvent 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 ofdesigns, in the downhill mode o finvent ion. Here, each design graduallyincreases our explanatorypower and allows us to account for more and more ofthe pheno mena ofinterest.

The design-based approach [S lo man 93b; Beaudo in 94; Wr ight 97] takes the stance ofan engineer attempting to build a systemto exhibit the pheno mena/behaviour ofinterest.

Formally, this can be represented as a recursive methodologywith five parallelthreads of execution. Threads 1-3 represent commo n engineering practices, and threads 4-5 give the methodologythe rigour needed for scient ific validit y:

1) A requirements analysis of the system of interest , i.e. a specification o fthe capabilit ies ofthe autonomous agent using infor mat ion- level descr ipt ions. These should include:

the keyfeatures ofthe environment; the resource constraints within the agent; the behaviours the agent must exhibit and their causallinks; and a descr ipt ion ofthe agent´s concer ns and coping strategies. A preliminar yrequirements 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 architecturalanalysis ofthe 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 individualco mponent levels, i.e. a low-levelimplementat ion specificat ion ofone component and a theoreticalanalysis o fanother.

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

Depending on the object ives ofthe research, this can take the formo fa simulat ion with predict ive power, or a realist ic model, accurate to some levelo fdetail. In this thesis we willdevelop a cognit ivelyinspired 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 howthis design meets the initial requirements . It is more than likelythat an implementation willnot 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 mofa r igorous mathemat icalproof, but in pract ice we must relyon intuit ive analys is combined wit h systemat ic testing ofthe implementation.

5) An analysis of similar designs in design-space . Byconsider ing the implicat ions of alternat ive options to a particular design, we can often obtain a deeper understanding ofthat design. The literature review in parts II and III can be seen as part ofthis process ofexplorat ion. The exper imentalresults descr ibed in chapter 8 provide a further explorat ion ofthe design- space.

1.3 Requirements of Autonomous Agency

Before starting on our quest towards a better understanding ofconcern-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 systemsituated within, and as part of, an environment that senses that environment and acts on it, over time, in pursuit ofits 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 systemthat performs diverse behaviours in its efforts to achieve mult iple goals in a dynamic, uncertain environment

[Morignot and Hayes-Roth 94].

Byco mbining these definit io ns we get the outline o fa set ofbasic 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 ofa hostile and uncertain environment.

Autonomous agents have multiple sources of motivation . These sources var yin their nature, importance, urgency, duration, and range ofassociated behaviouralresponses.

Motivat ions need to be generated asynchronouslyto each other, and theymust be capable of interrupting/diverting ongo ing activit y ( mentaland/or physical). Autonomous agents have limited resources with which to satisfy these motivat ions. Theymo ve at finite speeds, they have a fixed number ofmanipulators/sensors, their processing is bounded, and theyhave limited knowledge o fthe environment.

Autonomous agents must be capable of having and pursuing an agenda . That is to say, theymust have a purpose or ^missio n~ in life. This agenda might simplybe to preserve its own well- being, or it might be required to balance its own needs against those ofits supervisor/programmer/provider.

Autonomous agents must be robust and adaptable in the face of uncertain and dynamic environments . In particular, their beliefs maybe out-dated, false or even contradictory, their inter nalprocesses may operate asynchronously and at different speeds, and their intentions/ actions might fail. Robustness and adaptabilit yrequire act ion on two levels: ( i) at a mot ivat ion processing levelto select alternat ive behaviour s when init ialbehaviours fail to satisfya concer n; and ( ii) at a motivation generat ion levelto modifythe 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 fthe ^design-based~ research methodology[S lo man 93b] to guide the reader towards a greater understanding ofthe types o f mechanis ms that render the concerns ofintelligent 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 ofconcer nprocessing in autonomous agency. We ident ifyweaknesses in current deliberat ive and behaviour- based design approaches, and provide two case studies o four concern-centr ic infor mat ion- leveldesign-based approach to intelligent autonomous agent design; part III applies our design methodologyto the requirements for human emotional states. We present a infor mat ion- levelanalysis o fleading theories ofemotion, and descr ibe a ser ies ofbroad agent architectures for elucidat ing emergent infant- like emotional states; part IV summar ises the different strands ofresearch 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 ysources ofliterature 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 ofthis 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 ofeach 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 generalintroduction 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 ofthe motivated agent framework used within the Cognit io n and Affect Project. We introduce the idea ofa mind as an infor mat ion-processing controlsystem, and ident ify some ofthe controlstates that are likely to play an important role in intelligent autonomous agency. We also take the fir st steps towards elucidat ing these controlstates bydescr ibing their functional attributes, and proposing a three- layered modelwit hin which to explore the structural and dimensional attributes.

Part II

Concern Processing

Chapter 3 The third chapter provides a design-based analysis o fconcern-p rocessing in exist ing deliberat ive and behaviour-based autonomous agent designs. We argue that many ofthe ident ified weaknesses in exist ing designs can be addressed bytaking 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 theoryofemotions [S lo man 92], and explain how the architecturalrequirements imposed bya dynamic and uncertain environment can lead to the emergence ofproto-emotionalstates [Beaudoin 94;

Wr ight 97]. This chapter forms the init ialdesign specification for an agent architecture to meet the basic requirements ofintelligent autonomous agency.

Part III

^Emotional~ Agents

Chapter 5 The fift h chapter presents an infor mation- level design-based analys is ofthe pheno mena we co mmo nlycall emot ion. We start byarguing that a lot ofthe confusio n surrounding the termemotion 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 mentalstates. We then extend our analysis by mapping leading cognit ive theories ofemotions

[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 fover view ofrelated work on emotionalagents [Moffat and Fr ijda 95; Velásquez 96; McCauley and Franklin 98; a nd Cañamero 97]. We then present two implementations ofbroad-but-shallow ^emotional~ agent architectures ˘ integrating different controlstates 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 fa cognit ivelyinspired 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 ofour three-layered architecture co-evolve, and ident ifythe different processes act ive in the emergence o f^emot ional~ states.

Chapter 8 The eighth chapter presents an implementation ofour agent design, and an analys is ofsimilar designs in design- space. We also present a crit ique ofour design, and address so me ofthe architecturalrequirements 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 ofreferences to the primar y and secondar y literature sources used within this thesis.

Appendices

AppendixA descr ibes the ex tensio ns we made to the Sim_Agent [S lo man and Po li 96] toolkit to provide the test and development environment for this thesis.

AppendixB explains how to run the source code provided wit h each ofthe Abbott agent architectures developed in the thesis ˘ descr ibed in chapters 6 and 8 .

AppendixC provides a br iefover view ofthe 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 ofthe neuro logical basis for emotions in chapter 5.

AppendixD provides an overview ofthe different types ofchemicalmessengers

(hormones) active in the human brain ˘ giving useful background infor mat ion for our analysis o femotional agents in chapters 6 , 7 , and 8 .

AppendixE descr ibes the evo lut ion ofmind fro mthe perspect ive ofour ^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 willprovide so me scaffo lding for this framework by introducing the termino logyo f mentalistic control states , and a cognit ivelyinspired three-la yered agent architecture. In parts

II and III , we willfurther extend the framework by: (a) analys ing case studies on the requirements ofgoal-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 ofthe mentalist ic concept we call^emot ion~; and finally(c) building an agent that supports emergent ^emot ional~ controlstates.