A Compositional Semantic Structure for Multi-
Agent Systems Dynamics



@

The research reported in this thesis has been carried out under the auspices of
SIKS, the Dutch Graduate School for Information and Knowledge Systems.

SIKS Dissertation Series No. 2001-8.

Copyright © 2001 by Pascal van Eck

All rights reserved. No part of this publication may be reproduced or transmitted,
in any form or by any means, electronic or mechanical, including photocopying,
microfilming, and recording, or by any information storage or retrieval system,
without the prior permission in writing from the author.

Printed and bound in The Netherlands by PrintPartners Ipskamp.

NUGI: 851
ISBN: 90-9014746-2



VRIJE UNIVERSITEIT

A COMPOSITIONAL SEMANTIC STRUCTURE FOR
MULTI-AGENT SYSTEMS DYNAMICS

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus
prof.dr. T. Sminia,
in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de faculteit der Exacte Wetenschappen / Wiskunde en Informatica
op dinsdag 12 juni 2001 om 13.45 uur
in het hoofdgebouw van de universiteit,
De Boelelaan 1105

door

Pascal Antonius Theodorus van Eck

geboren te Beneden-Leeuwen



Promotoren:  prof.dr. F.M.T. Brazier
prof.dr.J. Treur



Acknowledgements

First and foremost, | would like to thank Frances Brazier and Jan Treur, my
supervisors, for their support and confidence during our co-operation, which
started in the Autumn of 1994 with the supervision of my Master’s thesis. Their
availability was incredible: it has been as if | was their only Ph.D. candidate.
However, in addition to me, a number of Ph.D. candidates, M.Sc. students, and
other colleagues co-operated with Jan and Frances, all of them handing in
‘concepts’, ‘preliminary drafts’ and ‘versions 0.1°, and were equally eager to have
their text reviewed as soon as possible (preferably the same day).

Playing a major role in the Al curriculum and with a strong focus on long-
running, multi-person research projects, the Department of Al of the Vrije
Universiteit is a team in every sense. | would like to especially thank my office
mates Joeri Engelfriet, and later, Wouter Wijngaards, for their support. With Niek
Wijngaards, | never actually shared an office, but if virtual offices exist (they do),
we definitely shared one. With Niek, Wouter, FJ Jingen, Pieter van Langen, Mark
Sloof, and Wieke de Vries, fellow Ph.D. candidates, | had many good discussions
on multi-agent systems, their advantages, and, most notably, the associated
challenges. The same holds, to various extents, for Mehdi Dastani, Catholijn
Jonker, Henry Prakken, Leon van der Torre, Rineke Verbrugge, and Mark Willems.
Lourens van der Meij and Frank Cornelissen were always available for technical
guestions concerning the details of DESIRE’s implementation.

In my opinion, much research in Al requires close co-operation between the
members of a research team. Only in this way, substantial progress can be made. In
such teams, each researcher has to stand for his or her own ideas. (My own
hobbyhorse was the fight against global state and time. See Chapter 7 for why (i)
global time is a bad idea and (ii) it isn’t needed, to begin with. | guess my
colleagues avoided all words beginning with ‘gl’ in relation to time in general and
semantics in particular, just to be sure.) However, at the same time, for the co-
operation to succeed, all participants have to trust the work of others in the project.
A good mutual understanding is a pre-condition, and in the Department of Al, this
precondition was fully satisfied.

With Joeri, Frank van Harmelen, Mark Willems, and two persons from other
research groups at the time, Dieter Fensel and Yde Venema, | embarked on an



important endeavour not directly related to my thesis: the ‘dynamics reading
group’, which actually turned into a writing group. | learned a lot from
participating.

The postman dropped the close to 400 pages of my ‘final draft’ of this thesis at
the front door of the members of my reading committee a few days before
Christmas, 2000, most likely depriving them of their holidays. | thank Henri Bal,
Frank de Boer, Fausto Giunchiglia, Jan-Willem Klop and John-jules Meyer for their
willingness to serve on the reading committee and their prompt replies to my “final
draft’.

Between 1995 and 2000, | was enrolled in SIKS, the National Graduate School
for Knowledge and Information Systems. Chances are that no other Ph.D. student
has ever followed as many SIKS courses as | did. | encourage all SIKS Ph.D.
candidates to break this record! As their best customer (or, probably, most
expensive student), | considered it important to share my thoughts about SIKS’s
policy with its management board. | would like to thank the scientific director,
John-Jules Meyer, and the co-ordinators Koen Versmissen and Richard Starmans,
for taking my comments very seriously and acting as a proxy for the Board.

This thesis was completed after | moved to the University of Twente. | would
like to thank the University of Twente, especially Roel Wieringa, for the facilities
and especially the confidence in the completion of this thesis, and my colleagues
for their support.

Apart from colleagues and friends in the research community, many other
people have had a positive influence on the quality of life during this period of my
life. My Greek friends and the International Voluntary Service Organisation SIW
formed, more often than they probably can imagine, a source of inspiration. The
people from the university sports facility ASVU and especially from the unofficial,
unnamed, unknown, but undoubtedly indispensable running group that grew out
of it proved, on average twice a week, the paradox of human physiology: you can
charge your batteries by draining them. If all goes well, two representatives, one
from SIW and one from the running group, will assist me until the very end of the
job.

Last, but not least, | would like to thank my parents and sister, who showed
interest, confidence and support, | guess eternally if that’s what it takes.

Enschede, April 2001,
Pascal van Eck.



Table of Contents

1 Introduction 1
1.1 MUItI-AGENT SYSTEIMS. ..ot e 1
1.1.1 A Weak NOtION OFf AQENCY ....ooveiiiiiciiiiiieiseciee st 1
1.1.2 A Strong NOtioN Of AQENCY .....covviriiiiiiiiitese e 3
1.1.3 Other Notions Of AQENCY .....ccciveieiiiieie e 4
1.2 The Promise of MUlti-Agent SYStEMS .......cccecviiviieieieee e enes 4
1.3 The Practise of MUlti-Agent SYStEMS.........ccccivvivieiieieeieescse e 5
1.4 Research Aims, Method, Relevance, Context and Demarcation.................. 7
1.4.1 RESEAICH AIMS oo 7
142 MENOO.......ooiiiii e e e 8
1.4.3 Relevance of the Research AiM ... 9
1.4.4 ReSearch CONEXL.......ccooviiiiiiiieieine et 12
145 DEMAICALION.....ociiiiiiiiiiiictirieese ettt b e ens 12
1.5 Outling Of the ThESIS ....cvi it 13
2  Compositional Systems 17
2.1 Compositional SYSLEMS ......cccccviiiicieice e 18
2.1.1 Components and Compositional Systems..........cccccvcevvviviivrininennne. 18
2.1.2 Some Perspectives 0n COMPONENTS........ccccveeeeerereiene e e e 19
2.2 Constructs for Information EXChange.........c.ccoviriiiinennineeeeee, 20
2.2.1 Restriction on Direct Information Transmission...........c.cccccoevvveneene. 22
2.2.2 Point-to-point Transmissions, Multicast or Broadcast..................... 23
2.2.3 The Information Transmission Channel ...........c.cccocvviiiiiiinenn, 23
2.2.4 Relationship between Transmission and Transmitted
INFOPMALION ... 26
2.2.5 State Changes in Information Transmission..........cccoceeveoiineiinienn, 28
2.2.6 Conditions for Enabling Information Transmission.............c.cc........ 29
2.2.7 Synchronous or Asynchronous Transmission.............ccccceeeevrenee. 31
2.2.8 Exclusive, Logically Instantaneous State Changes............ccccceeveunne. 32
2.2.9  SUMIMATY ooiiiiiiiiie ettt sbe et e st s eesnbeennbe s 33

Vil



viii

Multi-Agent Systems as Compositional Systems 37

3.1 Multi-Agent Systems as Compositional SyStems..........ccccoeevvreineniinienn, 38
3.1.1 Deliberation Processes and Environmental Processes ...........cc.cc..... 38
3.1.2 Agents and the ENVIrONMENT........cccoeieiiiiiie e 39
3.1.3 Processes and COMPONENTS........ccccvirireieereeiesesesesresesneeseeseesseseesnens 40
3.1.4 Relations between Processes and between Processes and

Agents or the ENVIFONMENT..........ccociiiiiiniiieseseee e 41
315 AN EXAMPIE .o 42

3.2 A Generic Compositional Agent Model ..o 43
3.2.1 The Concept of a Generic Agent Model ..........cccovvveieiiiciceicinieinnns 43
3.2.2 Description of a Generic Agent Model .........ccccoovviveieiiicic i 44

3.3 MOdelling ChOICES .....cceieieci et 46
3.3.1 The Environment and INteraction ...........cccccoovoviinienininicienenece e 46
3.3.2 Observability of Actions and ProCesses.........c.ccoivvveiereneneieneneneens 48
3.3.3 Communication as Action EXECULION .........cccooveieiieiiiene e 49

Overview and Running Example 51

4.1 Overview of the SEMantic StrUCTUIE ..........cooviiiniiiiie e 51
4.1.1 Constructs Provided by the Semantic Structure ...........c.ccccocervvnnnn. 52
4.1.2 Interaction: Locality and Compatibility .........c.ccccooviininicnniiinnn, 56
4.1.3 A GIobal PErSPECIVE.......cccoviiiiiiciiieecee s 57
A LA CONTIOL ittt 59

4.2 RUNNING EXAMPIE ..ottt 61
4.2.1 Information BroKering ........ccccceveieieivseiece e 61
4.2.2 Design of a Compositional System for Information Brokering....... 63

A Semantic Structure for Agent Dynamics 65

5.1 The Constructs of the Semantic StruCture ...........ccocecvreriiinninencecenes 65
5.1.1 Components, Interfaces and State..........cccccevvevieiiiiiviiveiecicse s 65
5.1.2  Information LiNKS........cccociiiiiiiiiiieieise e 67
5.1.3 Compositional StFUCTUIES ..........ccoeiiiiiiiieieere e 70

5.2 DYNAMICS ..ttt bbbttt 72
5.2.1 LOCAl DYNAMICS....c.ciiiiiiitiieiisieieesie ettt 72
5.2.2 Compositional DYNaAMICS .........cceveieiieiieieiese e sre e 76

5.3 Summary and OULIOOK..........cccoceriiiiiirie e 93

B4 PrOOTS ... e 93
5.4.1 A Note on Proof NOtation .........ccccciiiiiiiniie e 94
5.4.2 Proofs of Propositions and TheOorems...........ccoceovvereiineneienencienenas 94

Properties of Information Transmission 103

6.1 Properties of Interfaces and Traces ......c.ccccvveviriesiesiesie e 103
6.1.1 Properness and Finite Variability...........ccccocoviiiiini s 103
6.1.2 TransSmiSSION OCELS .......ccceiuiiiiiierieee e 106



6.1.3  INPUL PEISISTENCE .....coiiiiieiiiicicice e
6.2 Properties of Compatibility Relations............cccccviviiniiiniinccccnn
6.2.1 Lossless Transmission ProPerty ........ccoccveiiineienenisieneniseseeenennes
6.2.2 Order-Preserving Transmission Property........ccccoccvevievieiieninninnnnns
6.2.3 Asynchronous Transmission Property........c.cccocevevevieniesiesesinninannns
6.2.4 Logically Instantaneous Transmission Property........c.ccccoovevivanns
LT B B 1T 11 o] o PSS U USRI

Global Perspectives

7.1 Global State in Distributed SYStEeMS........cccccvviviveiviiiciciece e
7.1.1 A Notion of Global State ...
7.1.2 A Transition SYSIEM ..o

7.2 DISCUSSION ...cuiiuiieiieite sttt ettt sttt ettt sb et sbeebeene et e e et e sbeseesbesne e
7.2.1 Modelling distributed SYStEMS.........cccciriiiiiiiiici e
7.2.2 An Event-Based Model of CONCUITENCY........ccoeivivirciiiieiicieiee,
7.2.3 A Generalisation of Strict DEpendence .........cccocevevevieniesiesnsinnnannns

7.3 PIOOTS .ot

Control in Compositional Systems and Multi-Agent Systems

8.1 Control and CompositioNality ........cccoovvieiiiiiieiesrse e
8.1.1 Separate, Domain-independent control ............ccccocevvviviireieiciennns
8.1.2 Designating Control Information..........c..ccocvevviieicieics e
8.1.3 Some Perspectives 0N COoNtrol ...

8.2 Constructs for Control in Compositional Systems............cccccvvvvineiinnene.
8.2.1 Component Responsible for Control............cccooiniiiiiiiiiien,
8.2.2 Dedicated Control COMPONENTS........ccccvveiviieieiieeie e
8.2.3 Dedicated Control SUBSLAtES...........ccocerviriiii i
8.2.4 Dedicated Control LiNKS .........ccocooiiiiiiiiciieisese e
8.2.5 Channel State and Channel Activation ............cccccooevini i
8.2.6 Constraints Imposed by Control............ccocooviieiiineiiieneee,

8.3 Control in a Multi-Agent SYSTEM ..........ccoiiiiiiiiinere s
8.3.1 Control and AULONOMY .......cccceiieieeieieiese e
8.3.2 Some Perspectives on Control in Multi-Agent Systems ................
8.3.3 Modelling Choices for Control in Multi-Agent Systems................

8.4 AN EXAMPIE ...t

8.5 The Relation between Control Components and
Controlled COMPONENLES ........cccoiiiiiiiierieese e
8.5.1 Constraints Imposed by Control Information............c.ccccccovvevinnen.
8.5.2 Common GlIobal StAtesS.........ccccvviiiiir s

121
121
122
132
137
137
144
153
154
154
159



10

11

Application: semantics for the multi-agent modelling framework

DESIRE 219
9.1 Compositional Development of Multi-Agent SyStems...........ccocccvveiienns 219
9.2 DESIRE Types of KNOWIEAQE.......cccvireiiice e 223
9.2.1 Knowledge Representation and Composition.............cccceeevvvrrnnnenn, 223
9.2.2 Processes and Process Composition in DESIRE...........c.ccccccevevennen, 238
9.2.3 The Relation between Process Composition and Knowledge
COMPOSITION ...ttt 260
9.3 DESIRE YNAMICS ....cutiiiiitiiieiiiie ittt 260
9.3.1 Local Component and LinK Traces ........cccocvvvvviesieeiiereeseseseseesenns 261
9.3.2 Compatibility Relations for DESIRE............cccccocevevineievese e 280
9.3.3 Sequential Link ACtIVAtIONS .......ccccovvieieiesi e 284
9.3.4 Summary: The Dynamics of DESIRE............cccccoveiniineinencine 286
9.3.5 Local Behaviour of Primitive Components with a Knowledge
B aSE .ttt sae e 286
0.4 DISCUSSION ...ttt sttt sttt sbe et sbe bbbttt besbe e ebe st e ebenreneas 294
9.4.1 Control and AULONOMY .......cccocviiiiieieeieie e 294
9.4.2 LINK GranUIArity .......cccooeiiiiiiiiesieeeseese s 295
9.4.3 Concluding Remarks with respect to DESIRE.............ccccccoeiinennn. 297
Example: Exclusive Access 299
10.1 COMPELItIVE AQENTS.....ciiiic et nre s 299
10.2 A Model of a ComPpetitive AQENT ......cceeiiii e 301
10.2.1 Process Composition and Knowledge Structures............ccccoeeveneee. 301
10.2.2 Control KNOWIEAQE ..........coviiiiiiiiic e 309
10.2.3 Relation between Processes and Agents ..........ccoevvvrerneneninennens 309
10.3 Comparison with an Algorithmic Approach...........cccceceveinineiiencennen, 310
10.4 DISCUSSION ....veuieiiiteiieieste ettt sttt st bttt bbb bbb eere st e 311
Example: A Society of Small Agents 319
111 INEFOAUCTION ...ttt bbbt sae b e 319
11.2 The Original EXPEriment ..........ccooeiiiiiiiienieiesie e 320
11.3 Conceptual Model of SImple AQENtS ........c.ccociieiieneiiee e 322
11.3.1 The Internal Structure of Component Own Process Control ........ 323
11.3.2 The Internal Structure of Component World Interaction
MaANAGEMENT.......oiiiiiiie e 324
11.4 Detailed DESIGN ....cccoviiieiieiiieeet et 325
11.4.1 World Interaction Management ............ccoceorereiineneienenee e, 325
11.4.2 OWN Process CONIOl ..o s 326
11.4.3 Control KNOWIEAQE .......cceivvvieiieieeee e 328
11.5 EXPErimMENtatiON......ccccvciieicie et nne s 331
11,51 MENOA ... ot e 331
11.5.2 RESUIES ..ottt e 333



11.5.3 EVAIUALION ..ot
11.6 DISCUSSION.....ccitiiitiiii ettt ettt ste e s s e e s be e be et e eabesteesbeesbeeaeeneens
11.7 KNOWIEAQE BASES.....c.eiuiiiiciiieiiciirie et

11.7.1 World Interaction Management........c..ccooveveiereniesesinsieeesieeseene s

11.7.2 OWN Process CONLIOl ........ccoveiieiieiiienciese e

12 Comparison and Conclusions

12.1 Concurrent MetateM .........c.ooiiiiiiiiie e

12.1.1 Structure of Agents, Communication and Meta-Level
=Tz 110 o [T SRS
I A e 11 0] o [P
12.1.3 SEMANTICS ...eevviieiieeree et
12.2 Object Specification LOGIC (OSL) ......ccuieriiririeinieieie et
12.2.1 LOCAI SYNTAX ...ttt
12.2.2 LOCAl SEMANTICS ..ot
12.2.3 Template Morphisms SYNtaX........ccccocevvvieienienienie s
12.2.4 Global Language and SemantiCS..........ccocvvvriveiereereenesesesesie e
12.2.5 Intuition BENING OSL.......cccviiiiiiiinneeessere s
12.2.6 COMPATISON ....ecuiiviieiiite ettt ettt
12.3 Local Model Semantics for Contextual Reasoning ..........c.ccccoeevevereiinennas
12.4 Other APProaches ...
12.5 FUrther RESEAICH.........cviiece e
12.5.1 Real-time Logics and Fictitious CIOCKS...........c.ccoevvivvivivninsinsneennnen,
12.5.2 VErfICAtION ..o
12.5.3 CONCUITENCY TREOIY ..oviiiiiiiieicieiiet st
12.5.4 Applications of the Semantic StruCtUre............cccoevvveieiinciicneiens
12.6 CONCIUSIONS .....eiiiie ittt ettt s sbe e seeens

Bibliography
Summary

Samenvatting

345
345

346
347
351
353
353
354
354
355
355
356
356
359
360
361
362
366
367
367

373

387

391

Xi



Xii



