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Abstract

Design decision making increasingly involves the participation of multiple agents
which bring into the design process multiple, and often conflicting, needs,
knowledge, and goals. To the human agents (experts from the same or different
domains, clients, users, stakeholders) one should add artificial agents
(computational models and tools more generally) that play an important part in
the process. Design research has considered the issue of distributed decision
making mainly through the concepts of cooperation and collaboration. The present
thesis argues that coordination is a more apposite concept for capturing the social
distributed character of design. The concept of coordination places emphasis on
issues of interdependency, complexity and distribution and enables us to
understand design at a systemic/organisational level, without making assumptions
about agents’ commitment to a common goal, or their disposition towards
cooperation or conflict. Additionally, coordination is used to capture the
generative, creative aspects of distributed design decision making.

The study explores and establishes the meaning of coordination through
experimentation with computational models and simulations. The very process of
building these models is a vehicle for exploring key hypotheses and assumptions,
and developing a coherent theoretical construction.

Overall, the thesis identifies the key dimensions of coordination that are typical to
the domain of design, and employs them to develop a framework (a theory) for
understanding multi-agent design as a generative social process. The dimensions
identified are learning, decentralised control and co-evolution. A model of
coordination developed using the paradigm of distributed learning control is used
as a way to establish the precise meaning of these dimensions. Based on insights
from the experimentation, the concept of coordination is further refined in order
to propose an organisational (complexity-informed) perspective of multi-agent
design. According to this perspective, the relationship between agents, their
goals, and the design variables they manipulate, is at the same time a product of
the design process, but also a constraint over individual agents. Coordination is
then defined as a dynamic process towards a scheme of organisation that entails
the emergence of collective design solutions.



Acknowledgements

| would like to thank first of all my supervisors: Phil Steadman for his most kind
support as a teacher and as a friend, and Mike Batty for taking us in and helping us
out all the way through our venture. | would also like to express my gratitude to
Jeff Johnson for motivating us to finish and supporting us in the best possible way.

ft goes without saying that everyone in CASA (students, researchers, staff,
affiliated professors and visitors) has contributed to providing a special
environment to surround our efforts. But, for their friendship, | would particularly
like to thank the ‘people in our corner’. Here is the place to commemorate pizza
club evenings, late night sprints to evacuate the building, discussions about Marx
and complexity, the vision of green coconuts, solidarity hugs and hugs for no
reason, boxing and other athletic games, CASAToday contributions, and the
discussions on all that constituted the small and the big in our lives in London.

I would also like to express my special thanks to Vicky Braouzou. Without her, we
might not have even been here.

The computational models and simulations reported in Chapter 5 of the thesis
were developed jointly with Theodore Zamenopoulos: each of us was responsible
for 50% of the design, implementation and experimentation with these models.
Being my partner in crime, a collaborator, and the devil’s advocate, | feel a thank
you note won’t do him justice. It was a great gift for us to be given the
opportunity to work together and ‘practice what we preach’ about collaboration
and distributed minds.

| also wish to acknowledge EPSRC for a doctoral training account grant, which

partly supported my research from September 2002 to September 2003.

Finally, | wish to thank my brother, for his phone calls, and my parents, for their
immense support - whether financial, emotional, or psychological. | hope life
shows | made a good use of it. The thesis is dedicated to them.

jii



Table of Contents

1523 1 - o g ii
ACKNOWIEAZEMENTES ... oottt ittt ettt st een s rsasasasasnsensnans iii
Table of CoNteNES.......ocviiiiiiiiiiiiiiii ittt st se e s s s e s e ae iv
LISt Of FIQUIES ..ooniiiiii ittt ettt ce it taseeaetaestaasnssenassnnssnnsnancenans viii
IR £ o -1 = N Xi
CHAPTER 1
INErOdUCEION. ...t e e e 1
1.1 Setting the scene/ Motivation........ccciviiiiiiiiiiiiiiiiiiiiiiiii s e 1
1.2 Summary of hypotheses and objectives ..........cocvivviiiiiiiiiiiiiiiiiiiiien, 4
1.3 =] o Vo Ta o] U Y N 5
1.4 Outline of Chapters......cccniiiiiiiiiii e 5
CHAPTER 2
Multi-agent design as coordination:
an interdisciplinary investigation ..., 7
2.1 Decision sciences: design and planning as multi-person decision making ................. 8
2.1.1 Coordination in group decision MakiNg.......cccceeiiiiiiiiieiieeiiareineeicerersnnsenees 8
2.1.1.1 Group planning in the systems age.........ccceiviiieiiiiiiiiiiiiiiiniiaisnaeeens 10
2.1.1.2 Group ChoiCe and GAMES .....cvviiiieeierireneenerieereeeaeanaenncnasensrnsenssnsennsn 13
2.1.2 Coordination in organisational decision making ............ccccoveiveiiiiiineiiiienn. 18
2.1.2.1 Mechanisms of coordination in organisations.........c..ccceeviviineiieeiiiinann. 19
2.1.2.2 Organisational learning........o.vviiiiiiiiiniiieieieeiiecneiseoneessonssnssnsssnsnees 20
2.1.2.3 Organisations as COMPLEX SYStEMS .......ccirieiiiinenrieeecenecaroecaseraesnransnss 21
2.1.2.4 Organisational decision making approaches in planning .............ccocceieieae 21
2.1.3 Coordination in societal decision making ............ccccviiiiiiiiiiiiiiiininininnen. 23
2.1.3.1 Collective choice and CONSENSUS........cccoveiuiiiiiiniiiiiiiiiiiiiiiiiinienenennes 23
2.1.3.2 Collaboration in design........ccocvieineiiiiniiiiiiiiiiiieietiiciriensieinenas 26
7 O U131 33
2.1.4.1 Coordination in multi-person decision making.........cccccevveiiiiiiiiiiiiiinaen, 33
2.1.4.2 Coordination from the perspective of design and planning...................... 35
2.2 Artificiat intelligence: design as the science of the artificial...........cocoveiiiiininninns 37
2.2.1 Distributed artificial intelligence and coordination...............coceeiiniiinnnnne, 38
2.2.1.1 An overview of DAl approaches.........c.ccoiviiiiiiiiiiiiiiiiiiiiiiiiininn, 39

v



2.2.1.2 Coordination tEChNIQUES ......c.veieiieiiiiiericiriiirtieritctnttisneesterenianes 40

2.2.2 Artificial societies and social @gents........cccoiviiiiiiiiiiiiiiiiiiiiiiiiieiieaas 41
2.2.2.1 ‘Rationalistic’ approaches to sociability and coordination ...................... 41
2.2.2.2 Reactive approaches to sociability and coordination.............cccovuvennenne. 43
2.2.2.3 Current questions and directions.........cccoceviiiiiiiiiiiiiiiiiiiiiiiiiinn, 45

2.2.3 MASin urban planning.......cc.cociiiiiiiiiiiiiiiiiiiiiiiiiiiiiiie e e 45

2.2.4 MAS IN AESIGN...ciiniiiiiiiiiieiiiiiiiiiiiiit ettt ieiastteiatttasssesasaaetaasenaas 47
2.2.4.1 MAS for modelling design ProCeSSES.......ccvevveriiiiiiiiiiiiieiiiiieeieiiiiinsnsn, 48
2.2.4.2 MAS for design and planning decision support systems........c.ccvveiieininnnns 53

2.2, SUMIMIAIY . .uiineiiiniaieanteantestsaasesesassantontonsssssessnsesesssasssscssssssssaanssanssnnss 54

2.3 The basic dimensions of multi-agent design as coordination .............c.ccoicivininnen. 56
CHAPTER 3

Interfacing design with complexity:

methodological premises of the thesis ...........cccoiiiiiiiiiiiiiiiiciiii 60
3.1 Design, science, and COMPLEXILY ..cuivriiiiniieireiiiiiirnieneeerieeareiersssscescssscsssnnsns 60
3.2 The role of modelling and simulation in the thesis ..............cooiiiiiiiiiiiinniin. 67
CHAPTER 4

Multi-agent design as coordination:

a model of distributed learning control .............cccciiiiiiiiiiiiiiiiiiiiiii e eeenas 70
4.1 Modelling coordination as distributed learning control: an introduction ................ 70

4.1.1 Anintroduction to control and distributed control .............ccccociiiiiniiiinanan. 71
4.1.1.1 Ingredients of control problems ..........cciiiiiiiiiiiiiiiiiiiiir i 72
4.1.1.2 Control mechanisms: feedback and feedforward regulation.................... 72
4.1.1.3 Adaptive control and neural network learning.............cccceveiiiiieiniinines 73

4.1.2 Control and distributed learning control in design............cc.ccoiieiiiiiineiaiiinn, 78

4.2 A conceptual model of coordination as distributed learning control ..................... 81

4.2.1 Structures, behaviours and functions in design..........ccoveiieiiiiiiiiiiiiiannnenn. 82

4.2.2 Gero’s FBS framework for modelling the design process.......c.cccceevniieiinieneaneas 84

4.2.3 Employing the FBS framework to propose a modetl of coordination as distributed

1EarniNg CONLIOL. . .uiiiiiiiiiii it eeiiiitiiieettetantsatentarsnssecnnsansensonsanesssensonsans 86
4.3 Summary and CONCLUSIONS ....ccveiiiierierneiiirarraceereareesesessassassssensenssnsenssnnransnns 89
CHAPTER 5
Building computational models of coordination as distributed learning control......... 91
5.1 Coordination as distributed {earning control: Version 1 ..........ccocoveiiiiiiiiniinnnnn. 91

5.1.1 Building the distributed learning control model.............c.ccooiiiiiiiiiiinnnn. 91

5.1.1.1 The design problem .. .....ccciiiiiiiiiiiiiiiiiiir it aaes 91



5.1.1.2 The control arChiteCtUIE .. cccviviiiiiiiieeieiireeieiretereerensssssesssnsssssesnsns 92

5.1.1.3 Representing functions, behaviours and structures.............cccooveaennninie, 96
5.1.1.4 Modelling the reasoning SOUMCES.......ccceiiieiiiiiiereiieieirneiateeiieeasneanannes 97
5.1.2 Results and reflections .........ccovveviiiniiiiiiiiiiiiiiiiiiiiiiiiiiaeieeireeeanseens 104
5.2 Coordination as distributed learning control: Version 2 ...........cccveveiiieiiininannnnn. 117
5.2.1 Building the distributed learning controt model.............ccoooviiiiiiiiiiiiin, 117
5.2.2 Results and reflections........ccoviveiiiiiiiiiiiiiiiiiiiiiiiii e 122
5.3 Revisiting the model of coordination as distributed learning control ................... 126
5.4 Summary and CONCIUSIONS ......ccoviiiiiiiiiiiiiiiiiiiiiiieiiiiiiiiietaeieearaseaearateasarnes 129
CHAPTER 6
The social character of multi-agent design: coordination as a micro-macro link....... 131
6.1 Agents, societies and the micro-macro linK........cccceeiiiiiiiiiniiiiiiiiiiiiiiiiin, 131
6.1.1 Approaches to the micro-macro link in social theory.........cccoveviiiiiiiiniinn. 132
6.1.1.1 The theories of Giddens and Bourdieu .............coceeviiiiiiiiiiiiiiiiiniiennen, 134
6.1.1.2 Micro-macro link and emergence..........coceviveiiiiiiiiiiiiiiiinine., 136

6.1.2 Approaches to the micro-macro link in multi-agent systems and social

£ T 1 1 T TR e 137
6.1.2.1 Castelfranchi’s theory of social function ............ccciiiiiiiiiiiniiinniiiieian, 140
6.1.3 Summary and insights for multi-agent design..........cccccveiiiiiiiiiiiiiiiiiinine. 142
6.2 Analysis of the micro-macro link in the model of multi-agent design as distributed
learning CONEIOL .. .ccu it et e ereenrreeenerenesanennnsannesnnranssnnnsnansonss 143
6.2.1 Comparison with Castelfranchi’s model............c.c.cciiiiiiiiiiiiiiiiiiiiiiniinae. 144
6.2.2 What is micro and macro in the model?............c.coviiiiiiiiiiiiiiiiiiiiiinnininn, 145
6.2.3 Comparison with relevant studies in design and planning ................cccoeeuees 148
6.3 Summary and diSCUSSION .......ciieiiiiiiiiiiiiiiiiiiiiiieiiiiintieareeteissesasssssssassannns 151
CHAPTER 7
A complexity perspective on coordination: understanding emergence in multi-agent
(e LT3 T 1 T PPN 153
7.1 The concept of emergence in complexity SCIENCE .....cicviiiiiiiiiiiiiiiniiniiiincnnins 153
7.1.1 Epistemological and ontological types of emergence ...........cccoceiviiiieininnn. 154
7.1.1.1 WeaK @MergenCe ......cociiuiniiiininiiiiiiiiiiiiiitetatetersearenstsontassesnasas 155
7.1.1.2 SErONg EMEIZENCE .. .vueintreirtiatrtierratastenrsecatssssssssssssstsarssscessssssnns 156
7.1.2 Phenomenological @Mergence .......ccivveiiiiiiiiiiiiiiiiiiieiietiiineieienarernanens 157
7.1.3 Emergence as creation of new observational and descriptive categories......... 157
7.1.3.1 Emergence relative to a modet......... S N 158
7.1.3.2 Emergence and hierarchical organisation..........ccccevevviiininniiniiiininnine, 160
7.1.3.3 Emergence and relative complexity .....ccoovviiiiiiiiiiiiiiiiiiiiniiiii, 161

vi



7.1.4 Conclusions: organisation, complexity and emergence .........c.cocvuviienninnnnnns 162

7.2 A complexity perspective on multi-agent design as coordination...............cccueueee 165
7.2.1 Revisiting the model of coordination as distributed learning control ............. 165
7.2.1.1 On the patterns of reasoning in design...........ccocciviiiiiiiiiiivniiiinnnn, 166

7.2.1.2 Analysing the patterns of reasoning in the distributed learning control model
of coordination and their effects in complexity........cccoveviiierniiiiiiiiiiiiinininane, 167

7.2.2 Beyond distributed learning control: Towards an organisational definition of

multi-agent design as coordination .........ccociiiiiiiiiiiiiiiiiiiieiieiiciacnineriees 173
7.2.2.1 Multiscale variety and organisation.......c.cccveiiiiiiiciiiiiiicierenniiiiiniienes 173
7.2.2.2 Multiscale variety and emergence .........ccceveviiiiiiiiiiiiiniiieninecinennines 176
7.2.2.3 A preliminary definition of multi-agent design as coordination ............... 178

7.3 Summary and CONCIUSIONS .....ciuiiiiiieieiiiietiietatiienranrarreeraesesenssssssssassnsansans 180
CHAPTER 8
Summary and CONCIUSTONS ....c.viiiiiiiiiiiiiiiiiiieriiirteieeneenraeeassnsstacrsenensenesnsensnne 181
8.1 Hypotheses and 0bjeCtives ... ...cciiiiiiiiiiiiii it ier e e e ecaseaeneanans 181
8.2 Meeting the ODJeCtIVES......cciuiiiiiiiiii ittt es e s st e s s e e e 181
8.3 Contribution of the thesis ..........ccceiiiiiiiiiiiiiiiiiiir e e rsee e s e eaas 183
8.4 FULUIE WOTK ...oeiniitiiiiiiiiiiiiiiee it e ttenetnseratascnsasasasensnsseensnsnsassesnsarannnns 187
APPENDIX 1.0ttt ettt sttt s st esete s sneaansnsnsasennasnsnns 189
1 The distributed learning control model - version 2 ...........c.cccviviiiiiviiiniiniienenieenens 189
2 Neural NetWOork desi@n.....ccieiiiiiiiiiiiiiiiiiiiii it iirieieeeeneearessesssasnnsensensensonnen 193
100 14T o | U= SO PPPPPPPR 193
Plant model .....cviniiiiiiii it ettt et r st e e a e e e e n e e e eas 195
3 Neural network object reference from MATLAB .........ciiiiiiiiiiieiiiiiiicieirieeenenns 198
APPENDIX 2.ttt ettt ettt ettt eneeesessantasasasasnnsnsesnsnensnsnsnns 205
Publications deriving from this research .........ccoeiiiiiiiiiiiiiiiiiiiiiiii e 205
BIBLIOGRAPHY ...ttt ittt e e retaaena st tetsreseteraessensasasasnsnsasasnns 206

vii



List of Figures

Figure 1 An outline of the thesis ........cocvviiiiiiiiiiiiiiiiiii e 6
Figure 2 A simple control syStem........ccciiiiiiiiiiiiiiiiiiiiii e 72
Figure 3 An illustration of a simple artificial neuron withone input...............coveiiniies 74
Figure 4 A two-layer feedforward neural network...........cccooeeiiiiiiiioiniiiiiiinrnennnnns 75
Figure 5 Structure for forward modelling of a system using neural networks ............... 76
Figure 6 Structures for inverse modelling of a system using neural networks ............... 77

Figure 7 The relationship between knowledge and action in the rational model of

planning, from Batty (1979). . .cieiiiiiiiiiiiiiiie i eecre e et e eearaseecarnsesnaensenranns 79
Figure 8 An informal illustration of the idea of distributed learning control ................ 81
Figure 9 The FBS model adapted from Gero (1990)......cccoiiiiiiiiiiiiiiiiiiiiinreeeneennns 84

Figure 10 Coordination as a dual control process, one that corresponds to a synthesis-
analysis-evaluation route and one that corresponds to a reformulation-formulation-

EVAlUALION FOULE . euvieiniiiiiiii ettt et s s e s s s s e e s s s s ensnenanen 86
Figure 11 The general setting of the Model..........c..ccoeiiiiiiiiiiiiiiiiiiiiiiiirirreeens 92
Figure 12 The model reference control architecture provided in the MATLAB Neural

NEtWOrK TOOIDOX. . uuieiiiiiiiiii ittt e s e e et rete e v e e s s e nenenensesesenansas 93
Figure 13 The proposed Analysis-Synthesis control structure..........cccoevviiieieiennennnnn. 95
Figure 14 The proposed Formulation-Reformulation control structure ....................... 96
Figure 15 Creation of plan descriptions within a VR environment ..............cccecevvnennenn. 97

Figure 16 Membership functions for a crisp set (left) and a fuzzy set (right) describing
close distance between home and place of WOrk. ........ccciiiiiiiiiiiiiiiiiiiiiiici e eeeee, 99

Figure 17 Figure showing how the logical operations AND, OR and NOT work for crisp sets
(upper part) and fuzzy sets (lower part) (MATLAB documentation).........cccveeeinvnnnnenns 99

Figure 18 The fuzzy inference system used to model the behaviour of the cuboids.
H=housing, R=retail, O=open space, Vol=volume, ProxH=proximity to housing,
ProxR=proximity to retail, ProxO=proximity t0o open space..........ccceeviiiiiiiieieiiennaenss 100

Figure 19 The membership function for housing (Gaussian). ......c.cooivviiiveriineennnnnns 101

Figure 20 The two fuzzy IF-THEN rules built in order to represent the behaviour of the
housing and retail Cuboids. ........cccciiiiiiiiiiiiiiiii it e e e e e e e e e naeaas 102

Figure 21 Visualisation of the rules..........ccoeiiiiiiiiiiiiiiiiiiiiiiiiiiien et eneeneaas 103



Figure 22 The model of design as co-evolution proposed by Maher and Poon (1995) ..... 112

Figure 23 Emergence involves redefining the original FBS variables by adding or merging
different cuboids and/or introducing new functions. Coordination then suggests a process
of organising agents, their goals and the objects they manipulate. .................cooeeuiis 116

Figure 24 The archetypal built form by Steadman (1998) ...........cc.coeiiiiiiiiiiiiniin, 118

Figure 25 The binary encoding of the archetypal building proposed by Steadman and
Waddoups (2000) ...cueniieriiiiiiiiiiiiiiii ittt ettt ieaere s trraa s et s st e ae st 118

Figure 26 The representation of the archetype used in the experiment, adapted from
Steadman and Waddoups (2000). .....cccoiiieieiiiiiiiiiiiiiiiiiiieieiieieiiire e eae e e e saas 119

Figure 27 The control architecture used in the experiment, which represents the workings
of each agent. The World Model is also used as a Reference Model. ...................c..ee. 120

Figure 28 An illustration of the sequential connection between agents. The world for one
agent is a composite of the other two. ........cciviiiiiiiiiiiii 121

Figure 29 The initial world provided to the three agents for the simulation. .............. 124

Figure 30 Results from a simulation run for time t=100. The figures illustrate the control
actions of the three agents, given an initial world (Figure 29), and for times t=1, t=2 and
t=37, from top to DOLtOM. ....cciiiiniiiiiiiiii 124

Figure 31 The updated model of coordination as distributed learning control............. 127

Figure 32 Different approaches to the micro-macro link in social theory correspond to
different positions about the nature of agency (rational vs interpretive) and the source of
social order (collective vs individual). ......cccvieiiniiiiiiiiiiiiiiiii e ens 133

Figure 33 An illustration of Giddens’ (1984) stratification model showing how agents
reflexively monitor their actions and establish an understanding of the grounds of their
- Tt 0112 1 135

Figure 34 Castelfranchi’s (2001) model showing how unintended effects may acquire a
social function because they feedback into individuals: they reinforce the beliefs and
effects that caused them. ... ..ot e c ettt e eeas 140

Figure 35 An illustration of the model of multi-agent design presented in chapter 4 of the
L1 1=T:3 £ R 144

Figure 36 An illustration of the design space as perceived in the model of distributed
learning CONLIOL. ... ..ottt it ar ettt rtrat et atesatorattnstenasssscsnncnnns 146

Figure 37 The design space is an expression of agents, their goals and the objects they

manipulate. Agents therefore control this space and are being controlled by it. .......... 147
Figure 38 Rosen’s (1985) diagram of modelling relation.........c.c.ccoiiiiiiiiiiiiiiiniiiana 159
Figure 39 Analysis-Synthesis of S........cciiiiiiiiiiiiiii it e s a e 168
Figure 40 Analysis-Synthesis of F (Formulation-Reformulation). .........cccoocvviiveiniiiinn, 169

Figure 41 The variety of a system depends from the number of components N and the
number of possible actions m of the system.......ccoiiiiiiiiiiiiiiiiiiiiiiiii 174



Figure 42 The variety of a system at a particular scale depends from the number of
independent groupings n(k) between components and the number of possible actions... 174

Figure 43 An illustration of the interplay between scale and variety in defining the system
organisation. Each diagram represents a different scheme of organisation ................. 175

Figure 44 An example of a possible scheme of organisation where components are
organised in groups of different sizes...........c.cocviiiiiiiiiiiiiiiiiiiiiiiiiiinn 176



List of Tables

Table 1: Prisoner’s dilemma game for a collective good ...........ccciiiiiiiiiiiiiiininninn, 14
Table 2: A 2-person coordination GamMe .........coeveiiiiiiiiiiiiiiiiiiiiiiiiiieieaieiaeean, 16
Table 3: Classification of coordination mechanisms by Grandori (2001)...........covenens 19

Table 4: A summary of the main aspects of coordination in group, organisational and
societal decision MaKiNgG .......c.cociviiiiiiiiiiiiiiiiiiiieiioniiniiitiiceseecessasosssatsssontenssenes 35

Table 5: Summary of the processes involved in design as discussed by Gero and
Kannengiesser (2002) .......vciviiiiiiiiiiiiiiiiiiiiiiiierasesessnsisserasarassesessssssssasssvasasnsas 85

Table 6: A presentation of the different patterns of logical reasoning - adapted from
Roozenburg and Eekels (1995). 1ouiiiiiiiiiiiiiiiiiiiitiiitietteertetienrinteensrassensesnsenses 167

xi



Chapter 1
INTRODUCTION

The sceptical reader may wish to look around right now and see whether there is
anything in the current environment that was not either produced or delivered to
its present location by the cooperative efforts of individuals working in socially
organized groups. The only thing | can find in my environment that meets this
test is a striped pebble that | found at the beach and carried home to decorate
my desk. (...) Every other thing | can see from my chair not only is the product of
coordinated group rather than individual activity, but is necessarily the product
of group rather than individual activity.

(Hutchins, 1995: 176)

1.1 SETTING THE SCENE/ MOTIVATION

Design has been increasingly perceived as a social, cooperative activity. This
comes from the recognition that most design projects draw upon knowledge
distributed to networks of diverse participants (experts or stakeholders), which
bring into the design process multiple views, needs, knowledge and goals.
Moreover, design practice has become more and more connected to the use of
computational constructs that mediate and support humans in their activities. The
term multi-agent will be adopted here instead of cooperative, to reflect the fact
that humans and artificial constructs are considered to be equally important
agents in design. But there is a second reason to opt for the term multi-agent
instead of cooperative: cooperation usually assumes (or connotes) some kind of
formal or informal agreement to ‘work together’, whereas cooperation, in the
sense that is studied here, may in fact include design processes that emerge
without any deliberate conformity to work together. Finally, the term multi-agent
with its connotations of distributed artificial intelligence and multi-agent systems
seems to reflect more accurately the distributed and emergent nature of design
phenomena.
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It is also true to say that notwithstanding whether a particular design is created by
a group or not, it is within a group or social environment that it becomes realised.
The desires and needs that motivate design are developed within a social context,
while in turn design artefacts are directed towards this environment and
ultimately attain their functions within it. The term multi-agent is therefore also
used here in recognition of the fact that the social context of design is an integral
part of the process as it provides both the requirements and the final evaluations
of the design artefacts.

The original motivation for this thesis was to develop models and tools to support
multi-agent design decision making. But what are the requirements for supporting
design in distributed human-computer networks? There is a considerable literature
on collaboration, cooperation and participation in design, especially from the
perspective of Computer Supported Collaborative Work (CSCW), Decision Support
Systems (DSS), and Human-Computer Interaction (HCl). But each study makes
different assumptions about the design decision making process according to the
particular domain of application (for example, urban planning versus architectural
design), and the objective of the application (for example, to support expert and
non-expert communication, to encourage participation, to support problem
solving, to support conflict resolution, or to support creativity). It gradually
became clear that what was needed was a deeper, and also more generic,
understanding of design as a distributed multi-agent process which is not tied to a
particular application. An abstract concept was required able to capture the social
distributed character of design, without making strong assumptions about the
kinds of interdependencies that exist among agents and their goals, or about their
dispositions towards cooperation or conflict. This thesis proposes that the most
appropriate concept for this purpose is the concept of coordination.

Malone and Crowston (1990: 361) offer one of the most comprehensive definitions
of coordination, as ‘the act of managing interdependencies between activities
performed to achieve a goal’. The word coordination is used to include terms such
as cooperation, collaboration or conflict, so long as they involve managing
interdependencies among activities. Malone and Crowston (1994: 91) further
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classify the wide variety of interdependencies that arise in complex processes
under four major categories: shared resources and task assignments (which may
involve for example priority ordering); producer/consumer relationships (which
may involve sequencing, standardization, or synchronization); simultaneity
constraints (which involve scheduling and synchronization); and task/subtask
dependencies (which usually involve goal selection and decomposition).
Coordination theory is a rather new research area, developed to bring together
disciplines like organisational science, management science, economics, computer
science and psychology, to the study of coordination in complex systems. This
interdisciplinary study of coordination is ultimately intended to work as a
theoretical framework for research in computer supported cooperative work, and
distributed and parallel computer systems.

Thus defined coordination is a key problem in multi-agent design deriving directly
from the decentralisation and distribution of knowledge, processes and decisions.
For example, the success of large development and regeneration projects across
the world relies (among other things) on the effective coordination of goals and
activities between the agencies concerned (ranging from local stakeholders to
development firms, consultants, local authorities and so on). The Architecture-
Engineering-Construction (AEC) domain is another typical example of
multidisciplinary multi-agent design where coordination is crucial. In the AEC
industry architects, structural engineers, mechanical engineers, and contractors,
all work on the same artefact (a building) yet by utilising their own expertise,
views, and models. There is in this case an imperative need for coordinating the
various tasks and representations and for managing interdependencies and
inconsistencies.

However, the subject of investigation in this thesis is multi-agent design as a
constructive generative decision making process and not only as management. So
there is a need for further developing the concept of coordination beyond
management and specifically in relation to the question of how coordinated
solutions (particularly novel or creative solutions) are generated in distributed
design settings. The aim of the research project reported is therefore essentially
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two-fold: to elaborate the concept of coordination in a way that is appropriate for
(generative) design and to develop a view of multi-agent design as coordination

such that it successfully captures its distributed, social character.

To address these questions the thesis draws from various fields and disciplines like
design science, distributed artificial intelligence, complex systems science,
cognitive and social science, and delves into critical issues such as learning,
sociality, creativity, and emergence. Computational modelling and simulation are
used as a critical method for thinking through the assumptions and consequences
of the theoretical ideas and for testing their coherence. Ultimately, the
fundamental conviction of this thesis is that having a rigorous framework for
understanding multi-agent design coordination, and the conditions that lead to the
generation of coordinated solutions, will help to better exploit the creative
capacity of complex distributed human and artificial networks, and inform the

development of future design decision support systems.

1.2 SUMMARY OF HYPOTHESES AND OBJECTIVES

The overall objective of the thesis is to develop a coherent framework for
understanding multi-agent design with an appreciation for its social and
generative, creative, character. The driving hypothesis is that coordination is an
appropriate concept for this purpose as it helps us to focus on the important
aspects of distribution and interdependency without being tied to any particular
assumption about the domain and objectives of the design decision making
process.

From this general objective a set of more specific objectives can be derived:

= To introduce the concept of coordination by drawing from studies in different
fields and explicate its relevance for multi-agent design

* To identify the key dimensions of multi-agent design as coordination

* To experiment with computational models and simulations in order to
evaluate, and build upon, the established dimensions of coordination
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1.3 METHODOLOGY

Although this research seeks to develop a framework for coordination in multi-
agent design drawing from the relevant literature, the very process of building
computational constructs to implement hypotheses and ideas is a significant
methodological tool. Development and experimentation with computational
models is intended as a vehicle to explore and develop the main hypotheses of this

research and evaluate their applicability.

1.4 OUTLINE OF CHAPTERS

The current chapter offers an introduction to the field of study and clarifies the
scope, purpose and main hypotheses of the research. The second chapter focuses
on the key concept of coordination. It offers a review of the term from different
perspectives, clarifies its relation with concepts of cooperation, conflict and
collaboration, and extracts some basic conditions or dimensions that are
considered critical for multi-agent design. The third chapter discusses in more
detail the methodological approach adopted and the reasons behind it. The fourth
and fifth chapters examine how the critical dimensions of coordination can be
made more precise through a combination of conceptual and computational
modelling. Together they investigate in depth the implications of the basic
argument of the thesis and highlight important questions and lessons learnt. The
sixth and seventh chapters continue with a more complexity-informed perspective
of coordination as an abstraction of multi-agent design, and grapple with some of
the questions arising from the experimentation. In particular the two chapters
focus on the important subjects of sociability and emergence. The thesis
concludes with a summary and discussion in chapter eight. The overall structure of
the thesis is illustrated in Figure 1.
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Research question: understanding multi-agent design
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Figure 1 An outline of the thesis



Chapter 2
MULTI-AGENT DESIGN AS COORDINATION:
AN INTERDISCIPLINARY INVESTIGATION

Design processes are complex in nature; they aim at the creation of complex
artefacts; and commonly involve many different disciplines and/or multiple
participants who bear individual (and often conflicting) views, goals, expertise,
knowledge, and models. As discussed in the introduction, coordination is a
cardinal problem in design, which arises as a consequence of the decentralisation
and distribution of knowledge, processes and decisions. The thesis suggests that
coordination is also a suitable concept for understanding multi-agent design and
capturing its generative and creative character. However, coordination is a
concept that has been perceived, defined and modelled in different ways by
different scientific disciplines, and so a clarification of how coordination is used
and can be used in design is necessary. The aim of this chapter is two-fold: to
identify the unique properties of multi-agent design so as to distil necessary
requirements for characterising coordination, and to identify the distinctive
features of the notion of coordination that can add usefully to our understanding
of multi-agent design. The final objective of this dual investigation is to identify a
set of crucial dimensions of multi-agent design as coordination, which will form
the fundamental premises behind subsequent investigation. In the following,
multi-agent design is discussed from two perspectives: from the perspective of
decision sciences where it is seen as a multi-person decision making process, and
from the perspective of artificial intelligence where it is associated with the
creation of artificial systems (particularly distributed systems).
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2.1 DECISION SCIENCES: DESIGN AND PLANNING AS MULTI-
PERSON DECISION MAKING

The field of decision sciences is concerned with understanding and improving the
decision making of individuals, groups and organisations (Kleindorfer, Kundreuther
and Schoemaker, 1993: 3). Drawing from disciplines that range from psychology
and sociology, to economics and management science, research in decision
sciences encompasses both descriptive (empirical, explanatory and experiment-
based) and prescriptive (formal, normative and usually technology-based)
approaches to the investigation of theories, methodologies and techniques related
to choice, problem solving, and problem finding. Decision making and urban
planning are linked together on a fundamental level, since they both follow the
same stages - which in general terms involve: defining a problem and setting
goals; identifying resources and constraints; formulating alternatives; projecting
the outcomes of these alternatives; and evaluating them in relation to goals and
outcomes (Harris, 1972: 9; Alexander, 1992: 47). Similarly, design decision making
has largely been identified with a process of creative problem solving, which
involves three interdependent sub-classes of activities, namely: problem
representation, solution generation and solution evaluation (Rowe, 1987: 56).

The research reported here, however, is particularly focused on multi-person
decision making (group, organisational and societal), which involves dealing with
complex problems and processes requiring cooperation between multiple decision
makers with diverse knowledge and skills, and resolution of conflicts that may
arise. Consequently, key approaches and definitions of cooperation; collaboration;
conflict and conflict resolution; collective choice; and consensus, will constitute
here the centre of attention for the understanding and definition of coordination.

2.1.1 Coordination in group decision making

Kleindorfer et al (1993: 213) write: ‘In addition to the compelling social reasons
for group cooperation and coordinated action, it is also clear that information-
processing and physical limitations of individuals imply the desirability, indeed
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necessity, that certain problems be solved by groups’. Similarly, Domeshek et al
notice: ‘The lone design genius, if not mythical or completely extinct, is surely on
the endangered species list. Nowadays, significant design projects require teams
of designers coordinating their varied expertise to arrive at effective design
solutions’ (Domeshek, et al, 1994: 143). Truly, group decision making has become
pervasive - and not only in the sphere of decisions that have social impact. That is
because most problems (e.g. managerial, political and design and planning
problems alike) call for solutions produced by individuals organised in groups, able
to combine their individual expertise in order to pursue common goals or
maximise some joint utility. It follows however, that group effectiveness is

directly linked with cooperative behaviour'.

Yet, there are many different approaches to studying choice and cooperation
within groups. For example, as Ackoff and Emery (1972) point out, most
psychologists tend to be occupied with the particularities of individual behaviour
in groups; social psychologists focus on the interrelationships of people acting
within a group; and sociologists are concerned with the behaviour of groups taken
as a whole (collective behaviour). Similarly, scientists working on software and
computer systems to support group work and decision making may focus on
assisting the individuals who make up the group or, alternatively, on facilitating
the overall group process.

As the intention here is not to provide a comprehensive review of group decision
making, we will focus on those (descriptive and prescriptive) approaches that are
more relevant to urban planning and building design or architecture. To this end,
the following sections include an examination of the system-theoretic approach of
group planning developed by Ackoff (1974), and a review of critical approaches to
group choice and cooperation developed in game theory.

! Note that the benefits of group decision making do not come without certain potential liabilities,
such as ‘groupthink’, conformity, or polarization. Kvan (2000: 410) underlines three factors that
determine successful (collaborative) group performance: task interdependence (how closely group
members work together); outcome interdependence (whether and how group performance is
rewarded); and potency (members’ belief that the group can be effective). The different theories
and approaches of group decision making offer different mechanisms - such as feedback, learning or
dialectical reasoning - with the aim to develop a level of trust and cooperation among group
members and overcome any potential drawbacks.
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2.1.1.1 Group planning in the systems age

Ackoff and Emery (1972) adopt a view of social groups as systems, which implies
understanding the relationships between groups and individuals as relationships
between systems and their elements. They define a social group as ‘a purposeful
system whose members are purposeful individuals and who are intentionally
coproducers of a common objective’ (ibid: 213). The intention to pursue (one or
multiple) common goals or objectives seems to be an essential characteristic of a
group and provides a framework for understanding group interactions and
conflicts. Ackoff and Emery (ibid) further distinguish between ‘goals’, ‘objectives’
and ‘ideals’, and establish the concepts of ‘goal-seeking’, ‘purposeful’ and ‘ideal-
seeking’ behaviour as a foundation for understanding human and social interaction
and behaviour. A goal is a preferred outcome which ‘can be obtained within a
specified period of time’, whereas an objective is a desired outcome that ‘cannot
be obtained within a specified period of time’, ‘but is obtainable at a later time’.
Purposeful systems therefore have the ability to choose between goals and courses
of action so as to achieve their objectives. Ideal seeking behaviour on the other
hand refers to the high level ability of purposeful systems to pursue objectives
that ‘cannot be obtained in any time period but can be approached without limit’:
ideals.

Ackoff (1974) transfers this teleological approach to the planning process
(strategic planning), highlighting the importance of specifying ideal future states
as a reference point for planning (Kleindorfer et al, 1993: 237). He advocates
‘interactive’ planning as a process that involves group choice and decision making
oriented to the achievement of an idealized future. Such planning practice is
participative, coordinated, integrated and continuous: it facilitates the
participation of a wider public which can be directly involved in the design of its
future; facilitates the collective and continuous formulation and reformulation of
objectives on multiple levels; and improves awareness of conflicts and constraints
which can be alleviated to achieve consensus (Ackoff, 1974: 29-31). To see
planning as a purposeful group choice endeavour does not mean to overlook
conflict. Conflicts do arise due to the presence of contrasting individual
objectives, or even due to disagreement about the courses of action that should

be followed to pursue the shared objective. Cooperative behaviour is desirable in
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such situations as a way to improve group’s effectiveness and control conflict.

Ackoff’s view of planning as a social group process aims at the reconciliation of
the systemic view of planning with organisational aspects of human behaviour.
The proposition is that processes such as conflict and cooperation should be seen
as essential aspects of planning, and should be studied in the light of the
relationships developed within and between groups and organisations. Moreover,
this view suggests that identification, pursuit, and coordination of collective and
individual goals, is instrumental for the development of cooperation. Although
systemic approaches to planning have come to pass, the idea of progress towards
desirable goals (when neither the goals nor the means to achieve them are
necessarily known in advance, or indeed unchangeable), and the ideas of
intentionality and anticipation more generally, are still considered to be of
paramount importance in planning.

This view is crucial for the present research as it is also relevant to design. Design
is often defined as a purposeful human activity (Simon, 1969; Rosenman and Gero,
1998), which moves from some perceived need for change towards a new
(previously unknown) state that satisfies this need. But goal-seeking and goal
articulation relates to problem making, which is an integral part of design.
Smithers (2002: 7) writes: ‘.. designing must start with something that neither
specifies what is required nor defines a problem to be solved, yet it must arrive at
a design - a specification - for something that, when realised or implemented, will
satisfy the motivating needs or desire... This apparent paradox - arriving at a kind
of solution without starting with a problem - is what makes designing different
from other activities. It is the characteristic feature of designing... Designing
resolves this paradox by actively constructing the problem or problems whose
solution or solutions can form a design or parts of design.’ Smithers further argues
that problem solving and problem making are iterative and tightly intertwined
activities; a view that follows Rittel’s position that ‘problem understanding and
problem resolution are concomitant to each other’ (1984a: 137). This argument
derives in principle from the understanding and characterisation of design
problems as ‘wicked’ problems (Churchman, 1967; Rittel and Webber 1973;

11
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Bazjanac, 1974; Rittel 1984a). Although Smithers attempts to distinguish planning
from design on that basis, it is reasonable to argue that the kind of planning
problems we are interested in here (in the domain of physical and location
planning), are indeed akin to this class of ‘wicked’ problems, mainly due to their
social and multi-participatory nature. Actually, Rittel did refer to the fields of
urban planning and urban development as areas that could benefit from his
approach to design methods (1984b).

But, to return to the issue of coordination, the reason why such problems require
a co-evolutionary approach to problem solving and problem making, is the fact
that design knowledge and decision making are ‘distributed among many people,
in particular among those who are likely to become affected by the solution’
(Rittel, 1984b: 320 - emphasis not in original). This fact, which Rittel called
‘symmetry of ignorance’, is a very important aspect of design, often overlooked in
design theories that focus on the capabilities of individual designers. For the
present research this phenomenon is considered to be an inherent characteristic
of group decision-making, as well as an inherent characteristic of multi-agent
design in general. If we take this view further, we can start understanding the
iterative exploration of problem formulations and problem solutions, and the
continuous pursuit and identification of goals, as a process equivalent to
coordination (Alexiou and Zamenopoulos, 2002a). The subject of coordination is
not only related to the effective generation and reconciliation of common goals
and expectations (or ideals as Ackoff suggested), or to the combination of
individual expertise, but also to the reconciliation of problems and solutions.
Coordination is the equivalent of a process towards goals, as well as a process
towards (re-) solutions.

It is worth mentioning here that co-evolution of problem and solution has been
extensively discussed as a critical aspect of creative design (Maher, 1994;
Smithers, 1998; Dorst and Cross, 2001). For example, the function-behaviour-
structure model developed by Gero (1990; 2000), and its latest elaboration into a
situated framework for designing (Gero and Kannengiesser, 2002), offers a quite

comprehensive account of design as a ‘goal-oriented, constrained, decision-
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making exploration, and learning activity’ (Gero, 1990: 28). This framework
models the complex formulation, synthesis, analysis, evaluation, and
reformulation processes of (conceptual/creative) design that transform functional,
behavioural and structural variables used to represent the problem and solution
spaces, and explicitly takes into account the role of goals and expectations.
Nonetheless, the focus in this work is on designing as a single agent process.
Notably, although the notion of co-evolution has been increasingly perceived as a
key aspect of creative design processes, it has only been understood as an
individual activity or ability (even in the cases where design is taken as a process
that unravels within a social context) and it has not been linked to the issue of

coordination in group design and decision making.

2.1.1.2 Group choice and games

The theory of games was introduced with the seminal work of John Von Neumann
and Oskar Morgenstern (1944) and can be defined as ‘a theory of rational decision
in conflict situations’ (Rapoport, 1974: 1). It is primarily concerned with formal
models of choice in groups seen from the point of view of individual ‘players’ who
seek to find the appropriate ‘strategies’ so as to maximise their expected
‘payoffs’ in the ‘outcomes’ associated with those strategies. Game theory is
therefore concerned with modelling and predicting rational decision making of
individuals when the outcomes of the game depend in part on the other players,
who may have different preferences and beliefs. Rationality suggests that players
have consistent preferences and act so as to satisfy their own (and only their own)
utilities. Moreover, rationality implies that each player expects that the same will
hold for every other player (Rapoport, 1974: 1). Typically, players use knowledge
about other players’ preferences and beliefs in order to choose their strategies?.

2 One of the important aspects of games involves assumptions made about information available to
players. In setting a game one must specify whether players have complete information about other
players’ payoffs as well as their own. Another issue related to the question of information, is
captured in the distinction between simultaneous-move and sequential-move games. Simultaneous-
move games are usually represented in matrices (‘normal form’ games), whereas sequential-move
games are usually represented in a tree form (‘extensive form’ games). Games in extensive form
show, in a graph-like diagram, the order of feasible actions/moves for each player and the
information available to each player at each node/point of action (the ‘information set’). The notion
of beliefs mentioned here, captures what players know about the game and what they expect from
each other (a probability distribution on the information set). Beliefs, goals, commitments and so
on, form the basis of rational reasoning and have also been used extensively in artificial intelligence.

13
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Cooperation or defection? The Prisoner’s Dilemma Game

The assumption of rationality has significant implications for the understanding of
conflict, and the emergence of cooperation and coordination. The most famous
example used to illustrate those concepts is the Prisoner’s Dilemma Game. The
game is presented in Table 1 for a problem that involves provision of a collective
good: building a highway to connect a suburb to a city (adapted from Hopkins,
2001: 87). We assume that we have two players, each representing an investor
interested in land development in the suburb. Each investor has two choices:
either to build (Strategy C) or not to build (Strategy D) or, in other words, either
to join in building the highway (‘cooperate’) or to ‘defect’. Let us then assign a
benefit of 10 from the built highway, and a cost of 15 for building it. If any one of
the investors decides to build and the other chooses not to, then the lone builder
has to pay all the costs while the other will still benefit from the public highway
(payoff entries 10, -5 and -5, 10). If both investors decide to build, then they
enter a joint venture, which leaves them with a net benefit of 2.5 each. If they
both decide not to join, there are no benefits and no costs (utility payoffs 0, 0).

Investor 2

Build (C,) Don’t build (D,)
Investor 1
Build (C,) 25,25 -5, 10
Don’t build (Dy) 10, -5 0,0

Table 1 Prisoner’s dilemma game for a collective good

Individual rationality suggests that the players should choose not to build because
this choice brings each of them - individually - the greater benefit. The dilemma
here arises because the resulting outcome (0, 0) is obviously inferior to the (2.5,
2.5), which could be achieved if both players chose to build (therefore acting
‘irrationally’). The (Dy, D,) strategy is a unique Nash Equilibrium for the Prisoner’s
Dilemma Game. The Nash Equilibrium concept exemplifies a non-cooperative or
individualistic solution concept (Kleindorfer et al, 1993: 246): it refers to a

collective strategy such that no individual player acting on his own can improve
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his situation by departing from this strategy. Pareto solutions on the other hand
are strategies to which at least one player can be better off, without making
anyone else worse off. So, the Pareto solution concept embodies some kind of
group rationality. For the Prisoner’s Dilemma Game the Pareto solution set

contains every strategy apart from the Nash Equilibrium.

The core question in the Prisoner’s Dilemma Game, but also in ‘social dilemma’
games more generally (multi-person Prisoner’s Dilemma Games), is to predict
when players’ choices may lead to cooperative (rational from the group
perspective) or non-cooperative (rational from the individual perspective)
solutions. Thus the division of games into cooperative and non-cooperative. In
cooperative games, players can agree to coordinate their strategies so as to
promote a joint interest (through the formation of coalitions). In measuring the
degree and nature of cooperation one must take into account a wide variety of
factors, which are related to the context of the game; the attributes of the
players; and the interactions developed among them (Axelrod, 1984:. 28).
Kleindorfer et al (1993) identify communication, equity, interpersonal risk, and
reputation in repeated games as the major determinants of cooperative
behaviour. Concepts such as reputation and reciprocity, which grow in repeated
games, are particularly important indicators for cooperation especially when
communication is not a realistic alternative.

Axelrod (1984) was one of the pioneers of research on repeated games, which
contributed to the establishment of evolutionary game theory, and vitally inspired
research in multi-agent systems. The idea behind repeated games is that of
learning through indirect communication. The repeated encounters allow the
players to acquire knowledge about the other players’ strategies by observing
their behaviour, and thereafter use this knowledge to guide their own choice of
strategies. The evolutionary approach to games also introduced the idea of fitness
as an alternative to the idea of utility maximization, and thus offered an
alternative to the predominant views of optimisation. Although several limitations
have been revealed in response to this approach (especially regarding the
efficiency of the tit-for-tat strategy that for Axelrod exemplified an evolutionary
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stable strategy), the main outcome of this discussion remains that learning is an
essential aspect for achieving cooperation in conflicting situations.

Coordination games

Another class of games that is particularly relevant to this research is called
coordination games. The term refers to games with multiple Nash Equilibria,
where the players need to select the appropriate action to avoid reaching a
mutually inferior outcome. A typical coordination game is shown in Table 2 for a
problem that involves two partners of a building firm who try to decide the
location on which to build (note: the game is an example of the ‘Battle-of-the-
sexes’ game). The players have different preferences over the equilibrium
outcomes (Partner 1 prefers Location A, and Partner 2 prefers Location B) but
they can only buy one of the locations available. The two partners must therefore
coordinate their choices of strategies to settle for one of the two Nash Equilibria
of the game: (C,, C;) or (D4, D,).

Partner 2

Location A (C,) Location B (D)
Partner 1
Location A (C,) 100, 50 0,0
Location B (D,) 0,0 50, 100

Table 2 A 2-person coordination game

Although the concept of equilibrium is at the centre of attention in coordination
games, it does not provide an answer as to how the players go about choosing
between the multiple equilibria (Lucas, 1986). Theoretical and experimental
research however strives to identify the parameters involved in coordination
success and explain choice behaviour in coordination games. The earlier
suggestion that Pareto-dominant outcomes would be selected among the multiple
equilibria if indeed such an outcome was available, was proven to be false (Cooper
et al, 1990), and consequently alternative criteria such as the notion of risk
dominance (Harsanyi and Selten, 1988) have been proposed. As in the case of
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cooperation, several suggestions for the solution of such games have been made,
which include (apart from social conventions and explicit rules that may apply)
the existence of focal points (Schelling, 1980); adaptation and learning
(Fudenberg and Kreps, 1993; Crawford, 1995; Erev and Roth, 1997; Rappoport et
al, 1998; Camerer and Ho, 1999); and the facilitation of communication and
reciprocity (Farell, 1987; Cooper et al, 1989). For a more detailed survey of
coordination experiments and critical review of the literature refer to Ochs (1995)
and Cooper (1999).

From the above discussion we can conclude that in the context of coordination
games with multiple equilibria, coordination becomes a rather elusive ability,
particularly because the notion of equilibium does not offer an
explanation/prediction of choice behaviour. It can be argued however, that the
set of equilibria that can be identified in the games, offers a setting for observing
choice behaviour. Consequently, the focus on coordination games seems to move
towards the specific variables that affect coordination and more importantly
towards the investigation of the role of learning and adaptation.

It is also worth noting that in trying to identify the difference between
cooperative and coordination games, or the difference between cooperation and
coordination for that matter, one must focus on identifying the underlying
assumptions and principles of the ‘game’. It seems that cooperation suggests a
process that involves some kind of optimisation of joint profits based on the
reconciliation of individual and group preferences. Coordination on the other
hand, does not aim at optimisation per se, but it rather aims at reaching an
equilibrium state. This however does not necessarily mean to undermine
efficiency. Coordination simply suggests an alternative methodological/research
focus; it suggests a shift from looking at how to adapt preferences, to looking at
how to adapt expectations (Camerer and Knez, 1997). This is an interesting
approach because it brings into play the necessity not only to investigate and
support the effective exchange between players and the development of joint
agreements, but also to investigate and support the processes of identification

and adaptation of common goals. In any case however, a strong link between
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cooperation/coordination and learning can be detected.

Before we conclude with game theory, it is useful to note that since it has
primarily been developed as a mathematical and economic theory, its main
contribution to urban planning has been in the domains of public policy, urban
economics etc., but there exist notable applications in urban design (Batty, 1977,
1996) and facility location and public goods planning (Hopkins, 1981). However,
the particular value of this paradigm is that it has shaped the foundation for the
development of formal approaches in group decision making. Moreover, it has
brought into light an explicit preoccupation with problems of conflict,
cooperation, negotiation, bargaining, and collective choice. Such influences will
be recognised in the subsequent discussions of societal decision making and action
in human and artificial worlds.

2.1.2 Coordination in organisational decision making

Organisational decision making is a special case of group decision making. The
main distinction between groups and organisations is that in the latter there exists
division of labour among the participants, or differentiation of responsibilities for
different parameters of the group choice (Ackoff and Emery, 1972: 18-19).
Kleindorfer et al (1993: 290) identify hierarchy, systematisation of procedures,
interrelated activities, specialization of tasks, and overall complexity, as some of
the distinguishing features of organisations. It follows that decision making in
organisations is strongly related to effective allocation of resources and
management of activities. Additionally, organisational decision making usually
assumes the existence of a shared common goal whose achievement depends on
decisions taken at various levels, and on the fulfilment of various sub-goals at
different stages. However, the existence of a common goal does not imply that
this goal is necessarily predefined, nor that the participants know or agree on how
to achieve it (for a discussion see Camerer and Knez, 1997). Organisational
decision making is therefore directly linked to the need for coordination of
individual choices and decisions, as well as individual and group goals.
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2.1.2.1 Mechanisms of coordination in organisations

In a discussion of coordination in terms of economic behaviour and activity in
organisations, Grandori (2001) distinguishes four basic categories of mechanisms,
shown in Table 3 (adapted from Grandori: 97).

Pricing and voting  Authority and agency Teams and negotiations Norms and rules

Q“::%P ({g\ O
OZ \O

= Local knowledge » Bilateral = Multilateral = Common
communication communication knowledge

» Common codified * Transfer of decision « Joint decisions » Unilaterat non-

information rights calculative decision

= Unilateral decision

Table 3 Classification of coordination mechanisms by Grandori (2001).
Circles represent agents, or decision making actors, while lines represent
communication between agents. Dashed lines denote no direct communication; arrows
denote bilateral communication; and solid lines denote multilateral communication.

The first category includes mechanisms of pricing and voting where coordination
can be achieved by unilateral decision making, without direct communication
between parties. Such mechanisms draw on basic principles of game theory and
collective choice. The second category incorporates authority and agency
relationships where actors coordinate themselves on the basis of sharing or trading
of decision rights. This requires some (bilateral) communication among actors and
allocation of decision rights in an asymmetrical (hierarchical) way. The third
category includes mechanisms for direct and reciprocal adjustment among actors
as in teams and negotiations. This involves multilateral communication,
knowledge sharing and integration, reciprocal control, and joint decision making.
Finally, the fourth category includes mechanisms which guide behaviour without
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requiring ad hoc decision making, where coordination is achieved in response to
conventions, rules and norms. These are prescribed structures or models of
behaviour acceptable by the actors involved, which guide coordination in a non-

calculative fashion.

In this view the nature of knowledge available (local or common, concentrated or
distributed etc) and the degree and mode of communication and information
exchange (tacit or explicit, unilateral or multilateral etc), are identified as major
parameters for the development and subsequent evaluation of effectiveness of the
various coordination mechanisms. Moreover, different configurations of these
parameters also disclose different degrees of cooperative behaviour and joint
decision making and highlight different structures of social interaction. This
classification can easily be generalised to describe research in design, although
organisational approaches to collaborative design and Computer Supported
Cooperative Work (CSCW) have chiefly emphasised communication as the most
fundamental aspect for the coordination of design information and tasks (Chiu,
2002; Cumming, 2002b).

2.1.2.2 Organisational learning

Another important aspect related to organisational effectiveness more generally is
the idea of organisational learning (March and Olsen, 1975; Argyris and Schén,
1978; Kolb, 1984; Senge, 1990; Simon, 1991; Cohen and Sproull, 1996; Starkey,
1996). Learning and adaptation are highly desirable for organisations to be able to
respond effectively to changes occurring both internally and externally. We have
already briefly encountered learning as an important feature of cooperative
behaviour in groups. Organisational learning adds an important parameter into our
investigation of coordination: the need to study the relationship between learning
and coordination at the global as well as the individual level. This includes
investigating learning as an individual and/or an organisational ability, and
particularly investigating the forms and targets of learning at various levels and
their interrelationships. Moreover, organisational research investigates the link
between learning and creativity in organisations, which is invaluable for design
and planning research. We will explore these issues later in the thesis.
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2.1.2.3 Organisations as complex systems

It is worth mentioning here that the discussion of learning and adaptation in
organisations is strongly related to a view of organisations as complex systems.
Building on the work of Simon (1957) and Newell (1990) and based on a view of
organisations as complex information processing systems, several researchers have
introduced a computational approach to organisations and organisational
behaviour with a special emphasis on decision making, learning and adaptation
(Carley and Prietula, 1994; Prietula, Carley and Gasser, 1998). ‘Computational
organisation theory’ has brought together organisational, cognitive and social
science and artificial intelligence and has grown to represent a distinctive
approach within the multi-agent systems (MAS) community.

There are two key features that characterise this strand of research: the
understanding of organisations as computational entities (agents), and the use of
simulation for experimentation, theory building and testing. Naturally, the
perception of organisations as sets of (natural and artificial) interacting agents
leads to a fundamental preoccupation with coordination. On the other hand,
organisations are often viewed as agents themselves with similar adaptive
abilities. In a recent review of the 1998 book edited by Prietula et al, Conte
(2003) suggests that this dual attribute of organisations (as collection of agents,
and as entities themselves) needs to be further investigated particularly by
examining ‘the interrelationships between the properties that individuals have on
their own account and those that they derive from the organisations’, but also
examining how these properties recur at the entity (global) level and how they are
inherited by the individuals. This signifies a general preoccupation with the micro-
macro level relationship in social systems, as we shall discuss in the multi-agent
systems section below.

2.1.2.4 Organisational decision making approaches in planning

Such organisational approaches to decision making have naturally been influential
on urban planning. For example, Lai (Lai and Tang, 1995; Lai, 1998; Lai 2006) uses
the ‘garbage can theory’ proposed by Cohen, March and Olsen (1972) in order to
model planning and urban development processes. The idea behind the original
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garbage can model is that organisations can be seen as systems in which people,
problems, solutions and decision situations interact in random or highly
unpredictable ways. By transferring this to planning and by adding a spatial
element into the equation, Lai aims to offer a model of how actions and decisions
become coordinated, and how organisation emerges out of this random interaction
of elements. Another example is Xiang’s coordination model. Xiang (1993)
discusses coordination in distributed problem solving environments, and
particularly in the context of environmental planning, with the ultimate aim of
developing organisational decision support systems ‘to support and augment
coordinations among individual problem solvers such that they can operate
independently but coherently’ (ibid: 15). Drawing from Durfee et al (1990) and
Suchman (1987), he argues that in distributed problem solving, apart from the
need to gain shared understanding of goals and objectives, there is also a need for
plan coordination. This is crucial for social policymaking where the consideration
of multiple alternative plans and scenarios is an imperative. Xiang actually
employs mathematical multiobjective programming methods usually utilised for
generation of alternatives, as a mechanism to initialise the process of coordination
(Xiang, 1993: 214).

Both approaches constitute invaluable contributions to the understanding of
coordination in the context of urban planning and signify a need to revisit the
notion of plan to reflect on the complex and multidimensional nature of decision
making in this domain. However, it must also be noted that these approaches
largely see coordination as a multicriteria or multiobjective optimisation process,
and do not fairly take into account processes such as goal adaptation, problem
reformulation or co-evolution. This is in part owing to the underlining assumption
of organisational decision making that there exists a common or shared goal the
individuals benignly wish to pursue. However, it can be argued that this approach
is biased towards cooperation; something that in multiparticipatory planning in
particular cannot be taken for granted. A multi-agent approach would require
considering additional processes and mechanisms that allow the adaptation and
reformulation of choices and decisions on various levels.
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2.1.3 Coordination in societal decision making

Societal decision making involves the participation of individuals, groups and
organisations, in choices and decisions that have consequences for society at
large. Societal decision making is indeed a necessity for the resolution of problems
that affect people’s life and well-being; problems that have to do, for example,
with the provision of public goods (provision of public facilities, or allocation and
distribution of resources) or the location of hazardous facilities (such as nuclear
waste disposal facilities), etc. Such problems are in many cases subject to
processes of public or collective choice. Although processes of democratic or
collective choice have not been regarded as particularly relevant in building
design, most of the approaches developed to study issues of collaboration in
design have been built around the understanding of design as a social process.
Therefore, both collective choice and collaborative design will be briefly
examined in this section.

2.1.3.1 Collective choice and consensus

Collective choice is concerned with group choice situations where the main
problem is to define ‘fair’ and ‘democratic’ ways of amalgamating individual
choices into a single group decision. Much of this work was initiated by Arrow
(1951) who interpreted the problem as a ‘question of ‘combining’ individual
preference patterns over various states of affairs to generate a single preference
pattern for the society composed of these individuals’ (Luce and Raiffa, 1957:
328). In other words, given a set of alternatives that for each individual are
ordered according to his/her preferences, the problem of collective choice lies in
aggregating those preferences to decide on a single alternative. Typically,
democratic voting procedures are employed to resolve conflict and disagreement
among the group members. Finding such procedures for the coordination of a
common choice, essentially involves assigning an appropriate social welfare
function to represent the ‘rule which associates to each profile of preference
orderings, a preference ordering for the society itself’ (ibid: 332 - emphasis
added).

The difficulty with social choice problems is that various processes and methods
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used to define social welfare functions do not satisfy certain democratic or
socially desirable criteria. According to Arrow’s impossibility Theorem (1951), no
such function exists that can satisfy four critical axioms/conditions which ideally
define fair and democratic choices - given a number of more than two
alternatives. Briefly, these conditions are: 1) the condition of ‘unrestricted
domain’, which states that all possible combinations of individual orderings must
be included in the social welfare function, 2) the condition of the ‘weak Pareto
principle’, which states that if one alternative A is preferred to another
alternative B by every individual, then the society must also prefer A to B, 3) the
condition of ‘independence of irrelevant alternatives’, which states that social
choice over a set of alternatives must depend only on those alternative and not on
anything else and, 4) the condition of ‘non-dictatorship’, which states that there
must be no individual whose preferences dictate the social order (note that this
account follows Sen, 1979).

Several ways have been suggested to escape Arrow’s Theorem, by relaxing one or
more of the requirements, but a comprehensive review would go beyond the
scope of this discussion (for an extensive discussion on the subject see Luce and
Raiffa, 1957: 340-345). From the various approaches, one that is worth mentioning
is the one that suggests relaxing the third condition. The rejection of the axiom of
independence of irrelevant alternatives allows for interpersonal comparisons to be
made on the basis of individual strengths of preferences. This line of work
influenced the development of Multi-criteria Decision Making (MCDM) approaches
(see Keeney and Raiffa, 1976; Zeleny, 1982), which further provided ways to
formalise public choice problems with respect to multiple criteria, objectives and
constraints, and gave impetus to the development of Decision Support Systems. As
a general rule, such formal approaches to collective choice in planning highlight
the importance of the evaluation (Voogd, 1983), and generation of alternatives
(Brill et al, 1990) as a basis for the choice process. For more information on MCDM
approaches in planning and in relation to public facility problems the reader is
referred to Massam (1988, 1993).

From this brief examination of collective choice, we may conclude that although
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the term coordination is not explicit in the definition of such problems, the idea
of aggregating or combining alternatives to form a single choice is an intuitively
valid aspect of coordination, particularly as it involves evaluation and ordering of
goals and preferences to ensure resolution of conflict and collective agreement.

Consensus planning

Consensus planning can be seen as the counterpart of collective choice where
issues of participation and social interaction are emphasised. Woltjer (2000)
provides a comprehensive review of the field by considering three dominant
paradigms which respectively view consensus planning as: 1) a process of
collaboration and learning 2) a process of bargaining and negotiation and, 3) a
process of persuasion and will shaping. He concludes that the three approaches
share some common general characteristics, although they differ in respect to
their particular focuses (ibid: 40-41). The common ground behind these
approaches is that ‘reality is constructed’ within the social context in which the
participants meet together; there are multiple forms of understanding that the
individuals bring to this process; and decisions must be taken with emphasis on
the dynamics of participation rather than as a product of top-down control.
Notably, these characteristics are compatible with the key dimensions of
collaborative design, as we shall see below. They emphasise the importance of
interaction and learning as a means for constructing common understanding of

problems and goals, and for shaping the knowledge required for decision making.

it should be noted however, that in the practice of both collective choice and
consensus, choices are often given in advance and therefore the activity of
generating alternative solutions precedes (and for this reason sometimes stifles)
the process of collective agreement. To capture the creative character of multi-
agent design we need to adopt a notion of coordination that incorporates the
generation of new choices and alternatives as a part of collective decision making.

The idea of distribution is a key to understanding societal decision making in these
terms. It stresses the point that there is no central source of complete information
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and knowledge, and hence no central control over the process or the outcome of
decision making. It further implies that collective agreement cannot be modelled
in advance but should be considered to emerge through a continuous process of
interaction, adaptation and learning. This observation is very important for our
definition of coordination. It suggests that if coordination of knowledge and
decisions is to be considered central for multi-agent design and planning, then we
should also endeavour to understand it as an emergent property.

Coordination and emergence

This view is also endorsed by Innes and Booher (2000) who suggest that the
development of community indicators can be seen as a process of coordination of
individual knowledge and decisions, built from the bottom up via individual
learning and adaptation. However, although the link between coordination and
emergence in distributed systems is discussed in complexity science, artificial life
and multi-agent systems (Theraulaz and Bonabeau, 1999; Ossowski, 1999), this
issue has remained undeveloped in studies of group decision making in urban
planning. Yet, it is suggested that bottom-up or emergent coordination is
important for multi-agent design in general, particularly because it can serve as a
catalyst for creativity (Cumming, 2002a; Zamenopoulos and Alexiou, 2002, 2003a).

2.1.3.2 Collaboration in design

The realisation that group processes are vital in most design projects has led to an
increasing interest in collaborative design. Studies of collaboration in creative
design domains, such as in product design, architectural design, or in the AEC
industry, follow two streams of investigation, often in conjunction with each
other. The first stream relates to studies of design models and methods. These are
usually coupled with empirical studies of designers at work, which aim to identify
the underlining characteristics and differences between individual and group
design, as well as links between teamwork and creativity. The second stream of
investigation relates to the study of collaboration through the prism of
collaborative systems, Group Decision Support Systems (GDSS) and Computer
Supported Cooperative Work (CSCW). These studies focus on questions of how
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technology can be used to support group decision making and facilitate
collaboration. Although reference will be made to GDSS and CSCW, the focus here
will be on the first stream of investigation, design studies, as they are more
directly concerned with processes of decision making and in a sense precede

research on computational constructs and tools for collaboration.

Paradigms for understanding collaborative activity

Kvan (1999) argues that there are three paradigms that consider (architectural)
design as a collaborative activity, namely: the view of design as a cognitive act;
the view of design as a situated act; and the view of design as a social act. In fact,
the cognitive view is the predominant approach in design studies and it is fair to
say that even the situated and the social views are descendants of this approach
which takes cognitive acts and processes as the focal point for the study of design.

Let us briefly see how those approaches are linked to each other. The
‘information-processing theory’ introduced by Newell, Shaw and Simon (1957)
established the idea of design as a rational problem-solving process which can be
studied and modelled formally. This was one of the first attempts to investigate
the cognitive foundations of design and formed the basis for much existing
knowledge and methodologies. Another decisive view of design that grew from
this paradigm was Akin’s approach (1986), which emphasized psychological
aspects of problem-solving behaviour. This approach promoted the value of
heuristic reasoning and further developed issues related to representation of
knowledge. Often cited as the opposite to the problem solving paradigm in design,
the ‘reflection-in-action’ approach introduced by Schon (1983), offered an
alternative theory aiming to reconcile professional practice and reasoning. Schén
saw design as a ‘reflective conversation with the situation’ (ibid: 76) meaning that
designers in their complex everyday practice need to act in response to the
situation they are in and reformulate their understanding of the design problem in
order to solve it. It can be said that one of the major contributions of this
approach was the recognition that design is an interactive process that takes place
within a social environment. With the rising interest in Human-Computer
Interaction (HCI) and CSCW in the early ‘90s, designers once again turned to
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cognitive theories; this time embracing approaches that called attention to issues
of social action and learning, such as activity theory (Vygotsky, 1978), situated
action and learning (Suchman, 1987; Lave and Wenger, 1991; Clancey, 1997) and
distributed cognition (Hutchins, 1991; 1995).

It must be noted that the various approaches briefly listed above influenced the
study of design both within the ‘design methods’ community and within the
‘artificial intelligence in design’ community. For example, the perception of
design as a social process gave rise to ethnographic studies of design teams
(Bucciarelli, 1988), while the situated cognition paradigm inspired the
development of formal models of designing and (computational) design agents
(Gero, 1998; Gero and Fujii, 2000). Although there are valid arguments to support
one or another view of collaborative design, our focus here will be instead on
highlighting and establishing the key dimensions that lie behind the various
approaches adopted.

Common threads

The first important dimension of group design decision making is that knowledge is
distributed between the members of the design group. Kvan (1999: 62) argues:
‘The knowledge required to produce an architectural design lies beyond the realm
of one individual. Deriving a solution to an architectural design problem draws
upon the collective knowledge of the group, the team, gathered for the project’.
Note that this ‘social network of knowledge’ described by Kvan, includes human
and artificial agents alike, so long as they share knowledge and join in the
problem-solving tasks. Along the same lines, Fischer (1999) also emphasizes that
the stakeholders who participate in design have equally limited knowledge that,
when brought into a collaborative process, offers an opportunity for creativity
(refer to the ‘symmetry of ignorance’ concept mentioned above). The notion of
distribution is of paramount importance here, and must not be confused with the
fact that the individual members of the group may be geographically far apart.
Distribution implies that the nature of design is such that the knowledge and
capabilities of the group do not derive simply from the summation of individuat
knowledge. Complex interactions developed between human and artificial
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members, adaptation, and learning, give rise to collective knowledge and
‘cognitive properties that are not predictable from a knowledge of the properties
of the individuals in the group’ (Hutchins, 1995: xiii).

The second dimension is that group design is increasingly perceived as a social
process. In group design, interactions take place because complex
interdependencies evolve between individual activities and decisions, which
naturally give rise to conflicts. This epitomizes the social character of group
design: social behaviour develops from the need to resolve conflicts by taking part
in a collaborative endeavour. Observations of design teams at work identified the
occurrence of various forms of social interaction, such as negotiation, persuasion
and compromise; and compliance with social norms, power structures, roles etc
(Branki, Edmonds and Jones, 1992; Cross and Cross, 1995). However, it should
again be emphasised here that, in reality, interactions evolve in - and between -
human and artificial agent societies alike: computer models, tools and software
agents are equally important carriers of individual knowledge and expertise.
Therefore, our view of design as a social process should account for the fact that
design takes place in a socio-technical context. Apart from the issues of conflict
and social interaction, the social views of design also highlight another important
issue that derives from the distributed nature of group decision making. The
recognition that the individual decision makers come into the design process by
contributing their expert (domain) knowledge, also suggests that they
consequently maintain different ways of understanding the design problem.
Developing a common understanding of the problem (problem formulation-
reformulation), and resolving conflicts that arise due to conflicting viewpoints and
goals, is considered to be of primary importance if some shared outcome is to be
achieved (Cross and Cross, 1995; Kalay, 1998). This also implies that individual and
common objectives need to be simultaneously pursued and adapted. The social
aspect of design is of critical importance and will be discussed again later in this
chapter, in relation to research and applications of multi-agent systems.

The third dimension of group design decision making is that creativity is a
collective attribute. The question of creativity is the bone of contention between
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researchers in design studies who have been exploring questions related to the
nature of creativity, the conditions that foster creative design and the features of
individual and social creativity. Much of this research is reported in two influential
series of conferences: the Creativity and Cognition Conference, organised by the
Creativity and Cognition Research Studios of Loughborough University, UK; and the
Computational Models in Creative Design Conference, organised by the Key Centre
of Design Computing and Cognition of the Sydney University, AU. However,
situating design within a social context means that both individual and collective
creativity draws on collective knowledge, which is created by groups of people
interacting with each other and with tools and artefacts (Fischer, 1999). As
mentioned above, collective design becomes in many cases a process of conflict
resolution or compromise. However, this is not seen as an impediment to
creativity; it may lead to thorough exploration or extension of the problem and
solution spaces and bring into light creative solutions that could not have been
considered by an individual working in isolation.

Finally, it must be noted that effective collaboration in group decision making is
often linked with communication. Communication is generally acknowledged as an
essential aspect of collaboration because it supports the exchange of information,
knowledge and ideas, and facilitates detection and understanding of problems and
conflicts. There are various arguments that strive to identify the best modes of
communication: synchronous or asynchronous, mediated or face-to-face etc.
However, communication in the present thesis will be considered in a generic
way, as a means to establish a common ground upon which social interactions are
built. In this sense indirect and tacit modes of communication will be considered
equally important. Such indirect forms of communication can be established for
example with the use of external representations such as sketches and drawings,
which do not only work as a form of external memory, but also constitute a basis
for further exploration, re-evaluation and re-interpretation (Schén and Wiggins,
1992), or even invention of new concepts and requirements (Suwa, Gero and
Purcell, 1999).

Note that the role of external representations and other design artefacts and tools
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for the development of communication and collaboration is a central issue in
many studies in CSCW. These studies have their theoretical and methodological
roots in theories of situated and distributed cognition as well as in ethnographic
studies. Drawing on this tradition, Perry and Sanderson (1998), discuss the
essential role of design artefacts for the representation and transformation of
knowledge in joint design work, but also further point out their importance for the
coordination of individual activities and the development of social interactions. An
extended review and discussion on the role of external representations and
artefacts in design can be found in Perry (1997) and Perry and Sanderson (1998).

Yet, concepts of indirect communication external to cognitive science research
could also present mechanisms for the development of collaborative activity and
coordination. For example, Susi and Zimke (2001) argue that the concept of
stigmergy, which explains how the behaviour of a group of social insects can be
coordinated by indirect interaction (through modification of the physical
environment), has some similarities with the aforementioned cognitive theories
and could offer valuable insight into the study of social interactions.

The four dimensions of group design elaborated above can help us elucidate the
meaning of cooperation, coordination and collaboration, which come into view as
three subtly - but crucially - different manifestations of multi-agent decision
making. Let us first look at some existing comparative definitions.

Comparing cooperation, collaboration and coordination

Branki (1994) argues that groupwork involves all the three processes: cooperation
generally refers to a process of working together to develop a design artefact,
while collaboration involves more specifically sharing, exchanging and maintaining
information to create a common pool of knowledge and build shared goals.
Coordination on the other hand is a concept more related to ordering of processes
to ensure harmonious work, and may have four components: goals, activities,
actors and interdependencies (ibid: 37). Note that this definition is resonant with
the definition offered by Malone and Crowston (1990: 360) in coordination theory
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and is particularly akin to engineering approaches to coordination. Similarly, Perry
(1997) defines coordination as the means by which the distribution of labour is
achieved (and may be emergent or arise through managerial action); while Dave
(1998) relates coordinative action to a process of managing tasks through the
development of plans and schedules. Additionally, Gross et al (1998) associate
coordination with defining protocols for communication and agreeing on the
allocation of responsibilities. Finally, Kvan (2000) - drawing largely from
Mattessich and Monsey (1992) - offers a more comprehensive account of the three
concepts. In his view, cooperation is a more low-level concept used to describe
informal relationships between the members of a group and does not imply any
commonly defined mission or goal. Collaboration on the other hand is seen as joint
problem solving and therefore requires a higher sense of working together and
greater commitment to a common goal. In between, coordination is characterized
by some formal relationships and understanding of compatible missions, but does
not imply full commitment to common goals (Kvan, 2000: 410-411). It follows that
group design, although it can be defined as a social act, it is not necessarily
collaborative.

The position adopted in the present study is that in contrast to cooperation,
coordination is an abstraction that matches well with the view of design as a
social process, but unlike collaboration, is generic enough to capture a large class
of design problems. The main issue captured by the concept of coordination is
that decisions and actions of individuals that participate in a group (human or
artificial agents) are interdependent. This necessarily leads to the development of
some (weak) form of social structure that sets the scene for the effective
management of interdependencies, resolution of conflicts, and construction of
collective knowledge. Furthermore, the concept of coordination allows us to
include, in our understanding of group design, processes where there are no
shared goals, and collaboration is not a prerequisite for the formation of design
solutions (see the concept of unstructured collaboration discussed by Craig and
Zimring, 2000).

32



Chapter 2 Multi-agent design as coordination

2.1.4 Summary

Multi-person decision making is an important aspect of design and planning and
constitutes a significant area of investigation for the development of
computational models and tools to mediate and support design and planning
processes. Group, organisational and societal approaches to decision making were
briefly reviewed in order to identify the role of coordination and its relation to
issues such as cooperation, collaboration, conflict resolution, collective choice,
and consensus. In turn, various aspects were uncovered viewing coordination as
coordination of goals, choices, preferences, and expectations, or aggregation of
choices, but also as coordination of actions, distribution and allocation of

resources etc.

2.1.4.1 Coordination in multi-person decision making

We first examined Ackoff and Emery’s view of planning as purposeful group
choice, where processes of interactive identification, pursuit and coordination of
individual and collective goals were assumed to achieve cooperation. We also saw
that the view of planning as purposeful decision making shared common
characteristics with design, where pursuit and identification of goals is tied with a
need to take a co-evolutionary approach to problem making and problem solving.

On the other hand, we saw that game theoretic perspectives viewed cooperation
as joint utility maximization, highlighting instead the need for coordination of
individual choices and preferences. Game theory introduced into planning
literature the fundamentals of social dilemmas associated with location of public
goods and resources and offered formal tools for studying processes of
negotiation, bargaining, conflict resolution etc. A brief discussion of the
relationship between cooperation and coordination revealed both similarities and
differences in terms of underlying assumptions, attributes and mechanisms. For
example, although there could be identified a common concern with reviewing
rationality assumptions and detecting the factors that influence optimum
behaviour (e.g. communication, the use of norms and rules, etc), coordination
games were distinctly focused on the investigation of equilibrium as a potential

quantitative measure or predictor of coordinated behaviour and the subsequent
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proposition of alternative mechanisms for adaptation (coordination of

expectations).

Additionally, we saw that similarly with Ackoff and Emery and the approach of
cooperative games, organisational decision making approaches adopted the view
of cooperation as a process towards fulfilling a common purpose. Here, decision
making was more directly linked with the organisation of actions and tasks, and
hence coordination was seen also in relation to effective allocation of resources
and management of activities. However, we also saw that although organisational
decision making introduced explicitly the notion of coordination in urban planning,
relevant applications over-focused on issues of defining options for planning,
coordinating actions, or even generating alternatives, therefore leaving out issues

of goal adaptation and co-evolution.

In the discussion of societal decision making, the focus for the investigation of
coordination shifted to issues of collective choice and consensus. In collective
choice, coordination was largely identified with the development of a social
welfare function that defines an ordering of choice preferences for the society by
aggregating individual preferences. Although this approach does not capture the
totality of processes involved in multi-participatory design and planning, it adds to
our understanding of coordination the crucial facet of evaluation of alternatives.
Issues of participation and social interaction are instead more directly linked with
the ideas of consensus planning. We saw that consensus planning emphasised the
need for constructing a common understanding of problems and goals, and for
shaping the knowledge required for decision making from the bottom up. This
additionally introduced the idea of emergence as a crucial attribute of
coordination. Table 4 provides a summary of main points relating multi-person
decision making and coordination that were exposed through this discussion.
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Group decision making and | Goal oriented activity

game theory Coordination is seen as a concept between cooperation and conflict
that reconciles individual and group rationality
Focus on individual learning
Importance of adaptation of preferences and expectations
Notion of equilibrium
Organisational decision | Assumes shared goal
making

Coordination also includes goal generation and adaptation
Focus on individual as well as collective learning

Notions of management and allocation of resources, division of
labour, and authority

Societal decision making | Assumes multiple objectives
and collective choice Coordination related to concept of emergence
Importance of generation and evaluation of alternatives

Notion of amalgamating preferences, notion of consensus

Table 4 A summary of the main aspects of coordination in group, organisational and
societal decision making

2.1.4.2 Coordination from the perspective of design and planning

Despite differences in the aforementioned approaches, certain common features
were identified which become crucial not only for the understanding of
coordination itself but also for the understanding of how coordination is linked to
design and planning processes. The first feature identified was that multi-person
decision making in design and planning does indicate the existence of distributed
or shared resources, tasks and responsibilities, but also the existence of
distributed knowledge. This feature establishes a view of coordination as a
product of decentralised control over resources, processes and activities, but it
also explicitly links coordination with a constructive process of collective
knowledge.

The second feature of multi-person design revealed from this review puts forward
adaptation and learning as key mechanisms for the construction of this
knowledge. Although there are various approaches to how such abilities can be
achieved (for example with or without communication), they all agree on the
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dependence of adaptation and learning on the basis of interaction and feedback

from the environment.

The third commonly identified feature among the various approaches reviewed,
was that design and planning processes are goal-oriented; coordination can
therefore be identified with a process of individual and collective goal
identificatibn, pursuit and adaptation. As goal finding and adaptation is directly
linked with problem finding and reformulation, the notion of co-evolution of
problem and solution was also strongly emphasised.

Finally, multi-agent design was related to the notion of creativity as this is
developed within a social setting. Coordination in this sense was seen as a product

of collective knowledge created through processes of social interaction.

All these features should be taken into account in the development of a valuable
definition and model of coordination in the domains of design and planning.
Although some work was presented which seeks to define coordination particularly
in relation/contrast to cooperation and collaboration, no work exists which
effectively takes into account all the aforementioned features. However, the
review of these approaches helped us identify the distinguishing characteristics of
coordination, where social interaction is emphasised without compliance to
(benevolent) collaborative behaviour.

Before we continue with the review of coordination in other fields, it is worth
noting that the above review was slightly biased towards approaches that
formalise coordination as a uniformly distributed process. For example,
approaches such as the principal agent approach or the unitary actor model found
in group and organisational studies have not been reviewed. Although these
approaches may be more appropriate in certain conditions, the idea of
homogeneous (non-hierarchical) control captures more effectively the idea of
distribution as it was discussed above, and provides a more generic framework for
the study of coordination.
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It should also be mentioned that the review was focussed on (descriptive and
prescriptive) theories of multi-person decision making rather than specific
methods and practices. Consequently, the thesis only mentions briefly a few tools
and methods for collaborative decision making (e.g. multi-criteria optimisation)
and does not discuss extensively the different existing techniques for facilitation
and group decision support, like for example, brainstorming (Osborn, 1963), the
‘Six Thinking Hats’ (de Bono, 1985), or the Delphi method (Turoff and Linstone,
1975). The thesis also does not review processes and methods for community
participation in design and planning. For an overview on the subject see for
instance (Sanoff, 2000, 2007; Wates, 2000).

2.2 ARTIFICIAL INTELLIGENCE: DESIGN AS THE SCIENCE OF
THE ARTIFICIAL

Artificial Intelligence (Al) is defined by John McCarthy (2002), who actually coined
the term in 1955, as ‘the science and engineering of making intelligent machines,
especially intelligent computer programmes’. The history of Al is quite long (some
people trace its origins back to Aristotle and the ancient Greek automata), and so
is the list of definitions, interpretations and research paradigms within the field.
However, research in Al has generally aimed to fulfil two purposes: first, to
construct intelligent computer models in order to understand animal (and
particularly human) behaviour, and second, to emulate intelligence on computing
machines, so as to complement or augment human capabilities in solving problems
and performing complex tasks. Naturally, artificial intelligence is a
multidisciplinary research field and draws from studies in diverse areas such as
philosophy, cognitive sciences, computer science, organisational sciences etc. For
comprehensive accounts of Al the reader is directed to Boden (1996) and Russell
and Norvig (1995).

The reason why this field is relevant to the research reported here is that, in
accordance with Simon’s introduction to The Sciences of the Artificial (1969),

artificial intelligence has been increasingly perceived as a science of design.
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Simon not only established the view of design as a process that can be modelled
and performed computationally, but more importantly he also established the
view of design as the core of the sciences of the artificial. It is in this sense that
devising intelligent machines becomes a tool for both the understanding and the
devising of our world. In a similar vein, Winograd and Flores (1986: 4) perceive the
question of design, as ‘the interaction between understanding and creation’: a
discourse between understanding our environment (and ourselves) and creating
tools to re-interpret and change this environment.

Although artificial intelligence forms a general background for the present
research, the study here will focus on a sub-field of Al which engages in the study
of groups of intelligent agents, namely Distributed Artificial Intelligence (DAI).
This opens up the present review to consider more formally aspects of
coordination in artificial societies (‘societies’ of computational agents). It is useful
to note that although coordination as ‘the act of managing interdependencies
between activities performed to achieve a goal’(Malone and Crowston, 1990: 361)
is generally considered crucial for the understanding and development of artificial
societies, the perspectives of coordination and the techniques used to achieve it
vary substantially. This is in part attributable to the fact that DAl grew out of two
different traditions in artificial intelligence: the connectionist tradition that
emphasises issues of learning and parallel distributed processing, and the
rationalistic tradition that emphasises issues of symbolic/logical knowledge
representation and modularity. In some cases a third influence can be detected,
that has its routes in artificial life (AL). This ‘reactive’ view influenced the
understanding and development of autonomous agents by alternatively
emphasising issues of agent-environment interaction and adaptation. Next, we will
briefly discuss some characteristics of systems composed of multiple agents and
their relevance to design and planning tasks, and consequently review
fundamental perspectives and mechanisms for coordination.

2.2.1 Distributed artificial intelligence and coordination

The general standpoint in DAl (built on the concept of bounded rationality
proposed by Simon (1957)) is that individual agents have limited knowledge and
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resources, information processing abilities, and viewpoints, and therefore need to
engage in some kind of collective activity or interaction in order to improve their
problem solving and goal attainment capabilities. It goes without saying that the
term distribution is the quintessence of artificial societies: it suggests the
existence of incomplete and dispersed information, interdependency of actions
and decisions, and lack of global control mechanisms or rules to dictate global

behaviour.

2.2.1.1 An overview of DAI approaches

DAI scientists typically distinguish two areas of research (Bond and Gasser, 1988;
Moulin and Chaib-Draa, 1996): distributed problem solving and multi-agent
systems. For more thorough reviews of the two areas see Durfee et al (1989) and
Sycara (1998) respectively. In brief, Distributed Problem Solving (DPS) studies how
a group of intelligent agents (or nodes) can share their resources and harmonise
their activities, so that they can collectively solve a particular problem. According
to Ossowski (1999: 39-40), DPS focuses on aspects of cooperation within a dynamic
problem-solving environment, and typically conforms to three assumptions: the
benevolence assumption, the common goal assumption, and the homogeneous
agents assumption. This means that agents are in principle predisposed to
cooperation and aware that they pursue a common goal, therefore conflicts only
arise due to limited viewpoints and not to conflicting goals or interests. On the
other hand, research in Multi-Agent Systems (MAS) is concerned with a loosely
coupled network of agents who may work together to solve a problem. The focus
therefore is on the interactions between agents, and the main assumptions are:
non-benevolence, multiple goals, autonomy and heterogeneity (Ossowski, 1999:
43-44). In other words individual agents are assumed to act based on individual
rationality (see the discussion of game theory), which suggests that they maintain
multiple, partially conflicting goals and interests. Despite their ‘self-interested’
nature, agents may wish to interact with each other so as to perform activities
that assist them in the achievement of their own objectives (Lesser, 1999).
Heterogeneity suggests that other kinds of conflicts may also arise due to
incompatible communication protocols, or agent architectures.
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The MAS view offers a more generic perspective on distributed artificial
intelligence and in recent years has been used in an inclusive sense to refer to the
study, modelling and construction of artificial societies (for more recent overviews
of MAS see Ferber, 1999; Weiss, 1999; and Wooldridge, 2002). The distinction
between DPS and MAS however, offers a useful view of the processes found in
human design and planning groups (Alexiou and Zamenopoulos, 2001). Distributed
problem-solving is inherent in situations where different experts work
collaboratively on a project, and therefore need to combine their expertise,
languages and viewpoints, so as to reach an optimum solution. The problem/goal
of the design or planning process is defined in common, but conflicts arise due to
conflicting partial requirements, distributed or shared resources, and shared
routines. This situation is typical in design firms (Coyne et al, 1996) or in
emergency planning organisations (Dickey and Vernon, 1998). In such cases
coordination typically reflects the organisational and problem-solving ability of
the group. On the other hand, the view of multi-agent systems mirrors situations
where different stakeholders take part in a design or planning process so as to
promote their individual goals. To this end, interactions are developed as a means
to resolve conflicts and establish conditions for mutual benefit. This situation is
typical in participatory planning (Innes, 1996; Forester, 1998; Innes and Boocher,
2000) and in unstructured collaborative processes (Craig and Zimring, 2000;
Findlay and Haugen, 2000; Van Loon, 2000). In such cases coordination is to a
great extent a process equivalent to discovering and promoting common goals.
Despite the differences identified in DPS and MAS, it is true in both cases that

coordination is an important measurement of coherence and group performance.

2.2.1.2 Coordination techniques

Researchers in the DAl community have formulated various coordination
techniques. For some existing classifications and descriptions the reader is
referred to Jennings (1996), Sycara (1998), and Ossowski (1999). In his account of
coordination Ferber (1999) has identified four fundamental coordination
mechanisms: synchronization, planning, reactivity and regulation. Synchronization
refers roughly speaking to a process of chaining actions so that they can be
performed simultaneously at a certain time; planning refers to determining a set
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of actions to be carried out so as to achieve an overall goal and involves
generation, coordination, choice and re-evaluation of plans; reactivity refers to a
coordination process built by agents reacting and adapting to changes that occur
in their environment and in relation to actions taken by other agents; and
regulation refers to the use of social laws or conventions to ensure coordination
and conflict avoidance. This account offers quite a wide perspective on
coordination approaches and mechanisms particularly because it takes into
account both the rational/deliberative and the reactive/behaviour-based
traditions in DAI. The review here will focus more on identifying current trends in
multi-agent coordination and investigating research issues and questions relevant
to the study of design in the context of architecture and urban planning.

2.2.2 Artificial societies and social agents

A first issue that stands out in current research is the social aspect of MAS. This
not only includes defining or achieving social behaviour within groups of artificial
agents, but also involves investigating the relationships and interactions of agents
with their environment in general including potentially with humans. Social
reasoning and action in MAS is a generally desirable field of investigation for this
thesis, because it contributes to the definition and modelling of design as a social
activity. Naturally, there are various approaches to ‘sociability’ in MAS, which are
coupled with different mechanisms for coordination.

2.2.2.1 ‘Rationalistic’ approaches to sociability and coordination

One prominent approach to sociability draws on the tradition of game theory and
rational decision making in general. Roughly, game theoretic perspectives
consider a social setting where individually rational agents interact with each
other in order to define a coordinated outcome on the basis of a known payoff
matrix. Wooldridge (2002: 210) likens this to a process of ‘coordination by mutual
modelling’ whereby agents build models of each other (based on their beliefs,
utility functions and so on) to serve as guidelines for coordination. An interesting
aspect of this view is that coordination and sociability do not require
communication - sociality is expressed on the basis of the interdependencies
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represented in the payoff matrix. Other approaches have focused on mechanisms
of auctions, negotiation, bargaining, coalition formation, or voting (social choice)
thereby reinstating concepts of Pareto efficiency, equilibrium, social welfare and
so on (see Sandholm, 1999 for a brief summary of ‘distributed rational decision
making’). A distinctive approach that came out from this line of research has
introduced the notion of norms and social laws as a means for coordination. This
approach emphasises the design of protocols or ‘rules of encounter’ to determine
agent behaviour (Rosenschein and Zlotkin, 1994; Shoham and Tennenholtz, 1992).
Such social laws can be designed offline and subsequently used as a set of
constraints to bound the negotiation process; or can emerge from within the
system as a process of strategy choice and change (Wooldridge, 2002).

Other researchers have emphasised intentional cooperation and joint
commitments as a basis for social action. Levesque et al (1990) adopt the view
that mental states such as beliefs, desires, and particularly intentions, offer
valuable insights into the study of teamwork. Specifically, they discuss the notion
of a ‘joint persistent goal’ as the glue of social action: being part of a team
implies the existence of a common goal and the shared intention (or
responsibility) to work cooperatively towards the fulfilment of this goal. Jennings
(1993, 1996) has taken this view further to formalise coordination as a
‘distributed goal search with multiple loci of control’ where commitment and
convention are utilized as the key agent structures: ‘Commitments are viewed as
pledges to undertake a specified course of action, while conventions provide a
means of monitoring commitments in changing circumstances’. Put together,
commitments and conventions provide a certain degree of predictability for future
activity, and a flexibility to cope with dynamically changing environments. In fact,
Jennings claims that ‘all coordination mechanisms can ultimately be reduced to

commitments and their associated (social) conventions’.

Current research however, has identified limitations in both the ‘individualistic’
and the ‘cooperative’ approach to sociability described above. On the one hand,
game theory has been criticised as an inappropriate paradigm for the definition of
social action in MAS, not only due to its inherent weaknesses (e.g. inability to
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predict selection of equilibria; failure to account for inconsistent preferences;
strong assumptions about availability of resources) but also because it fails to
consider goals and motives for joint activities, which offer content and context for
the decision making (Castelfranchi and Conte, 1998). On the other hand, the view
of collective action based upon joint persistent goals and intentional cooperation,
leaves out the explicit consideration of conflict as a form of social interaction
(Castelfranchi and Conte, 1996). Starting from such observations, some recent
work has stressed the need to devise alternative mechanisms for coordination
based on notions of rationality that capture the interdependencies between
individual decision making and social action, that is, notions of social intelligence
and rationality (Jennings and Campos, 1997; Hogg and Jennings, 1997).
Nonetheless, a general concern with deliberative approaches to social action is
their weakness when considering the emergence of social structures or how these
feed back into the individual agents (Castelfranchi, 1998). Although the above
criticisms come from inside the cognitive agents camp, others consider
weaknesses of the deliberative approach as a whole and particularly the
inefficiency of agents in taking into account dynamically changing environments
and responding to changes in a timely way.

2.2.2.2 Reactive approaches to sociability and coordination

The alternative approach to (‘rational’) sociability in MAS draws on artificial life
and the tradition of reactive agents. The reactive agents approach is particularly
popular in agent based modelling and simulation circles and generally considers
subcognitive agents who do not have an internal representation of their
environment but act based on a stimulus-response type of behaviour (Ferber,
1994: 8). The reactive paradigm has strong links with biology and complexity
science and focuses on the importance of the environment (particularly the space)
within which human, animal and artificial societies are situated. In principle,
coordination is not specified a priori by way of explicit ontologies or strategies;
instead coherent group behaviour and social structures emerge from agent-
environment and agent-agent interactions developed on the basis of simple
patterns of behaviour or rules that pose limited bounds to the individual agents
(Epstein and Axtell, 1996). This type of implicit or emergent coordination is
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normally obtained through processes of adaptation and learning. Various
mechanisms have been used to this end, which range from simple rules to cellular
automata (Epstein and Axtell, 1996; Resnick 1994), various evolutionary
techniques (Axelrod, 1997; Kennedy, 1997), competing tasks (Drogoul and Ferber,
1992; Ferber, 1994), neural networks (Hutchins and Huzlehurst, 1995; Parisi,
Cecconi and Cerini, 1995), stigmergic algorithms (Deneubourg et al, 1991;
Bonabeau et al, 1994; Beckers, Holland and Deneubourg, 1994), and so on. Well-
placed within the reactive agents tradition is also the ‘behaviour-based’ robotics
route established by Brooks and his colleagues (Brooks, 1986; Maes, 1993; Steels
and Brooks, 1993), which has greatly influenced research in collective robotics.
This approach additionally emphasises issues of embodiment and situatedness,
arguing for an understanding of intelligent behaviour as a socially and physically
embedded activity - vitally linked to the development of interactions between
agents and their environment. The roots of this approach can be found in theories
such as activity theory, situated action and distributed cognition.

In general, the approach of reactive agents has in its turn raised criticisms, which
mainly focus on the observation that the strict dependence of agents on local
information may lead to unpredictable and unstable system behaviour (Sycara,
1998: 82). More specifically however, in terms of sociability, there are two
arguments that deserve particular emphasis. The first argument is that the
reactive approach misses an important aspect of sociality and collective action,
that is, the social character of individual action, or otherwise the individual social
action and mind (Castelfranchi, 1998). Castelfranchi argues that not every (inter-)
action is social; instead there needs to be at least some form of cognitive
intelligence (understanding of beliefs and goals of other agents) to be able to
define and model social action. The second argument is that the concept of
emergence, although of central importance for the understanding of the
relationships between local behaviour, environment, and global behaviour, is
neither clearly understood nor formally defined (Wooldridge, 2002: 97). In turn
the concept of emergence cannot serve as an indicator of cohesive (coordinated)
behaviour or a measurement of system performance in general. Similarly, Epstein
(1999) also argues that the lack of a consistent definition of emergence is crucial
for the agent-based modelling research because it poses limits to its predictive
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and explanatory value.

2.2.2.3 Current questions and directions

Looking at the critiques mentioned above, one can discern a general
preoccupation with the problem of the micro-macro link in MAS, namely the link
between the macro-social system and the individuals (Conte and Castelfranchi,
1995). Recent research has favoured cross-fertilisation between various
approaches in MAS and the reconciliation of intentionality and emergence to
explore the formation of social structures. Consequently, we can also discern
three main research questions: to (re-) consider coordination and sociability in
relation to both self-interested and altruistic behaviour by taking equally into
account structures of conflict and cooperation (Tessier et al, 2001); to investigate
the definition and development of social agents as autonomous individuals and as
members of social communities (Dautenhahn, 2000b; Dautenhahn et al, 2002); and
to review coordination and emergence in formal ways, particularly by looking into
the effects of individual action on the macro-level but also the feedback of social
structures to the individuals (Steels, 1993; Gilbert, 1995; Castelfranchi, 1998).

2.2.3 MAS in urban planning

In urban studies multi-agent systems have been used mainly as a simulation tool.
Multi-agent modelling in urban development and planning is a relatively new
research area that has grown from the tradition of using artificial intelligence and
artificial life techniques (mainly cellular automata) to investigate and model
spatial dynamics such as land use change, urban growth, population dynamics,
traffic etc (for overviews see Besussi and Cecchini, 1996; White and Engelen,
2000). Adopters of the MAS paradigm have used agent technology to capture and
represent the dynamics of individual behaviour in cities (Batty et al, 1998;
Benenson, 1998; Schelhorn et al, 1999; Bishop and Gimblett, 2000; Torrens, 2001;
Batty et al, 2002; Dijkstra et al, 2002). These models have focused on the
reproduction, visualisation, and analysis of dynamic behaviour and have served
mainly exploratory, descriptive and to a certain extent predictive purposes. So
far, the majority of such models have not directly incorporated multi-person
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problem solving and decision making processes, therefore leaving out issues such
as conflict resolution and goal adaptation; but also more importantly for this
research, they have not considered processes of collective plan generation. Little
work however, has been reported that attempts to deal with some of these issues.

Ligtenberg et al (2001) describe a spatial planning model that simulates land use
change as a result of actor (user) decision making, based on a technique that
combines MAS and cellular automata. This model considers a process whereby a
number of intentional actors interact with the environment and with each other
(with simple message passing) in order to define individual preferences for land
use allocation. These preferences are then translated into a new configuration
through voting and subsequent weighting. Although the configuration of
alternative land use plans is a distributed process, coordination is equated to a
simple voting rule, which inevitably brings about problems inherent in collective
choice. This is detectable in one of the simulations where equal voting power was
assigned to the participating actors. In this case the system resulted in an impasse
due to unresolved conflicts, which signifies that the process of coordination had
not been fully worked out. Nevertheless, the overall approach is noteworthy
because it effectively takes into account decision making of multiple actors, by
combining spatial processes with agent interactions. Yet, as the authors
acknowledge, further work to implement techniques for knowledge construction
and learning would greatly enhance the model.

Arentze and Timmermans (2002) propose a multi-agent model for land use (retail)
allocation that focuses on negotiation protocols and strategies. Taking a more
rationalistic standpoint, this work is also an interesting approach that fruitfully
incorporates user (cooperative and competitive) behaviour and decision making
for the investigation of macro-level dynamics. Here, coordination is equated to a
process of negotiation but issues of learning and feedback would still deserve
more attention if the intention to deal with complex behaviours and decisions was
developed within such a set of interconnected organisations and authorities.

Finally, Saarlos et al (2001) discuss the role of MAS in the context of planning
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support systems in general, drawing attention to the current lack of systems that
incorporate multidisciplinary expertise essential for the planning process. They
further point out several requirements for land use planning systems which in brief
include: support for the regulation of physical aspects of the built environment;
support for the simulation and visualisation of decision making processes as they
evolve in time; support for the generation and exploration of alternatives;
provision of ‘process-related tools’; and provision for access to multidisciplinary
knowledge. The authors see MAS as an essential component for meeting the
requirements of process-related tools and multidisciplinary expertise and present
a conceptual model developed toward this direction. However, as we have already
seen in the discussion above, one can exploit all the powers related to the
distributed nature of MAS from their problem solving capability, their adaptability
and modularity, to their ability to capture and generate dynamic and emergent
phenomena. Moreover, urban planning studies have a lot to benefit from the
social views of MAS which focus on the links between the micro-level of agents
and the global-level of the agent society, and the investigation of interactions
between agents and environment. This would be achieved with a consistent formal
view of coordination in multi-agent planning models. Such views should take into
account the particular requirements of planning that emphasise not only aspects
of consistent collective choice of plans and strategies, but also aspects of
adaptation and evolution of goals and objectives, co-evolution of problem and
decision spaces, and learning. It is also worth noting that all three paradigms of

MAS applications in planning we have seen here, have been in land use planning.

2.2.4 MAS in design

Research on MAS has been pursued within the ‘Al in design’ community to study
design formally, and support it computationally, as a complex multidisciplinary
process that involves group decision making and collaborative working.
Theoretical and technological advances in this area have gone hand in hand with
advances in concurrent engineering’, CSCW and collaborative CAD. Some

3 Concurrent engineering is an organisational strategy, a multi-disciplinary design methodology,
which aims at the integration of the design, development and manufacturing stages of a product.
Although the idea of coordination is central to research in concurrent engineering, delving more into
the field is outside the scope of this thesis. Nonetheless, since engineering is for many the
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groundwork research is reported in Gero and Maher (1993). Research on MAS in
design can be roughly grouped under two main issues or directions of
investigation: the development of models of (collaborative) design, and the

development of design support systems.

2.2.4.1 MAS for modelling design processes
Models of design may focus on the development of theories of collaborative
design, the formalisation of design process, but also the definition and

conceptualisation of design agents and their properties.

For example, Campbell et al (1998, 1999) present a theory, called A-Design, which
seeks to capture conceptual engineering design as an iterative, evolutionary
process where solutions evolve together with goals, constraints and user
preferences. A-Design maintains and evolves both populations of designs and
populations of agents who create them, and incorporates agent collaboration with
an adaptive selection of designs. More specifically, A-Design consists of four basic
subsystems: a hierarchical architecture of goal-oriented agents responsible for
creating and improving design alternatives; a representation of the conceptual
design problem that makes it possible to describe the behaviour of components
and instantiate behaviour with real-world components; a scheme for multi-
objective optimisation which divides alternative designs based on Pareto
optimality to add adaptability and diversity to design states; and, an evaluation-
based iterative algorithm for improving basic design concepts towards successful
solutions (Campbell et al, 1999:172-173).

In this theory, agents contain knowledge of how to design based on their
individual strategies and preferences, essentially implemented as deterministic
algorithms, and are divided in three classes: maker-agents, modification-agents

and manager-agents. The maker-agents create design alternatives based on an

‘counterpart’ of design, some engineering approaches to MAS will be reported which deat with issues
of concurrent or cooperative design. An overview of coordination approaches and systems in MAS
from an engineering perspective is offered by Whitfield and et al (2000) and Coates et al (2000) in a
two-part paper. Also, for a general overview of MAS in concurrent engineering see Shen at al (2001).
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initial problem specification, and are responsible for re-building designs returned
by modification-agents; the modification-agents take designs from the evaluation
stage and modify them to improve design states; and finally, the manager-agents
provide feedback about how to improve the design process according to user
preferences, mainly by controlling the population of particular agent types
contributing to better designs. Although coordination/collaboration of agents is
based on a hierarchical architecture whereby manager-agents (in practice one
agent) invoke the operation of the other classes of agents and provide basic
criteria for design selection and process convergence, the overall model relies on
the concurrent working of agent populations operating in a dynamic and adaptive
environment. This view is in agreement with reactive approaches to MAS, which
concentrate on complex behaviour emerging from populations of relatively simple
agents interacting with each other.

The majority of researchers in MAS interested in models of collaborative design
currently endorse the ‘weak notion’ of agency proposed by Wooldridge and
Jennings (1995), which denotes a view of agents as computer systems that exhibit
the properties of autonomy, social ability, reactivity, and pro-activeness, and does
not include stronger mentalistic notions such as beliefs and intentions.

Brazier et al (2000), suggest that reactivity and social ability are related to
agents’ ability to interact (communicate) with each other and the material world
and often rely on successful acquisition and maintenance of knowledge about
other agents and their environment. To this purpose, Brazier and her colleagues
focus on knowledge level formalisations in order to model agents and design tasks.
These formalisations include components for management of an agent's own
processes, interaction with other agents, interaction with the external (material)
world, performing specific tasks, but also coordination of the design process and
manipulation of requirement qualifications and design object descriptions (Brazier
et al, 1996; 2000).

Drawing on these preceding knowledge-level models, Brazier et al (2001) propose
an extended agent architecture that focuses on design as a collaborative
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distributed process. The underlining principle for this model is that, in a
distributed design setting, decisions are not only influenced by the specific
knowledge available to an agent, but also by the agent’s interpretation of his/her
own situation. The extended model explicitly accounts for elements that define a
situation in a collaborative distributed design setting by including information on
design interactions and results from design interactions, but also reflective
reasoning at a strategic level and reflective reasoning from the viewpoints of

other agents.

While the work of Campbell et al (1999) described above focuses on devising a
theory of engineering design, the work of Brazier and colleagues is focused on the
development of a generic model for weak agenthood. This model is specifically
targeted at questions of agent design, which, as any other process of (creative)
design, involves taking into consideration issues of iterative formulation of
requirements, goals and object descriptions; interactivity; cooperation, reflective
reasoning; and development of shared understanding between multiple decision
makers. Coordination in this model refers to processes rather than decisions; it
refers to the organisation, management and orderly performance of tasks, and is
carried out by individual agents organised in a hierarchy. At any level,
coordination relies on communication between agents and management of agent’s

own process over time.

A final point worth noting is that accordance with the weak notion of agency in
Brazier’s et al (2001) work suggests also accordance with a situated view of design
agents. In artificial intelligence research, notions of situated action have mainly
been used to guide the formalisation and synthesis of individual agents anchored
in an ongoing interaction with dynamically changing environments (Agre and
Chapman, 1987; Agre and Rosenchein, 1996). Similarly, situated views of cognition
and intelligence in design have been concerned with the understanding and
modelling of design processes and activities by focusing on the relation between
agents and their environment. In these views designing has generally been
considered as an interactive process that takes place within a cultural and social

context.

50































































































































































































































































































































































































































































































































































