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Abstract. This paperis concernedwith theproblemof how effective socialin-
teractionarisesfrom individual socialaction andmind. The needto study the
individualsocialmindsuggestsamove towardsthenotionof sociological agents
who canmodeltheir socialenvironmentasopposedto actingsociallywithin it.
This doesnot constrainsocialbehaviour; on the contrary, we arguethat it pro-
videstherequisiteinformationandunderstandingfor suchbehaviour to beeffec-
tive. Indeed,it is not enoughfor agentsto modelotheragentsin isolation;they
mustalsomodeltherelationshipsbetweenthem.A sociological agent is thusan
agentthatcanmodelagentsandagentrelationships.Severalexistingmodelsuse
notionsof autonomyanddependenceto show how thiskind of interactioncomes
about,but the level of analysisis limited. In this paper, we show how an exist-
ing agentframework leadsnaturallyto the enumerationof a mapof inter-agent
relationshipsthatcanbemodelledandexploitedby sociologicalagentsto enable
moreeffective operation,especiallyin thecontext of multi-agentplans.

1 Intr oduction

Underlyingall multi-agentsystemsarethenotionsof interactionandcooperation.Much
researchin theareaof intelligentagentshasthussoughttodevelopcomputationalmech-
anismsfor bringing aboutand sustainingtheserelationshipsin a dynamicand open
world. The focuson mechanismsis just onepart of the setof areasfor investigation,
however, anda separateanddistinct strandof work aimsto provide an understanding
of therelationshipsthemselvesandhow agentsmayinfluenceeachotherthroughthese
relationshipsover thecourseof time.Overa numberof years,onesucheffort hasbeen
in the work of CastelfranchiandConte,which hasfocussedon issuesrelatingto the
socialfoundationsof multi-agentsystems.For example,they pointout thattheproblem
of how to allocatetasksandresourcesandhow to coordinateactionsis typically raised
only after a collective or socialproblemor goal is assumed[3]. Onekey questionin
considerationof this is howsocietyis implementedin themindsof socialagents.

Therearemany definitionsof a social agent.For example,Wooldridgestatesthat
any agentin a multi-agentsystemis necessarilysocial [14] and Moulin and Chaib-
draa[10] take an agentto be socialif it canmodelothers.However, the term is more
oftenassociatedwith socialactivitysuchasprovidedby WooldridgeandJennings[15]
whoreferto theprocessof interaction.Yet theneedto studythe individualsocialmind
suggestsa move towardsthenotionof sociological agentswho canmodeltheir social



environmentasopposedto actingsociallywithin it. This doesnot constrainsocialbe-
haviour; on thecontrary, we arguethatit providestherequisiteinformationandunder-
standingfor suchbehaviour to beeffective.We arguethateffective socialagentsmust
be sociological.Thesenotionsareimplicit in the work of Castelfranchi,in particular,
whichhasledto theconstructionandrefinementof atheoryof socialrelationshipsbased
on notionsof inter-agentdependence[2,4]. Takingasa basehis SocialPower Theory
(SPT),he hassoughtto provide a computationalmodelof autonomyandinter-agent
relationshipsthroughtheSocialDependenceNetworks(SDN)[12] that implementthe
constructsof SPT.

Thepoint of this work is to identify dependencesituationsin which oneagentde-
pendson anotherfor actionsor resources,or is autonomouswith respectto thesecom-
ponents,accordingto a particularplan.Using thesenotionsof dependence,the nego-
tiation powerof an agentcanbe found to representhow well an agentcansell itself
on a market. Underlying this very powerful theoryareplans,yet the analysespossi-
ble, while revealingcertaininformationaboutinter-agentrelationships,arestill rather
crude.In orderto provide a moredetailedandpreciseaccountof thesedependencies,
further analysisis required.SDN providesthe motivation from a very particularper-
spective for consideringagentplans,while moregeneralsocial interactionprovidesa
broaderbaseof direction.

It is not enoughfor agentsto modelotheragentsin isolation;they mustalsomodel
therelationshipsbetweenthem.A sociological agent is anagentthatcanmodelagents
andagentrelationships.In this paper, we show how anexisting agentframework leads
naturallyto theenumerationof a mapof inter-agentrelationshipsthatcanbemodelled
andexploited by sociologicalagentsto enablemoreeffective operation,especiallyin
thecontext of multi-agentplans.Importantly, the resultingstrongmodelof individual
agentscouldbeappliedto clarify severalissuesin SDN.Constraintsof space,however,
limit thepotentialfor showing theparticularimpacton SDN, but we illustratethepo-
tentialbenefitsof theanalysiswith adetailedexampleat theend.Thepaperbeginswith
abrief review of anagentframework andtherelationshipsthatarisewithin it, andthen
proceedsto provide a detaileddescriptionof singleandmulti-agentplans,identifying
usefulcategoriesof plansandagents.

2 Preliminaries
Agent Framework Elsewhere,we have presentedanagentframework to defineenti-
ties,objects,agentsandautonomousagents.Below we providea brief overview of the
mainaspectsof the framework [6, 8], andtherelationshipsthatarisewithin it [9], but
we omit a detailedexposition.We usethe Z notation[13] to formalisethesenotions
and,thoughweassumesomefamiliarity, themeaningshouldbeclear.

As specifiedin Figure1, anentitycomprisesa setof motivations, a setof goals, a
setof actions, andasetof attributessuchthattheattributesandactionsarenon-empty.
Entitiescanbeusedto grouptogetherattributesinto awholewithoutany functionality.
They serve asa usefulabstractionmechanismby which they areregardedasdistinct
from theremainderof theenvironment,to organiseperception.An objectis thenanen-
tity with abilitiesthatcanaffect theenvironmentin which it is situated.Now, anagent
is just anobjecteitherthat is usefulto anotheragentin termsof satisfyingthatagent’s
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Fig.1. Formalspecificationof theagentframework

goals,or thatexhibits independentpurposefulbehaviour. In otherwords,anagentis an
objectwith anassociatedsetof goals,but oneobjectmaygive riseto differentinstan-
tiationsof agentswith differentgoals.This notionof agency reliesupontheexistence
of otheragentsto provide thegoalsthatareadoptedto instantiateanagent.In orderto
escapeaninfinite regressof goaladoption,however, wecandefineautonomousagents,
which arejust agentsthatgeneratetheir own goalsfrom motivations(not dissimilarto
Antunes’s notion of values[1]). We canalso distinguishobjectsthat are not agents,
andagentsthatarenot autonomous,asneutral-objectsandserver-agentsrespectively.
An agentis theneithera server-agentor anautonomousagent,andanobjectis either
a neutral-objector an agent,anda multi-agentsystemsimply containsa collectionof
theseentities.

Agent Relations Whenanagentusesanothernon-autonomousentity, theentityadopts
or satisfiestheagent’s goalsandcreatesa social relationship[2] known asanengage-
ment. In a direct engagement, a neutral-objector a server-agentadoptsthe goalsof
another. Chainsof engagementsarealsopossible,explicitly representingthegoaland
all theagentsinvolvedin thesequenceof directengagements.Sincegoalsaregrounded
by motivations,theagentat theheadof thechainmustbeautonomous.

Now, sinceit cangenerateits goalsanddecidewhento adoptthe goalsof others,
an autonomousagentis said to be cooperating with anotherautonomousagentif it
hasadoptedthegoalor goalsof theother. This notionof autonomousgoalacquisition
appliesboth to theoriginationof goalsby anautonomousagentfor its own purposes,
andtheadoptionof goalsfrom others.A cooperationdescribesagoal,theautonomous
agentthatgeneratedthegoal,andthoseautonomousagentswhohaveadoptedthatgoal
from thegeneratingagent.(At any point in time,suchautonomousagentsmaythenbe
cooperatingwith othersaswell asattemptingto satisfytheirown self-motivatedgoals.)
Furtherdetailsof theserelationships,specifiedin Figure2,maybefoundelsewhere[9].

Theseinter-agentrelationshipsarenot imposed,but arisenaturallyfrom our view
of agentsasthey interact(regardlessof themannerof their initiation) andthereforeun-
derlieall multi-agentsystems.They provideameansfor analysingtheinterdependence
of agentsin termsof the goalssomeagentsachieve for others.Moreover, from this
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Fig.2. Formalspecificationof agentrelationships

basicsetof constructions,we canderive a detailedmapof the relationshipsbetween
individual agentsfor a betterunderstandingof their currentsocialinterdependence.In
particular, differentsituationsof interdependenceeachsuggestdifferentpossibilitiesfor
interaction.Below, weenumeratethevariouspossiblerelationsthatmight resultin this
view. Eachrelationis describedanddefinedformally.

– Thedirectengagementrelationshipspecifiesthesituationin which thereis adirect
engagementfor which thefirst agentis theclientandthesecondagentis theserver.
Thus,anagent, o , directlyengagesanotherserver-agent,p , if, andonly if, thereis
a directengagementbetweeno and p .m � �T� & ���>��q��"� O ����,.���C� & ���>�Zj0_ ��r �:cZ^ n ��� &+:& ���Gst-n � n ��� &+:& � * �����
�'j n a � ! 	������ 4 �Gu n aY������,.��� 4 �

– Thenotionof directengagementimpliesatight couplingbetweenthebehavioursof
theagentsinvolvedwithout anintermediateentity. However, theremaybeentities
anagentengagesthatindirectly servesomepurposefor it. An agent o engagesan-
other(server)agentp if thereis someengagementchain vAo thatincludesp , suchthat
either o is wAvyxUzT{�v3p in thechainor o is theautonomousagentof vAo . (This requires
the wAv|xUzS{�v relation,which holdsbetweena pair of elementsanda sequenceof ele-
mentsif thefirst elementof thepair precedesthesecondelementin thesequence.
Thedetailsareomittedhere.)m � �T� & ���>� r ��� O ����,.���C� & �����Zjl_ �#r �Uc}^E��� &+:& ���Jst � � �>��� &+� e  	~���Gjl_X�"^`_ ran

� � a :& ���>� � e  	
��c u�� 4 � � a  ����% :& �����Cc=�_C_C_ ��r �Uc r � � a :& ����� � e  	
��c�^�����D�%��X�#c
– To distinguishengagementsinvolving an intermediateagentwe introducethe in-

direct engagementrelation ���f�NvU�>�N�#�NvUp . An agentindirectly engagesanotherif it
engagesit, but doesnot directlyengageit.	
� n ��� &+:& ��� 4 ��� &+:& ���Z� n ��� &+:& ���



– If many agentsdirectly engagethesameentity, thenno singleagenthascomplete
controloverit. Any actionsanagenttakesaffectingtheentitymaydestroy or hinder
theengagementsof theotherengagingagents.This in turn,mayhavea deleterious
effect on the engagingagentsthemselves.It is thereforeimportantto understand
whenthebehaviour of anengagedentity canbemodifiedwithout any deleterious
effect (suchaswhenno otheragentusestheentity for a differentpurpose).In this
casewe saythat theagentownstheentity. An agent, o , ownsanotheragent, p , if,
for everysequenceof server-agentsin anengagementchain, vAo , in which p appears,
o precedesit, or o is theautonomousclient-agentthatinitiatedthechain.m � �T� & ���>��q��"� O ����,.���C� & ���>�Zj0_ ��r �:cZ^�%��k�N��s_ m � � ����� &+� e  	
���$?T�"^ ran

� � a :& ����� � e  	
�ij� � a  �N��% A& ���>� 4 � ��_C_ ��r �Uc r � � a :& ����� � e  	
��c�^�����D�%��X�#c
– An agent,o , directlyownsanotheragent,p , if it ownsit, anddirectlyengagesit. For-

mally, this relationis theintersectionof thedirectengagementrelation, ��v.�����.��v:p ,
andthegenericownershiprelation, zT����p .n %��k�N� 4 %#���N��b n ��� &+:& ���

– A further distinctionof direct ownershipcanbe made.Either no otheragentdi-
rectly owns theentity, or thereis anotheragentwho is alsodirectly engagingthat
entity for the samepurpose.The first caseoccursnormally but the secondsitua-
tion canoccurif theentity is engagedby two agents,eachfor thesamepurposeas
generatedby a singleautonomousagent.To distinguishthesesituationswe define
the uniquelyownsrelation,which holdswhenan agentdirectly andsolelyowns
another. An agent o uniquelyownsanother p , if it directly owns it, andno other
agentis engagingit.m � �T� & ���>��q��"� O ����,.���C� & ���>�Zj0_ ��r �:cZ^`��%��k���=s_ ��r �:cZ^ n %��k�N� u`� _ t  �S� & �����J?  24 � jl_ >r �Uc}^���� &+:& ���:c

– An agentmay own anotherwith respectto eithermultiple distinct goals(which
mayconflict) or a singlegoal.Thedistinctionis importantbecauseachieving one
goalmayaffect theachievementof another. An agent,o , specificallyownsanother
agent,p , if it ownsit, and o hasonly onegoal.m � �T� & ���>��q��"� O ����,.���C� & ���>�Zj_ ��r �:cZ^`��%��k����s�_ ��r �UcZ^�%��k��� u1� _X�.a & %  ! �Uc 4I�

– Finally, an agent, w , cooperateswith agent, � , if andonly if both agentsareau-
tonomous,andthereis somecooperationin which � is thegeneratingagentand w
is in thesetof cooperatingagents.Noticethat therelationshipis not symmetric:if
w is cooperatingwith � , � neednot becooperatingwith w .m >r �"���G����%.� & ���>�}j0_ >r �.cZ^ � %:%  ���  ������st � � � %:%  ���  �
	�%����'j  4 � a & ���V���  �
	
� &+:& ����� u��^ � a � %:%  ���  �
	~� &+:& �����
�

This analysisof the relationshipsbetweenagentsprovidescomputationalentities
with a meansof determininghow they shouldapproachinteractionswith thoseagents.
For example,if I own an entity, I cando as I please,andotheragentswould be ill-
advisedto attemptto usethis entity for anotherpurpose.If I only engageit, thenI may
bemoreconstrainedin my interactionandmayanticipateotheragentsengagingit.



Theframework describedabove,togetherwith therelationshipsarisingfrom it, are
suitablefor reasoningboth aboutentitiesin the world, andwith entitiesin the world.
Thatis to saythatin additionto providinguswith awayof understandingandanalysing
agents,agentsthemselvescan also usethe entity hierarchyas a basisfor reasoning
aboutotheragentswithin their environment.It mayberelevant,for example,for them
to considerthe functionality of otheragentsandthe likelihood,that theseothersmay
or maynot bepredisposedto helpin thecompletionof certaintasks.In this sectionwe
describehow we enablethepossibilitywithin agentsof suchreasoning.

Models If agentsare to model their environment,they needmorethan just actions,
goalsandmotivations;they requirean internalstore. Agentswithout internalstoresare
extremelylimited sincetheir pastexperiencecannotdirectbehaviour, andactionscan
only beselectedreflexively. A storeexistsaspartof anagent’s statein anenvironment
but it mustalsohave existedprior to thatcurrentstate.We call this featurean internal
store or memory, anddefinestore agentsas thosewith memories.Formally, a store-
agentis a refinementof anagent,with theadditionof a pU��zT{�v variablerepresentedasa
non-emptysetof attributes.We omit thissimpleschemadueto spaceconstraints.

The most obvious things to representin suchmodelsare other agents.Thus we
needto describeagentswhocanmodelothersin theirenvironmentand,for sufficiently
advancedagents,theautonomyof others.However, it is inadequateto modelentitiesin
isolation;the relationshipsbetweenthemmustalsobemodelled.Unlike socialagents
thatengagein interactionwith others(or socialactivity), sociological agentsalsomodel
agentrelationships.It is a simplematterto definethe modelan agenthasof another
agent( �G��v.���y��z���v.� ), or its modelof a cooperationrelationship( �Jz#zA����z���v.� ) by re-
usingtheagentframework components.aAa�a�� & �����R/1% n �A! 4-4 � & �����]a�aAaaAa�aSdk%:%  /1% n �A! 4-4 dk%:%  ���  �
	�%#�Fa:aAa

Eventhoughthetypesof theseconstructsareequivalentto thosepresentedearlier,
it is useful to distinguishphysicalconstructsfrom mentalconstructssuchasmodels,
as it provides a conceptualaid. Similarly, we can definethe modelsagentshave of
entities,objectsandautonomousagentsas well as modelsof other relationshipswe
havedescribed(thoughonly themodelof acooperationis givenabove).A sociological
agentis thusspecifiedasarefinementof the ���Nv.��� schema.O % � 	�%+!Q% & 	 �� ! � & ���>�� & �����aAaAa A& ���>� * % n �A! �-���$� & ���>�R/1% n �A!|qGaAaAa � %:%  V* % n �A! �-����dk%:%  /1% n �A!�aAa�a

3 Plans

In this sectionwe developour modelsof agentsfurther to considermulti-agentplans.
Sometimes,agentsmayselectanaction,or asetof concurrentactions,to achievegoals
directly. At othertimes,however, theremay not be sucha simplecorrespondencebe-
tweengoalsandactions,andappropriatelydesignedagentsmayperformsequencesof
actions,or plans, to achievetheirgoals.In multi-agentsystems,agentshaveat theirdis-
posalnot only their own capabilitiesbut, potentially, thecapabilitiesof others.Agents



with plansrequiringactionsoutsidetheircompetenceneedmodelsof othersto consider
makinguseof their capabilities.If theseagentsaresociologicalthenthey canevaluate
planswith respectto their modelof currentagentrelationships.For example,agents
candecideto what extent planscanexploit currentrelationshipsaswell asconsider
how they may impinge on them.In general,agentsmustreasonaboutexploiting exist-
ing andpotentialrelationshipswithout inadvertentlyor unnecessarilydestroying them.

In this work, we do not model the processof planning,but insteadconsiderhow
planscanbemodelledandhow agentscanevaluateplansusingthesemodels.Similar
to the BDI view, we take an agentto have a repositoryof goalsanda repositoryof
plansthat have eitherbeendesignedbeforethe agentstartsexecuting[7] or acquired
anddevelopedoverthecourseof theagent’slife [11]. Eachplanmaybeassociatedwith
oneor moregoals,identifying theplanasa potentialmeansof achieving thosegoals,
asusedfor example,by Georgeff [7].

Therearemany differentnotionsof agentplansbothat thetheoreticalandtheprac-
tical level, andin orderto substantiatetheclaim that theagentframework andensuing
modelscanbe generallyappliedit is necessarythat differentrepresentationsof plans
canall beequallyaccommodated.Whilst wedonotspecifyeverytypeof planof which
we areaware,we do intendto show how theagentframework canbeextendedto de-
scribefamiliar notionsof plans,andto impressuponthe readerhow othermodelsof
planscanbe similarly accommodated.We aim to achieve this by specifyinggeneral
theoreticalplanrepresentationsthatwecall total plans,partial plansandtreeplans.

Onemethodologicalcharacteristicof our work is the incrementaldevelopmentof
themodelsin it. Therefore,wefirst constructa high-level modelof plan-agents, which
appliesequallywell to reactive or deliberative, single-agentor multi-agent,planners.
It representsa high-level of abstractionbecausenothing is decidedaboutthe nature
of the agent,the plan representation,or of the agent’s environment;we simply distin-
guishcategoriesof planandpossiblerelationshipsbetweenanagent’splansandgoals.
Specifically, we defineactiveplansas thoseidentifiedascandidateplansnot yet se-
lectedfor execution;andexecutableplansasthoseactive plansthathavebeenselected
for execution.

Formally, we initially definethe setof all agentplansto be a given set ( � �'�~�S��� ),
so that at this stagewe abstractout any informationaboutthe natureof plansthem-
selves. Our highest-level descriptionof a plan-agent can then be formalisedin the
�'�R�S�V�G��v.��� schemabelow. Sinceplansmustbeencodedasaspectsof aninternalstore,
the  f�XzS{�v����Nv.���y f�X�T�Xv schemais included.
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Thevariables��z#�T���B�yw , �\�R�S���B�yw , �No.�|��¨SvX�\�R�S�]p and v�©>vAo.ª����NwU�RvC�f�~�S��p representtheagent’s
repositoryof goals,repositoryof plans,activeplansandexecutableplans,respectively.
Each active plan is necessarilyassociatedwith one or more of the agent’s current
goalsas specifiedby �No.�|��¨+vC�f�~�S����z��S� . For example,if the function containsthe pair« ��¬:���®S¬��V¯T¬��>°�±�² , it indicatesthat ��® , �>¯ and �V° arecompetingactiveplansfor � . Whilst
active plansmustbe associatedwith at leastoneactive goal the converseis not true,
sinceagentsmayhavegoalsfor whichnoplanshavebeenconsidered.Analogouslythe
�f�R�T����z#�T���B�yw functionrelatestherepositoryof goals, ��z��S���B�yw , to therepositoryof plans,
�f�R�T�]�B�yw . However, notnecessarilyall library plansandgoalsarerelatedby thisfunction.

A plan consistingof a total orderof plan-actionsis a total plan, which is repre-
sentedasa sequenceof plan-actions.(Othertypesof plancanbedefinedsimilarly and
accommodatedeasilywithin our specification.)In single-agentsystems,all theactions
of suchplansmustbe within the agent’s capabilities.However, plan-agentsin multi-
agentsystemscanconsiderexecutingplanscontainingactionsnot within their capabil-
ities aslong asthey canmodelthecapabilitiesof othersaswe have described.It is our
claimthatif planagentsarealsosociological agentsthenthey canmakemoreinformed
choicesaboutplan selection.(Of course,while this describeshow an agentcancon-
siderits useof plansinvolving others,it doesnot impacttheissuesinvolvedin whether
thoseotherschooseto cooperateor not.) Agentscanbeconstrainedin their designby
including additionalpredicates.For example,it is possibleto restrict the active plans
of an agent,with respectto a currentgoal, to thosewhich arerelatedto that goal by
thefunction �\�R�S�>�Nz��S���B�yw . This canbeachievedin thespecificationof suchanagentby
includingthefollowing predicate.m :& �T¡�!  ��� & ���>��q & ��(�%  !|q  �"�#� g ¡�!  ��jl_ &�r| �Uc}^ :& a +� �
	~,.�  !  � & %  !f³_ t"´ �"�.�$¡J!  �1? ´ �"µ :& a  !  �>! 	���jl_ &Vr _  �}¶ ´ �:cCc=^ :& a  !  � & %  !
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Multi-Agent Plans In order for agentsto reasonaboutplansinvolving othersit is
necessaryto analysethe natureof the plansthemselves.This involvesdefining first
the componentsof a plan,andthenthe structure of a plan,asshown in Figure3. The
components,which we call plan-actions, eachconsistof a composite-actionanda set
of relatedentitiesasdescribedbelow. The structureof plansdefinesthe relationship
of the componentplan-actionsto one another. For example,plansmay be total and
definea sequenceof plan-actions,partial andplacea partialorderon theperformance
of plan-actions,or treesand,for example,allow choicebetweenalternativeplan-actions
at everystagein theplan’sexecution.

We identify four typesof actionthat may be containedin plans,calledprimitive,
template, concurrent-primitiveandconcurrent-template. Theremaybeothercategories
andvariationsonthosewehavechosenbut notonly dothey provideastartingpoint for
specifyingsystems,they alsoillustratehow differentrepresentationscanbeformalised
andincorporatedwithin thesamemodel.A primitive actionis simply a baseactionas
definedin theagentframework.An actiontemplateprovidesahigh-leveldescriptionof
what is requiredby anaction,definedasthesetof all primitiveactionsthatmayresult
throughaninstantiationof thataction-template.For example,in dMARS [5], template
actionsrepresentactionformulaecontainingfree variables,andbecomeprimitive ac-
tionswhenboundto values.Concurrent-primitiveandconcurrent-templateactionsare
primitive actionsandactiontemplatesperformedconcurrently. We definea new type,
�$o#�y�}�JzS·$� , asacompound-actionto includeall four of thesetypes.
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Fig.3. Plancomponentsandstructure

Actionsmustbeperformedby entities,sowe associateevery compound-actionin
a planwith a setof entities,suchthateachentity in thesetcanpotentiallyperformthe
action.At somestagein theplanningprocessthis setmaybeempty, indicatingthatno
choiceof entity hasyet beenmade.We definea plan-actionasa setof pairs,where
eachpair containsa compound-actionanda setof thoseentitiesthatcouldpotentially
performtheaction.Plan-actionsaredefinedasa setof pairsratherthansinglepairsso
thatplanscontainingsimultaneousactionscanberepresented.

The following examplesillustratethis representation.First, action � ® is to be per-
formedby either the plan-agentitself or the entity v.���|���yÇ�È . The secondexamplede-
scribesthe two separateactions, � ¯:É and � ¯�Ê , beingperformedsimultaneouslyby the
two entities vU�f�y���|Ç]È and vU�f�y���|Ç�Ë respectively. Then,the third examplestatesthat the
actions � °:É and � °�Ê areto beperformedsimultaneously. No entityhasbeenestablished
asapossibilityto perform � °AÉ , and � °�Ê is to beperformedby either v.���|���yÇ>Ë or v.���|���yÇ�Ì .
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We specify threecommonly-foundcategoriesof plan accordingto their structure
asdiscussedearlier. Othertypesmay be specifiedsimilarly. A partial plan imposesa
partial order on the executionof actions,subjectto two constraints.First, an action
cannotbe performedbeforeitself and,second,if plan-action � is before w , w cannot
bebefore � . A planconsistingof a total orderof plan-actionsis a total plan.Formally,
this is representedasa sequenceof plan-actions.A plan thatallows a choicebetween
actionsat everystageis a tree.In general,a treeis eithera leaf nodecontainingaplan-
action,or a fork containinganode,anda(non-empty)setof brancheseachleadingto a
tree.Theseareformalisedin Figure3, replacingthedefinitionof �'�R�T� asagivensetby
a free-typedefinitionto includethethreeplancategoriesthusdefined.For single-agent
systemsall theactionsof anexecutableplanmustbewithin its capabilities:
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However, plan-agentsin multi agentsystemscanconsiderexecutingplanscontaining
actionsnotwithin theircapabilitiesaslongasthey canmodelthecapabilitiesof others.
If suchagentsarealsosociological, thenwe claim that they canmake moreinformed
choicesaboutplanselection,throughabetteranalysisof situations,asdiscussedbelow.
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4 SociologicalAgents

Sociologicalagentswith the capacityto modelagents,relationshipsandplans(espe-
cially multi-agentplans)haveavailableto themanappropriatelevel of detailto coordi-
natetheir actionsin orderto achievetheir localgoalsmoreeffectively. This boldclaim
arisesfrom theincreasedawarenessandappreciationnotof theagentsin theirenviron-
ment,but of the impactof thoseagents.In particular, thedescriptionof themulti-agent
environmentadvancedso far enablesananalysisto revealopportunitiesto exploit ex-
isting relationshipsandhow to minimiseeffort andavoid conflict.

To illustratethis greaterreasoningcapacityof sociologicalagents,we describebe-
low someexamplesof categoriesof goals,agentsandplans(with respectto themodels
of thesociologicalplan-agent),thatmayberelevant to anagent’s understandingof its
environment.Eachof the categoriesis formally definedin Figures4 and5, in which
thesociologicalplan-agentis denotedas p|�]� . Any variableprecededby ·iz#�NvU� denotes
the modelsthat p��]� hasof somespecifictype of entity or relationship.For example,
p|�]��Ò~·iz#�NvU�Y�fv.ª��y{��T�Rz�wyÓ.vAo.�yp and p��]�VÒ
·iz#�NvU�RzT����p arethesetof neutralobjectsandowner-
shiprelationsthesociologicalagentmodelsin its environment.

– A self-sufficient plan is any plan that involvesonly neutral-objects,server-agents
the plan-agentowns,andthe plan-agentitself. Self-sufficient planscantherefore
beexecutedwithout regardto otheragents,andexploit currentagentrelationships.
(The formal definition makesuseof the relationalimageoperator:in general,the
relationalimage Ô « Õ   Õ ² of aset   througharelation Ô is thesetof all objectsÇ to
which Ô relatessomemember© of   .)
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Fig.4. SociologicalAgentCategoriesI
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Fig.5. SociologicalAgentCategoriesII

– A self-sufficient goal is any goal in the goal library that hasan associatedself-
sufficient plan.Thesegoalscanthen,accordingto theagent’s model,beachieved
independentlyof theexisting socialconfiguration.

– A reliant-goal is any goal thathasa non-emptysetof associatedplansthat is not
self-sufficient.

For eachplan that is not self-sufficient, a sociologicalplan-agentcanestablishthe
autonomousagentsthatmaybeaffectedby its execution,which is an importantcrite-
rion in selectinga plan from competingactive plans.An autonomousagent � maybe
affectedby aplanin oneof two ways:eitherit is requiredto performanactiondirectly,
or it is engagingaserver-agent  requiredby theplan.In this lattercase,asociological
plan-agentcanreasonabouteitherpersuading� to shareor release  , taking   without
permission,or findinganalternativeserver-agentor plan.To facilitatesuchananalysis,
we considerthefollowing categoriesof agentsandplans,formally definedin Figure5.

– Thecooperating autonomousagentsof a planarethoseautonomousagents,other
thantheplan-agentitself, thatareinvolvedin performingactionsof thatplan.They
will needto cooperatewith theplan-agentfor theplanto beexecuted.Formally, an
agentis a cooperatingautonomousagentwith respectto a plan, if it is contained
in the setentitiesrequiredfor the plan. Note that an agentcannotguaranteethat
the identifiedcooperatingagentsof a planwill cooperate,only thatcooperationis
necessaryfor theplanto beperformed.

– Theaffectedautonomousagentsof aplanarethoseautonomousagents,otherthan
theplan-agentitself, thatareengaginganentity requiredin theplan.Formally, an
autonomousagentis affectedwith respectto a plan if a server-agent,containedin
the setof entitiesrequiredby the plan, is currently engagedby the autonomous
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Fig.6. Example:A SociologicalAgent’s Model

agent.Theseagentsmay needto cooperatewith the plan-agent.Notice that the
affectedautonomousagentsdonot includethecooperatingagents.

– The least-direct-fussplans for any reliant-goalare thoseplans that require the
fewestnumberof cooperatingagents.

– The least-fussplans for any reliant-goalare thoseplansthat require the fewest
numberof affectedautonomousagents.

Thecategoriesdescribedabove areusefulto anagentbothat planningtime andat
run time. In theexamplebelow we considertheir importancein theformercase.

5 An Illustrati veExample

To illustratethevalueto anautonomoussociologicalplan-agentof beingableto anal-
yseplansusingthecategoriesabove,consideranautonomoussociologicalplan-agent,
� , and supposethat it modelsthe agentrelationshipsin its environmentas follows.
Autonomousagent Û directly owns theserver-agent  �Ë anddirectly engages =Ì ; au-
tonomousagent � directly engages =Ì ; and � directly owns  'È . In addition,in � ’s
view, ÜÂÈ and Ü[Ë areneutral-objects.This agentconfigurationcanbeseenin Figure6
andwouldberepresentedin � ’smodelsasshown.

Consideralsothatagent� generatesthegoal, �#Ý , andactivatesfour total plans��® ,
�>¯ , �V° and ��Þ to achieve �#Ý asfollows.Thefour plansarethenin thesetof activeplans,
and the pair

« �#Ý�¬U#��®+¬��V¯T¬��>°�¬���ÞS±T² is in the function ��o#�y��¨SvC�f�R�T����z#�T� relating current
goalsto candidateactive plans.Thesegoalsandplansareshown in Figure7. Notice
thatsincein plan ��® , action �#® canbeperformedby eitheragentsÛ or � , andaction
�U° by either  =Ë or  ZÌ , therearefour possiblewaysof executingit, representedby �]® É ,
� ®�Ê , � ®�ß and � ®�à at theendof thefigure.Theagentthenhassevenalternativeplansfor
executionselection.

Now, by inspection,theentitiesrequiredby theplan �>¯ are � ,  �È and ÜÂÈ . !  �V���>�
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Thepreviousdefinitionof a self-sufficientplanfor anagent� is any planthatonly

requiresneutral-objects,agentsownedby � , and � itself. In this casetheunionof the
setof neutral-objects,ownedagentsand � itself is simpleto calculate.* % n �A! �V�����
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Fig.7. Exampleagentgoalsandplans

The set of entitiesrequiredby �>¯ is a subsetof this set which meansthat �>¯ is
self-sufficient,asis theassociatedgoal �#Ý .
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� is thusableto achieve � Ý without affecting otherautonomousagentsandcanact
without regardto themwhilst exploiting the currentsetof agentrelationships.How-
ever, it maydecidethat,eventhough� ¯ is self-sufficient, it is too costly, dismissesthis
possibility, andevaluatesthesix otheralternativesto give theinformationshown in Ta-
ble1. It canbeseenthattheleast-fussandleast-direct-fussplansareasfollows.Eachof
theleastfussplansaffectsonly theoneagent(in factagentÛ in eachcase)asa result
of requiringtheserver-agentS2which is engagedby Û . Both thedirectleastfussplans
requireno cooperatingagents.
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Basedon this analysis,� Þ mayseemlike the bestcandidateplan for executionsince

it doesnot involve the direct cooperationof other entities,and only affects one au-
tonomousagent,Û . Theplan-agentcanthenanalyseoptionsconcerninghow to engage
 =Ë . Clearly, thefinal choiceof planmustalsoconsiderotherfactorssuchasthemoti-
vationsof theplan-agent,andits modelsof themotivationsof othersaffectedby plans.
Nevertheless,this brief exampleillustratesjust how sociologicalagentscan usethe
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Table 1. Example:A SociologicalAgent’s Evaluationof its Plans



plan,goalandagentcategoriesdefinedin this sectionasimportantcriteria in evaluat-
ing alternative active plans.If agentscanmodeltheplansof others,or produceagreed
multi-agentplans, thenthey cancoordinatetheir actionsin orderto achieve their local
goalsmoreeffectively. Agentscanthentake advantageof theplansof othersto avoid
duplicationof effort andto avoid conflict, which arises,for example,whentwo agents
requiredirectownershipof thesameentity at thesametime.

Onceagentsaredesignedwith theability to reasonabouttheplansof otheragents,
bargainingcan take placebetweenagentsable to help eachother in their plans.As
an example,supposeagent � hasa plan that necessarilyinvolvesthe cooperationof
Û . It may be appropriatefor � to considerthe plansof Û that involve � ’s coopera-
tion since � maythenrealisethat Û hasa high-priority planthatcanonly beachieved
with � ’s cooperation.In this case� would considerherselfto be in a strongbargain-
ing position.The actuallevel at which otheragentsaremodelledis clearly critical in
directingbehaviour. For example,a sociologicalagentwith modelsof otheragentsas
non-sociologicalmay realisethat theseagentsareunableto recogniseagentrelation-
ships.The sociologicalagentmay thenbe concernedthat theseotheragentsmay use
entitiesthatdestroy their own existingagentrelationships.

6 Conclusions

As Castelfranchihasshown in his work on SocialPower Theory, therelationshipsbe-
tweenagentsare critical for effective behaviour in dynamicand openenvironments
composedof multiple autonomousagents.Without an adequateappreciationof them,
opportunitiesfor interactionto enhanceandimproveindividualagentperformancemay
bemissed,andagentsmaynotbeduly exploited.In thispaperwehaveextendedprevi-
ouswork to show how detailedmodelsof plans,andthecategoriesthatmaybederived
from them,canbeusedto mapthesociallandscapeeffectively. This is vital — in our
view, autonomyis an absolute,but it meansthat agentswill seekto exert power over
others.JustasCastelfranchi’s notion of negotiationpower providesa measure of the
independenceor autonomyof anagentin hisview of theworld, soit providesuswith a
testof whetheranagentis autonomous.Power will beusedby anagentthatcaninflu-
enceothers— anautonomousagent,in seekingto maximiseits benefit,mustmakeuse
of theinformationavailablein its modelsof agentsandrelationships.

Theanalysiswe provide is not tailoredto any pre-existing model,andis generally
applicable,thoughit doesarisenaturallyfrom our cleanandsimpleagentframework.
However, theparticularvaluecanbeseenin applicationsthatembodycritical notions
of dependenceamongagentssuchas,for example,SocialPower Theoryandits com-
putationalcounterpart,SocialDependenceNetworks[12]. Our work providestwo key
benefits:first, it addressessomeof theweaknessesin theSDN modelin relationto the
ambiguityof someconstructssuchasthenatureof anownedresource, which we have
clarified and tightened;second,it balancesthat earlier work which focussedon the
problemsituations, suchasdependencies,by consideringconfigurationsof solutions
to minimiseeffort and take advantageof opportunitiesin dealingwith dependencies
(throughself-sufficient plans,for example).The next stepis to explore the spaceof
plans,goalsandagentsin moredetail,basedon theinter-agentrelationshipsdescribed



above,andto show how further, morerefinedcategoriesin themannerof thoseabove,
impactanagent’scapacityto understandits environmentandtheagentswithin it.
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